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independence and self-reliance, China relies primarily 
on its own capabilities to develop its space industry to 
meet the needs of modernization, based upon its actual 
conditions and strength.

– Peaceful development. China always adheres to the 
use of outer space for peaceful purposes, and opposes 
weaponization or any arms race in outer space. The country 
develops and utilizes space resources in a prudent manner and 
takes effective measures to protect the space environment, 
ensuring that its space activities benefit the whole of mankind.

– Innovative development. China's strategy for the 
development of its space industry is to enhance its 
capabilities of independent innovation, consolidate its 
industrial foundation, and improve its innovation system. 
By implementing important space science and technology 
projects, the country concentrates its strength on making 
key breakthroughs for leap-frog development in this field.

– Open development. China persists in combining 
independence and self-reliance with opening to the 
outside world and international cooperation. It makes 
active endeavors in international space exchanges and 
cooperation on the basis of equality and mutual benefit, 
peaceful utilization and common development, striving to 
promote progress in mankind's space industry.

II. Progress Made Since 2006

Since 2006, China has made rapid progress in its space 
industry. Breakthroughs have been made in major space 
projects, including human spaceflight and lunar explora-tion; 
space technology has been generally upgraded remarkably; 
the economic and social benefits of space applications have 
been noticeably enhanced; and innovative achievements 
have been made in space science.

1. Space Transportation System
Since 2006, Long March rockets have accomplished 67 
successful launches, sending 79 spacecraft into planned 
orbits and demonstrating noteworthy improvement in the 
reliability of China's launch vehicles. The Long March rocket 
series have been improved, and major progress has been 
made in the development of new-generation launch vehicles. 

2. Man-made Earth Satellites

1) Earth observation satellites
China has developed Fengyun (Wind and Cloud), 
Haiyang (Ocean), Ziyuan (Resources), Yaogan (Remote-
Sensing) and Tianhui (Space Mapping) satellite series, 
plus a constellation of small satellites for environmental 

and disaster monitoring and forecasting. Fengyun 
satellites are now capable of global, three-dimensional 
and multispectral quantitative observation. The Fengyun-2 
geostationary Earth orbit (GEO) meteorological satellite 
succeeded in double satellite observation and in-orbit 
backup; while the Fengyun-3 polar orbit meteorological 
satel l i te succeeded in networking observation of 
morning and afternoon satellites. Ocean water color 
satellites have obtained their images of doubled width 
and their revisiting period reduced. The first Haiyang 
dynamics environmental satellite launched in August, 
2011 is capable of all-weather and full-time microwave 
observation. The Ziyuan satellite series have seen their 
spatial resolution and image quality greatly enhanced. 
The small satellites for environmental and disaster 
monitoring and forecasting are now capable of disaster 
monitoring with medium-resolution, wide-coverage and 
high-revisit rate disaster monitoring. In 2010, China 
formally initiated the development of an important special 
project – a high-resolution Earth observation system.

2) Communications and broadcasting satellites
China has won successes in its high-capacity GEO 
satellite common platform, space-based data relays, 
tracking, telemetry and command (TT&C), and other key 
technologies, showing remarkable improvement in the 
technical performance of China's satellites and in voice, 
data, radio and television communications. The successful 
launch and stable operation of the Zhongxing-10 satellite 
demonstrated a significant increase in the power and 
capacity of China's communications and broadcasting 
satellites. Similarly, the successful launch of the Tianlian 
(Space Chain)-1 data relay satellite demonstrated China's 
preliminary capability of both space-based data relays and 
space-based TT&C.
3) Navigation and positioning satellites
In February 2007, China successfully launched the fourth 
Beidou (Bid Dipper) navigation experiment satellite, further 
enhancing the performance of the Beidou navigation 
experiment system. China has comprehensively launched the 
building of a Beidou regional navigation system, consisting of 
five GEO satellites, five inclined geosynchronous orbit (IGSO) 
satellites and four medium-Earth-orbit (MEO) satellites. 
Since April 2007, China has launched 10 such satellites 
and has been able to provide trial services for Asia-Pacific 
users.
4) Scientific satellites and technological 
    test satellites
China has developed and launched several Shijian 
(Practice) satellites and small and micro satellites, 
providing supporting platforms for space environment 
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exploration, space scientific test and new technology 
demonstration.

3. Human Spaceflight
From September 25 to 28, 2008, China successfully 
launched the Shenzhou-7 (Divine Ship-7) manned spaceship. 
China also became the third country in the world to master 
the key technology of astronaut space extravehicular activity, 
completing a space material test outside the spaceship and 
an experiment on deploying and accompanying flight of a 
small satellite. In September and November 2011, China 
successively launched the Tiangong-1 (Space Palace-1) 
and Shenzhou-8 spaceship, and accomplished their first 
space rendezvous and docking test, laying the foundation 
for the construction of future space laboratories and space 
stations. 

4. Deep-space Exploration
On October 24, 2007, China successfully launched its 
first lunar probe, Chang'E-1, and achieved its objectives 
of "accurate orbital transfer and successful orbiting," also 
retrieving a great deal of scientific data and a complete map 
of the moon, and successfully implementing a controlled 
crash onto the lunar surface. The success of Chang'E-1 
was another milestone for China's space industry, after 
man-made satellites and human spaceflight, signifying that 
China has become one of the countries capable of deep-
space exploration.

On October 1, 2010, China successfully launched its 
second lunar probe, Chang'E-2, created a full higher-
resolution map of the moon, and a high-definition image 
of Sinus Iridium, and completed several extended tests, 
including circling the Lagrangian Point L2, which laid the 
foundation for future deep-space exploration tasks.

5. Space Launch Sites
China has improved its three existing launch sites 
in Jiuquan, Xichang and Taiyuan, enhancing their 
comprehensive test capabilities and high-intensity launching 
capabilities. These sites have successfully launched 
manned spaceship, lunar probes and a variety of satellites. 
At present, China is building a new space launch site in 
Hainan to accommodate the launch of new-generation 
launch vehicles.

6. Space Telemetry, Tracking and 
    Command (TT&C)
China has improved its TT&C ground stations and ships, 
and has established a very long baseline interferometry 
(VLBI) network comprising four observation stations and a 
data processing center, indicating that China has acquired 
space-based TT&C capabilities; it has also established 
a multi-functioning TT&C network featuring space and 
ground integration, complete sets of equipment and ability 
to complete various tasks. At present, China's TT&C 
network is expanding from the ground to space, and from 
geospace TT&C to deep-space TT&C. The network is 
able to not only satisfy satellite TT&C demands, but also 
support human spaceflight and deep-space exploration.

7. Space Applications

1) Applications of Earth observation satellites
The fields and scope in which Earth observation satellites 
are used have been constantly expanding; these satellites' 
capabilities in providing business services have also been 
growing and an Earth observation satellite application 
system has initially taken shape. China has built four 
new satellite data-receiving stations, enhancing its ability 
to receive data from meteorological, ocean and land 
observation satellites. China has also established, based 
on comprehensive planning, the ground data processing 
system for Earth observation satellites, extending its 
ability in centralized data processing, data archiving, data 
distribution and services provision. China has established 
centers for environmental satellite application, satellite 
disaster-relief application, satellite mapping application and 
other application institutes for Earth observation satellites, 
promoting the spread and utility of Earth observation satellite 
data. China has improved calibration services of remote-
sensing satellite radiation calibration fields, enhancing the 
quantitative application level of Earth observation satellites.

Today, Earth observation satellite data has been 
widely used in various fields for economic and social 
development. Fengyun satellites have effectively monitored 
typhoons, floods, forest and grassland fires, droughts, 
sandstorms and other natural disasters; their weather 
forecasting and climate change monitoring capabilities 
have also been enhanced remarkably. The ocean satellite 
series have monitored China's maritime territory and the 
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world's key waters, and their forecasting accuracy for sea 
ice, ocean temperatures and wind fields have increased 
greatly, and their time efficiency in monitoring dangerous 
sea conditions has also been notably enhanced. The 
resource satellite series have played an important 
role in efforts to investigate, monitor and manage the 
resources of land, minerals, agriculture, forestry, and 
water conservancy, as well as geological disasters and 
city planning. Remote-sensing and Tianhui satellites have 
played an important role in scientific experiments, land 
censuses, mapping and other fields. The small satellites 
for environmental and disaster monitoring and forecasting 
have provided critical technical support for surface water 
quality and atmospheric environmental monitoring, major 
pollution events addressing, and major natural disaster 
monitoring, assessment and relief. 
2) Applications of communications and 
    broad casting satellites
China has steadi ly promoted the appl icat ions of 
communications and broadcasting satellites, and has 
brought into being a market of certain scale. It has 
improved its satellite radio and TV network: in 2008 China 
established a satellite service platform to give every 
village access to direct broadcast and live telecasts. It 
also implemented satellite broadcasting and transmissions 
of China National Radio and China Central Television 
programs, and one channel program of provincial radio 
and TV stations, thus greatly increasing the radio and TV 
program coverage. China has strengthened development 
of its satellite tele-education broadband network and tele-
medicine network, mitigating to some extent the problem 
of shortage of education and medical resources in remote 
and border areas. China has also strengthened its 
satellite capacity in emergency communications, providing 
important support for rescue and relief work and for major 
disaster management.

3) Applications of navigation and 
    positioning satellites
China's applications of navigation and positioning satellites 
have embarked on the road of industrialized development, 
and are now developing at a high speed, and important 
progress has been made in developing navigation- and 
positioning-satellite applications. Through both domestic 
and foreign navigation and positioning satellites, China 
has been applying these technologies more broadly; as a 
result, the market for this industry has expanded rapidly. 
China strives to promote the application of its Beidou 
satellite navigation system, and the system has been used 
in transportation, sea fishing, hydrological monitoring, 
communications and timing service, power dispatching, 
and disaster reduction and relief.

8. Space Science

1) Sun-Earth space exploration
China has implemented the Double Star Program to 
explore the Earth's magnetosphere in concert with the 
Cluster Program of the European Space Agency (ESA), 
obtaining much new data and making important progress 
in space physics.

2) Lunar scientific research
Through lunar exploration projects, China has studied 
the morphology, structure, surface matter composition, 
microwave properties, and near-moon space environment, 
further enhancing its knowledge of the moon.

3) Experiments on microgravity 
    science and space life science
Using the Shijian satellites and Shenzhou spaceship, 
China has carried out space experiments in life science, 
materials science, fluid mechanics and other fields under 
conditions of microgravity and strong radiation. It has also 
conducted experiments on crop breeding in space.

4) Space environment exploration 
    and forecasting
Using Shenzhou and other spacecraft, China has 
explored the space environment's major parameters and 
effects, worked on space environmental monitoring and 
forecasting, and studied space environmental effects.

9. Space Debris
China has monitored space debris, and given early 
warnings against them, ensuring safe flight of Chang'E-1 
and Chang'E-2 lunar probes, and Shenzhou-7 manned 
spaceship. China has steadily pushed forward its work 
on space debris mitigation, fully inactivating Long March 
rockets, and moving a few aging GEO satellites out 
of orbit. China has also worked on protecting manned 
spaceship from space debris. 

III. Major Tasks for the Next Five Years

In the next five years, China will strengthen its basic 
capacities of the space industry, accelerate research 
on leading-edge technology, and continue to implement 
important space scientific and technological projects, 
including human spaceflight, lunar exploration, high-
resolution Earth observation system, satellite navigation 
and posi t ion ing system, new-generat ion launch 
vehicles, and other priority projects in key fields. China 
will develop a comprehensive plan for construction of 
space infrastructure, promote its satellites and satellite 
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applications industry, further conduct space science 
research, and push forward the comprehensive, coordinated 
and sustainable development of China's space industry.

1. Space Transportation System
China will build a stronger space transportation system, 
keep improving its launch vehicle series, and enhance 
their capabilities of entering space.

It will enhance the reliability and adaptability of launch 
vehicles in service, and develop new-generation launch 
vehicles and their upper stages, implement the first flight 
of the Long March-5, Long March-6 and Long March-7 
launch vehicles. The Long March-5 will use non-toxic and 
pollution-free propellant, and will be capable of placing 25 
tons of payload into the near-Earth orbit, or placing 14 tons 
of payload into the GEO orbit. The Long March-6 will be a 
new type of high-speed response launch vehicle, which will 
be capable of placing not less than 1 ton of payload into 
a sun-synchronous orbit at a height of 700 km. The Long 
March-7 will be capable of placing 5.5 tons of payload into 
a sun-synchronous orbit at a height of 700 km.

It will conduct special demonstrations and pre-research 
on key technologies for heavy-lift launch vehicles.

2. Man-made Earth Satellites
China will build a space infrastructure frame composed 
of Earth observation satellites, communications and 
broadcasting satellites, plus navigation and positioning 
satellites, and will develop a preliminary long-term, 
sustained and stable service capability. China will develop 
new types of scientific satellites and technological test 
satellites.

1) Earth observation satellites
China will improve its present meteorological, oceanic, 
and resource satellite series and its small satellites 
constellation for environmental and disaster monitoring 
and forecasting. It aims at developing and launching new-
generation GEO meteorological satellites, stereo mapping 
satellites, radar satellites for environment and disaster 
monitoring, electromagnetic monitoring test satellites, 
and other new-type Earth observation satellites. It will 
work to make breakthroughs in key technologies for 
interferometric synthetic-aperture radar and gravitational 
field measurement satellites. It will initiate a high-resolution 
Earth observation system as an important scientific and 
technological project and establish on the whole a stable 
all-weather, 24-hour, multi-spectral, various-resolution 
Earth observation system.

2) Communications and broadcasting satellites
China will improve satellites for fixed communications 
services, television and radio service satellites and data 
relay satellites; develop satellites for mobile communication 
service; and develop a platform of higher capacity and 
higher power for new-generation GEO communications 
and broadcasting satellites. 
3) Navigation and positioning satellites
Based on "three-step" development plan – from experi-
mental system to regional system and then to global 
system, China will continue building its Beidou satellite 
navigation system, implementing a regional Beidou 
satellite navigation system before 2012, whose navigation 
and positioning, timing and short-message services will 
cover the Asia-Pacific region. China aims at completing 
the global Beidou satellite navigation system by 2020, 
comprising five GEO satellites and 30 non-GEO satellites.
4) Scientific satellites and technological test satellites
China will develop and launch a Hard X-ray Modulation 
Telescope satellite, Shijian-9 new technology test satellite, 
and returnable satellites. It will begin to implement projects 
of quantum science test satellite and dark matter probing 
satellite.

3. Human Spaceflight
China will push forward human spaceflight projects and 
make new technological breakthroughs, creating a foundat-
ion for future human spaceflight.

It will launch the Shenzhou-9 and Shenzhou-10 
spaceships and achieve unmanned or manned rendezvous 
and docking with the in-orbit Tiangong-1 vehicle.

China will launch space laboratories, manned spaceship 
and space freighters; make breakthroughs in and master 
space station key technologies, including astronauts' 
medium-term stay, regenerative life support and propellant 
refueling; conduct space applications to a certain extent 
and make technological preparations for the construction 
of space stations.

China will conduct studies on the preliminary plan for a 
human lunar landing.

4. Deep-space Exploration
China carries out deep-space exploration in stages, with 
limited goals.

Based on the idea of "three steps" – orbiting, landing 
and returning – for continuing lunar probe projects, 
China will launch orbiters for lunar soft landing, roving 
and surveying to implement the second stage of lunar 
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exploration. In the third stage, China will start to conduct 
sampling the moon's surface matters and get those samples 
back to Earth.

China will conduct special project demonstration in deep-
space exploration, and push forward its exploration of 
planets, asteroids and the sun of the solar system.

5. Space Launch Sites
China will enhance the reliability and automation level 
of launch site facilities and equipment, strengthen the 
comprehensive capability of launch of spacecraft, and satisfy 
the launch demands. It will also complete the construction of 
the Hainan space launch site and put it into service.

6. Space TT&C
China will improve its space TT&C network, build deep-
space TT&C stations, develop advanced TT&C technolog-
ies, and enhance its TT&C capabilities in all respects to 
satisfy the demands for remote TT&C.

7. Space Applications
China will further improve its satellite application and 
service system, expand satellites application scope, and 
promote the national new strategic industries, to meet 
demands of national economic and social development. 

1) Applications of Earth observation satellites
China will improve its ground facilities for receiving, 
processing, distributing and applying satellite data, and will 
strengthen the development of calibration fields and other 
facilities. It will improve the sharing and comprehensive 
application of data retrieved from Earth observation 
satellites, make more self-obtained space data, and guide 
social resources to actively develop market-oriented 
data application services. It will implement application 
demonstration projects, and promote the wide utilization 
and industrialization of Earth observation satellites.
2) Applications of communications and 
    broadcasting satellites
China will strengthen the applications of communications 
and broadcasting satellites in public service and major 
industries of the national economy. It plans to expand 
value-added business in the satellite communication field, 
further commercialize satellite communication, and expand 
the industrial scale of the application of communications 
and broadcasting satellites.
3) Applications of navigation and positioning satellites
China will build and improve ground TT&C segments 
and develop a system for monitoring and assessing 

performance of the global satellite navigation system, 
strengthen technological research, product development 
and standardization system of navigation and positioning 
satellites, enhance application level, promote position-
based services, expand the industrial scope, and focus 
on promoting further use of the Beidou satellite navigation 
system in various fields of China's national economy.

8. Space Science
China will strengthen the development of its space science 
research system, upgrade the quality of space science 
research, and enhance popularization of space science 
knowledge in the whole nation.

By the implementation of lunar exploration projects, 
China will make in-situ analyses, morphological and 
structural surveys of the lunar surface in landing and 
roving areas, conduct environmental surveys of the lunar 
surface and make moon-based astronomical observations.

By using spacecraft, China will study the properties of 
black holes and physical laws under extreme conditions, 
explore properties of dark matter particles, and test basic 
theories of quantum mechanics. It will also conduct 
scientific experiments on microgravity and space life 
science, explore and forecast the space environment and 
study their effects.

9. Space Debris
China will continue to strengthen its work on space debris 
monitoring and mitigation and its work on spacecraft 
protection.

China will develop technologies for monitoring space 
debris and pre-warning of collision, and begin monitoring 
space debris and small near-Earth celestial bodies 
and collision pre-warning work. It will set up a design 
and assess system of space debris mitigation, and 
take measures to reduce space debris left by post-task 
spacecraft and launch vehicles. It will experiment with 
digital simulation of space debris collisions, and build a 
system to protect spacecraft from space debris.

IV. Development Policies and Measures

To ensure completion of the set goals and tasks, the 
Chinese government has formulated policies and meas-
ures to be taken for the development of China's space 
industry as follows:

– Making comprehensive plans for and prudently 
arranging space activities. To give priority to applied satell-
ites and satellite applications, develop human spaceflight 



7

and deep-space exploration properly, and give active 
support to space science exploration.

– Strengthening innovation capability in space science 
and technology. To focus on implementing important space 
science and technological projects and to realize leapfrog 
development in space science and technology by way 
of making new breakthroughs in core technologies and 
resource integration. To actively build a space technology 
innovative system featuring integration of the space 
industry, academia and the research community, with 
space science and technology enterprises and research 
institutions as the main participants; to strengthen basic 
research in the space field and develop multiple advanced 
frontier technologies to increase sustainable innovative 
capacity in space science and technology.

– Vigorously promoting development of the satellite 
application industry. To make comprehensive plans and 
construct space infrastructure; promote public sharing of 
satellite application resources; foster enterprise clusters, 
industrial chains and market for satellite applications.

– Strengthening basic capability in space science, 
technology and industry. To strengthen construction of 
infrastructure for development, production and test for 
spacecraft and launch vehicles. To strengthen construction 
of key laboratories and engineering research centers 
for space science and technology. And to strengthen 
work on informatization, intellectual property rights and 
standardization of space activities.

– Strengthening legislative work. To actively carry out 
research on a national space law, gradually formulate and 
improve related laws, regulations and space industrial 
policies guiding and regulating space activities, and create 
a legislative environment favorable to the development of 
space activities.

– Guaranteeing the sustainable and steady financial 
investment for space activities. To gradually establish a 
diverse, multi-channel space funding system to ensure 
the investment sustainable and steady, especially to 
provide larger amounts for important space scientific 
and technological projects, applied satellite and satellite 
applications, frontier technologies and basic researches.

– Encouraging organizations and people in all walks of 
life to participate in space-related activities. To encourage 
scientific research institutes, enterprises, institutions 
of higher learning and social organizations, under the 
guidance of national space policies, giving full play to their 
advantages and taking an active part in space activities.

– Strengthening training of professionals for the space 
industry. To vigorously develop a favorable environment for 
the development of professional personnel, fostering leading 
figures in the space industry and forming a well-structured 

contingent of highly qualified personnel in the course of 
conducting the important projects and basic researches. To 
publicize space knowledge and culture, and attract more 
outstanding personnel into the space industry. 

V. International Exchanges and    
    Cooperation

The Chinese government holds that each and every 
country in the world enjoys equal rights to freely explore, 
develop and utilize outer space and its celestial bodies, 
and that all countries' outer space activities should be 
beneficial to economic development, the social progress of 
nations, and to the security, survival and development of 
mankind.

International space cooperation should adhere to 
the fundamental principles stated in the "Declaration on 
International Cooperation in the Exploration and Use 
of Outer Space for the Benefit and in the Interest of 
All States, Taking into Particular Account the Needs of 
Developing Countries." China maintains that international 
exchanges and cooperation should be strengthened 
to promote inclusive space development on the basis 
of equality and mutual benefit, peaceful utilization and 
common development.

1. Fundamental Policies
The Chinese government has adopted the following funda-
mental policies with regard to developing international 
space exchanges and cooperation:

– Supporting activities regarding the peaceful use of 
outer space within the framework of the United Nations. 
Supporting all inter-governmental and non-governmental 
space organizations' activities that promote development 
of the space industry;

– Emphasizing regional space cooperation in the 
Asia-Pacific area, and supporting other regional space 
cooperation around the world;

– Reinforcing space cooperation with developing 
countries, and valuing space cooperation with developed 
countries;

– Encouraging and endorsing the efforts of domestic 
scientific research institutes, industrial enterprises, 
institutions of higher learning, and social organizations to 
develop international space exchanges and cooperation in 
diverse forms and at various levels under the guidance of 
relevant state policies, laws and regulations;

– Appropriately using both domestic and foreign markets 
and both types of resources, and actively participating in 
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practical international space cooperation.

2. Major Events
Since 2006, China has implemented international space 
exchanges and cooperation in various forms. It has signed 
a number of cooperation agreements and memoranda on 
the peaceful utilization of outer space with a host of coun-
tries, space agencies and international organizations. China 
has taken part in relevant activities sponsored by the United 
Nations and other relevant international organizations and 
supported international space commercial cooperation. 
These measures have yielded positive results. 
1) Bilateral cooperation
   – China has established a long-term cooperation 
plan with Russia through the mechanism of the Space 
Cooperation Sub-committee under the Prime Ministers' 
Meeting between Russia and China. The two nations have 
signed a number of cooperation agreements on space 
science, deep-space exploration and other areas, and their 
national space administrations have opened representative 
offices mutually. In the field of human spaceflight, the two 
nations have also carried out many cooperation projects.

– China has undertaken extensive cooperation with 
Ukraine under the Space Cooperation Sub-committee 
mechanism of the Sino-Ukrainian Cooperation Commi-
ssion, and the two sides have signed the "Sino-Ukrainian 
Space Cooperation Program."

– China and the European Space Agency (ESA) 
have signed the "Status Quo of China-Europe Space 
Cooperation and the Cooperation Plan Protocol" under 
the mechanism of the China-Europe Joint Commission 
on Space Cooperation. The two sides cooperated closely 
during the lunar exploration missions of Chang'E-1 and 
Chang'E-2, and signed the "Agreement on Mutual Support 
for the TT&C Network and Operation" in September 2011.

– China and Brazil, through the mechanism of the 
Space Cooperation Sub-committee of the Sino-Brazilian 
High-level Coordination Commission, have worked out a 
comprehensive bilateral space cooperation plan, actively 
promoted the research and development of the China-
Brazil Earth resources satellites, continued to maintain 
data consistency of their Earth resources satellites and 
expanded the application of their data into regional and 
global application.

– China has s igned a cooperat ion f ramework 
agreement on space and marine science and technology 
with France under the mechanism of the Sino-French Joint 
Commission on Space Cooperation, aiming at developing 
bilateral cooperation on astronomic satellite, ocean 
satellite and other satellite programs.

– China and Britain have established a joint laboratory 
on space science and technology, jointly organized a 
seminar on space science and technology, and conducted 
exchanges on lunar exploration, Earth observation, space 
science research and experiment, personnel training and 
other areas.

– China has signed a framework agreement with 
Germany on bilateral cooperation in the field of human 
spaceflight. Under the framework, the two countries 
have carried out a cooperative experiment project on the 
Shenzhou-8 concerning space life science.

– The director of the U.S. National Aeronautical and Space 
Administration (NASA) visited China and the two sides will 
continue to make dialogue regarding the space field.

– China has signed a memorandum of understanding 
on technological cooperation in the peaceful utilization 
and development of outer space with Venezuela, and the 
two nations have established a technology, industry and 
space sub-committee under the China-Venezuela Senior 
Mixed Committee. Under this framework, the two nations 
have promoted bilateral cooperation in communications 
satellites, remote-sensing satellites, satellite applications 
and other areas.

– China has signed the "Cooperation Agreement on the 
Application, Exchange and Distribution of Meteorological 
Satellite Data" with the European Organization for the 
Exploitation of Meteorological Satellites (EUMETSAT), to 
promote the sharing in and application of meteorological 
satellite data.

– China has act ive ly  promoted the extensive 
applications of Earth observation satellite data with 
various countries. China has given to many countries free 
receiving stations for meteorological satellite broadcasting 
systems and comprehensive systems for meteorological 
information analysis and processing. With China's help, 
a data receiving station of the Sino-Brazilian Earth 
Resources Satellite Program was established in South 
Africa, and another station for receiving environmental 
and disaster data from Chinese satellites was set up in 
Thailand. China has provided related earth observation 
satellite data products to the above-mentioned countries.

– China has implemented international exchanges 
and cooperation with a number of countries in frequency 
coordination, compatibility and interoperability, applications 
and other international exchanges and cooperation in the 
area of satellite navigation systems. 
2) Multilateral cooperation

– China has taken part in activities organized by the 
United Nations Committee on the Peaceful Uses of Outer 
Space (UN COPUOS) and its Scientific and Technical 
Sub-committee and Legal Sub-committee.



9

– China has signed relevant agreements with the United 
Nations on disaster management and emergency response 
based on the space-based information platform. A Beijing 
office of the program has been established. Through this 
office, China has provided drought risk-monitoring products 
to the "Horn of Africa," and contributes to the regional 
disaster mitigation effort by offering training, capacity 
building, data service, disaster emergency response, 
QDGS (Quick Draw Graphics System) and other services.

– China has cooperated with the space institutes 
of various countries through the mechanism of the 
"International Charter on Space and Major Disasters." 
Through this mechanism, satellite data support was 
provided to the Wenchuan earthquake, the forest fire in 
Australia and other major disaster relief work.

– In 2008, the Asia-Pacific Space Cooperation Organiza-
tion (APSCO) was established with the joint effort of Asia-
Pacific nations. Under the APSCO frame, the Chinese 
government actively participates in the cooperation and 
study of various projects, including the development of 
a space data-sharing platform, its demonstration and 
application; an Earth-based optic space target observation 
network; compatible navigation terminals. China assisted 
APSCO in the formulation and release of its policy on 
small satellite data in Asia-Pacific multilateral cooperation, 
and has promoted space cooperation in the Asia-Pacific 
region.

– China participates in activities organized by the 
International Committee on Global Navigation Satellite 
Systems, International Space Exploration Coordination 
Group, Inter-Agency Space Debris Coordination Committ-
ee, Group on Earth Observations, World Meteorological 
Organization and other inter-governmental international 
organizations. China has also developed multilateral 
exchanges and cooperation in satellite navigation, Earth 
observation and Earth science and research, disaster 
prevention and mitigation, deep-space exploration, space 
debris and other areas. China's Beidou satellite navigation 
system has become one of the world's four core system 
suppliers accredited by the International Committee on 
Global Navigation Satellite Systems, and will gradually 
provide regional and global navigation and positioning 
service as well as strengthened compatibil ity and 
interoperability with other satellite navigation systems. 
China will do its best to host the Seventh Meeting of the 
International Committee on Global Navigation Satellite 
Systems in 2012. The nation's independently developed 
space debris protective design system has also been 
incorporated into the protection manual of the Inter-
Agency Space Debris Coordination Committee.

– China takes part in activities organized by the 
International Astronautical Federation, International 
Committee on Space Research, International Academy of 
Astronautics, and other non-governmental international 
space organizations and academic institutes. It has also 
organized a series of international academic conferences, 
including the Global Lunar Conference, and has fostered 
discussion and exchanges in deep-space exploration, 
space debris and other issues. 
3) Commercial activities
China actively promotes the participation of Chinese 
enterprises in international commercial activities in the 
space field. China has exported whole satellites and made 
in-orbit delivery of communications satellites to Nigeria, 
Venezuela and Pakistan; provided commercial launch 
services for the Palapa-D satellite of Indonesia and the 
W3C satellite of Eutelsat, and signed commercial satellite 
and ground system export contracts with Bolivia, Laos, 
Belarus and other countries.

3. Key Cooperation Areas
In the next five years, China's international space exchang-
es and cooperation will be mainly in the following areas:

– Scientific research on space astronomy, space 
physics, micro-gravity science, space life science, deep-
space exploration, space debris and other areas.

– Applications of Earth observation satellites in 
environment and disaster monitoring, global climate 
change monitoring and forecasting, marine monitoring and 
other areas.

– Appl icat ions of communicat ions satel l i tes in 
broadcasting and television, long-distance education, 
telemedicine and other areas.

– Applied technological cooperation, research and 
development of terminal equipment, reinforced facility 
building, specific industrial services and other areas of 
satellite navigation systems.

– Technological cooperation on a space lab and a 
space station in China's human spaceflight program; 
space science research and experiments and other areas.

– Space TT&C cooperation, support and others.
– Commercial satellite launch service, import and export 

of whole satellites, satellite parts and components, import 
and export of ground test equipment, and building and 
service of satellite ground TT&C and satellite application 
facilities as well as related services, etc.

– Personnel exchanges and training in the field of 
space.
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theory. Quantum Experiments at Space Scale is illustrated 
in Figure 3.

Project 3: DArk Matter Particle Explorer (DAMPE)

DAMPE, a high energy electron and gamma-ray telescope 
with energy range from 5GeV to 10TeV, will investigate 
dark matter particle from deep space by high resolution 
observation of gamma-rays and electrons spectra and 
their space distribution. It will also help scientists study the 
transportation and acceleration of the cosmic ray in the 
Galaxy by measuring the energy spectra of heavy ions. 
DAMPE aims at accurate and precise observation of the 
electron/gamma ray and the proton/atomic nucleus in a 
higher energy range. It will deepen our understanding 
of the universe. An artist’s view of Dark Matter Particle 
Explorer is shown in Figure 4.

 Project 4: ShiJian-10 (SJ-10)
With the developed recoverable sate l l i te 
technology, SJ-10 focuses on the behavior of 
matter and life activities in space. It will carry out 
experiments in microgravity on heat and mass 
transport in fluid, discrete system, bio-space 
adaptation, mutation and gene expression, etc., 
and will obtain major innovative achievement 
with intellectual property; Besides, it will conduct 
research on combustion in microgravity, space fluid 
management, space ecology, and other aspects 
of astronaut health study, to discover mechanisms 
regarding forecast of the component distribution of 
crude oil, fabrication of new materials, cultivation 
of new biological species, and improve technology 
on ground. SJ-10 satellite and the scientific 
experiments on board is illustrated in Figure 5.

Project 5: KUAFU Mission (KUAFU)

Named after the god in Chinese legend who took the 
mission to trace and hold the escaping sun, KUAFU will 
help scientists study solar influences on the earth space 
weather. KUAFU consists of 3 satellites, one located at 
L1 point and two in EARTH polar orbits. It is a cooperative 
mission with international participations. The operation of 
KUAFU Project is illustrated in Figure 6.

Project 6: Intensive Study of Future Space 
Science Missions

Following the space science strategic plan, this project aims 
at an intensive study to select the new appropriate science 
missions including the studies of the scientific objectives, 
the optimization of the implementation plans and the 
development of key technologies, making preparations for 
implementing the missions during the “Thirteenth Five-Year 
Plan” period.

Project 7: Advanced Research of Space Science 
Missions and Payloads

This project is targeted for the advanced research on 
key technolo-gies for future space science satellites by 
planning a cluster of research subjects, including innovative 
concepts of space science missions, key technologies of 
payloads, ground calibrations as well as short-time flight 
demonstrations. 

It is expected, through SPP on Space Science, some 
major scientific discoveries or even some break-throughs 
will be made in the following respects such as: the origin 
and evolution of stars and galaxies, the nature of dark 
matter, kinetic properties of matter and rhythm of life in Figure 4   An artist’s view of Dark Matter Particle Explorer

Figure 3   Illustration of Quantum Ex-periments at Space Scale
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corresponding policies; to conduct the selection, merit 
review and approval review of future space science 
missions; to manage the intensive study and advanced 
research on space science missions and payloads; 
to conduct the assessment of the scientific output of 
space science missions and the management of related 
intellectual property rights. 

(2) MAC: to undertake the management and implemen-
tation of the approved missions and related services after 
launch; to participate in the merit review and approval 
review of science missions; to establish a series of 
procedural documents involving the guiding principles, 
goals, evaluation requirements related with overall 
quality of flight projects as well as technology maturity 
assessment, software management, reliability manage-
ment etc.; to budget the overall planning, to supervise and 
inspect the budget implementation of sub-planning, to do 
budget review, final accounting of project budget.

(3) REC: to coordinate and conduct space science 
research; to suggest programs or missions on space 
physics and exploration dedicating to strengthen our 
understanding of the universe; to provide scientific support 
for space science planning and evaluation; to provide 
systematic technology support and professional support for 
space science missions. 

(4) TEC: to take charge of procurement of payload 
components and raw materials; to provide quality and 

Figure 7   A bird view of new NSSC campus in Huairou High Tech Park

reliability assurance of selection, electric fitting and solid 
closure of payload components; to carry out analysis 
and test of special effects in space environment so as to 
provide technical support for failure diagnosis; to provide 
the simulation facilities for testing scientific payloads and its 
subsystems on ground as well as the flight demonstration 
of scientific payloads. 

(5) SOC :  to develop ground operat ion system 
technologies for satellite operation and controlling; to 
receive and distribute science data, to create the primary 
data products of scientific satellites; to provide the ground 
operation service and data exchange in international 
cooperation; to build, operate and manage the ground 
network for science data transferring both domestically and 
outdoors.

In the following 5–10 years, NSSC dedicates to fulfill the 
leap-frog development in space science, to promote space 
science to exert its significant role in China’s development. 
Up to 2020, it is hoped that NSSC will be a nationwide core 
research institute and a worldwide famous comprehensive 
institute with substantial capabil ity in both overall 
management and technical support in space science 
missions, also with strong competitiveness in fundamental 
research and independent technical innovation in space 
physics and exploration.

A bird view of new NSSC campus in Huairou High Tech 
Park is shown in Figure 7.







Progress in the Utility System of China Manned Space Engineering

17

colloidal crystals growth in the space, and got large-
sized composite structure photonic crystal for the first 
time.

2.3  Space Environment Monitoring and  
       Space Physics Probing

On TG-1, payloads for the space environment and space 
physics probing are:

(1)  Charged Particle Radiation Detector
Spacial distribution, flux and energy spectrum of high 

energy electron and high energy proton were continuously 
detected, high energy proton and electron pitch-angle 
distribution were measured as well. Main technical 
specification is as follows.

Particle radiation monitoring: FOV 180o × 15o, 16 
directions. 

Energy spectrum monitoring of electron and proton: 
Electron energy spectrum range, 0.2 MeV–1.5 MeV; 
Proton energy spectrum range, 2.5 – 150 MeV.

(2)  Orbital Atmospheric Environment Detector
The density and composition of the orbital atmosphere, 

the micro-quality of the spacecraft surface were detected 
with the device. Main technical specification is as follows.

Atmospheric density: Measuring range 5 × 10-13 – 1 × 

10-10 kg • m-3.
Composition of the atmosphere: to measure the 

atmospheric composition of He, N, O, H2O, N2 and CO2.

3  Utilization Tasks on SZ-8

On SZ-8 spacecraft, a Sino-German cooperation project 
(SIMBOX on Shenzhou 8) in space life science was 
carried out. Among 17 experiments, there were 10 
from Chinese scientists (Table 1, Figure 5–7 ), 6 from 
German (Table 2), and one joint experiment (Exp.11), 
namely, Study on closed aquatic ecological systems. The 
institutions involved in the joint experiment were Institute 
of Hydrobiology, CAS and Erlangen University.

SIMBOX, the incubator, was a German-made one.
SIMBOX was launched on Nov. 1, 2011 with SZ-8. 

Ground reference experiment was done in parallel with 
the orbital one. The samples were recovered safely in 
the evening of Nov. 17, promptly handed over to both 
Chinese and German scientists, together with the ground 
reference experiment samples. Assessment indicates that 
the experimental samples are in good condition to meet 
further research requirements. First publications would be 
in the middle of 2012.

Figure 1   Panchromatic image of 
hyper-spectral imager

Figure 4   Diffraction image under different voltage

500 mV 1150 mV 2300 mV

Figure 2   Visible and near infrared 
image of hyper-spectral imager

Figure 3   Short wave Infrared 
image of hyper-spectral imager
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Table 1   Chinese experiments and institutions

Table 2   German experiments and institutions

No. Experiment Code Title of Experiment Institutions

1 Exp.1
Functional genomic analysis of plant signal 
transduction and secondary metabolism under 
microgravity

Institute of Plant Physiology and 
Ecology, CAS

2 Exp.2
Proteomic analysis of alteration of plant cytoskeleton 
under micro-gravitational conditions

Institute of Plant Physiology and 
Ecology, CAS

3 Exp.3
Investigation of rice proteome changes responding to 
microgravity

Institute of Plant Physiology and 
Ecology, CAS

4 Exp.4
Studies on assembly and application of bio 
macromolecules in Space

Institute of Biophysics, CAS

5 Exp.5
Synergistic effects of space radiation and 
microgravity on drosophila and C elegans

Dalian Maritime University

6 Exp.6
Spaceflight effects on microbial growth and 
metabolism

Institute of Microbiology, CAS

7 Exp.7 Study on Animal behavior and development in space Institute of Hydrobiology, CAS

8 Exp.8
On algal biological foundation in spatial closed 
ecological system

Institute of Hydrobiology, CAS

9 Exp.9 Metabolism of Higher Plant in Space Institute of Botany, CAS

10 Exp.10
Studies on development and genetic analysis of 
higher plant in space

Institute of Genetics and Deve-
lopmental Biology , CAS

No. Experiment Code Title of Experiment Institution

1 Exp.12
Molecular adaptation of Euglena gracilis to 
microgravity

Universität Erlangen 

2 Exp.13
Differentiation of human skeletal muscle cells 
under microgravity conditions

Universität Hohenheim

3 Exp.14
Impact of microgravity on human thyroid 
carcinoma cells                                      

Charité Universitätsmedizin, Berlin

4 Exp.15
Effect of microgravity on activation and function 
of monocytic/macrophageal cells

Universität Magdeburg

5 Exp.16
Gravity-dependent alterations in the 
transcriptom and phosphoproteom of 
Arabidopsis thaliana cell cultures

Universität Tuebingen

6 Exp.17
Analysis of microgravity modulated gene 
networks  

Universität Freiburg
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4  Utilization Task on Space 
    Laboratory

The payloads of utilization on TG-2 are Three-dimensional 

Figure 5   Exp. 2: TUNEL staining pictures of peroxidase PRX17 
mutant Arabidopsis in the space and on the ground

Figure 7   Exp. 9: Rice samples of the space experiment

Microwave Altimeter, Multi-angle spectral imager, Gamma-
ray Burst Polarization Detector (Polar), Space Cold Atomic 
Clock and Quantum Key Distribution experiment. Focus 
will be on the earth science research, space astronomy, 
fundamental physics, space life sciences, materials 
science and fluid physics. TG-2 is expected to be launched 
in 2014 or 2015.

5  Utilization Planning for 
    the Space Station

Utilization planning on Chinese space station began in 
2009. Seven areas were proposed preliminarily:

• Space life science and biotechnology. Focusing on 
a batch of experiment in space fundamental biology, 
space biotechnology, space radiation effects research, 
fundamental study on closed ecological life support 
system and other frontier, interdisciplinary studies.

• Microgravity fluid physics and combustion. Focusing 
on a series of research in microgravity fluid dynamics, 
two-phase flow, phase change heat transfer and its 
applications, complex fluid, microgravity combustion, 
with application problems like fire safety of manned 
space flight, energy efficiency on the ground and fluid 
management etc.

• Space materials science. Focusing on cutting-edge 
research topics like space material growth kinetics and 
mechanism, preparation and research on material of 
important scientific value, material causative behavior 
in the space environment.

• Microgravity fundamental physics. Focusing on 
ultracold atomic physics, high-precision space time-
frequency technology and its applications, the theory 
of relativity and gravitational physics research, low 
temperature condensed matter physics.

• Space astronomy. Focusing on planning of multi-color 
high-precision photometry and spectroscopy survey, 
cosmic rays and dark matter particle detection, the 
celestial variable source (including the sun) and the 
burst phenomenon detection etc.

• Space physics and space environmental exploration. 
Focusing on real-time monitoring of the orbital 
environment parameters, ionosphere parameters and 
its law of motion, the coupling mechanism between the 
Sun-Earth space environment.

• Space earth system science and applied research. 
Focusing on scientific problems concerning the 
global change, and development of advanced earth 
observation technology to support the country's 
economic and social sustainable development.

Microwave Altimeter, Multi-angle spectral imager, Gamma-
ray Burst Polarization Detector (Polar), Space Cold Atomic 
Clock and Quantum Key Distribution experiment. Focus 
will be on the earth science research, space astronomy, 
fundamental physics, space life sciences, materials 
science and fluid physics. TG-2 is expected to be launched 
in 2014 or 2015.

5  Utilization Planning for 
    the Space Station

Utilization planning on Chinese space station began in 
2009. Seven areas were proposed preliminarily:

• Space life science and biotechnology. Focusing on 
a batch of experiment in space fundamental biology, 
space biotechnology, space radiation effects research, 
fundamental study on closed ecological life support 
system and other frontier, interdisciplinary studies.

• Microgravity fluid physics and combustion. Focusing 
on a series of research in microgravity fluid dynamics, 
two-phase flow, phase change heat transfer and its 
applications, complex fluid, microgravity combustion, 
with application problems like fire safety of manned 
space flight, energy efficiency on the ground and fluid 
management etc.

• Space materials science. Focusing on cutting-edge 
research topics like space material growth kinetics and 
mechanism, preparation and research on material of 
important scientific value, material causative behavior 
in the space environment.

• Microgravity fundamental physics. Focusing on 
ultracold atomic physics, high-precision space time-
frequency technology and its applications, the theory 
of relativity and gravitational physics research, low 
temperature condensed matter physics.

• Space astronomy. Focusing on planning of multi-color 
high-precision photometry and spectroscopy survey, 
cosmic rays and dark matter particle detection, the 
celestial variable source (including the sun) and the 
burst phenomenon detection etc.

• Space physics and space environmental exploration. 
Focusing on real-time monitoring of the orbital 
environment parameters, ionosphere parameters and 
its law of motion, the coupling mechanism between the 
Sun-Earth space environment.

• Space earth system science and applied research. 
Focusing on scientific problems concerning the 
global change, and development of advanced earth 
observation technology to support the country's 
economic and social sustainable development.

Figure 6   Exp. 6: TEM streptomycin sample image

Microgravity in the space- 
SP12 1a3(2)

1g on the ground-DB3 1A3(2) In centrifuge on the ground-
DB4 1a3(2)

1g in space centrifuge-
C07 1A3(2)
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Figure 2   Global lunar U, Th, and K distribution from Chang’E-1 Gamma-ray spectrometer data [17]
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resolution of IIM is 200 m/pix and IIM data consist of 32 
bands from 480 to 960 nm with spectral resolution varying 
between 7.6 nm and 29 nm. We have obtained 32 bands 
of images, which have more spectral channels and higher 
spectral resolution than Clementine UVVIS (5 bands).
Using data recorded by IIM, many researchers perform-
ed the studies on photometric correction, reflectance 
conversion, elemental and mineral mapping, etc. [20–23],Wu 
et al. produced a global absorption center map (as shown 
in Figure 3) of mafic minerals on the Moon. Ling et al. 
derived the FeO and TiO2 models and examined their 
potential for iron and titanium mapping using IIM data, in 
comparison with Clementine UVVIS (as shown in Figure 
4 and 5). Gan et al., also obtained the global FeO and 
TiO2 distributions (as shown in Figure 6).

2.5  Lunar Global Microwave Radiation 
       Brightness Temperature Data in 4 Channels

China is the first to use microwave radiometer to explore 
the moon, with intent to deriving the lunar soil thickness, 
the abundance and distribution of resources like He3 and 
other gases, in combination with the lunar sample data 
from US Apollo and Russian Luna missions[29–35]. The 
two microwave radiometers (MRM) aboard Chang’E-1 
and Chang’E-2 have the same specifications, while 
the difference is their orbit altitudes, i.e., for Chang’E-1 
is 200 km, and for Chang’E-2 is 100 km. Thus, the cross 
calibration and validation could be made on these data. 
The data for Chang’E-2 is under processing and analysis 
now.

The MRM aboard on Chang’E-1 collected 1690 orbits of 
data, including the brightness temperature dataset in four 
frequency channels: 3.0 GHz, 7.8 GHz, 19.35 GHz and 
37.0 GHz. This is the first time in the world to measure the 
microwave radiation, based on which we can investigate 
the physical properties of lunar soils and thus to inverse 
the lunar regolith depth. Now, we have obtained the lunar 
brightness temperature in different illumination conditions. 
The next step would be the inversion of the thickness of 
lunar regolith and the estimation of He3 helium-3 resource 
amount [24–25].

From the distribution of lunar surface brightness 
temperature (especially in the 37.7 GHz image, as shown 
in Figure 7), we can easily find the lunar highland, mare 
and impact basins. This indicates the lunar surface 
brightness temperature is obvious influenced by lunar 
topography. We also found the correlation of distributions 
between brightness temperature and lunar surface 
compositions. For the lunar mare is rich in basalts, the 
penetration depth of microwave is relatively shallow 
indicated by the higher brightness temperature, while for 
the lunar highland which is abundant with plagioclase, 

the penetration of microwave radiation is deeper and the 
brightness temperature is lower.

2.6  Near Moon High Energy Particle 
       and Solar Wind Ion Detector Data

One High-energy Particle Detector (HPD) and two 
identical Solar Wind Ion Detectors (SWIDs) were onboard 
Chang’E-1, with the goal of exploring the earth-moon and 
near moon space environments. During the orbiting period, 
Chang’E-1 had multiple entries into the four regions, i.e., 
the interplanetary space, the lunar wake, Magnetosheath 
(MS) and Magnetotail (MT) of the Earth.

Chang’E-1 SWIDs observed the acceleration of 
reflected protons at dayside of lunar surface and the polar 
terminator region (as shown in Figure 8). These events 
suggest the mechanism of interaction between the solar 
wind and the moon, and will enhance our understanding of 
solar wind interaction with weakly magnetized airless body, 
and also contribute greatly to the recognition of interaction 
between solar radiation, Earth magnetic field and planets 
(and the Moon) definitely.  

By using the SWIDs data from Chang’E-2, the decre-
ment in proton density and enhancement in temperature 
were found near the Serenitatis antipode (as shown 
in Figure 9), thus suggesting the presence of a mini-
magnetosphere associated with the Lunar Magnetic 
Anomaly. These researches provide new important 
reference for the lunar space environment and lunar 
evolution.

3  Conclusions

The successful implements of Chang’E-1 and Chang’E-2 
have not only brought the breakthroughs of a set of key 
technologies having our own intellectual properties, 
large amounts of lunar data and science returns are also 
obtained. Especially, the 7 m global image of Chang’E-2 is 
the fruit of collaborations between subsystems of Chinese 
Lunar Exploration Project, which suggests the progress 
of China’s lunar explorations. China is the first country to 
explore the lunar regolith properties and regolith depth using 
microwave radiometer. We have obtained 4 bands global 
lunar brightness temperature at different altitudes with 
multiple coverages. The HPD and SWIDs acquired large 
amounts of data, which is valuable for space environment 
studies of the near-moon and earth-moon environment. 
For lunar composition studies, the global U, Th and K maps 
were produced by using gamma ray data; Global Fe and Ti 
distributions were derived based on IIM data. In conclusion, 
the successful application of Chang’E-1 and Chang’E-2 
have brought fruitful results and made great contributions to 
Chinese lunar and deep space explorations.
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Figure 3   Global IIM 891nm mosaic in orthographic projection(a) 
and its corresponding mafic absorption center (b)[20]

Figure 6   Global FeO and TiO2 maps by using Chang’E-1 IIM data[23]

Figure 4   IIM 757 nm image and FeO content near the Mare 
Crisium derived from Chang’E-1 IIM[21]
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Figure 5   IIM 757 nm image and TiO2 content near the MS2 mare 
region derived from Chang’E-1 IIM[22]
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Figure 9   Presence of a mini-magnetosphere verified by 
Chang’E-2 SWID data[28]
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The data and communication system are al l  in 
operation, has been providing data transmission, storage, 
preprocessing, management, distribution, and service for a 
long time. 

The research and forecast system is all in operation, 
and the science operation center has achieved scientific 
control and effective supervision for all the operational 
stations and node stations. The research and modeling 
subsystem has begun to utilize the monitoring data 
gradually. The forecasting platform has been in business 
operation, and supplied the space environment forecasting 
and services successfully for the major national space 
launch missions.

2  Preliminary Results Achieved 
    by the Meridian Project

2.1  Meridian Project Has Repeatedly 
       Observed the Responses of the Space     
       Environment to Solar Storms Over China 

With the approaching of the maximum of the 24th solar 

cycle peak year (2012–2014), magnetic storm activities 
increased significantly, the Meridian Project has repeatedly 
observed the responses of the space environment to solar 
storms over China.

On August 6, 2011 (UT), the most intense geomagnetic 
storm since 2007 event occurred, Kp and Dst index 
reached 8 and –115 nT respectively, a continuous solar 
proton event began on August 5. The Meridian Project was 
in joint operation, its geomagnetic monitoring subsystem, 
optical monitoring subsystem and radio monitoring 
subsystem clearly observed the influences of solar 
activities on Earth's space environment.

Based on the solar wind conditions during this solar 
storm, the Meridian Project's space weather physical 
forecast model obtained the location and shape of the 
magnetopause and bow shock (Figure 1), the distribution 
of the ionosphere potential (Figure 2), to reflect the 
influence of the solar activity on the Earth's large-scale 
structure. The results show that the subsolar point 
of the magnetopause was compressed to 6.4Re, the 
magnetopause just shifted inside the geosynchronous 
orbit, and the geosynchronous satellites were under the 

Figure 1   Location and shape of magnetopause and bow shock (Left: x-y plane; Right: x-z plane, dashed line is the synchronous orbit)

Figure 2   Potential distribution (Left) and Field-aligned current distribution (Right) of Northern Hemisphere polar cap

Equatorial Plane

15 15

10 10

5 5

0 0

-5 -5

-10 -10

-15 -15
-20 -20-15 -15-10 -10-5 -50 05 510 1015 15

y 
(R

E)

x (RE) x (RE)

35.9

17.8

29.9

11.7

23.8

5.7
-0.4

Meridian Plane

z (
R E

)

North-Potential (kV) North-FAC (μA/m2)

2.5253.0

18:00 18:00

06:00 06:00

12
:0

0

12
:0

0

00
:0

0

00
:0

0

1.3126.5
0.00.0
-1.3-126.5
-2.5-253.0



Recent Development and Preliminary Results of Chinese Meridian Project

29

threat of high-energy particles from the solar wind. The 
transpolar potential drop was about 400 kV, implying 
strong currents over high-latitude regions, the geomagnetic 
disturbances caused by the currents might have impacts 
on ground-based instruments.

2.2  Strong Ionosphere Disturbances 
       After 3 • 11 Japan Earthquake Observed 
       by the Meridian Project 

8.9 Earthquake occurred in Japan at 13:46 (Beijing 
Time) on March 11, 2011. The Meridian Project real-time 
ionospheric monitoring chain consisting of HF Doppler 
Drift Monitors in Peking University station, Changping 
station and Shenzhen station observed a special strong 
disturbance of the Earth's ionosphere 10 minutes 
later, which was shown as an infrasound wave packet 
with multiple frequencies (Figure 3). Three hours after 
the earthquake, the three stations observed another 
ionospheric infrasound disturbance at a single frequency 
(period of about 3–5 minutes), which lasted about one 
hour (Figure 4).

2.3  Simultaneous Measurements of Gaseous,     
       Liquid and Solid State of Atmospheric
       Water by the Meridian Project Lidar 
       at Wuhan University

The Meridian Project lidar at Wuhan University is the 
first full-water-spectrum Raman lidar in China, which has 
stronger detection capability, about 8km in height and 
spectral resolution at 0.23 nm. The development of the full-
water-spectrum Raman lidar shows that lidar exploration 
of cloud in China ranks among the advanced countries.

The Meridian Project lidar at Wuhan University can 
measure the echo signals generated by gaseous, liquid and 
solid state water simultaneously, and then obtain the relative 
content, height distribution and time evolution of the three 
different phase water in the atmosphere. This is very important 
to reveal the cloud microphysical processes, establish the 
atmospheric radiative transmission model, and make accurate 
weather forecast and weather / climate analysis.

It was snowy on January 18, 2011 in Wuhan. Lidar at 
Wuhan station observed the Raman spectrum characteri-
stics of the cloud water and water vapor and the cloud 
height characteristics before the snow. Figure 5 shows the 
measurements of lidar at Wuhan station on January 16 
and 17, 2011. It is shown that the liquid water content in 
the cloud on January 17 enhanced significantly comparing 
with that on January 16.

 

Figure 4   Disturbances with a period of 3 minutes observed 
by Peking University station, Changping station and Shenzhen 
station 3 hours after the earthquake
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Figure 3   HF Doppler Drift monitoring data (red line: 05:46UT, 
the earthquake time). Wave packet delay observed by Peking 
University Station, Changping station and Shenzhen station 

Preliminary analysis indicates that the observed 
ionospheric infrasound disturbance is related directly to 
the transmission of the atmospheric wave caused by the 
tsunami after the earthquake. In particular, the relationship 
between right and left sound waves of 3 minute period in 
the ionosphere and tsunami, rarely has been reported in 
China and abroad, and which is a strong evidence for the 
lithosphere-atmosphere-ionosphere coupling.

 

05:30

BDT

BCT

SZT

05:30

05:30

06:00

06:00

06:00

3/11/2011 UT

07:00

07:00

07:00

08:00

08:00

08:00

06:30

06:30

06:30

07:30

07:30

07:30



Space Science Activities in China

30

2.4  Using the Data of the Meridian 
       Project, the Statistical Characteristics of     
       Gravity Wave Activities in Northern 
       China is Studied for the First Time 

An All-Sky Airglow Imager (ASAI), which was an instrument 
of the optical-atmospheric monitoring subsystem of the 
Meridian Project, was installed at Xinglong in northern 
China to study the morphology of Atmospheric Gravity 
Waves (AGWs) in the Mesosphere and Lower Thermosph-
ere (MLT) region. Using one year of OH airglow imager 

Figure 5   Original echo signal height maps of the Meridian Project lidar at Wuhan University

Figure 6   Seasonal variations of the propagation directions of bands
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data from December 2009 to November 2010 collected 
by ASAI, the characteristics of short-period AGWs are 
investigated and a yearlong AGW climatology in northern 
China is first ever reported. 

AGW occurrence frequency in summer and winter is higher 
than that in equinoctial months. Observed bands mainly have 
horizontal wavelengths from 10 to 35km, observed periods 
from 4 to 14 min and observed horizontal phase speeds in the 
range of 30 to 60m/s (Figure 6). Most of the bands propagate 
in the meridional direction. The propagation directions of 
the bands show a strong southwestward preference in 
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Figure 7   Magnitude (denoted by arrow length) and direction (denoted by arrow direction) of the gravity waves horizontal phase speed 
during each season. The values in radial direction represent the speed (m·s−1) in each direction. The superimposed area gives “Blocking 
diagram” for each season from 20 to 85 km height. The wind profiles data for each season from HWM-07 model (averaged from 20:00 to 
04:00LT for each season)

winter, while almost all bands propagate northeastward in 
summer (Figure 7). Although the wind filtering in the middle 
atmosphere may control AGW propagations in the zonal 

direction, the non-uniform distribution of wave sources in the 
lower atmosphere may contribute to the anisotropy in the 
meridional direction in different seasons. 
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collaboration between the SPIRE ICC and NAOC, as outlined 
in Ref. [1], has been a highly successful one, fully meeting 
or exceeding all the original aims, and thereby making an 
important contribution to the SPIRE ICC and its readiness 
for Herschel operations.”

NAOC became a Co-I institute of the SPIRE Consortium 
in 2009 with Prof. M. Huang as a Co-Investigator. Since 
then NAOC engineers have worked on the software 
packages to assure smooth data access and high quality 
and easy data visualization. Their results were published in 
the Astronomical Data Analysis and Systems conference in 
Paris in November 2011. Chinese engineers are planning 
to re-use software they have created for Herschel in other 
astronomical missions.

Chinese scientists have used Herschel data to author 
and co-author more than 30 scientific papers since 2009 
in the field of star formation, interstellar medium, the Milky 
Way Galaxy, and extra-galaxies.

Prof. M. Huang led an international team to propose 
the use of Herschel Observatory to observe Gamma Ray 

Bursts (GRB) in 2010. The proposal was accepted, and 
carried out in April 2011 to observe a bright GRB at the 
edge of the Universe. To obtain a full-spectrum picture of 
the GRB, an array of telescopes were mobilized to join the 
observing campaign — from the largest 10-meter single 
aperture optical telescope (GTC) on Canary Islands to 
the largest radio telescope array (EVLA) in the US desert, 
from sub-millimeter telescope on the ground to Chandra 
X-ray space observatory. Now the scientists are analyzing 
data and publishing their findings.

NAOC hosted SPIRE Instrument Control Center meeting 
in October, 2011. Nearly 30 scientists from 10 countries, 
regions, and organizations attended the meeting, where 
current status was reported and future plans were made. 
Possibility of extending Chinese support to Herschel in 
post-operational phase was also discussed.

China’s participation in Herschel has been an example 
of international space science collaboration that benefits all 
participants in both engineering development and scientific 
research.

Figure 3   Young Herschel scientists and engineers on top of the Great Wall
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of the remote control stations and in order to avoid the 
high particle background environment such as the SAA 
region, the radiation belt, and the polar region, the orbit of 
the satellite has an altitude of 550 km and an inclination 
angle of 43°.

HXMT carries three slat-collimated instruments, the 
High Energy X-ray Telescope (HE), the Medium Energy 
X-ray Telescope (ME), and the Low Energy X-ray 
Telescope (LE). 

HE has a cylindrical structure, consisting of 18 NaI/
CsI phoswich modules (main detectors) with a detection 
area of 283.5 cm2 each. In front of the detectors there 
are collimators to define the Field of Views (FOVs). 
15 modules have FOVs of 1°×6°, 2 modules of 6°×6°, 
and 1 fully blocked. Such a combination of FOVs will 
permit a reliable estimation of the aperture incident 
and particle induced backgrounds, respectively. On 
the top and surrounding the NaI/CsI modules there are 
scintillation plastic plates used as veto to depress the 
particle background of the main detectors. 

ME uses 1728 Si-PIN detectors read out by ASIC. 
The energy coverage of ME is 5–30 keV, and the total 
detection area is 952 cm2. At the working temperature (from 
-40 to -20℃), the required energy resolution is 15% and 
the goal is 8% (at 20 keV). 

LE uses swept charge device (SCD) as the detectors. 
The sun buffer on the top of LE is also the radiator to cool the 
detectors to from -80 to -45℃. In this temperature range, 
the energy resolution of LE is about 2.5% (at 6 keV). LE is 
sensitive in 1–15 keV with a total detection area of 384 cm2. 

3  In-orbit Background and Sensitivity

The in-orbit background of HXMT is simulated using the 
space particle environment measurements and GEANT4, 
the software package to simulate the interaction of 

Figure 2   Payload assembly of HXMT. In the centre there are 18 
cylindric detector units of HE covered by veto plates. The three 
cyan detector boxes in the upper left belong to LE, and the three 
brown boxes in the lower right represent ME. On the payload 
assembly there are also three star trackers and three charged 
particle monitors

Figure 3   Simulated in-orbit background induced by various 
components at the time 10 minutes from the Southearn Atlantic 
Abnormal (SAA) region and 100 days after launch

Figure 4   The sensitivities of the three telescopes onboard 
HXMT. Also shown are the sensitivities of NuSTAR, RXTE/HEXTE 
and INTEGRAL/IBIS, which were reprinted from Koglinet al. 2005 
(Proc. SPIE 5900, 266-275)

matter and particles. As an example, Figure 3 shows the 
spectra of various components of the simulated in-orbit 
backgrounds of HE. 

Using the effective areas of HE, ME and LE, and their 
simulated background spectra, we can get the sensitivities 
of these detectors respectively, which are illustrated in 
Figure 4.

 

4  Project Status 

HXMT was proposed in 1994, and was officially approved 
in March, 2011. At the end of 2011, HXMT entered the pre-
flight model phase. Now we are in the process to constrcut 
the electric model of the satellite. The scheduled launch 
time will be in late 2014.
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1.2  Preliminary Study Program

Following the execution of the first round of preliminary 
study program of future space science missions in 2009, 
Chinese Academy of Sciences initiated the second round 
of the program in 2011, within the frame work of the Pilot 
Special Project of Space Science, by supporting a number 
of assessment studies and key technology R&D for future 
space missions:

DAO
Phase-A study: X-ray Timing and Polarization Satellite 

(XTP).
Phase-0 study: Wide-Field X-ray and Optical Monitor.
Phase-0 study: China’s Space Gravitational Wave 

Detection.
PAO
Phase-0 study: Large Scale Multi-Color and Imaging 

and Spectroscopy Survey.
Phase-0 study: Infrared Spectroscopic Survey Space 

Telescope.
Technology R&D: Space Optical Interferometry 

Telescope.
Technology R&D: Space High Contrast Coronagraph. 
DMD 
Technology R&D: New High Energy Gamma-ray and 

Electron Detectors. 
Technology R&D: Large Size BGO Scintillator Growth. 
Technology R&D: New Space Dark Matter Detector 

Based on Fiber-ICCD Read out. 
SM
Technology R&D: Space Magnetometer.
Technology R&D: Solar Hard X-ray Imaging Telescope. 
SP
Phase-0 study: Advanced Space Solar Observatory. 
Technology R&D: Lyman-α Telescope and Coronagraph.

1.3  Status of Satellite Missions Undertaken

There are several satellite missions currently at different 
stages of development:

HXMT
The Hard X-ray Modulation Telescope (HXMT) is a 

collimated broad-band X-ray (1−250 keV) telescope, 
which is composed of eighteen modules of NaI(Tl)/CsI(Na) 
phoswich detectors operating between 20−250 keV, three 
modules of SCD detectors operating between 1−15 keV,  
and three modules of SiPIN detectors operating between 
5−30 keV. Its main objectives include large area sky 
surveys and pointed observations of Galactic compact 
objects emitting X-rays. It is currently in Phase C and 
expected to be launched between 2014 and 2015 into a 
low earth orbit.

SVOM 
Space-based multi-band astronomical Variable Object 

Monitor (SVOM) is a joint China-France mission. Its 
scientific objectives include the study of the GRB pheno-
menon, GRB physics and progenitors, cosmology, and 
fundamental physics. The payloads include: A wide field 
(~2 sr) coded mask telescope (ECLAIRs, 4−250 keV); a 
gamma-ray monitor (GRM, 50 keV−5 MeV); a soft X-ray 
(MXT) and a Visible Telescope (VT). It is currently in 
Phase B and expected to be launched around 2015-2016 
into a low earth orbit.

POLAR 
POLAR is a China-Europe joint experiment on board 

China’s manned spacelab. Its main scientific goal is 
to measure gamma-ray burst polarization between 
30−350 keV. The instrument is made of a stack of plastic 
scintillators with a total weight of 30 kg. It is expected that 
POLAR will be launched into orbit in 2014 with the TG-2 
spaceship, as part of the spacelab.

DMS
Dark Matter Satellite (DMS) is a high energy electron 

and gamma-ray telescope covering energy range from 
5 GeV to 10 TeV. With high resolution observations of 
gamma-rays and electrons, it aims at finding the products 
of the annihilation or decay from dark matter particles. The 
energy resolution is 10 times higher than FERMI gamma-
ray telescope, and geometry factor is 5 times bigger than 
CALET. DMS is actually now at the stage of Phase-A, and is 
expected to be launched around 2015 into a low earth orbit.

SST
Space Solar Telescope (SST) is consisted of a one-

meter optical telescope, a hard X-ray telescope, an 
EUV imager, an energetic particle receiver, and a solar 
radio spectrometer at very low frequencies, etc. It is now 
selected to be launched to the first Lagrangian point (L1)  
of the Sun-Earth system in about five years. 

1.4  Status of Astronomy Experiments in 
       China’s Manned Space Flight Program

Astronomy observations from space are a solid element of 
China’s manned space flight program:

TG-2 Spacelab: POLAR 
See the description in Section 1. 3.
Space Station: the Cosmic Light House Program 

(CLH) 
CLH is the astronomy program onboard China’s Space 

Station, with an operation time around 2020. In 2011, the 
call for astronomy payloads proposals was announced. 
Among many submitted proposals, nine are selected 
for further studies as candidate payloads, with scientific 
objectives ranging from black holes, dark matter, dark 
energy, neutron stars, stars, the Milky Way, galaxies, 
large scale structures, solar physics, etc. The program 
is open to the international community and international 
collaborations are encouraged.
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2  Space Solar Physics

During the last two years, the Chinese solar physicists 
made a great progress in solar physics researches by 
using all kinds of space observations at multi-wavelengths. 
The observations include the magnetograph obtained by 
SOHO/MIDI and Hinode, EUV by TRACE, STEREO and 
SDO, hard X-ray by RHESSI, soft X-ray by GOES and 
Hinode, etc. The research subjects include solar vector 
magnetic field, Solar flares, CME, filaments, solar radio 
and nonthermal processes, EUV Waves, MHD waves, and 
coronal waves, solar model and helioseismology, solar 
wind, and the behaviors of the solar cycle. They published 
about 120 papers in various academic journals, such as 
ApJ (49 papers), Solar Physics (19 papers), and A&A (10 
papers), etc.

2.1  Solar Vector Magnetic Field

Yang et al.[1] investigated vector magnetic fields, current 
densities, and current helicities in coronal holes, and 
compared them with two normal Quiet Regions (QRs) for 
the first time from the observations of Hinode. They found 
that the areas where large current helicities are located 
are mainly co-spatial with strong vertical and horizontal 
field elements both in shape and in location. In the CHs, 
horizontal magnetic fields, inclination angles, current 
densities, and current helicities are larger than those in 
the QRs. These results imply that the magnetic fields, 
especially the strong fields, both in the CHs and in the 
QRs are non-potential. 

Jin et al.[2] studied the cyclic behavior of solar small-
scale magnetic elements by using the database of MDI/
SOHO in solar cycle 23, and the follwoing results are 
found. (1) The quiet regions dominated the Sun's magnetic 
flux for about 8 years in the 12.25 years duration of cycle 
23. (2) The ratio of quiet region flux to that of the total 
Sun equally characterizes the course of a solar cycle. 
The 6 month average flux ratio of the quiet regions was 
larger than 90.0% for 28 continuous months from July 
2007 to October 2009, which very well characterizes the 
grand solar minima of cycles 23–24. (3) From the small 
to the large end of the flux spectrum, the variations of 
numbers and total flux of the network elements show non-
correlation, anti-correlation, and correlation with sunspots, 
respectively.

Jin and Wang[3] studied the vector magnetic fields of a 
solar polar region (PR) based on measurements of SOT/
SP on Hinode, and found (1) the average vertical flux 
density of PR is 16 G, while the average horizontal flux 
density is 91 G. (2) The kilo-Gauss field in the PR occupies 
6.7% of the region. The magnetic filling factor in the PR is 
characterized by a two-peak distribution, which appears 

at strength close to 100 G and 1000 G, respectively. (3) 
For the network elements, a correlation holds between the 
vertical and horizontal flux densities, suggesting the same 
physical entity is manifested by the observed stronger 
vertical and horizontal components. (4) The ratio of the 
magnetic flux in the minority polarity to that in the dominant 
polarity is approximately 0.5, implying that only 1/3 of the 
magnetic flux in the PR opens to the interplanetary space. 

Su et al.[4] analyzed photospheric vector magnetograms 
of solar flares to studied the evolution of photospheric 
magnetic fields. In particular, they investigate two-
dimensional spatial distributions of the changing Lorentz 
force. Around the major flaring polarity inversion line, the 
net change of the Lorentz force is directed downward in 
an area of ~1019 cm2 for X-class flares. For all events, the 
white-light observations show that sunspots darken in this 
location after flares, and magnetic fields become more 
inclined. 

Jin and Wang[5] applied the unique data set of MDI/
SOHO in solar cycle 23, and found that the cyclic 
variations of numbers and total flux of the small-scale 
magnetic elements covering fluxes of (2.9-32.0)×1018 Mx 
and (4.27-38.01)×1019 Mx behaving anti-correlated and 
correlated with sunspots, respectively. 

Zhao et al.[6] analyzed the correlation between the 
Magnetic and Velocity Fields on the Full Solar Disk, and 
found that the observed large-scale weak magnetic field 
(weaker than 50 Gauss) is correlated with the velocity 
statistically.

2.2  Solar Flares, CME and Filaments

Cheng et al.[7] investigated the distinct properties of two 
types of flares: eruptive flares associated with CMEs and 
confined flares without CMEs. The sample includes nine 
M- and X-class flares, six of them are confined and other 
three are eruptive. The confined flares tend to be more 
impulsive in the soft X-ray time profiles and show slenderer 
shapes in the EIT 195 Å images, while the eruptive ones 
are long-duration events and show much more extended 
brightening regions. The location of the confined flares is 
closer to the center of the active region, while the eruptive 
flares are at the outskirts. Further, through nonlinear force-
free field extrapolation, they found that the decay index of 
the transverse magnetic field in the low corona (~10 Mm) 
is larger for eruptive flares than for confined ones. The 
strength of the transverse magnetic field over the eruptive 
flare sites is weaker than it is over the confined ones. 

Fan et al.[8] used the Poynting flux in active region 
10930 by using data-driven time-dependent multidimensi-
onal MHD simulations around a flare event. The data 
have been obtained by the Hinode/SOT. They computed 
the magnitude of Poynting flux (S total), radial Poynting 
flux (Sz), a proxy for ideal radial Poynting flux (S proxy), 
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Poynting flux due to plasma surface motion (S sur), and 
Poynting flux due to plasma emergence (S emg), and 
analyzed their extensive properties in four selected areas: 
the whole sunspot, the positive sunspot, the negative 
sunspot, and the strong-field polarity inversion line (SPIL) 
area. They found that (1) the S total, Sz and S proxy 
parameters show similar behaviors in the whole sunspot 
area and in the negative sunspot area. The evolutions of 
these three parameters in the positive area and the SPIL 
area are more volatile because of the effect of sunspot 
rotation and flux emergence. (2) The evolution of S sur 
is largely influenced by the process of sunspot rotation, 
especially in the positive sunspot. The evolution of S emg 
is greatly affected by flux emergence, especially in the 
SPIL area.

Guo et al.[9] studied the magnetic field structures of hard 
X-ray (HXR) sources and flare ribbons of an M1.1 flare by 
using RHESSI and TRACE observations and nonlinear 
force-free field extrapolation over the same polarity 
inversion line. They found a small pre-eruptive magnetic 
flux rope located next to sheared magnetic arcades, the 
magnetic reconnection occurred at several locations. It 
first started at the location of the pre-eruptive flux rope; 
then, the magnetic reconnection occurred between the 
pre-eruptive magnetic flux rope and the sheared magnetic 
arcades more than 10 minutes before the flare peak; next, 
HXR sources appeared at the footpoints of the larger 
flux rope at the flare peak. The associated high-energy 
particles may have been accelerated below the flux rope in 
or around a reconnection region. 

Zhang et al.[10] applied time-dependent MHD simulation 
to investigate how physical features in the solar atmosphere 
affect the evolution of CMEs. They found that temperature 
and density play a crucial role in CME initiation. The lower 
temperature facilitates the catastrophe's occurrence, and 
the CMEs which initiate in low density could gain lower 
velocity.

Huang et al.[11] presented a detailed studied of the 
initiation and early development of a CME by using 
high temporal cadence radio observations and EUV 
observations combining three points of view of the 
STEREO and SOHO spacecraft. The beginning of the 
CME initiation phase is characterized by the magnetic 
reconnection. They found that imaging radio emissions 
in the metric range permits us to trace the extent and 
orientation of the flux rope which is later detected in 
interplanetary space. 

Shen et al.[12] performed resistive MHD simulations to 
studied the internal fine structure of reconnecting current 
sheets that form during solar flares.

Shen et al.[13] reported a coronal blowout jet with high-
resolution multi-wavelength and multi-angle observations 
taken from SDO, STEREO, and BBSO. For the first time, 

they found that simultaneous bubble-like and jet-like 
CMEs were dynamically related to the blowout jet that 
showed cool and hot components next to each other, and 
indicate that (1) the cool component resulted from the 
eruption of the filament contained within the jet's base 
arch, and it further caused the bubble-like CME; (2) the jet-
like CME was associated with the hot component, which 
was the outward moving heated plasma generated by 
the reconnection of the base arch and its ambient open 
field lines. On the other hand, bifurcation of the jet's cool 
component was also observed, which resulted from the 
uncoupling of the erupting filament's two legs that were 
highly twisted at the very beginning. They proposed that 
the coronal blowout jet, in which the external reconnection 
not only produces the jet-like CME, but also leads to the 
rising of the filament, and the internal reconnection starts 
underneath the rising filament and causes bubble-like 
CME.

Ting Li et al.[14] reported a three-dimensional reconstruc-
tion of an erupting filament with SDO and STEREO 
Observations from three different viewpoints (STEREO A, 
STEREO B, and SDO) for the first time. The event mainly 
consisted of a C3.2 flare, a polar crown filament eruption, 
and two Earth-directed CMEs.

Jiang et al.[15] presented for the first time detailed 
observations of three successive, interdependent filament 
eruptions that occurred one by one within 5 hr from 
different locations beyond the range of a single active 
region, and found the sympathetic filament eruptions 
connected by coronal dimmings.

Jiang et al. [16] presented observations of sunspot 
evolution associated with the first X-class flare of the 
presented solar cycle 24, which occurred in AR 11158 on 
2011 February 15, and the observations support the idea 
that the rotation can be attributed to the emergence of 
twisted magnetic fields.

Xia et al.[17] used grid-adaptive numerical simulations 
of the radiative hydrodynamic equations to investigate the 
filament formation process in a pre-shaped loop with both 
steady and finite-time chromospheric heating.

Liu et al.[18] statistically studied 362 solar limb promin-
ences and well recognized by STEREO observations from 
2007 April to the end of 2009. They found that there are 
about 71% disrupted prominences (DPs), among which 
about 42% did not erupt successfully and about 89% 
experienced a sudden destabilization process. Most DPs 
become unstable at a height of 0.06–0.14 Rs from the 
solar surface, and there are two most probable critical 
heights at which a prominence is very likely to become 
unstable, the first one is 0.13 Rs and the second one is 
0.19 Rs; an upper limit for the erupting velocity of eruptive 
prominences (EPs) exists, which decreases following a 
power law with increasing height and mass; accordingly, 
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the kinetic energy of EPs has an upper limit too, which 
decreases as the critical height increases.

Ding et al.[19] investigated the formation of jet-like 
features in the lower solar atmosphere, e.g. chromosphere 
and transition region, as a result of magnetic reconnection 
triggered by magnetic flux emergence. They found that 
magnetic reconnection can be an efficient mechanism to 
drive plasma outflows in the chromosphere and transition 
region.

Zhou et al.[20] used the STEREO A/B to calculate the 
interplanetary current sheets for the magnetic cloud 
related to the fast halo CME of 2006 December 13 with 
assembled observations.

Li et al.[21] used SOHO/MDI magnetograms, STEREO/
SECCHI images, and GOES measurements to investigate 
the first productive active region in solar cycle 24, where 
emerged on February 5, 2010, is associated with 43 (8 M- 
and 35 C-class) flares, 53 coronal mass ejections (CMEs), 
29 filament eruptions, 19 extreme ultraviolet (EUV) waves 
and abundant jets. 

Chen et al.[22] investigated fifty Interconnecting Loops 
(ILs) that are induced by new-born active regions.

Gao et al. [23] investigated the energy and mass 
distributions of all CMEs observed by SOHO/LASCO from 
January 1996 to December 2009.

Feng et al.[24] conducted a data survey searching for 
well-defined streamer wave events observed by the 
LASCO) on-board SOHO throughout Solar Cycle 23.

Pan et al.[25] investigated the relationships between the 
kinematic properties of these CMEs and the characteristic 
times of the intensity-time profile of their accompanied 
SEP events observed at 1 AU by using an ice-cream cone 
model, the radial speed and angular width of 95 CMEs 
associated with SEP events during 1998–2002 from 
SOHO/LASCO observations.

Gui et al.[26] analyzed ten CME events viewed by the 
STEREO twin spacecraft observations to studied the 
deflections of CMEs during their propagation in the corona. 
They found that the deflections of CMEs are mainly 
controlled by the background magnetic field and can be 
quantitatively described by the magnetic energy density 
gradient model. 

Yang et al.[27] presented detailed observations of the 
formations of four distinct coronal dimmings during a flare 
of 17 September 2002, which was followed by an eruption 
of a huge coronal loop system, and then an over-and-
out partial halo CME, with the same direction as the loop 
system eruption but laterally far offset from the flare site.

Song et al.[28] presented 11 events with plasma blobs 
flowing outwards sequentially along a bright coronal ray 
in the wake of a CME by a survey through LASCO data 
from 1996 to 2009. They found that the apparent angular 
widths of the rays at a fixed time vary in a range of 2.1○– 

6.6○ (2.0○– 4.4○) with an average of 3.5○ (2.9○) at 3Rs (4Rs), 
respectively, and the observed durations of the events vary 
from 12 h to a few days with an average of 27 h. It is also 
found, that 58% (26) of the blobs were accelerated, 20% 
(9) were decelerated, and 22% (10) moved with a nearly 
constant speed. 

2.3  Solar Radio and Nonthermal Processes

Huang and Li[29] made a co-analysis of solar hard X-ray 
and microwave spectral evolution in three separate 
sources located in one looptop and two footpoints of a 
huge flaring loop in the 2003 October 24 flare from the 
spatially resolvable data of the RHESSI and Nobeyama 
Radio Heliograph.

Huang and Tan[30] reported the microwave bursts with 
fine structures in the decay phase of a solar flare observed 
by the Chinese Solar Broadband Radio Spectrometer in 
Huairou, which showed a peak-to-peak correlation with 
25−50 keV hard X-ray bursts observed by RHESSI. The 
similarity between 25 and 50 keV HXR light curve and 
microwave time profiles suggests that these microwave 
FSs are related to the properties of electron acceleration. 
The electron velocity inferred from the frequency drift rates 
in short narrowband bursts is in the range of 0.13−0.53c 
and the corresponding energy is about 10−85 keV, which 
is close to the energy of HXR-emitting electrons. 

Tan et al. [31] reported several microwave zebra pattern 
structures in an X2.2 flare event on 2011 February 
15 observed by the Chinese Solar Broadband Radio 
Spectrometer (SBRS/Huairou) at a frequency of 6.40–7.00 
GHz and at a frequency of 2.60–2.75 GHz and by the 
Yunnan Solar Broadband Radio Spectrometer (SBRS/
Yunnan) at a frequency of 1.04–1.13 GHz. They derived 
the magnetic field strengths at about 230–345 G, 126–147 
G, and 23–26 G in the coronal source regions of ZP1, ZP2, 
and ZP3, respectively.

Song et al.[32] reported the co-analysis of the solar 
microwave and hard X-ray spectral evolutions in the 
2000 June 10 and 2002 April 10 flares, which were 
simultaneously observed by the Owens-Valley Solar Array 
in the microwave, and by Yohkoh/Hard X-ray Telescope 
and RHESSI in hard X-ray, with multiple subpeaks in their 
light curves.

Li et al.[33] investigated the acceleration source of the 
impulsive solar energetic particle events on 2007 January 
24, and demonstrated that the jets associated with the 
hard X-ray flares and type-III radio bursts, rather than the 
slow and partial CME, are closely related to the production 
of interplanetary electron streams. The jets, originated 
from the well-connected active region (AR 10939) whose 
magnetic polarity structure favors the eruption, are 
observed to be forming in a coronal site, extending to a 
few solar radii, and having a good temporal correlation 
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with the electron solar release. The open-field lines near 
the jet site are rooted in a negative polarity, along which 
energetic particles escape from the flaring AR to the near-
Earth space, consistent with the in situ electron pitch angle 
distribution.

Guo et al. [34] studied the relationship between high-
energy, non-thermal, and impulsive evolution, and low-
energy, thermal, and gradual evolution in a prominent 
~50 s hard X-ray (HXR) pulse of a simple GOES class 
C7.5 flare on 2002 February 20. They used regularized 
methods to obtain time derivatives of photon fluxes to 
quantify the time evolution as a function of photon energy, 
obtaining a break energy between impulsive and gradual 
behavior. These break energies are consistent with a 
constant value of ~11 keV in agreement with those found 
spectroscopically between thermal and non-thermal 
components. 

Cheng et al. [35] presented comprehensive analysis of 
a two-ribbon flare observed in UV 1600 Å by TRACE and 
in HXRs by RHESSI (25−100 keV) imaging observations. 
They found the UV brightening is substantially enhanced 
wherever and whenever the compact HXR kernel is 
passing, and during the HXR transit across a certain 
region, the UV count light curve in that region is temporally 
correlated with the HXR total flux light curve. After the 
passage of the HXR kernel, the UV light curve exhibits 
smooth monotonic decay; HXR kernels and UV fronts 
exhibit similar apparent motion patterns and speeds; UV 
emission is characterized by a rapid rise correlated with 
HXRs, followed by a long decay on timescales of 15−30 
minutes.

He and Qin[36] determined solar energetic particles' 
mean free path by fitting the anisotropy time profiles 
from Shalchi et al.'s analytical formula to spacecraft 
observations. This new method can be called an analytical 
method. In addition, they obtained solar energetic particles' 
mean free path with the traditional simulation methods. 

Qin et al.[37] simulated the SEP event by solving the five-
dimensional focused transport equation numerically for 40 
keV electrons with perpendicular diffusion, and found that 
a counter-streaming particle beam with deep depression 
at 90° pitch angle can form on Parker magnetic field lines 
that do not directly connect to the main particle source on 
the Sun in the beginning of an SEP event observed by the 
Wind spacecraft at 1 AU.

He and Wan[38] provided a direct analytical formula as a 
function of parameters concerning the physical properties 
of Solar Energetic Particles (SEP) and solar wind to 
directly and quickly determine the parallel mean free path 
of SEPs with adiabatic focusing. Since all of the quantities 
in the analytical formula can be directly observed by 
spacecraft, this direct method would be a very useful tool 
in space weather research.

He et al.[39] studied the propagation of solar energetic 
particles in three-dimensional interplanetary magnetic 
fields. They found that the observation location relative 
to the latitudinal and longitudinal coverage of particle 
source has the strongest effects on particle flux and 
anisotropy profiles observed by a spacecraft. When a 
spacecraft is directly connected to the solar sources by the 
interplanetary magnetic field lines, the observed particle 
fluxes are larger than when the spacecraft is not directly 
connected. When the particle source covers a larger range 
of latitude and longitude, the observed particle flux is 
larger and appears earlier.

Su et al.[40] reported the first evidence for both breaks 
in spectra measured with RHESSI during the GOES 
X1.2 class flare on 2002 October 31. The RHESSI X-ray 
spectral analysis shows both the breakup at ~49 keV 
and the breakdown at ~134 keV at the HXR peak time. 
The time evolution of both breaks also agrees with the 
non-uniform ionization (NUI) model. They found that 
the average column density of the fully ionized plasma 
changed from 2×1019 cm-2 in the rise phase to 7×1021 
cm-2 after the peak. This indicates that plasma in the 
target was heated and became ionized during the flare, 
in agreement with heating by the nonthermal electrons 
and chromospheric evaporation expected in the collisional 
thick-target model.

Feng et al.[41] made a particle kinetic analysis by using 
the coronagraph observations of a polar jet observed 
by SECCHI onboard STEREO spacecraft. The derived 
initiation time is consistent with the jet observations by the 
EUVI telescope at various wavelengths. The initial particle 
velocity distribution is fitted by Maxwellian distributions 
and they found deviations of the high-energy tail from the 
Maxwellian distributions. The total kinetic energy of all 
particles in the jet source region amounts from 2.1 × 1028 
to 2.4 × 1029 erg.

Zhang et al. [42] carried out a detailed multi-wavelength 
analysis of two neighboring Coronal Bright Points (CBPs) 
observed in soft X-ray (SXR) and EUV channels. It is seen 
that the SXR light curves present quasi-periodic flashes 
with an interval of ~1 h superposed over the long-lived mild 
brightenings, suggesting that the SXR brightenings of this 
type of CBPs might consist of two components: one is the 
gentle brightenings and the other is the CBP flashes. It is 
found that the strong flashes of the bigger CBP are always 
accompanied by SXR jets. The potential field extrapolation 
indicates that both CBPs are covered by a dome-like 
separatrix surface, with a magnetic null point above. They 
propose that the repetitive CBP flashes, as well as the 
recurrent SXR jets, result from the impulsive null-point 
reconnection, while the long-lived brightenings are due to 
the interchange reconnection along the separatrix surface. 

Yang et al. [43] presented detailed observations of 
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two solar filaments erupted successively from different 
confined arcades underlying a common overarching 
multiple-arcade bipolar helmet streamer on 2005 August 5, 
and identify them as sympathetic filament eruptions.

Wang and Yan[44] developed a code of dynamical Monte 
Carlo simulation of the diffusive shock acceleration under 
the isotropic scattering law during the scattering process, 
and found that the total energy spectral index increases 
as the standard deviation value of the scattering angular 
distribution increases, but the subshock's energy spectral 
index decreases as the standard deviation value of the 
scattering angular distribution increases.

Li, Xia and Chen[45] solved the transport equations 
incorporating the heating from turbulent Alfvén waves for 
an electron-proton solar wind along curved field lines given 
by an analytical magnetic field model, suggested that the 
field line curvature could be a geometrical factor which, in 
addition to the tube expansion, substantially influences the 
solar wind speed.

Ning[46] explored the speed distributions of X-ray source 
motions after the start of chromospheric evaporation in 
two RHESSI flares, and founds converging motion of the 
double footpoint sources along the flaring loop in these 
two events. This motion is dependent on the energy band 
and time and is typically seen at 3 – 25 keV, indicating a 
chromospheric evaporation origin.

Ning and Cao[47] explored the hard X-ray source 
distributions of an C1.1 flare occurred on 14 December 
2007. Both Hinode/EIS and RHESSI observations are 
used. The results show a similar topology for the time-
dependent source distribution as that for energy-dependent 
source distribution overlapped on EUV bright kernels, 
which seems to be consistent with the evaporation model. 

2.4  EUV Waves, MHD Waves and 
       Coronal Waves

Ma et al.[48] studied a limb coronal shock wave and its 
associated EUV wave that occurred on 2010 June 13 
by using the high temporal and spatial resolutions of the 
AIA/SDO. Their findings support the view that the coronal 
shock wave is driven by the CME bubble, and the on-
limb EUV wave is consistent with a fast wave or at least 
includes the fast wave component.

Taking advantage of the high temporal and spatial 
resolution of the AIA/SDO observations, Zheng et al.[49] 
presented four homologous Extreme Ultraviolet (EUV) 
waves within 3 h on 2010 November 11. All EUV waves 
emanated from the same emerging flux region, propagated 
in the same direction, and were accompanied by surges, 
weak flares, and faint CMEs. The waves had the basically 
same appearance in all EUV wavebands of the AIA/
SDO. The waves propagated at constant velocities in the 

range of 280-500 km • s-1, with little angular dependence. 
The waves are supposed to likely involve more than one 
driving mechanism. 

Zhao et al . [50] investigated the morphology and 
kinematics of the CME-EIT wave event that occurred 
on 2010 January 17. Their results demonstrate that the 
propagation of the CME front is much faster than that of 
the EIT wave on the solar surface, and that both the CME 
front and the EIT wave propagate faster than the fast-
mode speed in their local environments. Specifically, they 
show a significant positive correlation between the EIT 
wave speed and the local fast-mode wave speed in the 
propagation paths of the EIT wave. Their findings support 
that the EIT wave under study is a fast-mode MHD wave.

Wang et al.[51] presented, for the first time, measure-
ments of arc-polarized velocity variations together with 
magnetic field variations associated with a large-amplitude 
Alfvén wave observed by the Wind satellite. They found 
that the magnetic field and velocity vector components, in 
the plane perpendicular to the minimum-variance direction 
of the magnetic field, are arc-polarized, and their tips 
almost lie on the same circle. They also found that the 
normalized cross helicity and Alfvén ratio of the wave are 
both nearly equal to unity, a result which has not been 
reported in previous studies at 1 AU. It is worthy to stress 
here that pure Alfvén waves can also exist in the solar wind 
even near the Earth at 1 AU, but not only near 0.3 AU. 

Li et al.[52] presented SDO/AIA observations of the 
interaction of a global EUV wave on 2011 June 7 with 
active regions (ARs), coronal holes (CHs), and coronal 
bright structures. The primary global wave has a three-
dimensional dome shape, with propagation speeds ranging 
from 430 to 780 km • s–1 in different directions. The primary 
coronal wave runs in front of the expanding loops involved 
in the CME and its propagation speeds are approximately 
constant within 10–20 minutes. Upon arrival at an AR on 
its path, the primary EUV wave apparently disappears 
and a secondary wave rapidly reemerges within 75 Mm 
of the AR boundary at a similar speed. When the EUV 
wave encounters a coronal bright structure, an additional 
wave front appears there and propagates in front of it at a 
velocity nearly a factor of two faster. Reflected waves from 
a polar CH and a coronal bright structure are observed 
and propagate fractionally slower than the primary waves. 

Chen et al.[53] reported a spectroscopic analysis of an 
EIT wave event that occurred in active region 11081 on 
2010 June 12 and was associated with an M2.0 class flare. 
The wave propagated nearly circularly. The southeastern 
part of the wave front passed over an upflow region near a 
magnetic bipole. They found a weak blueshift for the Fe XII 
λ195.12 and Fe XIII λ202.04 lines in the wave front, and 
the upflow and non-thermal velocities in the upflow region 
are suddenly diminished after the transit of the wave front.
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Chen et al.[54] presented a novel method to evaluate the 
Alfvén speed and the magnetic field strength along the 
streamer plasma sheet in the outer corona. The method is 
based on recent observations of streamer waves, which 
are regarded as the fast kink body mode carried by the 
plasma sheet structure and generated upon the impact of 
a fast CME on a nearby streamer. They found that both 
the Alfvén speed and magnetic field strength at a fixed 
distance decline with time.

Zhao et al.[55] presented an excitation mechanism for 
Kinetic Alfvén waves (KAWs) created by the coupling 
between large-scale oblique AWs and small-scale KAWs.

2.5  Solar Model and Helioseismology

Zhang and Li[56] investigated the solar overshooting region 
in the framework of the turbulent convection model. The 
overshooting mixing is treated as a diffusive process. It 
is found that the sound speed profile can be improved 
to be in good agreement with helioseismic inversions. 
The bump in the sound speed differences between solar 
models and the helioseismical inversions below the base 
of the solar convective envelope is almost eliminated by 
the overshooting mixing. The overshooting mixing leads 
to a significant depletion of Li in the main-sequence 
stage. Li abundance in the solar surface can be reduced 
to about 1% of its initial abundance in the solar models 
with the overshooting mixing. The solar model with the 
overshooting shows a smooth profile of the temperature 
gradient, which is also favored by the helioseismology.

Zhao, Chou, and Yang[57] used a deconvolution scheme 
to obtain the wave function of the acoustic wave on the solar 
surface at various times from cross-correlation functions 
computed between an incident wave and the signals at 
other points on the surface. They studied the wave functions 
of scattered waves with the incident waves of radial order n 
= 0–5 for two sunspots, NOAAs 11084 and 11092.

2.6  Solar Wind

Feng et al.[58] provided a mechanism to decrease the 
dimensions of some Small interplanetary magnetic flux 
ropes (SIMFRs) as they propagate away from the Sun 
observed by spacecraft at 1 AU. They indicate that the 
boundaries of some SIMFRs were still evolving through 
interaction with the background solar wind, and their 
spatial scales would diminish gradually.

Yang et al.[59] chose Carrington rotation 2070 in 2008 
to investigate the properties of the background solar wind 
by using the three-dimensional (3D) Solar–InterPlanetary 
Conservation Element/Solution Element MHD model 
and studied the effects of polar magnetic fields on the 
characteristics of the solar corona and the solar wind by 
conducting simulations with an axisymmetric polar flux 

added to the observed magnetic field. The numerical 
results are compared with the observations from SOHO, 
Ulysses, STEREO, WIND and ACE.

2.7  Behavior of Solar Cycle

Wang and Rebbrecht[60] applied potential-field source-
surface extrapolations and photospheric flux-transport 
simulations to demonstrate the statistical tendency for 
the heliospheric current sheet (HCS) to be shifted a few 
degrees southward of the heliographic equator during the 
period 1965–2010, particularly in the years near sunspot 
minimum. They proposed a new method for determining 
the north-south displacement of the HCS from coronal 
streamer observations.

Li et al.[61] used the continuous wavelet transformation to 
study the temporal variations of the rotational cycle length 
of daily sunspot numbers from 1849 January 1 to 2010 
February 28, from a global point of view. The rotational 
cycle length of the Sun is found to have a secular trend, 
which statistically shows a linear decrease by about 0.47 
days during the time interval considered. The empirical 
mode decomposition analysis of the temporal variations 
of the rotational cycle length shows an acceleration trend 
for the surface rotation rate from cycles 11 to 19, but a 
deceleration trend from the beginning of cycle 20 onward.

Chen et al. [62] statistically re-parameterized the 
superactive regions (SARs) and studied their latitudinal 
and longitudinal distributions in solar cycles 21-23. 

Zhang et al. [63] performed a global study of the 
longitudinal location of sunspots (all sunspots and 
first appearance sunspots) using a refined version of 
a dynamic, differentially rotating coordinate system. 
They found that the rotation parameters for sunspots 
vary differently with time in the northern and southern 
hemispheres. Both sunspots and flares strongly suggest 
that the northern hemisphere rotated considerably faster 
but the southern hemisphere slightly slower than the 
Carrington rotation rate during the last three solar cycles.

Du[64] found that the shape of each sunspot cycle is 
found to be well described by a modified Gaussian function 
with four parameters: peak size A, peak timing tm, width B, 
and asymmetry α.

Song et al.[65] measured the differential rotation of strong 
magnetic flux during solar cycles 21 – 23 with the method 
of wavelet transforms, and found that the cycle-averaged 
synodic rotation rate of strong magnetic flux can be written 
as ω=13.47−2.58sin2θ or ω=13.45−2.06sin2θ −1.37sin4θ, 
where θ is the latitude. They agree well with the results 
derived from sunspots. A north–south asymmetry of the 
rotation rate is found at high latitudes (28°<θ<40°). The strong 
flux in the southern hemisphere rotates faster than that in 
the northern hemisphere by 0.2° per day. The asymmetry 
continued for cycles 21–23 and may be a secular property.
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The Chinese solar physics community continues to 
promote space solar missions. The most prominent miss-
ion is to launch the Space Solar Telescope to the first 
Lagrangian point (L1), which is located at a distance of 
about 1.5 million kilometers from the Earth. The payloads 
include the main optical telescope, the hard X-ray 
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shed new light on the solar wind formation process. These 
observational results will constrain future modeling of the 
solar winds originating close to an AR.

Coronal jets and mass ejections associated with erupting 
loops are two distinct and frequently observed types of 
transient upflows of plasma in Coronal Holes (CHs). But 
the magnetic and spectroscopic properties of these events 
at the supergranular scale are not well known. He, Marsch 
et al.[2] aim at studying in a polar hole the plasma and 
field characteristics of coronal jets and erupting loops of a 
supergranular size, for which they use observations from 
XRT, EIS and SOT on Hinode as well as EUVI on Solar 
TErrestrial RElations Observatory (STEREO). The open 
magnetic field structures related to the coronal jets are 
obtained by magnetic field extrapolation into the corona 
from SOT magnetograms. Furthermore, they use the EIS 
observations to analyze ultraviolet line intensities and 
Doppler shifts in association with the erupting loops. They 
find that the coronal jet plasma is indeed ejected along 
open field lines, thus confirming the conjecture of jet 
formation in an open magnetic environment. The magnetic 
evolution at the jet base is investigated, and the results 
indicate that the interaction between two flux tubes of 
opposite magnetic polarities as well as the squeezing of 
several tubes with identical polarities might be responsible 
for the jet initiation. They reveal for the first time the 
spectroscopic signatures of a supergranular-size erupting 
loop at its early stage, which consists of three steps. 
The first step is the onset, which is featured by a sudden 
brightening of one footpoint, as well as by the occurrence 
of blueshifts along almost its entire path. The second 
step is the initial expansion of the closed loop, which is 
estimated to move upward at a speed of about 20 km • 

s−1, as derived from the Line-of-Sight (LOS) blueshift and 
the loop enlargement projected onto the plane of the sky. 
In the third step, the loop’s bright footpoint is apparently 
diminishing its intensity and enhancing its blueshift, which 
indicates that plasma upflow from the leg is filling the 
expanding loop volume. They conclude that in polar CHs, 
where the steady fast solar wind is known to emanate, 
there are also at least two possible ways of causing 
transient plasma outflows at supergranular scale. One 
is related to coronal jets guided by open field lines, the 
other to the eruption of closed loops, which is triggered by 
magnetic reconnection at their footpoints.

Persistent outflows have recently been detected at 
the boundaries of some active regions. Although these 
outflows are suggested to be possible sources of the 
slow solar wind, the nature of these outflows is poorly 
understood. Through an analysis of an image sequence 
obtained by the X-Ray Telescope onboard the Hinode 
spacecraft, Guo, Tian and He[3] find that quasi-periodic 
outflows are present in the boundary of an active region. 

The flows are observed to occur intermittently, often with 
a period of 5–10 min. The projected flow speed can reach 
more than 200 km • s−1, while its distribution peaks around 
50 km • s−1. This sporadic high-speed outflow may play an 
important role in the mass loading process of the slow 
solar wind. Their results may imply that the outflow of the 
slow solar wind in the boundary of the active region is 
intermittent and quasi-periodic in nature.

The origin of the solar wind is one of the most important 
unresolved problems in space and solar physics. Tian, 
Tu et al.[4] report the first spectroscopic signatures of the 
nascent fast solar wind on the basis of observations made 
by the EUV Imaging Spectrometer on Hinode in a polar 
coronal hole in which patches of blueshift are clearly 
present on Dopplergrams of coronal emission lines with a 
formation temperature of lg(T/K)>5.8. The corresponding 
upflow is associated with open field lines in the coronal 
hole and seems to start in the solar transition region and 
becomes more prominent with increasing temperature. 
This temperature-dependent plasma outflow is interpreted 
as evidence of the nascent fast solar wind in the polar 
coronal hole. The patches with significant upflows are 
still isolated in the upper transition region but merge in 
the corona, in agreement with the scenario of solar wind 
outflow being guided by expanding magnetic funnels.

Tian, Potts, et al.[5] study horizontal supergranule-
scale motions revealed by TRACE observation of the 
chromospheric emission, and investigate the coupling 
between the chromosphere  and the under ly ing 
photosphere. A highly efficient feature-tracking technique 
called balltracking is applied for the first time to the image 
sequences obtained by TRACE (transition region and 
coronal explorer) in the passband of white light and the 
three ultraviolet passbands centered at 1700 Å, 1600 
Å, and 1550 Å. The resulting velocity fields are spatially 
smoothed and temporally averaged in order to reveal 
horizontal supergranule-scale motions that may exist 
at the emission heights of these passbands. They find 
indeed a high correlation between the horizontal velocities 
derived in the white-light and ultraviolet passbands. The 
horizontal velocities derived from the chromospheric and 
photospheric emission are comparable in magnitude. 
The horizontal motions derived in the UV passbands 
might indicate the existence of a supergranule-scale 
magnetoconvection in the chromosphere, which may shed 
new light on the study of mass and energy supply to the 
corona and solar wind at the height of the chromosphere. 
However, it is also possible that the apparent motions 
reflect the chromospheric brightness evolution as 
produced by acoustic shocks which might be modulated 
by the photospheric granular motions in their excitation 
process, or advected partly by the supergranule-scale 
flow towards the network while propagating upward 
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from the photosphere. To reach a firm conclusion, it is 
necessary to investigate the role of granular motions in 
the excitation of shocks through numerical modeling, and 
future high-cadence chromospheric magnetograms must 
be scrutinized.

The fluctuating magnetic helicity is considered an 
important parameter in diagnosing the characteristic 
modes of solar wind turbulence. Among them is the Alfvén-
cyclotron wave, which is probably responsible for the solar 
wind plasma heating, but has not yet been identified from 
the magnetic helicity of solar wind turbulence. He, Marsch, 
et al.[6] present the possible signatures of Alfvén-cyclotron 
waves in the distribution of magnetic helicity as a function 
of θVB, which is the angle between the solar wind velocity 
and local mean magnetic field. They use magnetic field 
data from the STEREO spacecraft to calculate the θVB 
distribution of the normalized reduced fluctuating magnetic 
helicity σm. They find a dominant negative σm for 1 s < p 
< 4 s (p  is time period) and for θVB < 30° in the solar wind 
outward magnetic sector, and a dominant positive σm for 
0.4 s < p  < 4 s and for θVB > 150° in the solar wind inward 
magnetic sector. These features of σm appearing around 
the Doppler-shifted ion-cyclotron frequencies may be 
consistent with the existence of Alfvén-cyclotron waves 
among the outward propagating fluctuations. Moreover, 
right-handed polarized waves at larger propagation angles, 
which might be kinetic Alfvén waves or whistler waves, 
have also been identified on the basis of the σm features 
in the angular range 40°<θVB<140°. Their findings suggest 
that Alfvén-cyclotron waves (together with other wave 
modes) play a prominent role in turbulence cascading and 
plasma heating of the solar wind.

The work of Yao, He, et al.[7] focuses on the relation 
between the electron density and the magnetic field 
strength in the solar wind, and aims to reveal i ts 
compressive nature and to determine the level of 
compressibility. For this purpose, they choose a period 
of quiet solar wind data obtained at 1 AU by the Cluster 
C1 satellite. The electron density is derived with a 
sampling time as high as 0.2 s from the spacecraft-
potential measurements made by the Electric Field and 
Waves instrument. They use the wavelet cross-coherence 
method to analyze the correlation between the electron 
density and the magnetic field strength on various scales. 
They find a dominant anti-correlation between them at 
different timescales ranging from 1000 s down to 10 s, a 
result which has never been reported before. This may 
indicate the existence of pressure-balanced structures 
(PBSs) with different sizes in the solar wind. The small 
(mini) PBSs appear to be embedded in the large PBSs, 
without affecting the pressure balance between the large 
structures. Thus, a nesting of these possible multi-scale 
PBSs is found. Moreover, they find for the first time that 

the relative fluctuation spectra of both the electron number 
density and the magnetic field strength look almost the 
same in the range from 0.01 Hz to 2.5 Hz, implying a 
similar cascading for these two types of fluctuations. 
Probable formation mechanisms for the multi-scale 
possible PBSs are discussed. The results of their work are 
believed to be helpful for understanding the compressive 
nature of solar wind turbulence as well as the connections 
between the solar wind streams and their coronal sources.

To determine the wave modes prevailing in solar wind 
turbulence at kinetic scales, He, Tu, Marsch, and Yao[8] 
study the magnetic polarization of small-scale fluctuations 
in the plane perpendicular to the data sampling direction 
(namely, the solar wind flow direction, VSW) and analyze its 
orientation with respect to the local background magnetic 
field B0, local. As an example, they take only measurements 
made in an outward magnetic sector. When B0, local is 
quasi-perpendicular to VSW, they find that the small-scale 
magnetic-field fluctuations, which have periods from about 
1–3s and are extracted from a wavelet decomposition 
of the original time series, show a polarization ellipse 
with right-handed orientation. This is consistent with a 
positive reduced magnetic helicity, as previously reported. 
Moreover, for the first time they find that the major axis 
of the ellipse is perpendicular to B0, local, a property that is 
characteristic of an oblique Alfvén wave rather than oblique 
whistler wave. For an oblique whistler wave, the major 
axis of the magnetic ellipse is expected to be aligned with 
B0, local, thus indicating significant magnetic compressibility, 
and the polarization turns from right to left handedness as 
the wave propagation angle (θkB) increases toward 90°. 
Therefore, they conclude that the observation of a right-
handed polarization ellipse with orientation perpendicular 
to B0, local seems to indicate that oblique Alfvén/ion-cyclotron 
waves rather than oblique fast-mode/whistler waves 
dominate in the “dissipation” range near the break of 
solar wind turbulence spectra occurring around the proton 
inertial length.

The basic characteristics of the global distribution for 
the corona plasma and magnetic field near 2.5 Rs are 
analyzed by Shen, Feng, et al.[9] with the statistical and 
numerical methods for 136 Carrington Rotations (CRs) 
covering four different phases of solar activity. By using 
the observational data and the velocity distribution model 
in the corona, the statistical average distribution of the 
magnetic field, density and the coronal mass outputs are 
analyzed for the four different phases. Then, a numerical 
study of the global distribution near 2.5 Rs is made by 
solving a self-consistent MHD system. Finally, the solar 
wind speed at 1 AU is given by mapping the speed at 2.5 
Rs to that near 1 AU, and the comparison of the numerical 
results with the observational measurements and the 
simulation result of the Wang-Sheeley-Arge (WSA) model 



Research Progress of Solar Corona and Interplanetary Physics in China: 2010―2012

49

are made during more than 5 years. The numerical results 
indicate that the global distributions on the source surface 
of 2.5 Rs at different phases of solar activity could be used 
to predict the change of the solar wind in interplanetary 
space.

The temperature curve in the solar chromosphere has 
puzzled astronomers for a long time. Referring to the 
structure of supergranular cells, Song, Feng and Shen[10] 

propose an inductive heating model. It mainly includes 
the following three steps: (1) a small-scale dynamo 
exists in the supergranulation and produces alternating 
small-scale magnetic fluxes; (2) the supergranular flow 
distributes these small-scale fluxes according to a regular 
pattern; (3) a skin effect occurs in the alternating and 
regularly-distributed magnetic fields. The induced current 
is concentrated near the transition region and heats it by 
resistive dissipation.

Song, Feng et al.[11] measure the differential rotation 
of strong magnetic flux during solar cycles 21–23 with 
the method of wavelet transforms. The cycle-averaged 
synodic rotation rate of strong magnetic flux is found to 
be written as ω=13.47−2.58 sin2θ or ω=13.45−2.06sin2θ 
−1.37sin4θ, where θ is the latitude. It agrees well with the 
results derived from sunspots. A north–south asymmetry 
of the rotation rate is found at high latitudes (28°<θ<40°). 
The strong flux in the southern hemisphere rotates faster 
than that in the northern hemisphere by 0.2° per day. The 
asymmetry continued for cycles 21–23 and may be a 
secular property.

Zhang, Wang, and Liu[12] have developed a computa-
tional software system to automate the process of 
identifying solar Active Regions (ARs) and quantifying 
their physical properties based on high-resolution 
synoptic magnetograms constructed from Michelson 
Doppler Imager (MDI) images on board the Solar and 
Heliospheric Observatory (SOHO) spacecraft from 1996 
to 2008. The system, based on morphological analysis 
and intensity thresholding, has four functional modules: 
(1) intensity segmentation to obtain kernel pixels, (2) a 
morphological opening operation to erase small kernels, 
which effectively remove ephemeral regions and magnetic 
fragments in decayed ARs, (3) region growing to extend 
kernels to full AR size, and (4) the morphological closing 
operation to merge/group regions with a small spatial 
gap. They calculate the basic physical parameters of the 
1730 ARs identified by the auto system. The mean and 
maximum magnetic flux of individual ARs are 1.67×1022 
Mx and 1.97×1023 Mx, while that per Carrington rotation 
are 1.83×1023 Mx and 6.96×1023 Mx, respectively. The 
frequency distributions of ARs with respect to both area 
size and magnetic flux follow a log-normal function. 
However, when they decrease the detection thresholds 
and thus increase the number of detected ARs, the 

frequency distribution largely follows a power-law function. 
They also find that the equatorward drifting motion of the 
AR bands with solar cycle can be described by a linear 
function superposed with intermittent reverse driftings. The 
average drifting speed over one solar cycle is 1.83° ± 0.04° 
a−1 or 0.708 ± 0.015 m • s−1.

Zhang, Xia, et al.[13] search for signatures of transition 
region Explosive Events (EEs) in hydrogen Lyβ profiles. 
The relationship between the peak emission of Lyβ 
profiles and the wing emission of CII and OVI during EEs 
is investigated. Two rasters made by the SUMER (Solar 
Ultraviolet Measurements of Emitted Radiation) instrument 
onboard SOHO in a quiet-Sun region and an equatorial 
coronal hole are selected for their study. Transition-region 
explosive events are identified from profiles of C11 1037 Å 
and OVI 1032 Å, respectively. They compare Lyβ profiles 
during EEs with those averaged in the entire quiet-Sun and 
coronal-hole regions. They find that the central part of Lyβ 
profiles reverses more and the distance of the two peaks 
becomes larger during EEs, both in the coronal hole and in 
the quiet Sun. The average Lyβ profile of the EEs detected 
by CII has an obviously stronger blue peak. During EEs, 
there is a clear correlation between the increased peak 
emission of Lyβ profiles and the enhanced wing emission 
of the CII and OVI lines. The correlation is more pronounced 
for the Lyβ peaks and CII wings, and less significant for the 
Lyβ blue peak and OVI blue wing. They also find that the 
Lyβ profiles are more reversed in the coronal hole than in 
the quiet Sun. They suggest that the jets produced by EEs 
emit the Doppler-shifted Lyβ photons, causing enhanced 
emission at positions of the peaks of Lyβ profiles. The 
more-reversed Lyβ profiles confirm the presence of higher 
opacity in the coronal hole than in the quiet Sun. The 
finding that EEs modify the Lyβ line profile in QS and CHs 
implies that one should be careful in the modeling and 
interpretation of relevant observational data.

It has been established that cold plasma condensations 
can form in a magnetic loop subject to localized heating of 
its footpoints. Xia, Chen et al.[14] use grid-adaptive numerical 
simulations of the radiative hydrodynamic equations to 
investigate the filament formation process in a pre-shaped 
loop with both steady and finite-time chromospheric 
heating. Comparing to previous works, they consider low-
lying loops with shallow dips and use a more realistic 
description for radiative losses. They demonstrate for the 
first time that the onset of thermal instability satisfies the 
linear instability criterion. The onset time of the condensation 
is roughly ~2 h or more after the localized heating at the 
footpoint is effective, and the growth rate of the thread 
length varies from 800 km • h−1 to 4000 km • h−1, depending on 
the amplitude and the decay length scale characterizing 
this localized chromospheric heating. They show how 
single or multiple condensation segments may form in 
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the coronal portion. In the asymmetric heating case, 
when two segments form, they approach and coalesce, 
and the coalesced condensation later drains down into 
the chromosphere. With steady heating, this process 
repeats with a periodicity of several hours. While their 
parametric survey confirms and augments earlier findings, 
they also point out that steady heating is not necessary 
to sustain the condensation. Once the condensation is 
formed, it keeps growing even after the localized heating 
ceases. In such a finite-heating case, the condensation 
instability is maintained by chromospheric plasma that 
gets continuously siphoned into the filament thread due to 
the reduced gas pressure in the corona. Finally, they show 
that the condensation can survive the continuous buffeting 
of perturbations from photospheric p-mode waves.

Using one-dimensional test particle simulations, the 
effect of a kinetic Alfvén wave on the Velocity Distribution 
Function (VDF) of protons in the collisionless solar wind 
is investigated. Li, Lu et al.[15] first use linear Vlasov theory 
to numerically obtain the property of a kinetic Alfvén wave 
(the wave propagates in the direction almost perpendicular 
to the background magnetic field). They then numerically 
simulate how the wave will shape the proton VDF. It is 
found that Landau resonance may be able to generate 
two components in the initially Maxwellian proton VDF: 
a tenuous beam component along the direction of the 
background magnetic field and a core component. The 
streaming speed of the beam relative to the core proton 
component is about 1.2–1.3 Alfvén speed.

Interplanetary linear magnetic holes (LMHs) are 
structures in which the agnetic field agnitude decreases 
with little change in the field direction. They are a 
10%–30% subset of all interplanetary Magnetic Holes 
(MHs). Using magnetic field and plasma measurements 
obtained by Cluster-C1, Xiao, Shi et al.[16] survey the LMHs 
in the solar wind at 1 AU. In total 567 interplanetary LMHs 
are identified from the magnetic field data when Cluster-C1 
was in the solar wind from 2001 to 2004. They study the 
relationship between the durations and the magnetic field 
orientations, as well as that of the scales and the field 
orientations of LMHs in the solar wind. It is found that the 
geometrical structure of the LMHs in the solar wind at 
1 AU is consistent with rotational ellipsoid and the ratio 
of scales along and across the magnetic field is about 
1.93:1. In other words, the structure is elongated along the 
magnetic field at 1 AU. The occurrence rate of LMHs in the 
solar wind at 1 AU is about 3.7 per day. It is shown that not 
only the occurrence rate but also the geometrical shape of 
interplanetary LMHs has no significant change from 0.72 
AU to 1 AU in comparison with previous studies. It is thus 
inferred that most of interplanetary LMHs observed at 1 
AU are formed and fully developed before 0.72 AU. The 
present results help us to study the formation mechanism 

of the LMHs in the solar wind.
Chen, Feng et al.[17] present a novel method to evaluate 

the Alfvén speed and the magnetic field strength along 
the streamer plasma sheet in the outer corona. The 
method is based on recent observations of streamer 
waves, which are regarded as the fast kink body mode 
carried by the plasma sheet structure and generated upon 
the impact of a fast Coronal Mass Ejection (CME) on a 
nearby streamer. The mode propagates outward with a 
phase speed consisting of two components. One is the 
phase speed of the mode in the plasma rest frame and 
the other is the speed of the solar wind streaming along 
the plasma sheet. The former can be well represented by 
the Alfvén speed outside the plasma sheet, according to 
a linear wave dispersion analysis with a simplified slab 
model of magnetized plasmas. The radial profiles of the 
Alfvén speed can be deduced with constraints put on the 
speed of the solar wind, which is done by making use of 
the measurements of streamer blobs flowing passively 
in the wind. The radial profiles of the strength of the 
coronal magnetic field can be depicted once the electron 
density distribution is specified, this is done by inverting 
the observed polarized brightness data. Comparing the 
diagnostic results corresponding to the first wave trough 
and the following crest, they find that both the Alfvén speed 
and magnetic field strength at a fixed distance decline with 
time. This is suggestive of the recovering process of the 
CME-disturbed corona.

Li, Chen and Li[18] examine whether the flow tube along 
the edge of a coronal streamer supports standing shocks 
in the inner slow wind by solving an isothermal wind 
model in terms of the Lambert W function. It is shown that 
solutions with standing shocks do exist and they exist in a 
broad area in the parameter space characterizing the wind 
temperature and flow tube. In particular, streamers with 
cusps located at a heliocentric distance≥3.2 Rs can readily 
support discontinuous slow winds with temperatures barely 
higher than 1 MK.

Both remote-sensing measurements using the 
Interplanetary Scintillation (IPS) technique and in-situ 
measurements by the Ulysses spacecraft show a bimodal 
structure for the solar wind at solar minimum conditions. At 
present it still remains to be addressed why the fast wind 
is fast and the slow wind is slow. While a robust empirical 
correlation exists between the coronal expansion rate fc of 
the flow tubes and the speed v measured in situ, a more 
detailed data analysis suggests that v depends on more 
than just fc. Li, Xia et al.[19] examine whether the non-radial 
shape of field lines, which naturally accompanies any 
non-radial expansion, could be an additional geometrical 
factor. They solve the transport equations incorporating 
the heating from turbulent Alfvén waves for an electron-
proton solar wind along curved field lines given by an 
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analytical magnetic field model, which is representative of 
a solar minimum corona. The field line shape is found to 
influence the solar wind parameters substantially, reducing 
the asymptotic speed by up to ~130 km • s-1 or by ~28% in 
relative terms, compared with the case where the field line 
curvature is neglected. This effect was interpreted in the 
general framework of energy addition in the solar wind: 
compared to the straight case, the field line curvature 
enhances the effective energy deposition to the subsonic 
flow, which results in a higher proton flux and a lower 
terminal proton speed. Their computations suggest that 
the field line curvature could be a geometrical factor which, 
in addition to the tube expansion, substantially influences 
the solar wind speed. Furthermore, although the field line 
curvature is unlikely to affect the polar fast solar wind at 
solar minima, it does help make the wind at low latitudes 
slow, which in turn helps better reproduce the Ulysses 
measurements. 

Feng, Chen et al.[20] conduct a data survey searching 
for well-defined streamer wave events observed by the 
LASCO on-board SOHO throughout Solar Cycle 23. As a 
result, eight candidate events are found and presented. 
They compare different events and find that in most of 
them the driving CMEs’ ejecta are characterized by a high 
speed and a wide angular span, and the CME-streamer 
interactions occur generally along the flank of the streamer 
structure at an altitude no higher than the bottom of the 
field of view of LASCO C2. In addition, all front-side CMEs 
have accompanying flares. These common observational 
features shed light on the excitation conditions of streamer 
wave events. They also conduct a further analysis on 
one specific streamer wave event on 5 June 2003. The 
heliocentric distances of four wave troughs/crests at 
various exposure times are determined; they are then used 
to deduce the wave properties like period, wavelength, 
and phase speeds. It is found that both the period and 
wavelength increase gradually with the wave propagation 
along the streamer plasma sheet, and the phase speed 
of the preceding wave is generally faster than that of the 
trailing ones. The associated coronal seismological study 
yields the radial profiles of the Alfvén speed and magnetic 
field strength in the region surrounding the streamer 
plasma sheet. Both quantities show a general declining 
trend with time. This is interpreted as an observational 
manifestation of the recovery process of the CME-
disturbed corona. It is also found that the Alfvénic critical 
point is at about 10 Rs, where the flow speed, which equals 
the Alfvén speed, is about 200 km • s−1.

2  CME-ICME

Zhao, Feng et al.[21] perform a detailed analysis of a 
Coronal Mass Ejection (CME) on 2008 January 2. The 

combination of the SOHO and twin STEREO spacecraft 
provides three-point observations of this CME. They 
track the CME in imaging observations and compare its 
morphology and kinematics viewed from different vantage 
points. The shape, angular width, distance, velocity, 
and acceleration of the CME front are different in the 
observations of these spacecraft. They also compare the 
efficiency of several methods, which convert the elongation 
angles of the CME front in images to radial distances. The 
results of their kinematic analysis demonstrate that this 
CME experiences a rapid acceleration at the early stage, 
which corresponds to the flash phase of the associated 
solar flare in time. Then, at a height of about 3.7 solar 
radius(Rs), the CME reaches a velocity of 790 km • s−1 and 
propagates outward without an obvious deceleration. 
Because of its propagation direction away from the 
observers, the CME is not detected in situ by either ACE 
or STEREO.

An EIT wave, which typically appears as a diffuse 
brightening that propagates across the solar disk, is one 
of the major discoveries of the Extreme ultraviolet Imaging 
Telescope on board the SOHO. However, the physical 
nature of the so-called EIT wave continues to be debated. 
In order to understand the relationship between an EIT 
wave and its associated coronal wave front, Zhao, Wu et 
al.[22] investigate the morphology and kinematics of the 
coronal mass ejection (CME)-EIT wave event that occurred 
on 2010 January 17. Using the observations of the 
SECCHI EUVI, COR1, and COR2 instruments on board 
the STEREO-B, they track the shape and movements 
of the CME fronts along different radial directions to a 
distance of about 15 Rs; for the EIT wave, they determine 
the propagation of the wave front on the solar surface 
along different propagating paths. The relation between 
the EIT wave speed, the CME speed, and the local fast-
mode characteristic speed is also investigated. Their 
results demonstrate that the propagation of the CME 
front is much faster than that of the EIT wave on the solar 
surface, and that both the CME front and the EIT wave 
propagate faster than the fast-mode speed in their local 
environments. Specifically, they show a significant positive 
correlation between the EIT wave speed and the local 
fast-mode wave speed in the propagation paths of the EIT 
wave. Their findings support that the EIT wave under study 
is a fast-mode magnetohydrodynamic wave. 

Based on time-dependent MHD simulation, Zhang, 
Feng and Song[23] investigate how physical features in the 
solar atmosphere affect the evolution of Coronal Mass 
Ejections (CMEs). It is found that temperature and density 
play a crucial role in CME initiation. They argue that lower 
temperature facilitates the catastrophe’s occurrence, and 
that the CMEs which initiate in low density could gain 
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lower velocity. In their numerical experiment, by employing 
different values of β, the resulting eruptions of either slow 
or fast events may be obtained.

A three-dimensional (3-D), time-dependent, numerical 
Magnetohydrodynamic (MHD) model is used by Shen, 
Feng et al.[24]to investigate the evolution and interaction 
of two Coronal Mass Ejections (CMEs) in the nonhomo-
geneous ambient solar wind. The background solar wind 
is constructed on the basis of the self-consistent source 
surface with observed line of sight of magnetic field 
and density from the source surface of 2.5 Rs to Earth’s 
orbit (215 Rs) and beyond. The two successive CMEs 
occurring on 28 March 2001 and forming of a multiple 
magnetic cloud in interplanetary space are chosen as 
a test case, in which they are simulated by means of a 
two high-density, high-velocity, and high temperature 
magnetized plasma blobs, and are successively ejected 
into the nonhomogeneous background solar wind medium 
along different initial launch directions. The dynamical 
propagation and interaction of the two CMEs between 
2.5 and 220 Rs are investigated. Their simulation results 
show that, although the two CMEs are separated by 10 h, 
the second CME is able to overtake the first one and 
cause compound interactions and an obvious acceleration 
of the shock. At the L1 point near Earth the two resultant 
magnetic clouds in their simulation are consistent with 
the observations by ACE. In this validation study they 
find that this 3-D MHD model, with the self-consistent 
source surface as the initial boundary condition and the 
magnetized plasma blob as the CME model, is able to 
reproduce and explain some of the general characters of 
the multiple magnetic clouds observed by satellites.

A three-dimensional (3-D) time-dependent, numerical 
magnetohydrodynamic (MHD) model with asynchronous 
and parallel time-marching method is used by Shen, Feng 
et al.[25] to investigate the propagation of Coronal Mass 
Ejections (CMEs) in the non-homogenous background 
solar wind flow. The background solar wind is constructed 
based on the self-consistent source surface with observed 
line-of-sight of magnetic field and density from the source 
surface of 2.5 Rs to the Earth’s orbit (215 Rs) and beyond. 
The CMEs are simulated by means of a very simple 
flux rope model: a high-density, high-velocity, and high 
temperature magnetized plasma blob is superimposed 
on a steady state background solar wind with an initial 
launch direction. The dynamical interaction of a CME 
with the background solar wind flow between 2.5 and 
220 Rs is investigated. The evolution of the physical 
parameters at the cobpoint, which is located at the shock 
front region magnetically connected to ACE spacecraft, is 
also investigated. They choose the well-defined halo-CME 
event of 4–6 April 2000 as a test case. In this validation 
study they find that this 3-D MHD model, with the 

asynchronous and parallel time-marching method, the self-
consistent source surface as initial boundary conditions, 
and the simple flux rope as CME model, provide a 
relatively satisfactory comparison with the ACE spacecraft 
observations at the L1 point.

On 9 November 2004, the WIND spacecraft detected 
a Magnetic Cloud Boundary Layer (MCBL) during the 
interval from 19:07 UT to 20:30 UT. Within the MCBL, 
there is intense southward magnetic field and the 
dynamic pressure is rather high, which makes it much 
geoeffective. Twenty-three minutes later, the MCBL 
arrived at the magnetopause. An intense geomagnetic 
storm main phase was driven by the sustaining strong 
southward magnetic field within the MCBL. During the 
passage of the MCBL, a typical magnetospheric substorm 
was triggered. The substorm onset was synthetically 
identified by the aurora breakup, magnetic dipolarization, 
dispersionless particle injection, Pi2 pulsation, and the 
polar bay onset. The substorm triggering is related to the 
special magnetic and plasma structure within the MCBL. 
The MCBL accompanying adjacent sheath region formed 
a dynamic pressure enhancement region, which strongly 
compressed the magnetosphere and even pushed the 
magnetopause into the geosynchronous orbit so that 
two dayside spacecraft GOES-10 and GOES-12 were 
directly exposed in the magnetosheath for a long interval 
during the passage of the MCBL. In terms of Shue et 
al. (1998) model, the closest subsolar standoff distance 
even reached 5.1 Re during the passage of the MCBL. 
It can be inferred that the strong dynamic pressure and 
the strong discontinuities within the MCBL determine the 
intense compression effect. In addition, a very intense 
Geomagnetically Induced Current (GIC) event was directly 
caused by the MCBL. Similar to this case, majority of 
MCBLs are dynamic pressure enhancement regions, and 
there are strong southward magnetic field and several 
strong discontinuities inside these regions, which can 
potentially drive large-scale magnetospheric activities. 
Zuo, Wei et al. [26] take a case study to discuss the 
magnetospheric activities and the space weather effects 
caused by MCBLs.

Guo, Feng et al.[27] examine and compare the statistical 
properties of interplanetary coronal mass ejections 
(ICMEs) and their sheath regions in the near-Earth space, 
mainly focusing on the distributions of various physical 
parameters and their geoefficiency. The 53 events studied 
are a subset of events responsible for intense (Dst≤−100 
nT) geomagnetic storms during the time period from 1996 
to 2005. These events all fall into the single-type category 
in which each of the geomagnetic storms is caused by 
a well-isolated single ICME, free of the complexity of 
the interaction of multiple ICMEs. For both sheaths and 
ICMEs, they find that the distributions of the magnetic field 
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strength, the solar-wind speed, the density, the proton 
temperature, the dynamic pressure, the plasma beta, and 
the Alfvén Mach number are approximately lognormal, 
while those of the Bz component and the Y component 
of the electric field are approximately Gaussian. On the 
average, the magnetic field strengths, the Bz components, 
the speeds, the densities, the proton temperatures, the 
dynamic pressures, the plasma betas, and the Mach 
numbers for the sheaths are 15, 80, 4, 60, 70, 62, 67, and 
30% higher than the corresponding values for ICMEs, 
respectively, whereas the Y component of the electric 
field for the sheaths is almost 1s of that for ICMEs. 
The two structures have almost equal energy transfer 
efficiency and comparable Newell functions, whereas they 
show statistically meaningful differences in the dayside 
reconnection rate, according to the Borovsky function.

The interact ion of  the solar  wind and Earth ’s 
magnetosphere is complex, and the phenomenology of the 
interaction is very different for interplanetary coronal mass 
ejections (ICMEs) compared to sheath regions. A total 
of 71 intense (Dst ≤ −100 nT) geomagnetic storm events 
in 1996–2006, of which 51 are driven by ICMEs and 20 
by sheath regions, are examined by Guo, Feng et al.[28] 

to demonstrate similarities and differences in the energy 
transfer. Using superposed epoch analysis, the evolution 
of solar wind energy input and dissipation is investigated. 
The solar wind-magnetosphere coupling functions and 
geomagnetic indices show a more gradual increase and 
recovery during the ICME-driven storms than they do 
during the sheath-driven storms. However, the sheath-
driven storms have larger peak values. In general, solar 
wind energy input (the epsilon parameter) and dissipation 
show similar trends as the coupling functions. The trends 
of ion precipitation and the ratio of ion precipitation to the 
total (ion and electron) are quite different for both classes 
of events. There are more precipitating ions during the 
peak of sheath-driven storms. However, a quantitative 
assessment of the relative importance of the different 
energy dissipation branches shows that the means of input 
energy and auroral precipitation are significantly different 
for both classes of events, whereas Joule heating, ring 
current, and total output energy display no distinguishable 
differences. The means of electron precipitation are 
significantly different for both classes of events. However, 
ion precipitation exhibits no distinguishable differences. 
The energy efficiency bears no distinguishable difference 
between these two classes of events. Ionospheric 
processes account for the vast majority of the energy, 
with the ring current only being 12%–14% of the total. 
Moreover, the energy partitioning for both classes of 
events is similar.

Wang, Cao et al.[29] present an automated system, which 
has the capability to catch and track solar limb prominen-

ces based on observations from the Extreme-Ultraviolet 
(EUV) 304 Å passband. The characteristic parameters 
and their evolution, including height, position angle, area, 
length, and brightness, are obtained without manual 
interventions. By applying the system to the STEREO-B/
SECCHI/EUVI 304 Å data during 2007 April – 2009 October, 
they obtain a total of 9477 well-tracked prominences and 
a catalog of these events available online. A detailed 
analysis of these prominences suggests that the system 
has a rather good performance. They have obtained 
several interesting statistical results based on the catalog. 
Most prominences appear below the latitude of 60° and at 
the height of about 26 Mm above the solar surface. Most 
of them are quite stable during the period they are tracked. 
Nevertheless, some prominences have an upward speed 
of more than 100 km • s−1, and some others show significant 
downward and/or azimuthal speeds. There are strong 
correlations among the brightness, area, and height. The 
expansion of a prominence is probably one major cause of 
its fading during the rising or erupting process.

How to properly understand Coronal Mass Ejections 
(CMEs) viewed in white light coronagraphs is crucial to many 
relative researches in solar and space physics. The issue 
is particularly addressed by Wang, Chen et al.[30] through 
studying the source locations of all the 1078 LASCO CMEs 
listed in Coordinated Data Analysis Workshop (CDAW) CME 
catalog during 1997–1998 and their correlation with CMEs’ 
apparent parameters. By manually checking LASCO and 
Extreme Ultraviolet Imaging Telescope (EIT) movies of 
these CMEs, they find that, except 231 CMEs whose 
source locations cannot be identified due to poor data, 
there are 288 CMEs with location identified on the 
frontside solar disk, 234 CMEs appearing above solar limb, 
and 325 CMEs without evident eruptive signatures in the 
field of view of EIT. On the basis of the statistical results 
of CMEs’ source locations, there are four physical issues: 
(1) the missing rate of CMEs by SOHO LASCO and EIT, 
(2) the mass of CMEs, (3) the causes of halo CMEs, and 
(4) the deflections of CMEs in the corona, are exhaustively 
analyzed. It is found that (1) about 32% frontside CMEs 
cannot be recognized by SOHO, (2) the brightness of 
a CME at any heliocentric distance is roughly positively 
correlated with its speed, and the CME mass derived 
from the brightness is probably overestimated, (3) both 
projection effect and violent eruption are the major causes 
of halo CMEs, and especially for limb halo CMEs the latter 
is the primary one, and (4) most CMEs deflect toward 
equator near the solar minimum; these deflections can be 
classified into three types: the asymmetrical expansion, 
the nonradial ejection, and the deflected propagation.

The second paper by Chen, Wang et al.[31] reports 
statistical study of coronal mass ejection (CME) source 
locations, in which the relationship between CMEs and 
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Active Regions (ARs) is statistically studied on the basis 
of the information of CME source locations and the ARs 
automatically extracted from magnetic synoptic charts 
of Michelson Doppler Imager (MDI) during 1997–1998. 
Totally, 224 CMEs with a known location and 108 MDI 
ARs are included in their sample. It is found that about 
63% of the CMEs are related with ARs, at least about 53% 
of the ARs produce one or more CMEs, and particularly 
about 14% of ARs are CME-rich (3 or more CMEs were 
generated) during one transit across the visible disk. 
Several issues are then tried to be clarified: whether 
or not the CMEs originating from ARs are distinct from 
others, whether or not the CME kinematics depends on 
AR properties, and whether or not the CME productivity 
depends on AR properties. The statistical results suggest 
that (1) there is no evident difference between AR-
related and non-AR-related CMEs in terms of CME 
speed, acceleration and width, (2) the size, strength and 
complexity of ARs do little with the kinematic properties of 
CMEs, but have significant effects on the CME productivity, 
and (3) the sunspots in all the most productive ARs at least 
belong to βγ type, whereas 90% of those in CME-less ARs 
are α or β type only. A detailed analysis on CME-rich ARs 
further reveals that (1) the distribution of the waiting time of 
same-AR CMEs, consists of two parts with a separation at 
about 15 hours, which implies that the CMEs with a waiting 
time shorter than 15 hours are probably truly physical 
related, and (2) an AR tends to produce such related 
same-AR CMEs at a pace of 8 hours, but cannot produce 
two or more fast CMEs (>800 km • s–1) within a time interval 
of 15 hours. This interesting phenomenon is particularly 
discussed.

Shen, Wang et al.[32] study the kinematic evolution of the 
8 October 2007 CME in the corona based on observations 
from SECCHI onboard satellite B of STEREO. The 
observational results show that this CME obviously 
deflects to a lower latitude region of about 30° at the 
beginning. After this, the CME propagates radially. They 
also analyze the influence of the background magnetic 
field on the deflection of this CME. They find that the 
deflection of this CME at an early stage may be caused by 
a non-uniform distribution of the background magnetic-field 
energy density and that the CME tends to propagate to 
the region with lower magnetic-energy density. In addition, 
they find that the velocity profile of this gradual CME 
shows multi-phased evolution during its propagation in the 
COR1-B FOV. The CME velocity first remains constant: 
23.1 km  • s−1. Then it accelerates continuously with a 
positive acceleration of about 7.6 m • s−2.

Ten CME events v iewed by the STEREO twin 
spacecraft are analyzed by Gui, Shen et al.[33] to study the 
deflections of CMEs during their propagation in the corona. 
Based on the three-dimensional information of the CMEs 

derived by the graduated cylindrical shell (GCS) model 
(Thernisien, Howard, and Vourlidas in Astrophys. J. 652, 
1305, 2006), it is found that the propagation directions of 
eight CMEs changed. By applying the theoretical method 
proposed by Shen et al. (Solar Phys. 269, 389, 2011) to 
all the CMEs, they find that the deflections are consistent, 
in strength and direction, with the gradient of the magnetic 
energy density. There is a positive correlation between the 
deflection rate and the strength of the magnetic energy 
density gradient and a weak anti-correlation between the 
deflection rate and the CME speed. Their results suggest 
that the deflections of CMEs are mainly controlled by 
the background magnetic field and can be quantitatively 
described by the Magnetic Energy Density Gradient 
(MEDG) model.

The transition of the magnetic field from the ambient 
magnetic field to the ejecta in the sheath downstream of 
a Coronal Mass Ejection (CME) driven shock is analyzed 
by Liu, Opher et al.[34] in detail. The field rotation in the 
sheath occurs in a two-layer structure. In the first layer, 
Layer 1, the magnetic field rotates in the coplanarity plane 
(plane of shock normal and the upstream magnetic field), 
and in Layer 2 rotates off this plane. They investigate 
the evolution of the two layers as the sheath evolves 
away from the Sun. In situ observations have shown 
that the magnetic field in the sheath region in front of 
an Interplanetary Coronal Mass Ejection (ICME) form a 
planar magnetic structure, and the magnetic field lines 
drape around the flux tube. Their object is to investigate 
the magnetic configuration of the CME near the Sun. 
They use a 3D MHD simulation code, the Space Weather 
Modeling Framework (SWMF) to simulate the propagation 
of CMEs and the shock driven by it. Close to the Sun, 
Layer 2 dominates the width of the sheath, diminishing 
its importance as the sheath evolves away from the Sun, 
consistent with observations at 1 AU.

At which height is a prominence inclined to be unstable, 
or where is the most probable critical height for the 
prominence destabilization? This question is statistically 
studied by Liu, Wang et al.[35] based on 362 solar limb 
prominences well recognized by Solar Limb Prominence 
Catcher and Tracker from 2007 April to the end of 2009. 
They find that there are about 71% Disrupted Prominences 
(DPs), among which about 42% of them do not erupt 
successfully and about 89% of them experience a sudden 
destabilization process. After a comprehensive analysis of 
the DPs, they discover the following: (1) most DPs become 
unstable at a height of 0.06–0.14 Rs from the solar surface, 
and there are two most probable critical heights at which 
a prominence is very likely to become unstable, the first 
one is 0.13 Rs and the second one is 0.19 Rs; (2) an upper 
limit for the erupting velocity of Eruptive Prominences 
(EPs) exists, which decreases following a power law 
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with increasing height and mass; accordingly, the kinetic 
energy of EPs has an upper limit too, which decreases as 
the critical height increases; (3) stable prominences are 
generally longer and heavier than DPs, and not higher 
than 0.4 Rs; (4) About 62% of the EPs were associated 
with Coronal Mass Ejections (CMEs); but there is no 
difference in apparent properties between EPs associated 
with CMEs and those that are not.

Halo Coronal Mass Ejections (CMEs) are significantly 
faster than normal CMEs, which is a long-standing 
puzzle. In order to solve the puzzle, Zhang, Guo et 
al.[36] first investigate the observed properties of 31 limb 
CMEs that clearly display loop shaped frontal loops. The 
observational results show a strong tendency that slower 
CMEs are weaker in white-light intensity. Then, they 
perform a Monte Carlo simulation of 20000 artificial limb 
CMEs that have an average velocity of about 523 km • 

s−1. The Thomson scattering of these events is calculated 
when they are assumed to be observed as limb and halo 
events, respectively. It is found that the white-light intensity 
of many slow CMEs becomes remarkably reduced when 
they turn from being viewed as a limb event to being 
viewed as a halo event. When the intensity is below the 
background solar wind fluctuation, it is assumed that they 
would be missed by coronagraphs. The average velocity 
of “detectable” halo CMEs is about 922 km • s−1, very close 
to the observed value. This also indicates that wider 
events are more likely to be recorded. The results soundly 
suggest that the higher average velocity of halo CMEs is 
due to that a majority of slow events and some of narrow 
fast events carrying less material are so faint that they are 
blended with the solar wind fluctuations, and therefore can 
not be observed.

Kinematic properties of Coronal Mass Ejections (CMEs) 
suffer from projection effects, and it is expected that the 
real velocity should be larger and the real angular width 
should be smaller than the apparent values. Several 
attempts have been taken to correct the projection effects, 
which however led to an inflated average velocity probably 
due to the biased choice of CME events. In order to 
estimate the overall influence of the projection effects on 
the kinematic properties of the CMEs, Wu and Chen[37] 
perform a forward modeling of real distributions of CME 
properties, such as the velocity, the angular width, and 
the latitude, by requiring their projected distributions to 
best match observations. Such a matching is conducted 
by Monte Carlo simulations. According to the derived real 
distributions, they found that (1) the average real velocity 
of all non-full-halo CMEs is about 514 km  • s−1, and the 
average real angular width is about 33°, in contrast to the 
corresponding apparent values of 418 km • s−1and 42.7° in 
observations; (2) For the CMEs with the angular width in the 
range of 20°−120°, the average real velocity is 510 km • s−1 

and the average real angular width is 43.4°, in contrast to 
the corresponding apparent values of 392 km • s−1and 52° 
in observations.

EUV Imaging Telescope (EIT) waves are a wavelike 
phenomenon propagating outward from the coronal mass 
ejection source region, with expanding dimmings following 
behind. Chen, Ding, and Chen[38] present a spectroscopic 
study of an EIT wave/dimming event observed by the 
Hinode/Extreme-ultraviolet Imaging Spectrometer. 
Although the identification of the wave front is somewhat 
affected by the pre-existing loop structures, the expanding 
dimming is well defined. They investigate the line intensity, 
width, and Doppler velocity for four EUV lines. In addition 
to the significant blueshift implying plasma outflows in 
the dimming region as revealed in previous studies, they 
find that the widths of all four spectral lines increase at 
the outer edge of the dimmings. They illustrate that this 
feature can be well explained by the field line stretching 
model, which claims that EIT waves are apparently 
moving brightenings that are generated by the successive 
stretching of the closed field lines.

The nature of EIT wave is still elusive, with the debate 
on-going between fast-mode wave model and non-wave 
model. In order to distinguish between these models, Yang 
and Chen[39] investigate the relation between the EIT wave 
velocity and the local magnetic field in the corona. It is 
found that the two parameters show significant negative 
correlation in most of the EIT wave fronts, i.e., the EIT 
wave propagates more slowly in the regions of stronger 
magnetic field. Such a result poses a big challenge to 
the fast-mode wave model, which would predict a strong 
positive correlation between the two parameters. However, 
it is demonstrated that such a result can be explained by 
the fieldline stretching model, i.e., that “EIT waves” are the 
propagation of apparent brightenings, which are generated 
by successive stretching of closed magnetic field lines 
pushed by the erupting flux rope during Coronal Mass 
Ejections (CMEs).

Chen, Ding et al.[40] report a spectroscopic analysis 
of an EUV Imaging Telescope (EIT) wave event that 
occurred in active region 11081 on 12 June 2010 and was 
associated with an M2.0 class flare. The wave propagated 
nearly circularly. The southeastern part of the wave front 
passed over an upflow region near a magnetic bipole. 
Using EUV Imaging Spectrometer raster observations for 
this region, they study the properties of plasma dynamics 
in the wave front, as well as the interaction between the 
wave and the upflow region. They find a weak blueshift 
for the FeXII λ195.12 and FeXIII λ 202.04 lines in the wave 
front. The local velocity along the solar surface, which is 
deduced from the line-of-sight velocity in the wave front 
and the projection effect, is much lower than the typical 
propagation speed of the wave. A more interesting finding 
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is that the upflow and non-thermal velocities in the upflow 
region are suddenly diminished after the transit of the 
wave front. This implies a significant change of magnetic 
field orientation when the wave passed. As the lines in the 
upflow region are redirected, the velocity along the line 
of sight is diminished as a result. They suggest that this 
scenario is more in accordance with what is proposed in 
the field-line stretching model of EIT waves.

Chen and Wu[41] suggest that “EIT waves” are the 
apparent propagation of the plasma compression due to 
successive stretching of the magnetic field lines pushed by 
the erupting flux rope. According to this model, an EIT wave 
should be preceded by a fast-mode wave, which, however, 
had rarely been observed. With the unprecedented high 
cadence and sensitivity of the Solar Dynamics Observatory 
(SDO) observations, they discern a fast-moving wave front 
with a speed of 560 km • s−1 ahead of an EIT wave, which 
had a velocity of ~190 km • s−1, in the “EIT wave” event on 
27 July 2010. The results, suggesting that “EIT waves” are 
not fast-mode waves, confirm the prediction of their field-
line stretching model for an EIT wave. In particular, it is 
found that the coronal Moreton wave was ~3 times faster 
than the EIT wave, as predicted.

The data  f rom SOHO/EIT and SOHO/LASCO 
observations are used by Liu, Xia, et al.[42] to determine 
the relationship between coronal dimming and full halo 
CME. The events of full halo CME examined in their study 
are observed by LASCO coronagraph and taken from 
the CDAW CME catalogue from 1996 to 2008. Dimming 
events are identified by using difference images taken by 
EIT at the 195 Å passband. They find strong relationship 
between full halo CMEs and the coronal dimming events, 
with up to 93.3% of the front-side halo CMEs associated 
with the EIT 195 Å dimming events. Full halo CMEs that 
show no clear signatures of dimming usually have lower 
sky plane velocities (<700 km • s−1) compared to the mean 
velocity of CMEs associated with dimming.

Between 2004 July 5 and July 7, two intriguing fast 
Coronal Mass Ejection (CME)-streamer interaction events 
are recorded by the Large Angle and Spectrometric 
Coronagraph. At the beginning of the events, the streamer 
is pushed aside from its equilibrium position upon the im-
pact of the rapidly outgoing and expanding ejecta; then, 
the streamer structure, mainly the bright streamer belt, 
exhibits elegant large-scale sinusoidal wavelike motions. 
The motions are apparently driven by the restoring 
magnetic forces resulting from the CME impingement, 
suggestive of MHD kink mode propagating outward along 
the plasma sheet of the streamer. The mode is supported 
collectively by the streamer-plasma sheet structure and 
is therefore named “streamer wave” in the present study. 
With the white light coronagraph data, Chen, Song et al.[43] 
show that the streamer wave has a period of about 1 hr, a 

wavelength varying from 2 to 4 solar radii, an amplitude of 
about a few tens of solar radii, and a propagating phase 
speed in the range 300–500 km • s−1. They also find that 
there is a tendency for the phase speed to decline with 
increasing heliocentric distance. These observations 
provide good examples of large-scale wave phenomena 
carried by coronal structures and have significance in 
developing seismological techniques for diagnosing 
plasma and magnetic parameters in the outer corona.

With a survey through the LASCO data from 1996 to 
2009, Song, Kong et al.[44] present 11 events with plasma 
blobs flowing outwards sequentially along a bright coronal 
ray in the wake of a coronal mass ejection. The ray is 
believed to be associated with the current-sheet structure 
that formed as a result of solar eruption, and the blobs 
are products of magnetic reconnection occurring along 
the current sheet. The ray morphology and blob dynamics 
are investigated statistically. It is found that the apparent 
angular widths of the rays at a fixed time vary in a range 
of 2.1°–6.6° (2.0°–4.4°) with an average of 3.5° (2.9°) at 
3Rs (4Rs), respectively, and the observed durations of the 
events vary from 12 h to a few days with an average of 27 
h. It is also found, based on the analysis of blob motions, 
that 58% (26) of the blobs are accelerated, 20% (9) are 
decelerated, and 22% (10) moved with a nearly constant 
speed. Comparing the dynamics of their blobs and those 
that are observed above the tip of a helmet streamer, they 
find that the speeds and accelerations of the blobs in these 
two cases differ significantly. It is suggested that these 
differences of the blob dynamics stem from the associated 
magnetic reconnection involving different magnetic field 
configurations and triggering processes.

3  Magnetic Reconnection 
    in Interplanetary Space

Wang, Wei et al.[45] report in situ observation of energetic 
electrons (~100–500 keV) associated with magnetic 
reconnection in the solar wind by the ACE and Wind 
spacecraft. The properties of this magnetic cloud driving 
reconnection and the associated energetic electron 
acceleration problem are discussed. Further analyses 
indicate that the electric field acceleration and Fermi-
type mechanism are two fundamental elements in the 
electron acceleration processes and the trapping effect 
of the specific magnetic field configuration maintains the 
acceleration status that increases the totally gained energy.

During 26–27 November 2000 a complex interplanetary 
coronal mass ejection, composed of four flux ropes, was 
detected by Wind and ACE at 1 AU. Xu, Wei and Feng[46] 

identify two Petschek-like exhaust events within the 
interiors of the second and third flux ropes, respectively. In 
the first event, Wind and ACE detected an exhaust at the 
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same side from the reconnection site, which is associated 
with a large-scale bifurcated current sheet with a spatial 
width of ~10000 ion inertial lengths and the magnetic 
shear was 155°. In the second event, the two spacecraft 
observed the oppositely directed exhausts from a single 
reconnection X line. The exhausts are also related to a 
large-scale current sheet with a spatial width of ~3000 
ion inertial lengths and a shear angle of about 135°. The 
two exhaust events result from fast and quasi-stationary 
reconnection. The related current sheets are both flat on 
the scale of a few hundred Earth radii and locate close 
to the centers of subflux ropes. The decrease of radial 
expansion speed of each flux rope might account for the 
formation of the two current sheets. Reconnections at the 
centers of flux ropes may change the entire topology of the 
flux ropes and may fragment them into smaller ones.

The interaction between interplanetary small-scale 
magnetic flux ropes and the magnetic field in the ambient 
solar wind is an important topic in the understanding of 
the evolution of magnetic structures in the heliosphere. 
Through a survey of 125 previously reported small flux 
ropes from 1995 to 2005, Tian, Yao et al.[47] find that 44 of 
them reveal clear signatures of Alfvénic fluctuations and 
thus classify them as Alfvén wave trains rather than flux 
ropes. Signatures of magnetic reconnection, generally 
including a plasma jet of ~30 km • s−1 within a magnetic 
field rotational region, are clearly present at boundaries of 
about 42% of the flux ropes and 14% of the wave trains. 
The reconnection exhausts are often observed to show 
a local increase in the proton temperature, density, and 
plasma beta. About 66% of the reconnection events at 
flux rope boundaries are associated with a magnetic field 
shear angle larger than 90° and 73% of them reveal a 
decrease of 20% or more in the magnetic field magnitude, 
suggesting a dominance of anti-parallel reconnection at 
flux rope boundaries. The occurrence rate of magnetic 
reconnection at flux rope boundaries through the years 
1995–2005 is also investigated and they find that it is 
relatively low around the solar maximum and much higher 
when approaching solar minima. The average magnetic 
field depression and shear angle for reconnection events 
at flux rope boundaries also reveal a similar trend from 
1995 to 2005. Their results demonstrate for the first time 
that boundaries of a substantial fraction of small-scale 
flux ropes have properties similar to those of magnetic 
clouds, in the sense that both of them exhibit signatures 
of magnetic reconnection. The observed reconnection 
signatures could be related either to the formation of small 
flux ropes or to the interaction between flux ropes and the 
interplanetary magnetic fields.

Coronal Bright Points (CBPs) are long-lived small-
scale brightenings in the solar corona. They are generally 
explained by magnetic reconnection. However, the 

corresponding magnetic configurations are not well 
understood. Zhang, Chen et al.[48] carry out a detailed 
multi-wavelength analysis of two neighboring CBPs on 
2007 March 16, observed in Soft X-Ray (SXR) and EUV 
channels. It is seen that the SXR light curves present 
quasi-periodic flashes with an interval of ~1 h superposed 
over the long-lived mild brightenings, suggesting that the 
SXR brightenings of this type of CBPs might consist of 
two components: one is the gentle brightenings and the 
other is the CBP flashes. It is found that the strong flashes 
of the bigger CBP are always accompanied by SXR jets. 
The potential field extrapolation indicates that both CBPs 
are covered by a dome-like separatrix surface, with a 
magnetic null point above. They propose that the repetitive 
CBP flashes, as well as the recurrent SXR jets, result 
from the impulsive null-point reconnection, while the long-
lived brightenings are due to the interchange reconnection 
along the separatrix surface. Although the EUV images at 
high-temperature lines resemble the SXR appearance, the 
171 Å and 195 Å channels reveal that the blurry CBP in 
SXR consists of a cusp-shaped loop and several separate 
bright patches, which are explained to be due to the 
null-point reconnection and the separatrix reconnection, 
respectively.

Two-dimensional particle-in-cell simulations are per-
formed by Huang, Lu, and Wang[49] to investigate electron 
dynamics in antiparallel and guide field (in the presence 
of a strong guide field) magnetic reconnection, and the 
mechanisms of electron acceleration are compared. In the 
antiparallel reconnection, the dominant acceleration occurs 
in the vicinity of the X line, where the magnetic field is 
weak. Most of these electrons come from the regions just 
outside of the separatrices, which move into the vicinity 
of the X line along the magnetic field lines. Electrons can 
also be non-adiabatically accelerated in the pileup region 
by the reconnection electric field, where the gyroradii of 
the electrons are comparable to the curvature radii of the 
magnetic field lines. Most of these electrons come from 
the regions inside of the separatrices, which move into the 
pileup region along the magnetic field lines. In the guide 
field reconnection, electrons are accelerated by the parallel 
electric field. They are firstly accelerated when moving 
toward the X line along the magnetic field lines, and then 
are further accelerated when they are funneled into the 
vicinity of the X line. Most of energetic electrons come from 
the region outside of the pair of the negative separatrices. 
The efficiency of such an acceleration mechanism is 
obviously higher than that in the antiparallel reconnection. 
In both the antiparallel and guide field reconnection, the 
mechanisms of electron acceleration favor the electrons 
with higher initial energy.

In collisionless magnetic reconnection, the in-plane Hall 
currents are carried mainly by the magnetized electrons. 
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The in-plane Hall currents are directed toward the X line 
along the magnetic field lines just inside the separatrices 
and away from the X line along the separatrices. Such 
a current system leads to the quadrupole out-of-plane 
magnetic field with the peaks between the regions carrying 
the in-plane currents. Simultaneously, the electron flow 
toward the X line along the separatrices causes electron 
density depletions along the separatrices. The features 
of separatrix regions in magnetic reconnection and the 
relations between the electron density depletions and 
the out-of-plane magnetic field are investigated by Lu, 
Huang et al.[50] with both two-dimensional particle-in-cell 
simulations and Cluster observations. They conclude that 
the electron density depletions are formed because of the 
magnetic mirror, and they are outside the peaks of the out-
of-plane magnetic field. Such a theoretical prediction is 
confirmed by both simulations and observations.

Two-dimensional (2D) particle-in-cell simulations are 
performed by Lu et al.[51] to investigate the structures of 
the out-of-plane magnetic field in magnetic island, which 
is produced during anti-parallel collisionless magnetic 
reconnection. Regular structures with alternate positive 
and negative values of the out-of-plane magnetic field 
along the x direction are formed in magnetic island. The 
generation mechanism of such structures is also proposed 
in their paper, which is due to the Weibel instability excited 
by the temperature anisotropy in magnetic island.

Two-dimensional particle-in-cell simulations are 
performed by Lu et al.[52] to investigate the formation 
of electron density depletions in collisionless magnetic 
reconnection. In anti-parallel reconnection, the quadrupole 
structures of the out-of-plane magnetic field are formed, 
and four symmetric electron density depletion layers 
can be found along the separatrices due to the effects of 
magetic mirror. With the increase of the initial guide field, 
the symmetry of both the out-of-plane magnetic field and 
electron density depletion layers is distorted. When the 
initial guide field is sufficiently large, the electron density 
depletion layers along the lower left and upper right 
separatrices disappear. The parallel electric field in guide 
field reconnection is found to play an important role in 
forming such structures of the electron density depletion 
layers. The structures of the out-of-plane magnetic field By 

and electron depletion layers in anti-parallel and guide field 
reconnection are found to be related to electron flow or in-
plane currents in the separatrix regions. In anti-parallel 
reconnection, electrons flow towards the X line along the 
separatrices, and are directed away from the X line along 
the magnetic field lines just inside the separatrices. In guide 
field reconnection, electrons can only flow towards the X 
line along the upper left and lower right separatrices due to 
the existence of the parallel electric field in these regions.

Two-dimensional (2-D) particle-in-cell (PIC) simulations 

are performed by Huang, Lu et al.[53] to investigate the 
evolution of the Electron Current Sheet (ECS) in guide field 
reconnection. The ECS is formed by electrons accelerated 
by the inductive electric field in the vicinity of the X line, 
which is then extended along the x direction due to the 
imbalance between the electric field force and Ampere force. 
The tearing instability is unstable when the ECS becomes 
sufficiently long and thin, and several seed islands are 
formed in the ECS. These tiny islands may coalesce and 
form a larger secondary island in the center of the diffusion 
region.

The evolutionary process of magnetic reconnection under 
solar coronal conditions is investigated by Zhang, Feng et 
al.[54] with their recently developed 2.5 D Adaptive Mesh 
Refinement (AMR) resistive Magneto Hydrodynamics (MHD) 
model. They reveal the successive fragmentation and mering 
of plasmoids in a long-thin current sheet with Lundquist 
number Rm=5.0×104. It is found that several big magnetic 
islands are formed eventually, with many slow-mode shocks 
bounding around the outflow regions. The multi-scale 
hierarchical-like structures of the magnetic reconnection are 
well resolved by the model and the AMR technique of the 
model can capture many fine pictures (e.g., the near-singular 
diffusion regions) of the development and simultaneously it 
can save a great deal of computing resources.

4  Energetic Particles

Recently, Tan and coworkers study the September 24 
2001 Solar Energetic Particle (SEP) event observed by 
the WIND spacecraft at 1 AU and found that there is a 
counter-streaming particle beam with a deep depression 
of flux at 90° pitch angle during the beginning of the 
event. They suggested that it is a result of a reflecting 
boundary at some distance outside of 1 AU. While this 
scenario could be true under some specific configuration 
of an interplanetary magnetic field, Qin, He and Zhang[55] 

offer another possible explanation. They simulated the 
SEP event by solving the five-dimensional focused 
transport equation numerically for 40 keV electrons 
with perpendicular diffusion. They find that a counter-
streaming particle beam with deep depression at 90° 
pitch angle can form on Parker magnetic field lines that 
do not directly connect to the main particle source on 
the Sun in the beginning of an SEP event. It can happen 
when a significant number of observed particles come 
from adjacent field lines through parallel transport to large 
radial distance first, hopping across field lines through 
perpendicular diffusion, and then getting scattered back 
to 1 AU, where they combine with the particles directly 
coming from the Sun to form a counter-streaming beam.

A model of Solar Energetic Particle (SEP) propagation 
in the three-dimensional Parker interplanetary magnetic 
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field is calculated numerically by He, Qin and Zhang[56]. 
They study the effects of the different aspects of particle 
source on the solar surface, which include the source 
location, coverage of latitude and longitude, and spatial 
distribution of source particle intensity, on propagation 
of SEPs with both parallel and perpendicular diffusion. 
They compute the particle flux and anisotropy profiles at 
different observation locations in the heliosphere. From 
their calculations, they find that the observation location 
relative to the latitudinal and longitudinal coverage of 
particle source has the strongest effects on particle flux 
and anisotropy profiles observed by a spacecraft. When a 
spacecraft is directly connected to the solar sources by the 
interplanetary magnetic field lines, the observed particle 
fluxes are larger than when the spacecraft is not directly 
connected. They focus on the situations when a spacecraft 
is not connected to the particle sources on the solar 
surface. They find that when the magnetic footpoint of the 
spacecraft is farther away from the source, the observed 
particle flux is smaller and its onset and maximum 
intensity occur later. When the particle source covers 
a larger range of latitude and longitude, the observed 
particle flux is larger and appears earlier. There is east-
west azimuthal asymmetry in SEP profiles even when the 
source distribution is east-west symmetric. However, the 
detail of particle spatial distribution inside the source does 
not affect the profile of the SEP flux very much. When the 
magnetic footpoint of the spacecraft is significantly far 
away from the particle source, the anisotropy of particles 
in the early stage of an SEP event points toward the Sun, 
which indicates that the first arriving particles come from 
outside of the observer through perpendicular diffusion at 
large radial distances.

To obtain the mean free path of Solar Energetic 
Particles (SEPs) for a solar event, one usually has to fit 
time profiles of both flux and anisotropy from spacecraft 
observations to numerical simulations of SEPs’ transport 
processes. This method can be called a simulation 
method. But a reasonably good fitting needs a lot of 
simulations, which demand a large amount of calculation 
resources. Sometimes, it is necessary to find an easy 
way to obtain the mean free path of SEPs quickly, for 
example, in space weather practice. Recently, Shalchi et 
al. provided an approximate analytical formula of SEPs’ 
anisotropy time profile as a function of particles’ mean 
free path for impulsive events. He and Qin[57] determine 
SEPs’ mean free path by fitting the anisotropy time profiles 
from Shalchi et al.’s analytical formula to spacecraft 
observations. This new method can be called an analytical 
method. In addition, they obtain SEPs’ mean free path with 
the traditional simulation methods. Finally, they compare 
the mean free path obtained with the simulation method 
to that of the analytical method to show that the analytical 

method, with some minor modifications, can give a good, 
quick approximation of SEPs’ mean free path for impulsive 
events.

The analytical nonlinear theory of magnetic field line 
random walk predicts the existence of non-diffusive 
transport for certain forms of the turbulence spectrum. 
Shalchi and Qin[58] use computer simulations to test these 
predictions made for well-established one- and two- 
dimensional models of magnetic field fluctuations. For the 
first time it is shown by using simulations, that for a whole 
family of spectra a non-diffusive behavior of field line 
wandering can be found.

The Focused Transport Equation (FTE) includes all the 
necessary physics for modeling the shock acceleration 
of energetic particles with a unified description of first-
order Fermi acceleration, shock drift acceleration, and 
shock surfing acceleration. It can treat the acceleration 
and transport of particles with an anisotropic distribution. 
The energy spectrum of pickup ions accelerated at shocks 
of various obliquities is investigated by Zuo, Zhang et 
al.[59] based on the FTE. They solve the FTE by using 
a stochastic approach. The shock acceleration leads 
to a two-component energy spectrum. The low-energy 
component of the spectrum is made up of particles that 
interact with shock one to a few times. For these particles, 
the pitch angle distribution is highly anisotropic, and the 
energy spectrum is variable depending on the momentum 
and pitch angle of injected particles. At high energies, the 
spectrum approaches a power law consistent with the 
standard Diffusive Shock Acceleration (DSA) theory. For a 
parallel shock, the high-energy component of the power-
law spectrum, with the spectral index being the same as 
the prediction of DSA theory, starts just a few times the 
injection speed. For an oblique or quasi-perpendicular 
shock, the high-energy component of the spectrum 
exhibits a double power-law distribution: a harder power-
law spectrum followed by another power-law spectrum 
with a slope the same as the spectral index of DSA. The 
shock acceleration will eventually go into the DSA regime 
at higher energies even if the anisotropy is not small. 
The intensity of the energy spectrum given by the FTE, 
in the high-energy range where particles get efficient 
acceleration in the DSA regime, is different from that given 
by the standard DSA theory for the same injection source. 
They define the injection efficiency η as the ratio between 
them. For a parallel shock, the injection efficiency is less 
than 1, but for an oblique shock or a quasi-perpendicular 
shock it could be greater.

The issue of the influence of Coronal Holes (CHs) on 
Coronal Mass Ejections (CMEs) in causing solar energetic 
particle (SEP) events is revisited by Shen, Yao et al.[60]. It 
is a continuation and extension of their previous work, in 
which no evident effects of CHs on CMEs in generating 
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SEPs are found by statistically investigating 56 CME 
events. They extrapolate the coronal magnetic field, define 
CHs as the regions consisting of only open magnetic field 
lines and perform a similar analysis on this issue for 76 
events in total by extending the study interval to the end of 
2008. Three key parameters, CH proximity, CH area and 
CH relative position, are involved in the analysis. The new 
result confirms the previous conclusion that CHs do not 
show any evident effect on CMEs in causing SEP events.

It is generally believed that gradual Solar Energetic 
Particles (SEPs) are accelerated by shocks associated 
with Coronal Mass Ejections (CMEs). Using an ice-cream 
cone model, the radial speed and angular width of 95 
CMEs associated with SEP events during 1998–2002 
are calculated by Pan, Wang et al.[61] from SOHO/LASCO 
observations. Then, they investigate the relationships 
between the kinematic properties of these CMEs and 
the characteristic times of the intensity-time profile of 
their accompanied SEP events observed at 1 AU. These 
characteristic times of SEP are (i) the onset time from the 
accompanying CME eruption at the Sun to the SEP arrival 
at 1 AU, (ii) the rise time from the SEP onset to the time 
when the SEP intensity is one-half of peak intensity, and (iii) 
the duration over which the SEP intensity is within a factor 
of two of the peak intensity. It is found that the onset time 
has neither significant correlation with the radial speed 
nor with the angular width of the accompanying CME. 
For events that are poorly connected to the Earth, the 
SEP rise time and duration have no significant correlation 
with the radial speed and angular width of the associated 
CMEs. However, for events which are magnetically well 
connected to the Earth, the SEP rise time and duration 
have significantly positive correlations with the radial 
speed and angular width of the associated CMEs. This 
indicates that a CME event with wider angular width and 
higher speed may more easily drive a strong and wide 
shock near the Earth-connected interplanetary magnetic 
field lines, may trap and accelerate particles for a longer 
time, and may lead to longer rise time and duration of the 
ensuing SEP event.

 

5  Space Plasma

A multidimensional electron phase-space hole (electron 
hole) is considered to be unstable to the transverse 
instability. Wu, Lu et al.[62] perform two-dimensional (2-D) 
Particle-in-Cell (PIC) simulations to study the evolution 
of electron holes at different plasma conditions; they find 
that the evolution is determined by combined actions 
between the transverse instability and the stabilization by 
the background magnetic field. In very weakly magnetized 
plasma (Ωe<<ωpe, where Ωe and ωpe are the electron 
gyrofrequency and plasma frequency, respectively), 

the transverse instability dominates the evolution of the 
electron holes. The parallel cut of the perpendicular 
electric field (E⊥) has bipolar structures, accompanied by 
the kinking of the electron holes. Such structures last for 
only tens of electron plasma periods. With the increase 
of the background magnetic field, the evolution of the 
electron holes becomes slower. The bipolar structures 
of the parallel cut of E⊥ in the electron holes can evolve 
into unipolar structures. In very strongly magnetized 
plasma (Ωe>>ωpe), the unipolar structures of the parallel 
cut of E⊥ can last for thousands of electron plasma 
periods. At the same time, the perpendicular electric field 
(E⊥) in the electron holes can also influence electron 
trajectories passing through the electron holes, which 
results in variations of charge density along the direction 
perpendicular to the background magnetic field outside 
of the electron holes. When the amplitude of the electron 
hole is sufficiently strong, streaked structures of E⊥ can 
be formed outside of the electron holes, which then emit 
electrostatic whistler waves because of the interactions 
between the streaked structures of E⊥ and vibrations of 
the kinked electron holes.

A multi-dimensional electron phase-space hole (electron 
hole) is considered to be unstable to the transverse 
instability. Wu, Wu et al.[63] perform two-dimensional (2-D) 
particle-in-cell (PIC) simulations to study the evolutions 
of electron holes in weakly magnetized plasma (Ωe<ωpe, 
where Ωe and ωpe are the electron gyrofrequency and 
plasma frequency, respectively), and the effects of 
perpendicular thermal velocities on the transverse 
instability are investigated. The transverse instability can 
cause decay of the electron holes. They find that with 
the increasing perpendicular thermal velocity tending to 
stabilize the transverse instability, the corresponding wave 
numbers decrease.

Observations have shown that electron phase-
space holes (electron holes) possess regular magnetic 
structures. Wu, Lu et al.[64] perform two-dimensional (2-D) 
electromagnetic Particle-in-Cell (PIC) simulations in the 
(x, y) plane to study magnetic structures associated with 
electron holes under different plasma conditions. In the 
simulations, the background magnetic field (B0=B0ex) is 
along the x direction. The combined actions between the 
transverse instability and stabilization by the background 
magnetic field lead to the generation of the electric 
field Ey. Then electrons suffer the electric field drift and 
produce the current in the z direction, which leads to the 
fluctuating magnetic field along the x and y directions. 
Meanwhile, the motion of the electron holes along the x 
direction and the existence of the electric field Ey generate 
the fluctuating magnetic field along the z direction. In 
very weakly magnetized plasma (Ωe<<ωpe, where Ωe and 
ωpe are the electron gyrofrequency and electron plasma 
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frequency, respectively), the transverse instability is 
very strong and the magnetic structures associated with 
electron holes disappear quickly. When Ωe is comparable 
to ωpe, the parallel cut of the fluctuating magnetic field 
δBx and δBz has unipolar structures in the electron holes, 
while the parallel cut of fluctuating magnetic field δBy has 
bipolar structures. In strongly magnetized plasma (Ωe>ωpe), 
electrostatic whistler waves with streaked structures of Ey 
are excited. The fluctuating magnetic field δBx and δBz also 
have streaked structures. The relevance between their 
simulation results and the magnetic structures associated 
with electron holes observed in the plasma sheet is also 
discussed.

Previous particle-in-cell simulations have evidenced 
that supercritical, quasi-perpendicular shocks are non-
stationary. By separating the incident ions into reflected 
(R) and Directly Transmitted (DT) parts, Yang, Lu and 
Wang[65] investigate the ion distributions in a non-stationary 
perpendicular shock. The upstream ion distributions 
have two parts corresponding to the R and incident 
ions respectively, while the R ions have higher energy. 
The downstream ions have a core-ring distribution. The 
core and ring parts correspond to the DT and R ions, 
respectively. The ion distributions depend largely on the 
non-stationary shock structure. The percentage of the 
reflected ions cyclically varies in time with a period equal 
to the shock self-reformation cycle, and the number of the 
R ions increases with the steepness of the shock ramp.

Both hybrid/full particle simulations and recent 
experimental results have clearly evidenced that the front 
of a supercritical quasi-perpendicular shock can be non-
stationary. One responsible mechanism proposed for 
this non-stationarity is the self-reformation of the front 
itself being due to the accumulation of reflected ions. 
Important consequences of this non-stationarity are that 
not only the amplitude but also the spatial scales of fields 
components at the shock front (ramp and foot) are strongly 
varying within each cycle of the self-reformation. On the 
other hand, several studies have been made on the 
acceleration and heating of heavy ions but most have 
been restricted to a stationary shock profile only. Yang, 
Lembège, and Lu[66] perform one-dimensional test particle 
simulations based on shock profiles fields produced in 
PIC simulation in order to investigate the impact of the 
shock front non-stationarity on heavy ion acceleration 
(He, O, Fe). Reflection and acceleration mechanisms of 
heavy ions (with different initial thermal velocities and 
different charge-mass ratios) interacting with a non-
stationary shock front (self-reformation) are analyzed in 
detail. Present preliminary results show that: (1) the heavy 
ions suffer both shock drift acceleration (SDA) and Shock 
Surfing Acceleration (SSA) mechanisms; (2) the fraction 
of reflected heavy ions increases with initial thermal 

velocity, charge-mass ratio and decreasing shock front 
width at both stationary shocks (situation equivalent to 
fixed shock cases) and non-stationary shocks (situation 
equivalent to continuously time-evolving shock cases); (3) 
the shock front non-stationarity (time-evolving shock case) 
facilitates the reflection of heavy ions; (4) a striking feature 
is the formation of an injected monoenergetic heavy ions 
population which persists in the shock front spectrum for 
different initial thermal velocities and ions species. The 
impact of the shock front non-stationarity on the heavy ions 
spectra within the shock front region and the downstream 
region are detailed separately. These results are compared 
with previous experimental analysis and theoretical models 
of Solar Energetic Particles (SEP) events. The variations 
of Fe/O spectra in high energy part have been retrieved, 
and the non-stationary effects of shock front strongly 
amplify these variations.

One-dimensional test particle simulations based on 
shock profiles issued from one-dimensional particle-
incell simulation are performed by Yang, Lembège et 
al.[67] in order to investigate the impact of the shock front 
non-stationarity (self-reformation) on the acceleration 
processes and the resulting energy spectra of PIs (protons 
H+) at a strictly perpendicular shock. PIs are represented 
by different shell distributions (variation of the shell velocity 
radius). The contribution of Shock Drift Acceleration 
(SDA), Shock Surfing Acceleration (SSA), and Directly 
Transmitted (DT) PI’s components to the total energy 
spectra is analyzed. Their results show that (1) both 
SDA and SSA mechanisms can apply as preacceleration 
mechanisms for PIs, but their relative energization 
efficiency strongly differs; (2) SDA and SSA always work 
together at non-stationary shocks (equivalent to time-
varying shock profiles) but SDA, and not SSA, is shown to 
dominate the formation of high-energy PIs in most cases; 
(3) the front non-stationarity reinforces the formation of 
SDA and SSA PIs in the sense that it increases both their 
maximum energy and their relative density, independently 
on the radius of PI’s shell velocity; and (4) for high shell 
velocity around the shock velocity, the middle energy 
range of the total energy spectrum follows a power law 
Ek

-1.5. This power law is supported by both SDA and DT 
ions (within two separate contributing energy ranges) 
for a stationary shock and mainly by SDA ions for a non-
stationary shock. In both cases, the contribution of SSA 
ions is comparatively weak.

Electron phase space holes (electron holes) are found to 
be unstable to the transverse instability. Two-dimensional 
(2-D) electromagnetic particle-in-cell simulations are 
performed by Du, Wu et al.[68] to investigate the structures 
of the fluctuating magnetic field associated with electron 
holes. The combined actions between the transverse 
instability and the stabilization by the background magnetic 
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field (B0=B0ex) lead a one-dimensional electron hole into 
several 2-D electron holes which are isolated in both the 
x and y directions. The electrons trapped in these 2D 
electron holes suffer the electric field drift vE=E×B0 /B0

2 

due to the existence of the perpendicular electric field Ey, 
which generates the current along the z direction. Then, 
the unipolar and bipolar structures are formed for the 
parallel cut of the fluctuating magnetic field along the x 
and y directions, respectively. At the same time, these 2-D 
electron holes move along the x direction, and the unipolar 
structures are formed for the parallel cut of the fluctuating 
magnetic field along the z direction.

A test particle code is employed by Gao, Lu, Wang[69] 

to explore the dynamics of charged particles and 
perpendicular diffusion in turbulent magnetic field, where a 
three-dimensional (3-D) isotropic turbulence model is used. 
The obtained perpendicular diffusion at different particle 
energies is compared with that of the Nonlinear Guiding 
Center (NLGC) theory. It is found that the NLGC theory is 
consistent with test particle simulations when the particle 
energies are small. However, the difference between 
the NLGC theory and test particle simulations tends to 
increase when the particle energy is sufficiently large, and 
the threshold is related to the turbulence bend-over length. 
In the NLGC theory, the gyrocenter of a charged particle is 
assumed to follow the magnetic field line. Therefore, when 
the particle has sufficiently large energy, its gyroradius 
will be larger than the turbulence bend-over length. Then 
the particle can cross the magnetic field lines, and the 
difference between the test particle simulations and NLGC 
theory occurs.

Wang, Wang et al.[70] address the stochastic heating of 
minor ions by obliquely-propagating low-frequency Alfvén 
waves in the solar wind. An important characteristic of the 
stochastic heating is unearthed by means of test particle 
simulation. That is, when the wave amplitude exceeds 
some threshold condition for stochasticity, the time-
asymptotic kinetic temperature associated with the minor 
ions becomes independent of the wave amplitude, and it 
always approaches the value dictated by the Alfvén speed, 
to wit, Tkin≈miv

2/2. During the course of the heating process 
the minor ions gain a net average parallel speed, v‖≈vA 
in the laboratory frame. These results are consistent with 
observations which find that minor heavy ions often move 
faster than the local protons with a speed roughly equal to 
the local Alfvén speed.

Satellite observations have revealed that superthermal 
electrons in space plasma generally possess a power 
law distribution. Lu, Shan et al.[71] utilize a power law 
function to model the omnidirectional differential fluxes 
of superthermal electrons observed by Cluster in the 
magnetosheath. By assuming an isotropic pitch angle 
distribution and performing a nonlinear least squares 

fitting, they can calculate the index a of the power law 
distribution of the superthermal electrons. They find that 
in the magnetosheath the indices a of the power law 
distributions decrease with the increase of ωpe/Ωe. It is 
consistent with the results of the recent particle-in-cell 
simulations, which described the electron distributions 
scattered by enhanced whistler waves. This is the first 
reported observation of this relation in space plasma.

6  Space Weather Numerical 
    Modeling by 3-D SIP-CESE 
    MHD Model
Feng, Yang et al. [72] explore the application of a six-
component overset grid to solar wind simulation with a 
three-dimensional (3-D) Solar-InterPlanetary Conservation 
Element/Solution Element MHD (SIP-CESE MHD) model. 
The essential focus of their numerical model is devoted 
to dealing with: (1) the singularity and mesh convergence 
near the poles via the use of the six-component grid 
system, (2) the ∇·B constraint error via an easy-to-use 
cleaning procedure by a fast multigrid Poisson solver, 
(3) the Courant-Friedrichs-Levy number disparity via 
the Courant-number insensitive method, (4) the time 
integration by multiple time stepping, and (5) the time-
dependent boundary condition at the subsonic region by 
limiting the mass flux escaping through the solar surface. 
In order to produce fast and slow plasma streams of the 
solar wind, they include the volumetric heating source 
terms and momentum addition by involving the topological 
effect of the magnetic field expansion factor fs and the 
minimum angular distance θb (at the photosphere) between 
an open field foot point and its nearest coronal hole 
boundary. These considerations can help them easily code 
the existing program, conveniently carry out the parallel 
implementation, efficiently shorten the computation time, 
greatly enhance the accuracy of the numerical solution, 
and reasonably produce the structured solar wind. The 
numerical study for the 3-D steady-state background 
solar wind during Carrington rotation 1911 from the Sun 
to Earth is chosen to show the above-mentioned merits. 
Their numerical results have demonstrated overall good 
agreements in the solar corona with the Large Angle and 
Spectrometric Coronagraph on board the SOHO satellite 
and at 1 AU with WIND observations.

A hybrid three-dimensional (3-D) MHD model for solar 
wind study is proposed by Feng, Zhang et al.[73] with 
combined grid systems and solvers. The computational 
domain from the Sun to Earth space is decomposed into 
the near-Sun and off-Sun domains, which are respectively 
constructed with a Yin–Yang overset grid system and a 
Cartesian Adaptive Mesh Refinement (AMR) grid system 
and coupled with a domain connection interface in the 
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overlapping region between the near-Sun and off-Sun 
domains. The space-time conservation element and 
solution element method is used in the near-Sun domain, 
while the Harten-Lax-Leer method is employed in the off-
Sun domain. The Yin-Yang overset grid can avoid well-
known singularity and polar grid convergence problems 
and its body-fitting property helps achieve high-quality 
resolution near the solar surface. The block structured 
AMR Cartesian grid can automatically capture far-field 
plasma flow features, such as heliospheric current sheets 
and shock waves, and at the same time, it can save 
significant computational resources compared to the 
uniformly structured Cartesian grid. A numerical study 
of the solar wind structure for Carrington rotation 2069 
shows that the newly developed hybrid MHD solar wind 
model successfully produces many realistic features of 
the background solar wind, in both the solar corona and 
interplanetary space, by comparisons with multiple solar 
and interplanetary observations.

Feng, Yang et al. [74] carry out the Adaptive Mesh 
Refinement (AMR) implementation of the SIP-CESE MHD 
model using a six-component grid system. By transforming 
the governing MHD equations from the physical space (x, 
y, z) to the computational space (ξ, η, ζ) while retaining 
the form of conservation, the SIP-AMR-CESE MHD model 
is implemented in the reference coordinates with the aid 
of the parallel AMR package PARAMESH available at the 
website of http://sourceforge.net/projects/paramesh/. In 
the meantime, the same volumetric heating source terms 
as in Feng, Yang, et al.[71] are also included. The simulated 
the solar-wind background of different solar-activity phases 
show overall good agreements in the solar corona and 
in interplanetary space with these multiple-spacecraft 
observations.

Zhou, Feng et al.[75] present the evolution of the Sun-
Earth connection event on 4 November, 1997 by using 
a 3-D SIP-CESE MHD simulation, in which a spherical 
high-speed, high-pressure, and high-density plasmoid at 
14°S 34°W is used to mimic Coronal Mass Ejection (CME) 
disturbance. The results provide a relatively satisfactory 
comparison with the Wind spacecraft observations, such 
as southward interplanetary magnetic field and large-
scale smooth rotation of the magnetic field associated 
with the CME.

Jiang, Feng et al.[76] present new extensions of the 
space-time Conservation Element and Solution Element 
(CESE) method for simulations of Magnetohydrodynamic 
(MHD) problems in general curvilinear coordinates by 
using an Adaptive Mesh Refinement (AMR) grid system. 
By transforming the governing MHD equations from the 
physical space (x, y, z) to the computational space (ξ, η, ζ) 
while retaining the form of conservation, the CESE method 
is established for MHD in the curvilinear coordinates. 

Utilizing the parallel AMR package PARAMESH, they 
present the first implementation of applying the AMR CESE 
method for MHD (AMR-CESE-MHD) in both Cartesian and 
curvilinear coordinates. To show the validity and capabilities 
of the AMR-CESE-MHD code, a suite of numerical tests in 
two and three dimensions including ideal MHD and resistive 
MHD are carried out, with two of them in both Cartesian 
and curvilinear coordinates. Numerical tests show that their 
results are highly consistent with those obtained previously 
by other authors, and the results under both coordinate 
systems confirm each other very well.

Jiang, Feng et al.[77] present a new implementation of 
the MHD relaxation method for reconstruction of the nearly 
force-free coronal magnetic field from a photospheric 
vector magnetogram according to a new version of the 
CESE scheme with the full MHD equations. The bottom 
boundary condition is prescribed in a similar way as in 
the stress-and-relax method, by changing the transverse 
field incrementally to match the magnetogram, and 
other boundaries of the computational box are set by 
the nonreflecting boundary conditions. Applications to 
the well-known benchmarks for nonlinear force-free-field 
reconstruction, the Low & Lou force-free equilibria, validate 
the method and confirm its capability for future practical 
application, with observed magnetograms as inputs. The 
same method has been further improved[78] recently.

The observations both near the Sun and in the 
heliosphere during the activity minimum between solar 
cycles 23 and 24 exhibit different phenomena from 
those typical of the previous solar minima. Yang, Feng 
et al.[79] have chosen Carrington rotation 2070 in 2008 to 
investigate the properties of the background solar wind 
by using the 3-D SIP-CESE MHD model. They also study 
the effects of polar magnetic fields on the characteristics 
of the solar corona and the solar wind by conducting 
simulations with an axisymmetric polar flux added to 
the observed magnetic field. The numerical results are 
compared with the observations from multiple satellites, 
such as the SOHO, Ulysses, STEREO, WIND and ACE. 
The comparison demonstrates that the first simulation with 
the observed magnetic fields reproduces some observed 
peculiarities near the Sun, such as relatively small polar 
coronal holes, the presence of mid- and low-latitude 
holes, a tilted and warped current sheet, and the broad 
multiple streamers. The numerical results also capture 
the inconsistency between the locus of the minimum wind 
speed and the location of the heliospheric current sheet, 
and predict slightly slower and cooler polar streams with 
a relatively smaller latitudinal width, broad low-latitude 
intermediate-speed streams, and globally weak magnetic 
field and low density in the heliosphere. The second 
simulation with strengthened polar fields indicates that the 
weak polar fields in the current minimum play a crucial role 



Space Science Activities in China

64

in determining the states of the corona and the solar wind.
Yang, Feng et al.[80] conduct simulations using the 

3D SIP-CESE MHD model and magnetogram data from 
a Carrington Rotation (CR) 1897 to compare the three 
commonly used heating methods, i.e. the Wentzel-
Kramers-Brillouin (WKB) Alfvén wave heating method, 
the turbulence heating method and the volumetric heating 
method. Their results show that all three heating models 
can basically reproduce the bimodal structure of the solar 
wind observed near the solar minimum. The results also 
demonstrate that the major acceleration interval terminates 
about 4 Rs for the turbulence heating method and 10 Rs 
for both the WKB Alfvén wave heating method and the 
volumetric heating method. The turbulence heating and 
the volumetric heating methods can capture the observed 
changing trends by the WIND satellite, while the WKB 
Alfvén wave heating method does not.

In summary, the SIP-CESE MHD model developed by 
Feng and his colleagues [72-80] has the following merits. 

(i) The new implementation of volumetric heating source 
term taking the topological effect of magnetic field with 
the expansion factor (fs) and the angular distance (θb) into 
consideration, to some extent, can effectively distinguish 
the high-speed solar wind from the low-speed solar wind. 

( i i )  The combinat ion o f  the pro jec ted normal 
characteristic method and the mass flux limit enables the 
model to reproduce reasonable distributions of the plasma 
density, temperature and velocity on the solar surface and 
incorporation of the time-dependent magnetograms into 
the model is under development. 

(iii) The model provides a unified treatment of flow 
evolution in space and time and keeps the local and global 
space-time flux conservation in a coherent and efficient 
manner. 

(iv) The solution points in SIP-CESE MHD model[74] are 
explicitly given on the mesh nodes, while formerly these 
points have to be calculated after setting the grids and 
the projection of the CE onto the spatial space has been 
greatly simplified to a rectangular cuboid. Therefore, the 
fluxes at the interface of any pair of conservation elements 
(CEs) can be efficiently evaluated by means of non-
staggered space-time grids without using Riemann solvers 
or other flux models, which significantly reduces the CPU 
time. 

(v) The treatment of time iteration by integrating two half 
timesteps into one full timestep leads to low-storage and 
makes the scheme suitable for building blocks for adaptive 
mesh refinement calculations. 

(vi) The introduction of six-component grid for the 
computational domain from the Sun to Earth or beyond 
enables us to fit the spherical surface boundary with an 
easy implementation of the inner boundary conditions, and 
meanwhile to avoid both coordinate singularities and polar 

grid convergence. Particularly, it will be easy to recognize 
the observation at the lower boundary.

(vii) Through the use of nonsingular transform from the 
physical space to the reference space, the quadrangular 
frustum pyramid cell for the spherical shell computational 
domain for solar wind modeling becomes the conventional 
rectangular box in the reference space (ξ, η, ζ), which can 
be seen as the usual Cartesian coordinate. Consequently, 
the AMR implementation of the code follows easily from 
PARAMESH in Cartesian coordinate. Thus, besides the 
CESE scheme, many other modern numerical schemes 
in Cartesian coordinate such as total variation diminishing 
(TVD) scheme and finite volume method (FVM) can be 
applied directly to the transformed system. This feature 
provides us many flexible alternatives of solving the 
transformed governing equations in (ξ, η, ζ) and then we 
recover the solution in the physical space through the 
transformation to obtain the solar wind solution.

(viii) It should be noted that the same CESE solver 
can apply to any coordinate system (such as Cartesian, 
spherical, cylindrical coordinates and any other curvilinear 
coordinates) with only the difference of the coordinate 
transformation, and consequently the solver is highly 
independent of the grid system.

( ix) Based on the CESE MHD model,  the new 
implementation of the MHD relaxation method [76,77,78] 

for reconstruction of coronal magnetic field from a 
photospheric vector magnetogram will open a new way for 
the study of solar active region with the help of HMI/SDO 
or MDI/SOHO observations.

7  Space Weather
    Prediction Methods

Shen, Feng and Xiang[81] develop an improved model 
to build a self-consistent global structure on the source 
surface of 2.5 Rs covering four different phases of solar 
activity. This model takes into the consideration of the 
topological effect of fs and θb. The model uses as input 
for 136 Carrington Rotations (CRs) covering four different 
phases of solar activity: (1) an empirical model of the 
magnetic field topology on the source surface using Line-
of-Sight (LOS) photospheric field (Blos) measurements by 
Wilcox Solar Observatory (WSO); (2) an empirically derived 
global coronal density distribution using K coronal Polarized 
Brightness (PB) by MKIII in High Altitude Observator 
(HAO). The solar wind speed on the source surface is 
specified by the function of both fs and θb. Then the coronal 
mass outputs are analyzed and the self-consistent global 
distribution on the source surface is numerically studied for 
the four different phases. Finally, the model estimates the 
solar wind speed at 1 AU as a simple function of the speed 
on the source surface. The results indicate reasonable 
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semi-quantitative agreement with observations at different 
phases of solar activity.

A 1D-HD shock propagation model is established by 
Zhang, Chen and Feng[82] to predict the arrival time of 
interplanetary shocks at 1 AU. Applying this model to 68 
solar events during the period of February 1997 to October 
2000, it is found that their model could be practically 
equivalent to the STOA, ISPM and HAFv.2 models in 
forecasting the shock arrival time. The absolute error in the 
transit time from their model is not larger than those of the 
other three models for the same sample events. Also, the 
prediction test shows that the relative error of their model 
is ≤ 10% for 31% of all events, ≤30% for 75%, and ≤50% 
for 84%, which is comparable to the relative errors of the 
other models. These results might demonstrate a potential 
capability of their model in terms of real-time forecasting.

Using 141 CME-Interplanetary Shock (CME-IPS) events 
and f0F2 from eight ionosonde stations from January 2000 
to September 2005, from the statistical results Li, Wei, Feng 
and Zhao[83] find that there is a “same side-opposite side 
effect” in ionospheric negative storms, i.e., a large portion 
of ionospheric negative disturbances are induced by the 
same-side events (referring to the CMEs whose source 
located on the same side of the heliospheric current sheet 
(HCS) as the Earth), while only a small portion is associated 
with the opposite-side events (the CMEs source located on 
the opposite side of the HCS as the Earth); the ratio is 128 
vs. 46, and it reaches 41 vs. 14 for the intense ionospheric 
negative storms. In addition, the ionospheric negative 
storms associated with the same-side events are often 
more intense. A comparison of the same-side event (4 April 
2000) and the opposite-side event (2 April 2001) shows 
that the intensity of the ionospheric negative storm caused 
by the same-side event is higher than that by the opposite-
side event, although their initial conditions are quite 
similar. Their preliminary results show that the HCS has an 

“impeding” effect to CMEIPS, which results in a shortage 
of energy injection in the auroral zone and restraining the 
development of ionospheric negative perturbations.

8  Proposed Missions

Coronal Mass Ejections (CMEs) represent a great 
concentration of mass and energy input into the lower 
corona. They have come to be recognized as the 
major driver of physical conditions change in the Sun-
Earth system. Consequently, observations of CMEs are 
important for understanding and ultimately predicting 
space weather conditions. Wu, Sun et al.[84] discuss a 
proposed mission, the Solar Polar Orbit Radio Telescope 
(SPORT) mission, which will observe the propagation of 
interplanetary CMEs to distances of near 0.35 AU from 
the Sun. The orbit of SPORT is an elliptical solar polar 
orbit. The inclination angle between the orbit and ecliptic 
plane should be about 90°. The main payload on board 
SPORT will be an imaging radiometer working at the meter 
wavelength band (radio telescope), which can follow the 
propagation of interplanetary CMEs. The images that are 
obtained by the radio telescope embody the brightness 
temperature of the objectives. Due to the very large size 
required for the antenna aperture of the radio telescope, 
they adopt interferometric imaging technology to reduce 
it. Interferometric imaging technology is based on indirect 
spatial frequency domain measurements plus Fourier 
transformation. The SPORT spacecraft will also be 
equipped with a set of optical and in situ measurement 
instruments such as a EUV solar telescope, a solar wind ion 
instrument, an energetic particle detector, a magnetometer, 
a wave detector and a solar radio burst spectrometer.
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2000 Bastille day storm and November 2001 superstorm 
using Geotail and OMNI data at 1AU, respectively. Five 
interplanetary parameters of IMF Bz, By and total B 
components along with proton density and velocity of 
solar wind are used as the original external inputs of the 
neural network to predict the SYM-H index about one hour 
ahead. For the 6 test storms registered by ACE including 
two super-storms of min. SYM-H < –200 nT, the correlation 
coeff icient between observed and NARX network 
predicted SYM-H is 0.95 as a whole, even as high as 0.95 
and 0.98 with average relative variance of 13.2% and 7.4%, 
respectively, for the two super-storms. The prediction for 
the 7 storms with WIND data is also satisfactory, showing 
averaged correlation coefficient about 0.91 and RMSE of 
14.2 nT. The newly developed NARX model shows much 
better capability than Elman network for SYM-H prediction, 
which can partly be attributed to a key feedback to the 
input layer from the output neuron with a suitable length 
(about 120 min). This feedback means that nearly real 
information of the ring current status is effectively directed 
to take part in the prediction of SYM-H index by ANN. The 
proper history length of the output-feedback may mainly 
reflect on average the characteristic time of ring current 
decay which involves various decay mechanisms with ion 
lifetimes from tens of minutes to tens of hours. The Elman 
network makes feedback from hidden layer to input only 
one step, which is of 5 min for SYM-H index in this work 
and thus insufficient to catch the characteristic time length. 

Geomagnetic storm intensity, as measured by the 
Dst (SYM-H) index, shows no limit as the solar wind 
dawn-to-dusk electric field increases. Li et al. show 
that the magnetopause around noon erodes earthward 
with increasing storm intensity [3].  The panoramic 
geosynchronous Bz signatures for the magnetic storm 
groups with different intensity are differ significantly from 
each other. For superstorms with SYM-H≤−300 nT, 
the magnetopause around noon erodes to inside the 
geosynchronous orbit, which causes the Bz reversal near 
local noon. The necessary conditions for superstorms 
with SYM-H≤−300 nT to occur include the following: (1) 
interplanetary magnetic field (IMF) Bz< −27 nT lasts for at 
least about 1 h; (2) solar wind dynamic pressure, Pd>12 
nPa; (3) the projected interplanetary electric field, EK-L>30 
mV • m-1.

To identify which magnetospheric current system 
contributes the most to the SYM-H index during magnetic 
storms, Li et al.[4] perform a statistical analysis of 299 
magnetic storms from 1996 to 2006 and investigated the 
distribution of the H depressions with Magnetic Local 
times (MLT), by using data from 25 geomagnetic stations 
distributed almost uniformly in magnetic longitudes over 
magnetic latitudes ranging from 9° to 45°. As expected, a 
significant dawn-dusk asymmetry of H depression during 

the storm main phase and early recovery phase reveals 
the importance of the partial ring current during magnetic 
storm processes. The location, evolution, and quantitative 
contribution of the partial ring current during magnetic 
storms with different intensities are all further obtained. 
The partial ring current locates in the dusk sector, peaking 
in 18:00–20:00 MLT. It forms in the early main phase, 
increases gradually until the SYM-H index reaches its 
minimum, and then quickly decreases in the recovery 
phase. The contribution of the partial ring current weakens 
gradually as the storm intensity increases. For moderate 
(−100 <SYM-H≤−50 nT) and intense (−300 < SYM-H≤ 
−100 nT) storms, the partial ring current is the predominant 
contributor during the main phase. However, the partial 
ring current is no longer the predominant contributor for the 
super storms with SYM-H≤−300 nT, which may suggest 
the saturation of the partial ring current under extreme 
solar wind conditions.

Yuan et al.[5]present the precipitation characteristic 
of energetic particles and the influence on the sub-
ionosphere in the Storm Enhanced Density (SED) plume 
in the event of the geomagnetic storm during March 31, 
2001. With observations of the NOAA16 satellite, the 
peak of precipitating electron flux was located near the 
TEC peak in region of a SED plume recognized on two 
dimensional GPS TEC maps. On the other hand, the peak 
of precipitating energetic proton flux was observed in the 
outer boundary of the SED plume. Those precipitations 
were associated with energetic ions/electrons injected into 
Ring Currents (RC) caused by a sequence of substorms. 
When the Digisonde at Millstone Hill was located in the 
SED plume, the minimum frequency of ionogram echoes 
(fmin) was observed to keep a high level. Considering the 
SED plume as a signature of a plasmaspheric drainage 
plume, the precipitation of energetic electrons is attributed 
to the RC-ELF hiss interaction in the plasmaspheric 
plume. Calculations of a simple sub-ionospheric model 
demonstrate that those energetic electrons can precipitate 
into the sub-ionosphere and cause sub-ionospheric 
ionization enhancements in the SED plume. As a result, 
the fmin observed by the Digisonde in the SED plume was 
kept at a high level. Therefore, the paper provides direct 
evidences that precipitating energetic RC electrons play 
a significant role in the coupling between magnetosphere 
and sub-ionosphere in SED plumes.

2  Magnetospheric Substorms

Cao et al.[6] use the plasma data from Cluster and TC-1 
and geomagnetic data to study the geomagnetic signatures 
of the current wedge produced by fast-flow braking in the 
plasma sheet. The three fast flows studied occurred in a 
very quiet background and were accompanied by no or 



Magnetospheric Physics in China: 2010―2011

71

weak particle injections, thus avoiding the influences from 
other disturbances. All the geomagnetic signatures of a 
substorm current wedge can be found in the geomagnetic 
signatures of a current system produced by the braking 
of fast flows, indicating that the fast flows can produce 
a complete current wedge which contains post-midnight 
downward and pre-midnight upward field-aligned currents, 
as well as a westward electrojet. The Pi2 precursors 
exist not only at high latitudes but also at midlatitudes. 
The starting times of midlatitude Pi2 precursors can be 
identified more precisely than those of high-latitude Pi2 
precursors, providing a possible method to determine the 
starting time of fast flows in their source regions. The AL 
drop that a bursty bulk flow produces is proportional to 
its velocity and duration. In three cases, the AL drops are 
<100 nT. Because the AE increase of a typical substorm 
is >200 nT, whether a substorm can be triggered depends 
mainly on the conditions of the braking regions before fast 
flows. The observations of solar wind before the three fast 
flows suggest that it is difficult for the fast flows to trigger a 
substorm when the interplanetary magnetic field Bz of solar 
wind is weakly southward.

Ma et al.[7] study the occurrence rate, probability function 
of velocity and duration of earthward Bursty Bulk Flows 
(BBFs) in the Inner Plasma Sheet (IPS, β >0.5) using the 
data of Cluster in 2001 and 2002. The occurrence rate of 
earthward BBFs increases with distance from the Earth 
up to –19 Re, which is in agreement with the previous 
observations of radial evolution of BBFs. About 54% of 
earthward BBFs in expansion phase have a velocity larger 
than 600 km • s-1, whereas only 38% of earthward BBFs in 
growth and recovery phases have a velocity larger than 
600 km • s-1. The average velocity of earthward BBFs in 
expansion phase is 732 km/s, larger than those in growth 
phase (631 km/s) and recovery phase (617 km • s-1). The 
durations of earthward BBFs basically decrease with 
the decrease of downtail distance from Earth due to the 
braking of earthward BBFs. The duration of earthward 
BBFs in expansion phase is larger than those in growth 
and recovery phases. The average durations in growth, 
expansion and recovery phases are respectively 49.3, 71.5 
and 47.6 s. Therefore the ratios of transports of energy of 
earthward BBFs in growth, expansion and recovery phases 
can be estimated to be 0.51:1:0.47. Thus the earthward 
BBFs in the expansion phase have the largest capability 
of the transport of energy and can produce largest braking 
effects, such as inertial currents and auroral activities. 

Using the data of three Cluster satellites, Cao et al.[8] 

compare the observations of BBF by single satellite with 
those by multi satellites. The results indicate that there 
exists remarkable difference between observations of BBF 
by single satellite and multi satellites. The observations 
of BBF by a single satellite depend on its position relative 

to the flow channel. The difference is caused by the 
localization characteristics of fast flows in the plasma 
sheet, and can lead to diverging views about substorm and 
causal relations among substorm phenomena. 

A comprehensive examination of particle and wave data 
from multiple Thermal Emission Imaging System (THEMIS) 
satellites has been made of an electron injection structure 
in the magnetotail as it propagated earthward from −20 
Re to −11 Re on 27 February 2009 by Deng et al.[9] The 
electron injection, which was closely associated with a 
dipolarization front and bursty bulk flows, occurred within 
a thin plasma boundary layer and had both perpendicular 
and parallel energization, with very little energy dispersion. 
The thin plasma boundary layer had a thickness 
comparable to the ion inertial length and displayed different 
plasma characteristics at different locations. Strong 
electromagnetic waves between the lower hybrid frequency 
and the electron gyrofrequency, as well as electrostatic 
waves up to the electron plasma frequency, were observed 
within the thin plasma boundary layers. The two outermost 
spacecraft at X = −20.1 Re and X = −16.7 Re detected 
intense whistler waves, most likely driven by an observed 
electron temperature anisotropy with T⊥/T‖> 1. Closer to 
Earth at X = −11.1 Re, whistlers were not seen, consistent 
with the observed electron distribution having T⊥/T‖< 1. 
Near the electron injection region, nonlinear electrostatic 
structures such as electrostatic solitary waves and double 
layers were also observed. These nonlinear electrostatic 
structures can interact with the electron distribution and 
accelerate electrons; high energy distributions could be 
generated if the electrons encountered a large number of 
these structures. The observations show that non-ideal 
MHD, nonlinear and kinetic behavior is intrinsic to the 
electron injections with multi-scale coupling. 

Zhou et al.[10] study a substorm ion injection event by 
using Magnetohydrodynamic (MHD) and Large-scale 
Kinetic (LSK) simulations. On 23 March 2007 the Time 
History of Events and Macroscale Interactions during 
Substorms (THEMIS) satellite constellation provided us 
with a unique opportunity to study a substorm injection in 
the region beyond geosynchronous orbit. On this date all 
five THEMIS spacecraft observed a substorm injection 
in the near-Earth magnetotail (X≈−7 Re). They traced the 
trajectories of millions of protons coming from the solar 
wind in the time-dependent magnetic and electric fields 
obtained from a global MHD simulation of this substorm. 
The results reproduced the main features of the injection 
observed by THEMIS and Los Alamos National Laboratory 
(LANL) spacecraft, including the timing and dispersion 
properties of energetic flux increases. It was found that 
there were primarily two energization regions where 
particles gained energy during the substorm. One is 
around the near-Earth X line (X≈−20 Re), where particles 
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were mostly accelerated nonadiabatically by strong 
electric fields (both inductive and potential). The others 
were several stretched or localized regions between X = 
−7 Re and X = −18 Re, where particles were accelerated in 
nonadiabatic motion under the potential electric field.

Chu et al.[11] study two substorms at 04:05 UT and 04:55 
UT on February 26, 2008 with observations from THEMIS 
satellites and ground-based measurements of aurora and 
magnetic field. They show detailed features of the two 
substorms with extra attention to the first one, especially 
on the relationship between Magnetic Reconnection 
(MR) and substorm activities. In the earlier stage of each 
substorm, a first auroral intensification occurring 2–3 
min after mid-tail MR is signified as an initial onset. The 
auroral expansion was short-lived, slow and very limited, 
which is similar to the characteristic of a pseudo breakup. 
A second auroral intensification and poleward expansion, 
which indicate the substorm major onset, occurred almost 
simultaneously with earthward flow and dipolarization 
in the near earth tail and other phenomenon related to 
substorm expansion phase.  During the growth phase of 
two substorms, the polar cap open flux ψ kept increasing; 
while ψ reduced quickly during the substorm expansion 
and recovery phase. This variance of ψ indicates the 
evolution of two substorm expansion phases were related 
to the reconnections of tail lobe open field lines. Analysis 
of substorm activities revealed the two substorms were 
small ones; while MR rate indicated the MRs of the two 
substorms were weak.  The observations suggest mid-tail 
MR initiates the pseudo breakup; earthward flow transports 
magnetic flux and energy to near earth and braking of 
the flow finally causes the formation of Substorm Current 
Wedge (SCW) and Current Disruption (CD) to generate 
dipolarization and auroral expansion, which they signify 
as substorm expansion onset. The results are consistent 
with the Near Earth Neutral Line (NENL) and Synthesis 
scenario of MR and CD (RCS) model, and supportive 
evidence of two step initiation scenario of substorms. 

On 26 February 2008, the THEMIS satellites observed 
two substorms that occurred at about 04:05 UT and 
04:55 UT. Pu et al.[12] display detailed features of the two 
substorms with emphasis on the first. In both substorms, a 
distinct auroral intensification occurred during the earliest 
stage of onset, about 1 to 2 min after midtail reconnection 
began. This initial intensification was weak and localized 
and thus had the signatures of a pseudo breakup. In both 
substorms, a second, major intensification occurred next 
in the substorm onset sequence, followed by rapid and 
extensive poleward expansion. This second intensification 
had the features of the major expansion onset and was 
nearly coincident with observations of earthward flows and 
magnetic dipolarization in the near-Earth tail. During the 
growth phase of the two substorms, open magnetic flux 

accumulated in the polar cap; in the expansion/recovery 
phase the polar cap open flux was quickly reduced. These 
observations are in agreement with the assertion that tail 
reconnection initiates the initial pseudo breakup and the 
ensuing major expansion and releases and transports 
energy to eventually cause near-Earth dipolarization and 
the expansion phase onset of these two substorms.

Kan et al.[13] present a new M-I coupling model of 
substorm during southward IMF based on the THEMIS 
observations of two events on 1 March 2008. The first 
event (E-1) is classified as a pseudo-breakup: brightening 
of the onset arc preceded the first dipolarization onset by 
71±3 s, but the breakup arcs faded within ~5 min without 
substantial poleward expansion and the dipolarization 
stopped and reversed to thinning. The second event (E-2) 
is identified as a substorm: brightening of the second 
onset arc preceded the second dipolarization onset by 
80±3 s, leading to a full-scale expanding auroral bulge 
during the substorm expansion phase for ~20 min. The 
Alfvén travel time from the ionosphere to the dipolarization 
onset region is estimated at ~69.3 s in E-1; at ~80.3 s in 
E-2, which matched well with the observed time delay of 
the dipolarization onset after the brightening of the onset 
arc, respectively in E-1 and E-2. Brightening of the onset 
arc precedes the depolarization onset suggest that the 
onset arc brightening is caused by the intense upward 
field-aligned currents originating from the divergence of 
the Cowling electrojet in the ionosphere. The Cowling 
Electrojet Current Loop (CECL) is formed to close the 
field-aligned currents at all times. The closure current 
in the Alfvén wave front is anti-parallel to the cross-tail 
current. Dipolarization onset occurs when the Alfvén wave 
front incident on the near-Earth plasma sheet to disrupt the 
cross tail current in the dipolarization region. Slow MHD 
waves dominate the disruption of the cross-tail current in 
the depolarization region.

A research topic of great interest to the space physics 
community is the observation of plasmas flowing at 
hundreds of kilometers per second in the Earth’s plasma 
sheet. Although considerable effort has been made to 
understand the source of fast-flowing plasmas, many 
questions remain unanswered about the mechanisms that 
produce high-speed flows and the effects they have on 
magnetospheric disturbances, especially their contributions 
to magnetospheric convection and substorms. Fu et al.[14] 
discuss briefly the history of high-speed flows and review 
the proposed mechanisms, signatures of high-speed 
flows in auroras and their interaction with the background 
plasma. They then summarize the relationships between 
high-speed flows and magnetic structures, discuss 
questions associated with substorms, and finally pose 
several important scientific questions that need to be 
addressed.
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For the first time, a substorm event with double onsets 
is shown observationally by Liu et al.[15] under northward 
IMF condition in this study. Magnetic field data from 
ground stations and from geosynchronous satellite, and 
aurora data from IMAGE satellite are examined to study 
the substorm activity. The results show that the intensity 
and the spatial extent of the event are as large as those 
of typical substorms. Another interesting finding is that 
two expansion onsets seem to occur during the event. A 
possible mechanism for the two onsets was proposed. The 
energy source for the event was also discussed.

Liu et al.[16] study the difference, if any, between 
the response of the polar ionosphere to spontaneous 
substorms and that to trigger-associated substorms in 
terms of electrodynamic parameters including ionospheric 
current vectors, the electric potential, and the current 
function[17]. The results show that, in the first approximation, 
the ionospheric parameters for the two types of substorms 
are quite similar. It is therefore conceived that spontaneous 
substorms are not very different from trigger-associated 
substorms in the development of substorm processes in 
the magnetosphere-ionosphere system. They demonstrate, 
however, that spontaneous substorms seem to have a 
more clearly identifiable growth phase, whereas trigger-
associated substorms have a more powerful unloading 
process. Changes in the current intensity and the electric 
potential drop across the polar cap at the recovery phase 
are also quite different from each other. Both the current 
intensity and the cross polar cap potential drop show a 
larger decrease at the recovery phase of trigger-associated 
substorms, but the potential drop decreases only slightly 
and the currents in the late morning sector are still strong 
for spontaneous substorms. They interpret these findings 
as an indication of the relative importance of the unloading 
process and the directly driven process in conjunction 
with the north-south polarity of the interplanetary magnetic 
field. There still exists a strong directly driven process at 
the recovery phase of spontaneous substorms. For trigger-
associated substorms, however, both the directly driven 
process and the unloading process become weak after the 
peak time.

The magnetic field dipolarization in the vicinity of 
substorm onset and during substorm expansion phase 
in the period of 06:00–06:40 UT on 15 February 2008 
is investigated by Duan et al.[17]with observations from 
multiple probes of THEMIS. It is found that the magnetic 
dipolarization at substorm onset (the onset time was about 
06:14 UT.) was not accompanied by obvious magnetic 
disturbance and ion bulk speed variation. The magnetic 
dipolarizations taking place during the substorm expansion 
phase observed by P4 (–10.97, 2.04, –3.03) Re and P3 
(–11.32, 1.15, –3.10) Re were mostly accompanied by 
high speed earthward ion bulk flow, but the magnetic 

dipolarizations occurring during the substorm expansion 
phase observed by P5 (–9.45, 1.07, –2.85) Re were not 
accompanied by high speed earthward ion bulk flow. 
Before substorm onset THEMIS P3, P4, P5 all observed 
the Bx component fluctuation with a period of about 300 
s. After substorm onset earthward high speed ion bulk 
flow and significant magnetic disturbances both occurred 
at P3 and P4 locations. These results indicate that there 
is no one-to-one relationship between the near-Earth 
magnetic dipolarization and the earthward ion bulk flow. 
In particular, the magnetic dipolarization occurring on the 
earthward side of the inner near-Earth plasma sheet is not 
accompanied by high speed earthward ion bulk flow. The 
dipolarization at substorm onset is a local and small scale 
phenomenon. There are multiple magnetic dipolarizations 
occurring during the substorm expansion phase. The 
dipolarization process is very complex and is not simply an 
MHD process. It is accompanied by some kinds of plasma 
instabilities, the plasma sheet azimuthal expansion not 
only by earthward ion bulk flow during substorm. A sharp 
increase of the AE index does not always give an accurate 
substorm onset time for substorm analysis.

On the basis of joint observations of TC-1 at about 
–12.5 Re and Geotail at about –8 to –9 Re in the near-
Earth plasma sheet in the magnetotail, Duan et al. [18] 

study the plasma instabilities in the vicinity of substorm 
onset occurred at about 02:53:20 UT on September 28 
2004 were investigated. The observation results indicate 
that (1) the location of substorm onset triggering region 
is small within the inner plasma sheet in the near-Earth 
magnetotail, (2) the lower-hybrid instability is incited in the 
substorm triggering region and the lower-hybrid waves 
with the quasi-perpendicular propagation occur during 
substorm onset, (3) the magnetic dipolarization and the 
magnetic disturbance in the outside of near-Earth plasma 
sheet are very weak during substorm onset. The multiple 
magnetic dipolarization with different feature took place 
during substorm onset and substorm expansion phase.

3  Magnetic Reconnection

With TC-1, Cluster, and Geotail observations, Zhang et 
al. statistically analyze earthward and tailward Convective 
Bursty Flows (CBFs) from 7 to 31 Re to understand the 
distribution of X lines in the magnetotail[19]. They also 
analyze the effect of the solar wind condition on the X 
lines with ACE satellite observations. The statistical results 
show that the earthward CBFs can be distributed widely, 
from 7 to 31 Re. TC-1 exploration shows that tailward CBFs 
with negative Bz in the central plasma sheet can seldom 
be observed inside 13 Re. Tailward CBFs with negative 
Bz are mainly distributed outside 17 Re, thus indicating 
that near-Earth X lines are most likely to occur outside 17 
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Re. According to Cluster observations, the occurrence of 
tailward CBFs has a sudden increase from 17 to 19 Re. 
Geotail observations show a slow increase of tailward 
CBFs outside 20 Re. Both Cluster and Geotail observations 
indicate that the near-Earth X lines could occur inside 
20 Re. The solar wind condition has a significant effect 
on the occurrence of the X line in the magnetotail. The 
occurrence of the X line can increase under strong solar 
wind and decrease under weak solar wind.

Lu et al.[20] study the development of the structure 
of symmetric reconnection layer in the presence of a 
shear flow parallel to the anti-parallel magnetic field 
component by using a set of one-dimensional (1-D) 
Magnetohydrodynamic (MHD) equations. The Riemann 
problem is simulated through a second-order conservative 
TVD scheme, in conjunction with Roe’s averages for the 
Riemann problem. The simulation results indicate that 
besides the MHD shocks and expansion waves, there 
exist some new small-scale structures in the reconnection 
layer. For the case of zero initial guide magnetic field (i.e., 
By0=0), a pair of Intermediate Shock (IS) and Slow Shock 
(SS) is formed in the presence of the parallel shear flow. 
The critical velocity of initial shear flow Vzc is just the Alfven 
velocity in the inflow region. As Vz∞ increases to the value 
larger than Vzc, a new Slow Expansion wave (SE) appears 
in the position of SS in the case Vz∞< Vzc, and the one of 
the current density drops to zero. As plasma β increases, 
the out-flow region is widened. For By0≠0, a pair of SSs 
and an additional pair of Time-Dependent Intermediate 
Shocks (TDISs) are found to be present. Similar to the 
case of By0=0, there exists a critical velocity of initial shear 
flow Vzc. The value of Vzc is, however, smaller than the 
Alfven velocity of the inflow region. As plasma β increases, 
the velocities of SS and TDIS increase, and the out-flow 
region is widened. However, the velocity of downstream 
SS increases even faster, making the distance between SS 
and TDIS smaller. Consequently, the interaction between 
SS and TDIS in the case of high plasma β influences the 
property of direction rotation of magnetic field across TDIS. 
Thereby, a wedge in the hodogram of tangential magnetic 
field comes into being. When β→∞, TDISs disappear and 
the guide magnetic field becomes constant.

The tearing mode instability plays a key role in the 
triggering process of reconnection. The triggering 
collisionless tearing mode instability has been theoretically 
and numerically analyzed by many papers. However due 
to the difficulty to get observationally the wave number, 
it is still unknown if the tearing mode instability can be 
excited in an actual plasma sheet prior to reconnection 
onset. Using the data from four Cluster satellites prior to 
a magnetospheric reconnection event on 13 September 
2002, Wei et al.[21] utilize the wave telescope technique 
to obtain the wave number which corresponding to peak 

of power spectral density. The wave length is about 18 
Re and consistent with previous theoretic and numerical 
results. After substituting the wave vector and other 
necessary parameters of observed current sheet into the 
triggering condition of tearing mode instability, they found 
that the near-Earth current sheet prior to reconnection is 
unstable to tearing mode.

A three-dimensional (3-D) global hybrid simulation 
is carried out by Pang et al.[22] for the generation and 
structure of magnetic reconnection in the magnetosheath 
because of  the in teract ion of  an in terp lanetary 
Tangential Discontinuity (TD) with the bow shock and 
magnetosphere. Runs are performed for solar wind TDs 
possessing different polarization senses of magnetic 
field (north-to-south or south-to-north from the leading 
to trailing side of the incident TD) and initial half-widths. 
Two-step compression processes are shown in the 
transmitted TD, including a “shock compression,” as the 
TD passes through the shock followed by a subsequent 
“convective compression” while the TD is moving in the 
magnetosheath toward the magnetopause. In cases with 
a relatively thin solar wind TD, 3-D patchy reconnection 
is initiated in the transmitted TD, forming magnetosheath 
flux ropes. Differences between these flux ropes and 
those due to magnetopause reconnection are discussed. 
Multiple components of ion particles are present in the 
velocity distribution in the magnetosheath merging, 
accompanied by ion heating. For cases with a relatively 
wide initial TD, a dominant single X line appears in the 
subsolar magnetosheath after the transmitted TD is 
narrowed through the two-step compression process. 
Specifically, in the cases with a south-to-north field rotation 
across an incident thin TD, the magnetosheath flux ropes 
could re-reconnect with the closed geomagnetic field 
lines to generate a closed field line region with mixed 
magnetosheath and magnetospheric plasmas, which may 
contribute to the transport of solar wind plasma into the 
magnetospheric boundary layer. 

Electrostatic Solitary Waves (ESWs) are observed 
in the vicinity of the magnetic null of the widely studied 
magnetic reconnection taking place at the near-Earth tail 
when current sheet becomes dramatic thinning during 
substorm time on 1 October 2001. Li et al.[23] use the 
Imada method for the 2-D reconnection model and study 
the characteristics of ESWs near the X-line region and the 
magnetic null points. The result shows that the amplitude 
of the observed ESWs in the vicinity of X-line region 
ranges from 0.1 mV • m-1 to 5 mV • m-1, and the amplitude 
is larger near the magnetic null points. The generation 
mechanism and the role of ESWs associated with 
magnetic reconnection are also discussed.

Magnetic reconnection is a crucial physical process in 
laboratory and astrophysical plasmas. Plasma waves are 
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believed to provide the dissipation mechanism in magnetic 
reconnection. Huang et al.[24] analyze the properties of low-
frequency waves in a magnetotail reconnection diffusion 
region with a small guide field and high β. Using the 
k-filtering method on the magnetic field data measured by 
Cluster spacecraft, they found that low-frequency waves in 
the diffusion region were highly oblique propagating mode. 
They compared the measured dispersion relation with 
theoretical ones calculated using the linear (hot) two-fluid 
and Vlasov-Maxwell theory. It is found that the observed 
waves in the diffusion region (with high plasma β) follow 
the dispersion relation of the Alfvén-Whistler wave mode. 
Comparisons with previous simulations and observational 
results are also discussed. 

Previous theoretical and simulation studies have sugges-
ted that the anti-parallel and component re-connection can 
occur simultaneously on the dayside magnetopause. Certain 
observations have also been reported to support global 
conjunct pattern of magnetic reconnection. Wang et al. [25] 
show direct evidence for the conjunction of anti-parallel and 
component MR using coordinated observations of Double 
Star TC-1 and Cluster under the same IMF condition on 6 
April, 2004. The global MR X-line configuration constructed 
is in good agreement with the “S-shape” model

Understanding the structure of the diffusion region of 
magnetic reconnection is crucial to pinpoint the mechan-
ism of energy conversion from magnetic field to plasma. 
Characteristics of a diffusion region with guide field (i.e., 
component reconnection) may be significantly different 
from those of a diffusion region without guide field (i.e., 
antiparallel reconnection). Zhou et al.[26] attempt to 
understand the structure of a diffusion region with guide 
field by studying the density cavity along separatrix. They 
present an event in which a density cavity was detected by 
the Cluster spacecraft in a diffusion region in the presence 
of guide field. The cavity was located around the separatrix 
region on the southern hemisphere of the neutral sheet 
and earthward of the X-line and was coincident with strong 
magnetic field compression. The width of the cavity was 
on the ion inertial scale. This cavity contained a relatively 
strong antiparallel current, which was mainly contributed 
by parallel streaming electrons with energy of 1–10 keV. 
Enhancements of lower hybrid wave and electromagnetic 
whistler wave were observed inside the cavity. These 
waves are probably excited by parallel streaming electrons 
along separatrix via electron beam instability. Two-
dimensional electromagnetic particle-in-cell simulation 
was employed to study the structure of the density cavity. 
The location and scale of the cavity and the signature of 
electric current and electron velocity are consistent with 
our observations. It is found that there was displacement 
between the position of electron density minimum and 
out-of-plane magnetic field maximum in reconnection with 

guide field. However, this displacement is much less than 
that in reconnection without guide field. There was no 
significant acceleration for electrons to reach energy larger 
than 30 keV at the cavity. 

A sharp Dipolarization Front (DF) has recently been 
detected in the Earth’s magnetotail and is associated 
with complex kinetic effects. Zhou et al. [27] present one 
event where a tailward propagating negative DF (with 
Bz decreasing sharply to negative value) was observed 
near a reconnection region. The thickness of the negative 
DF is comparable with the local ion gyro-radius/inertial 
length. There is a strong field-aligned current at the 
front. Electromagnetic whistler wave enhancements 
are observed around the front, associated with counter-
streaming electron beams. They further compare the 
features of the observed negative DF with the recent 
kinetic simulation results, as well as the Earthward 
propagating DFs observed by the THEMIS spacecraft.

On 21 Feb. 2009, THEMIS-C satellite observed the 
classical signal of magnetic flux rope at magnetotail of 
X=-15.7Re. Zhang et al.[28] take the method of Grad-
Shafranov reconstruction to investigate the characteristics 
and structure of magnetotail flux rope. The results give the 
characteristic physics parameters such as the invariant 
axis direction, the cross scale length, the magnetic flux in 
flux rope, etc. With no constraint from model on shape of 
the flux rope, they reconstruct the distribution of magnetic 
field and electric current density on the cross section 
of magnetic flux rope at magnetotail. Our results show 
that the magnetic field at the central region of magnetic 
flux rope can be described by force-free, while with the 
increase of radial distance, the fields display no force-free 
at the region where the magnetic fields deviate from the 
axial symmetric distribution.

The magnetic field in many regions of magnetosphere 
has a complex topological structure. As a parameter 
to measure the topological complexity, the concept of 
magnetic helicity is a useful tool in magnetospheric physics. 
Zhang et al.[29] present a case study of magnetic helicity in 
the Flux Rope (FR) in the near-Earth Plasma Sheet (PS) 
based on the in-situ observation from THEMIS for the first 
time. With the help of the Grad-Shafranov reconstruction 
technique, they determine the spatial distribution of 
magnetic field and evaluate the magnetic helicity in the 
flux rope. The conservation of magnetic helicity during 
multiple X-line reconnections and the transport of magnetic 
helicity between different magnetic field configurations 
are also discussed. The further application of helicity in 
magnetosphere would provide us more knowledge about 
the topologic property of the magnetic fields there and 
more attention should be paid to that.

While the Cluster spacecraft were located near the 
high-latitude magnetopause, between 10:10 and 10:40 
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UT on 16 January 2004, three typical Flux Transfer 
Event (FTE) signatures were observed [30]. During this 
interval, simultaneous and conjugated all-sky camera 
measurements, recorded at Yellow River Station, 
Svalbard, are available at 630.0 and 557.7 nm that show 
Poleward-Moving Auroral Forms (PMAFs), consistent with 
magnetic reconnection at the dayside magnetopause. 
Simultaneous FTEs seen at the magnetopause mainly 
move northward, but having duskward (eastward) and 
tailward velocity components, roughly consistent with 
the observed direction of motion of the PMAFs in all-
sky images. Between the PMAFs, meridional keograms 
extracted from the all-sky images, show intervals of 
lower intensity aurora which migrate equatorward just 
before the PMAFs intensify. This is strong evidence for an 
equatorward eroding and poleward moving Open-Closed 
Boundary (OCB) associated with a variable magnetopause 
reconnection rate under variable IMF conditions. From the 
durations of the PMAFs they infer that the evolution time of 
FTEs is 5–11 minutes from its origin on the magnetopause 
to its addition to the polar cap.

A number of Flux Transfer Events (FTEs) were observed 
between 09:00 and 12:00 UT on 11 February 2004, during 
southward and dawnward IMF, while the Cluster spacecraft 
array moved outbound through the northern, high-altitude 
cusp and dayside high-latitude boundary layer, and the 
Double Star TC-1 spacecraft was crossing the dayside low-
latitude magnetopause into the magnetosheath south of 
the ecliptic plane[31]. The Cluster array grazed the equatorial 
cusp boundary, observing reconnection-like mixing of 
magnetosheath and magnetospheric plasma populations. In 
an adjacent interval, TC-1 sampled a series of sometimes 
none standard FTEs, but also with mixed magnetosheath 
and magnetospheric plasma populations, near the 
magnetopause crossing and later showed additional 
(possibly turbulent) activity not characteristic of FTEs when 
it was situated deeper in the magnetosheath. The motion 
of these FTEs are analyzed in some detail to compare 
to simultaneous, poleward-moving plasma concentration 
enhancements recorded by EISCAT Svalbard Radar (ESR) 
and “Poleward-Moving Radar Auroral Forms” (PMRAFs) on 
the CUTLASS Finland and Kerguelen Super Dual Auroral 
Radar Network (SuperDARN) radar measurements. 
Conjugate SuperDARN observations show a predominantly 
two-cell convection pattern in the Northern and Southern 
Hemispheres. The results are consistent with the expected 
motion of reconnected magnetic flux tubes, arising from a 
predominantly sub-solar reconnection site. They are able to 
track north and south in closely adjacent intervals as well 
as to map to the corresponding ionospheric footprints of the 
implied flux tubes and demonstrate these are temporally 
correlated with clear ionospheric velocity enhancements, 
having northward (southward) and eastward (westward) 

convecting flow components in the Northern (Southern) 
Hemisphere. The durations of these enhancements 
might imply that the evolution time of the FTEs is about 
18–22 minutes from their origin on magnetopause (at 
reconnection site) to their addition to the magnetotail lobe. 
However, the ionospheric response time in the Northern 
Hemisphere is about 2-4 minutes longer than the response 
time in the Southern Hemisphere.

4  Solar Wind-Magnetosphere-
    Ionosphere Couping

On 3 September 2009, the Time History of Events and 
Macroscale Interactions during substorms (THEMIs) 
satellites observed a significant intensification of chorus in 
response to the interplanetary shock in the Earth’s dayside 
plasma trough. Fu et al. [32] analyze the wave-particle 
interaction and reveal that the chorus intensification can 
be caused by the gyroresonance between the chorus and 
the energetic electrons. When the electrons are scattered 
from resonance points to low-density region along the 
diffusion curves, a part of their energy can be lost and then 
transferred to amplify the chorus. During the compression 
of magnetosphere, the temperature anisotropy of electrons 
is enhanced. This makes the electron diffusion and chorus 
intensification very effective. The maximum growth rate 
after the shock is about 50% greater than that before 
the shock. The lower energy (15–25 keV) electrons 
contribute more to the growth of chorus due to the larger 
density gradient along the diffusion curve. The < 10 keV 
electrons are almost isotropic so they contribute little to the 
amplification of chorus. They investigate the free energy for 
the chorus intensification and find that it can be generated 
through the local betatron acceleration and radial diffusion 
processes. The local betatron acceleration results from the 
shock-induced compression of magnetosphere. The linear 
and nonlinear growth rates are also compared. They find 
the linear diffusion process works well for the present case.

During the interval from 06:15 to 07:30 UT on 24 
August 2005, the Chinese TC-1 satellite observed the 
multiple responses of the near-Earth magnetotail to the 
combined changes in solar wind dynamic pressure and 
Interplanetary Magnetic Field (IMF)[33]. The magnetotail 
was highly compressed by a strong interplanetary shock 
because of the dynamic pressure enhancement (15 nPa), 
and the large shrinkage of magnetotail made a northern 
lobe and plasma mantle move inward to the position of 
the inbound TC-1 that was initially in the plasma sheet. 
Meanwhile, the dynamic pressure fluctuations (0.5–3 nPa) 
behind the shock drove the quasiperiodic oscillations of the 
magnetopause, lobe-mantle boundary, and geomagnetic 
field at the same frequencies: one dominant frequency 
was around 3 mHz and the other was around 5 mHz. The 
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quasi-periodic oscillations of the lobe-mantle boundary 
caused the alternate entries of TC-1 into the northern lobe 
and the plasma mantle. In contrast to a single squeezed or 
deformed magnetotail by a solar wind discontinuity moving 
tailward, the compressed and oscillating magnetotail 
can better indicate the dynamic evolution of magnetotail 
when solar wind dynamic pressure increases and 
fluctuates remarkably, and the near-Earth magnetotail is 
quite sensitive even to some small changes in the solar 
wind dynamic pressure when it is highly compressed. 
Furthermore, it is found that a considerable amount of 
oxygen ions (O+) appeared in the lobe after the southward 
turning of IMF.

How the solar wind affects the location of the 
magnetopause has been widely studied and excellent 
models of the magnetopause based on in situ observations 
in the solar wind and at the magnetopause have been 
established, while the careful insight into the responses 
of the magnetopause to the variations in the solar wind 
can still provide us some new information about the 
processes in space plasmas. The short distance from 
Cluster to TC-1 on 9 March 2004, between 06:10 and 
08:10 UT, gives us a good opportunity to precisely monitor 
the responses of the magnetopause to the variations in 
the solar wind. On the basis of the combined observations 
between Cluster, TC-1, and Super DARN, Zhang et al.[34] 

analyze the magnetopause crossings associated with 
magnetopause motion or magnetic reconnection when 
the solar wind conditions have a series of variations. 
New results about the time delays for the propagation 
from the solar wind monitor to the magnetopause of the 
Interplanetary Magnetic Fields (IMF) and of the solar wind 
dynamic pressure, respectively, and the intrinsic time for 
reconnection onset at the magnetopause are obtained. 
The most important feature of the event is that the dynamic 
pressure and the IMF in the solar wind do not arrive at the 
magnetopause at the same time, which will direct us to find 
out how the variation in the solar wind dynamic pressure 
is transported from the bow shock to the magnetopause. 
Another significant feature is that this event presents a 
shorter intrinsic time, 2 min, for reconnection onset at the 
dayside magnetopause than that given by the previous 
work of Le et al. (1993) and Russell et al. (1997).

Geomagnetic perturbation is an important aspect to 
determine the capability of a 3-D MHD model in predicting 
space weather. Taking the substorm event of 8 March 2008 
as an example, Wang et al.[35] compare the Equivalent 
Current Systems (ECS) in the ionosphere derived from 
the global PPMLR-MHD simulation model and the 
ground-based magnetic field observations using the KRM 
inversion algorithm. The evolution of ECS is utilized to 
give a global view of the temporal and spatial development 
of the magnetic fields on the ground. The PPMLR-MHD 

model has generally reproduced the main characters of 
the large-scale magnetic field variation on the ground. The 
magnetic latitude and local time distribution of the ECS is 
in reasonably agreement with the inversion results during 
the disturbed period. They hopefully consider the ECS to 
be a promising numerical forecast product of the global 
geomagnetic variation from a global 3-D MHD model in the 
future.

The magnetosphere is outermost layer of the geospace. 
Interaction of the solar wind with the magnetosphere 
is one of the key links among the space weather chain 
process from the Sun to Earth, thus becomes one of the 
key issues in space weather study. The characteristics 
of the geospace, including time-dependent, multiple 
components, and non-linearity, make the traditional 
analytic study very difficult. Numerical simulations, as new 
means to investigate the coupling system, have played 
an important role in recent decades. The global MHD 
simulation about the magnetosphere started in 1970s, and 
limited to 2-D initially. Since the intrinsic 3-D characters 
of the magnetosphere, 3-D MHD simulations thrived in 
1980s. Wang et al.[36] briefly illustrates the characteristics 
of the 3-D global magnetosphere MHD simulations, and 
their current status. The framework of the 3-D global 
MHD magnetosphere simulation and its application 
to the interaction of interplanetary shocks with the 
magnetosphere, large-scale current systems, reconnection 
voltage and cross polar potential drop, K-H instability in 
the magnetopause etc. are presented.

Tang et al.[37] examine the effects of the ionospheric 
conductance on the intensification of the westward 
electrojet current in the ionosphere based on the Piecewise 
Parabolic Method with a Lagrangian Remap (PPMLR) 
global MHD simulation model. The ionospheric conduc-
tance is empirically linked to the plasma pressure in the 
plasma sheet. The simulation results are consistent with 
observations: When the Pedersen and Hall conductances 
are small, the ionospheric current shows a two-cell pattern; 
when the conductances increase and the ratio SH/SP≥2, 
an intense westward electrojet appears in the midnight 
sector. This intense westward electrojet is the Cowling 
current driven by the induced southward electric field due 
to the blockage of the northward Hall current from closure 
in the equatorial plasma sheet. The simulation shows the 
development of the Cowling electrojet is essential to the 
intensification of the westward electrojet in the ionosphere.

Inspired by the fact that spacecraft at geosynchronous 
orbit may observe an increase or decrease in the magnetic 
field in the midnight sector caused by interplanetary Fast 
Forward Shocks (FFS), Sun et al.[38] perform global MHD 
simulations of the nightside magnetospheric magnetic 
field response to Interplanetary (IP) shocks. The model 
reveals that when a FFS sweeps over the magnetosphere, 
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there exist mainly two regions: a positive response region 
caused by the compressive effect of the shock and a 
negative response region which is probably associated 
with the temporary enhancement of earthward convection 
in the nightside magnetosphere. IP shocks with larger 
upstream dynamic pressures have a higher probability of 
producing a decrease in Bz that can be observed in the 
midnight sector at geosynchronous orbit, and other solar 
wind parameters such as the Interplanetary Magnetic Field 
(IMF) Bz and IP shock speed do not seem to increase this 
probability. Nevertheless, the southward IMF Bz leads to 
a stronger and larger negative response region, and a 
higher IP shock speed results in stronger negative and 
positive response regions. Finally, a statistical survey 
of nightside geosynchronous Bz response to IP shocks 
between 1998 and 2005 is conducted to examine these 
model predictions.

Solar wind dynamic pressure (Pdyn) enhancements have 
been observed to cause large-scale auroral brightening. 
The mechanism for this kind of auroral brightening is 
still a topic of current space research. Using the global 
Piecewise Parabolic Method Lagrangian Remap (PPMLR)-
MHD simulation model, Peng et al.[39] investigate three 
auroral brightening events caused by dynamic pressure 
enhancement under different Interplanetary Magnetic 
Field (IMF) conditions: (1) Bz < 0 and By > 0 on 11 August 
2000, (2) Bz < 0 and By < 0 on 8 May 2001, and (3) Bz ≥ 0 
on 21 January 2005. They show that the auroral location 
depends on the IMF conditions. Under southward IMF 
conditions, when By is negative, the duskside aurora 
is located more equatorward at around 70° Magnetic 
Latitude (MLAT) for all magnetic local times; when By is 
positive, the duskside aurora can even reach beyond 80° 
MLAT. A smaller and more localized response is seen 
when the IMF Bz is nearly zero or northward, as shown 
in previous studies. Our simulation results are consistent 
with these observations, indicating that the observed 
aurora activities could be caused by solar wind dynamic 
pressure enhancements. The simulation results suggest 
that the enhancement of Pdyn can increase the ionospheric 
transpolar potential and the corresponding field-aligned 
currents, leading to the observed auroral brightening.

Standing Shock Waves (SSWs) are reported by Guo et 
al. to exist in the middle- and high-latitude magnetosheath 
through the global magnetohydrodynamic simulations[40]. 
There are two or one SSWs for constant northward (or 
southward) Interplanetary Magnetic Field (IMF); they 
extend into the magnetosheath region and further interact 
with the bow shock. Because of the extension of SSWs 
into the interplanetary space, especially when IMF turns 
southward, an indented bow shock emerges in front of the 
magnetosphere. The SSWs are excited by the indentations 
of the magnetopause in the super magnetosonic solar 

wind flows in the magnetosheath; for northward IMF, one 
of the indentations is located in the cusp region and the 
other corresponds to the neutral point in the tailward of the 
cusp; for southward IMF, the indentation simply locates 
in the cusp region. They examine the Rankine-Hugoniot 
relations across the shock fronts and find the numerical 
model results are consistent with theoretical predictions.

Observations show that the geosynchronous magnetic 
field in midnight sector sometimes decreases when an 
Interplanetary (IP) Fast Forward Shock (FFS) passes 
Earth, even though the magnetosphere is always compress-
ed. Wang et al.[41] perform case studies of the response 
observed by the GOES spacecraft at geosynchronous 
orbit near midnight to two IP shocks passing Earth. One 
shock produces a decrease in Bz (a negative response) 
and the other an increase in Bz (a positive response). A 
global 3-D MHD code is run to reproduce the responses at 
geosynchronous orbit, and to further provide information 
on the initiation and development of Bz variations in the 
entire magnetosphere. The model reveals that when a 
FFS sweeps over the magnetosphere, there exist mainly 
two regions, a positive response region caused by the 
compressive effect of the shock and a negative response 
region which is probably associated with the temporary 
enhancement of earthward convection in the nightside 
magnetosphere. The spacecraft may observe an increase 
or decrease of the magnetic field depending on which 
region it is in. The numerical results reproduce the main 
characters of the geosynchronous magnetic field response 
to IP shocks for these two typical cases.

Interplanetary (IP) shocks disturb the magnetosphere-
ionosphere system resulting in geosynchronous magnetic 
field changes and sudden impulses observed by ground-
based magnetometers. Wang et al . [42] extend the 
implications of a previous statistical study and show that 
Sudden Impulses (SIs) can be used to estimate some 
parameters at the L1 point and geosynchronous orbit, 
including the change of the square root of solar wind 
dynamic pressure across the shock and the associated 
geosynchronous magnetic field changes near the subsolar 
region. It should be pointed out that the relationship 
between magnetospheric field change and SIs amplitude 
and the solar wind dynamic pressure is not a single valued 
one, but a statistical relationship is useful in cases when 
interplanetary data are not available. Empirical formulae 
deduced from observations can be used to estimate certain 
IP shock characteristics and geosynchronous magnetic 
field changes from sudden impulse data observed on the 
ground, with the prediction efficiency as high as 90% and 
86%, respectively. These estimates are useful for studying 
historic, pre-space era data or if the L1 and geosynchronous 
data are not available at some future time.

Liu et al.[43] present A quantitative model about the 
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location and Shape of Magnetopause (MP) in the noon-
midnight meridian plane is given by analyzing the 
computing date from three-dimensional global MHD 
simulation of the magnetosphere. Data processing results 
show the function which was presented by Ref.[3] based 
on the satellite observational data can also be used to 
describe MP in noon-midnight meridian plane. The location 
and shape of the MP in the noon-midnight meridian plane 
are more complicated than those in the equatorial plane. 
Although the MP in cusp region is ignored, the location 
and shape of MP need still be fitted by two different 
curves. The dynamic pressure of the solar wind (DP) and 
the north-south component of the interplanetary magnetic 
field (IMF Bz) are two main factors determining the size 
and shape of MP. While for northward IMF Bz, r0 increases 
with increasing northward Bz; for southward IMF Bz, the 
standoff distance r0 decreases with increasing southward 
IMF Bz. On the whole, r0 is mainly affected by the dynamic 
pressure DP, r0 decreases with DP increasing. The other 
variable α, the level of tail flaring, increases with southward 
IMF increasing, which means the magnetopause flares 
more strongly and more magnetic flux transfers from the 
dayside to the nightside. The value of arises slightly with 
DP increasing, which implies that DP also helps to some 
extent flux transfer from the dayside to the nightside.

As far as the role of the Interplanetary Magnetic Field 
(IMF) in the Solar wind-Magnetosphere-Ionosphere (SMI) 
coupling is concerned, the role of the IMF Bx has more 
or less been ignored. Recent studies have shown that 
the IMF Bx plays an important role in the geometry of 
the bow shock under low Alfvén Mach numbers. Using 
global MHD simulations, Peng et al.[44] presents a further 
examination of the effects of the IMF Bx on the geometry 
of the magnetopause, the ionospheric transpolar potential, 
and the magnetopause reconnection rate, which quantify 
the SMI coupling process, under low Alfvén Mach 
numbers. The role of the IMF Bx manifests itself in three 
aspects: (1) the magnetopause shifts toward either north 
or south, depending on whether the Bx • Bz is negative or 
positive, whereas the bow shock expands in the opposite 
direction; (2) during southward IMF, the magnetic merging 
line shifts northward (southward) on the day side and 
southward (northward) on the night side for Bx > 0 (Bx < 
0); (3) both the ionospheric transpolar potential and the 
magnetopause reconnection rate decrease with increasing 
Bx, and the relative reduction may reach as high as 20% 
under extreme cases. The physical mechanism for this 
reduction is attributed to the change in the width of the 
magnetosheath, which is sensitive to the variation of Bx 

under low Alfvén Mach numbers.
Kan et al.[45] propose a quasi-steady nonlinear circuit 

model for the Solar Wind-Magnetosphere-Ionosphere 
(SW-M-I) coupling to study the observed saturation of 

polar cap potential. The oval conductance is shown to be a 
nonlinear circuit element since it increases with increasing 
dayside reconnection E field driving the proposed circuit. 
Oval conductance is produced by precipitating particles 
energized by enhanced sunward convection in the plasma 
sheet driven by reconnection at the dayside magnetopause 
and in the plasma sheet. The asymptotic saturation 
potential is shown to increase with (1) decreasing internal 
resistance of the dynamo region, (2) increasing length of 
dayside reconnection line, (3) increasing ratio of nightside 
to dayside reconnection potentials, and (4) increasing ratio 
of nightside to dayside internal resistances.

A constant dawn-dusk By component is set as an 
Interplanetary Magnetic Field (IMF) condition in our 
global MHD simulations to investigate the effects of IMF 
By on the closure of the Field-Aligned Current (FAC) in 
the magnetosphere. On the basis of the steady state 
magnetosphere results, Guo et al. [46] trace streamlines of 
FAC from the ionosphere to draw the global geometry of 
current streamlines in the magnetosphere. Unlike those 
cases in which the IMF is purely northward or southward, 
the introduction of the dominant IMF By significantly 
changes the topologies of the current streamlines. Cusp 
and mantle currents arise, and the symmetry of the FAC 
across the noon-night meridional plane breaks in the 
ionosphere. In addition to the self-closed currents in the 
Northern or Southern hemispheres, three more types 
of current streamlines connecting the two ionospheres 
are shown from the simulation results. The first current, 
including the cusp current, originates from the southern 
ionosphere and flows into the northern ionosphere. The 
second current, mainly the mantle current, and the tail 
current are connected to form a single current system, 
threading most of the magnetosphere along a spiral-
like path and closing through the two lobes in the far 
magnetotail. The third current flowing out of the southern 
and into the northern ionosphere connects the two 
ionospheres by finally closing through the bow shock 
instead of the magnetopause. Quantitative results are 
presented and discussed for the four types of current 
streamlines and indicate that for the dominant IMF By 

conditions the bow shock current should be included 
among the magnetosphere-ionosphere current system.

The Kelvin-Helmholtz (K-H) instability is found to 
occur at the low-latitude magnetopause through global 
magnetohydrodynamic simulations during a period of 
northward interplanetary magnetic field[47]. The simulation 
results present the global picture of the nonlinear 
evolution of the K-H instability at the magnetopause. 
At the low-latitude boundary layer (within the latitude of 
about 30°), vortices are generated by the K-H instability 
at the dayside magnetopause and transported to the 
far distant magnetotail region along the flank of the 
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magnetosphere; two modes of surface waves propagate 
along the inner and outer edge of the magnetopause 
boundary layer, respectively, from the initial point to the 
tail region; the wavelengths of the inner and outer modes 
are estimated to vary from 1 to 8 Re as the longitude 
increases. The vortices are initiated at a longitude of about 
28o relative to the Sun-Earth line in the equatorial plane, 
and their evolution along the magnetopause boundary 
is studied in detail. They present the characteristics 
of the inner and outer mode surface waves near the 
magnetopause boundary layer and find different behaviors 
of the fast-mode surface waves on the two sides of the 
magnetopause boundary: the variations of the density and 
the magnetic field strength of the quasi-fast mode waves 
are in phase on the magnetosphere side (inner mode), 
while they are out of phase on the magnetosheath-side 
(outer mode). The obtained period of the surface waves 
coincides with the generation period of the vortex at the 
dayside magnetopause, which is considered to be the 
intrinsic period of the magnetopause for the corresponding 
interplanetary condition.

Hu et al.[48] presents a brief summary of our recent 
work based on global MHD simulations of the Solar wind-
Magnetosphere-Ionosphere (SMI) system with emphasis 
on the electrodynamic coupling in the system. The main 
conclusions obtained are summarized as follows. (1) 
As a main dynamo of the SMI system, the bow shock 
contributes to both region 1 Field-Aligned Current (FAC) 
and cross-tail current. Under strong interplanetary driving 
conditions and moderate Alfvén Mach numbers, the bow 
shock's contribution may exceed more than fifty percent 
of the total of either region 1 or cross-tail currents. (2) In 
terms of more than 100 simulation runs with due southward 
Interplanetary Magnetic Field (IMF), they have found a 
combined parameter f. Both the ionospheric transpolar 
potential and the magnetopause reconnection voltage vary 
linearly with f for small f, but saturate for large f. (3) The 
reconnection voltage is approximately fitted by sin 3/2 (θIMF 
/2), where θIMF is the IMF clock angle. The ionospheric 
transpolar potential, the voltage along the polar cap 
boundary, and the electric fields along the merging line 
however defined they may be respond differently to θIMF, 
so it is not justified to take them as substitutes for the 
reconnection voltage.

Geomagnetic Sudden Impulses (SI) observed at the 
dayside dip equator normally show a decrease and then 
an increase in the H magnetic field component, i.e., a 
Preliminary Reverse Impulse (PRI) followed by a main 
impulse. Using global geomagnetic field measurements, 
Hen et al.[49] examine an unusual SI event observed at the 
dayside dip equator, which shows a clear precursor ~1 
min before the PRI onset. The precursor was observed 
simultaneously at both the dayside dip equator and in 

the southern polar region but was not observed at all in 
the northern polar region. The global ground variations 
after the PRI onset were, however, consistent with a 
conventional SI model of the magnetospheric response 
to a sudden enhancement of the solar wind dynamic 
pressure. Considering that the interplanetary magnetic 
field Bx, By, and Bz components were positive with the By 
component dominant for this event, the authors suggest 
that the SI precursor was caused by high-latitude magnetic 
reconnection that occurred only (or first) in the dawn 
quadrant of the southern hemisphere, the effect of which 
has for the first time been clearly identified at the dayside 
dip equator. This implies that electric field effects occurring 
in the polar ionosphere due to magnetopause reconnection 
may be rapidly monitored at the dayside dip equator. In 
addition, the authors argue that the quasi-simultaneous 
(time difference is less than 10 s) appearance of the 
disturbance fields both in the polar region and at the dip 
equator confirmed in this study is extremely important 
for theoretically explaining the transmission of the polar 
electric field to the dayside dip equator, because different 
theories give different travel times for a disturbance 
field propagating from polar region to the dip equator. 
Our observations lend strong evidence for validity of the 
waveguide model.

  A number of poleward-moving events were observed 
between 11:30–13:00 UT on 11 Feb. 2004, during periods 
of southward Interplanetary Magnetic Field (IMF), while 
the steerable antenna of the EISCAT Svalbard Radar (ESR) 
and the Tromsø VHF Radar pointed nearly northward at 
low elevation[50]. In this interval, simultaneous SuperDARN 
CUTLASS Finland radar measurements showed Poleward-
Moving Radar Aurora Forms (PMRAFs) which appeared 
very similar to the density enhancements observed by 
the ESR northward-pointing antenna. These events 
appeared quasi-periodically with a period of about 10 
minutes. Comparing the observations from the above three 
radars, it is inferred that there is an almost one-to-one 
correspondence between the Poleward-Moving Plasma 
Concentration Enhancements (PMPCEs) observed by 
the ESR and the VHF radar, and the PMRAFs measured 
by the CUTLASS Finland radar. These observations are 
consistent with the interpretation that the polar cap patch 
material was generated by photo-ionisation at sub-auroral 
latitudes, and that the plasma was structured by bursts of 
magnetopause reconnection giving access to the polar 
cap. There is clear evidence that plasma structuring into 
patches was dependent on the variability in IMF |By|. The 
duration of these events implies that the average evolution 
time of the newly opened flux tubes from the sub-auroral 
region to the polar cap was about 33 minutes.

 The propagation of the ULF waves in the Pc1 range 
(0.1–10 Hz) from magnetosphere to ground is examined 
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by Shi et al.[51] in the presence of oblique background 
magnetic fields. The analytic solution is derived to analyze 
the influences of the Ionospheric Alfven Resonator (IAR), 
conductivities and the frequency of the ULF waves on 
the geomagnetic signal. The results of the numerical 
calculation show: the shear mode exhibits resonant 
structure vertically; the geomagnetic signal reaches its 
peak at the IAR resonant frequencies which is increasing 
with dip angle; the variation of Hall conductivity leads 
to the modulation of IAR resonant frequencies and the 
transmission of the ULF waves which effectively influence 
the spectrum of geomagnetic signal at ground.

5  Radiation Belt, Ring 
    Current and Plasmasphere

Extending previous studies, a full-circle investigation of 
the ring current has been made using Cluster 4-spacecraft 
observations near perigee, at times when the Cluster 
array had relatively small separations and nearly regular 
tetrahedral configurations, and when the Dst index was 
greater than –30 nT (non-storm conditions)[52]. These 
observations result in direct estimations of the near 
equatorial current density at all Magnetic Local Times 
(MLT) for the first time and with sufficient accuracy, for the 
following observations. The results confirm that the ring 
current flows westward and show that the in situ average 
measured current density (sampled in the radial range 
accessed by Cluster 4–4.5 Re) is asymmetric in MLT, 
ranging from 9 to 27 nA • m-2. The direction of current is 
shown to be very well ordered for the whole range of MLT. 
Both of these results are in line with previous studies on 
partial ring extent. The magnitude of the current density, 
however, reveals a distinct asymmetry: growing from 10 
to 27 nA • m-2 as azimuth reduces from about 12:00 MLT 
to 03:00 and falling from 20 to 10 nA • m-2 less steadily as 
azimuth reduces from 24:00 to 12:00 MLT. This result has 
not been reported before and they suggest it could reflect 
a number of effects. Firstly, they argue it is consistent 
with the operation of region-2 Field Aligned-Currents 
(FACs), which are expected to flow upward into the ring 
current around 09:00 MLT and downward out of the ring 
current around 14:00 MLT. Secondly, they note that it is 
also consistent with a possible asymmetry in the radial 
distribution profile of current density (resulting in higher 
peak at 4 – 4.5 Re).  note that part of the enhanced current 
could reflect an increase in the mean AE activity (during 
the periods in which Cluster samples those MLT).

Huang et al. study the rotation of the plasmasphere 
using a large plasmaspheric notch observed by the 
Extreme Ultraviolet (EUV) instrument onboard the IMAGE 
spacecraft on 2001/173[53]. The time scale is more than 
20 h. On the magnetic equatorial plane the notch extends 

over more than 1.5 Re in radial distance. By analyzing the 
brightness for four annuluses at different average values 
of L from 2.0 to 3.25 over time, they determine the rotation 
rate of the plasmasphere at different radial distances. The 
analysis reveals that, with the increase of L, the rotation 
rate of the plasmasphere tends to strongly decrease on 
the dusk side and slightly increase on the dawn side.

He et al. [54] study the relationship between the average 
structure of the inner magnetospheric large-scale electric 
field and geomagnetic activity levels with Double Star 
TC-1 data for radial distances between 4.5 Re and 12.5 
Re and Magnetic Local Time (MLT) between 18:00 and 
06:00 and Z (GSM) between −1.5 Re and 1.5 Re from July 
to October in 2004 and 2005. The sunward component 
of the electric field decreases monotonically as increases 
and approaches zero as the distance off the Earth is 
greater than 10 Re. The dawn-dusk component is always 
duskward, scaling in the magnitude from 0 mV • m-1 to 
0.7 mV • m-1 as Kp increasing from 0 to 5−. It decreases at 
about 6 Re where the ring current is typically observed to 
be the strongest and shows strong asymmetry with respect 
to the magnetic local time. Surprisingly, the average 
electric field obtained from TC-1 for low activity is almost 
comparable to that observed during moderate activity, 
which is always duskward at the magnetotail (8–12 Re).

During the period 19–22 November 2007, the near-
equatorial satell i tes THEMIS D (ThD) and E (ThE) 
traversed the Earth’s morningside magnetosphere once 
per day and for nearly 2 h the orbits tracked close to each 
other, providing an excellent opportunity to investigate 
the evolution of Energetic Electrons Fluxes (EEFs) on 
two time scales. By analyzing the electrons in the energy 
range 100–300 keV, Fu et al.[55] find that the EEFs undergo 
different evolutions in the different subregions of Earth’s 
morningside magnetosphere during a moderate storm. 
The evolutions at three specific locations, showing, 
respectively, the features of electron loss, acceleration, 
and conservation, have been analyzed in detail. Our 
observations reveal that, during storm time, the evolution 
of EEFs involves five processes: (1) the resonant 
interaction between chorus and energetic electrons, which 
can contribute to both loss and acceleration of electrons 
depending on the distribution of phase space density; 
(2) the radial diffusion, which is indicated by the good 
coherence between ULF waves and EEFs and dominates 
in the region where the chorus is relatively weak; (3) the 
adiabatic transport, which affects the EEFs at L > 6 during 
the recovery phase and prefers to work on large time 
scale (>1d); (4) the magnetopause shadowing, which 
can evacuate electrons at L > 7 during the storm main 
phase but play minor roles during the recovery phase, 
when the magnetopause was moving outward; (5) the 
magnetospheric convection, which can significantly affect 
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the dynamics of the <100 keV but not the >100 keV 
electrons. All these five processes couple to each other 
and determine the EEFs together.

It took about 12 h for the Imager for Magnetopause 
to Aurora Global Exploration (IMAGE) satellite to fly 
from the outbound pass to inbound pass of every 
inner magnetosphere crossing. This provides a unique 
opportunity to study the nightside to dayside evolution of 
the corotating inner magnetosphere when the outbound 
pass is in the nighttime while the inbound pass is in the 
daytime because a flux tube observed on the nightside 
may be observed again on the dayside in such situation [56]. 
The differences between the two observations may be 
caused by the evolution of the flux tube. By analyzing 
both the passive and active sounding measurements from 
the IMAGE Radio Plasma Imager, they study two cases 
concerning this evolution. One, under a quiet geomagnetic 
condition, shows a typical evolution process during which 
the plasmapause was observed on both the nightside and 
the dayside. The other, during the recovery phase of a 
magnetic storm, shows a different inner magnetospheric 
structure in which the distinct plasmapause observed on 
the nightside becomes unidentifiable on the dayside as 
the density in the nearly empty nightside plasma trough 
increases to a level similar to that of the plasmasphere. 
It is shown that the evolutions of the inner magnetosph-
ere in both cases were primarily controlled by the fast 
plasma refilling of the flux tubes from the ionosphere 
as the flux tubes drift from the nightside to the dayside. 
In the former case the fast refilling was confined inside 
L = 6.3, while in the latter case the fast refilling extended 
to at least L = 10. The present observations provide 
an example for fast refilling as a possible cause of the 
smooth density transition from the plasmasphere to the 
subauroral region and demonstrate the importance of 
the plasmasphere-ionosphere coupling in controlling the 
structures of the inner magnetosphere.

Fu et al. [57] report coordinated observations of a density 
trough within the plasmasphere using the measurements 
from the Radio Plasma Imager (RPI) and Extreme 
Ultraviolet imager (EUV) on the IMAGE satellite and the 
measurements from DMSP-F15. The density trough inside 
the plasmasphere with a width of about 0.7 Re in terms of 
L shell (from L≈2.3 to L≈3.0) was observed in situ by RPI 
when IMAGE traversed the plasmasphere in 2130 Magnetic 
Local Time (MLT) sector. The plasmasphere images 
taken by the IMAGE EUV instrument confirm that the 
density trough is inside the plasmasphere. A 2-D electron 
density image constructed from the RPI active sounding 
measurements reveals that the density trough extends 
along the magnetic field from the IMAGE orbit to at least 
41° magnetic latitude. Meanwhile, the DMSP-F15 satellite, 
circling the Earth at about 850 km altitude, detected a light 

ion density trough at the same time on the same L shells 
and similar MLT sector. The coordinated observations 
with the IMAGE and DMSP-F15 satellite demonstrate, 
for the first time, that the density trough is a low-density 
plasmaspheric structure extending from the plasmasphere 
to the topside ionosphere along the geomagnetic field 
lines.

Yuan et al.[58] report observations from a Cluster 
satellite showing that ULF wave occurred in the outer 
boundary of a plasmaspheric plume on September 4, 
2005. The band of observed ULF waves is between the 
He+ ion gyrofrequency and O+ ion gyrofrequency at the 
equatorial plane, implying that those ULF waves can be 
identified as EMIC waves generated by ring current ions 
in the equatorial plane and strongly affected by rich cold 
He+ ions in plasmaspheric plumes. During the interval of 
observed EMIC waves, the footprint of Cluster SC3 lies 
in a subauroral proton arc observed by the IMAGE FUV 
instrument, demonstrating that the subauroral proton arc 
was caused by energetic ring current protons scattered 
into the loss cone under the Ring Current (RC)-EMIC 
interaction in the plasmaspheric plume. Therefore, the 
paper provides a direct proof that EMIC waves can be 
generated in the plasmaspheric plume and scatter RC ions 
to cause subauroral proton arcs.

6  Outer Magnetosphere
 

The current sheet in Earth’s magnetotail often flaps, and 
the flapping waves could be induced propagating towards 
the dawn and dusk flanks, which could make the current 
sheet dynamic. To explore the dynamic characteristics 
of current sheet associated with the flapping motion 
holistically and provide reasonable physical interpretations, 
detailed direct calculation and analysis have been applied 
to one approximate analytic model of magnetic field in 
the flapping current sheet[59]. The main results from the 
model demonstrate: (1) the magnetic fluctuation amplitude 
is attenuated from the center of current sheet to the lobe 
regions; The larger wave amplitude would induce the 
larger magnetic amplitude; (2) the curvature of Magnetic 
Field Lines (MFLs), with maximum at the center of current 
sheet, is only dependent on the displacement Z along 
the south-north direction from the center of current sheet, 
regardless of the tilt of current sheet; (3) the half-thickness 
of neutral sheet, h, the minimum curvature radius of 
MFLs, Rcmin, and the tilt angle theta of current sheet, d, 
satisfies h = Rcmin cosdeta ; (4) the gradient of magnetic 
strength forms a double-peak profile, and the peak value 
would be more intense if the local current sheet is more 
tilted; (5) current density j and its jy, jz components reach 
the extremum at the center of CS. j and jz would be more 
intense if the local current sheet is more tilted, but it is 
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not the case for jy; and (6) the field-aligned component of 
current density mainly appears in the neutral sheet, and 
the sign of it would change alternatively as the flapping 
waves passing by. To check the validity of the model, 
one simulation on the virtual measurements has been 
made, and the results are in well consistence with actual 
observations of Cluster.

The penetration of plasma sheet ions into the inner 
magnetosphere is very important to the inner magnetosph-
eric dynamics since plasma sheet ions are one of the 
major particle sources of ring current during storm times. 
However, the direct observations of the inner boundary of 
the plasma sheet are fairly rare due to the limited number 
of satellites in near equatorial orbits outside 6.6 Re. Cao 
et al.[60] use the ion data recorded by TC-1 from 2004 to 
2006 to study the distribution of Inner Boundary of Ion 
Plasma Sheet (IBIPS) and for the first time show the 
observational distribution of IBIPS in the equatorial plane. 
The IBIPS has a dawn-dusk asymmetry, being farthest 
to the Earth in the 06:00–08:00 LT bin and closest to the 
Earth in the 18:00–20:00 LT bin. Besides, the IBIPS has 
also a day-night asymmetry, which may be due to the fact 
that the ions on the dayside are exposed more time to 
loss mechanisms on their drift paths. The radial distance 
of IBIPS decrease generally with the increase of Kp index. 
The mean radial distance of IBIPS is basically larger than 
6.6 Re during quiet times and smaller than 6.6 Re. during 
active times. When the strength of convection electric field 
increases, the inward shift of IBIPS is most significant on 
the night side (22:00–02:00 LT). For Kp≤0+, only 16% of 
IBIPSs penetrate inside the geosynchronous orbit. For 
2≤Kp<3+, however, 70% of IBIPSs penetrate inside the 
geosynchronous orbit. The IBIPS has weak correlations 
with the AE and Dst indexes. The average correlation 
coefficient between Ri and Kp is –0.58 while the correlation 
coefficient between Ri and AE/Dst is only –0.29/0.17. 
The correlation coefficients are local time dependent. 
Particularly, Ri and Kp are highly correlated (r =–0.72) in 
the night sector, meaning that the radial distance of IBIPS 
Ri in the night sector has the good response to the Kp 
index These observations indicate that Kp plays a key role 
in determining the position of IBIPS.

The injection of plasma sheet ion to inner magnetosph-
ere plays an important role during the time of magnetic 
sub-storm and storm periods. In the past, researches 
of such injection were all processed by the method of 
drift path theory of certain magnetic moment particles. 
Ding et al.[61] extend the past certain magnetic moment 
magnetosphere particle drift  path theory in (U ,B) 
coordinate to certain energy magnetosphere particle drift 
path theory. Because particle’s drift orbit is associated 
with its charge, they take proton as an example. Then 
they discuss the characters of different energy particles’ 

boundary between their open and close drift path and 
its variation with Kp index during their transportation to 
the Earth. In high energy situation, the radial distance 
to the Earth of plasma sheet ions’ boundary increases 
with their energy, and the distance in dawn side is much 
larger than that in dusk side. But in low energy situation, 
such thing will completely change. The radial distance 
decrease with ion energy and the radial distance in dusk 
side will be larger than that in dawn side. Their simulation 
results also show that with the increase of Kp index, all 
boundaries of various energy particles in the plasma sheet 
will move towards the Earth. But performances of ion 
boundaries in high and low situations are different. To low 
energy situation, the inner boundary shape of ion almost 
keeps constant with the increase of Kp index. To high 
energy situation, its shape will change remarkably with 
Kp index. In two extreme cases, that is, E=20keV, Kp=6 
and E=10keV, Kp=3, the ion boundaries even show two 
different regions, one is the closed circling Earth region 
and the other is the isolated tapered region in dawn side. 
The boundary of plasma sheet certain-energy-E particles 
is just the connection of energy-E point in various magnetic 
moments Alfven layer.

The origin of the flapping motion of the earth’s 
magnetotail current sheet is one of the most important 
problems in the magnetotail dynamics. Using Cluster 
data, Sun et al.[62] make a statistical research on the 
motion properties of the magnetotail current sheet of 
2001 and 2003. They calculate the velocities of the 
magnetotail current sheet using new methods and 
obtain the distribution of the magnetotail current sheet 
velocities in the X-Y plane in GSE coordinate system. 
Their results show that although most of the current 
sheets were propagating toward the tail flanks and those 
of the exceptions lay in dusk side, which is consistent 
with previous studies, the proportions of the current sheet 
which were propagating toward midnight (where |YGSE|=0) 
were higher than those in previous studies. Motions of 
the current sheet in the middle area (|YGSE|<8 Re) of the 
magnetotail are investigated. Relatively high value of the Z 
component of the velocity further confirms that the middle 
area of the magnetotail might be a source region for the 
motion of the current sheets which were propagating 
towards the tail flanks. According to our case studies, the 
way the current sheets propagated toward midnight area 
differs significantly from that toward dusk and dawn side, 
from which they infer that there might be two different 
kinds of current sheet motions originated from different 
sources. The statistical results of this work may give some 
clues for further studies on the origin of the flapping motion 
of the magnetotail current sheet. 

Interplanetary Linear Magnetic Holes (LMHs) are 
structures in which the magnetic field magnitude decreases 



Space Science Activities in China

84

with little change in the field direction. They are a 10%–30% 
subset of all interplanetary Magnetic Holes (MHs). Using 
magnetic field and plasma measurements obtained by 
Cluster-C1, Sun et al. [63] survey the LMHs in the solar wind 
at 1 AU. In total 567 interplanetary LMHs are identified 
from the magnetic field data when Cluster-C1 was in the 
solar wind from 2001 to 2004. They study the relationship 
between the durations and the magnetic field orientations, 
as well as that of the scales and the field orientations of 
LMHs in the solar wind. It is found that the geometrical 
structure of the LMHs in the solar wind at 1 AU is consistent 
with rotational ellipsoid and the ratio of scales along and 
across the magnetic field is about 1.93:1. In other words, 
the structure is elongated along the magnetic field at 1 AU. 
The occurrence rate of LMHs in the solar wind at 1 AU is 
about 3.7 per day. It is shown that not only the occurrence 
rate but also the geometrical shape of interplanetary 
LMHs has no significant change from 0.72 AU to 1 AU in 
comparison with previous studies. It is thus inferred that 
most of interplanetary LMHs observed at 1 AU are formed 
and fully developed before 0.72 AU. The present results 
help us to study the formation mechanism of the LMHs in 
the solar wind.

Shen et al. [64] investigate the structure of the magnetic 
field near the Magnetopause (MP) by analyzing the 
multiple-point magnetic measurements from the Cluster 
mission. The spatial distribution of the curvature radius 
of the MP surface at the noon-midnight meridian and for 
situations with moderate dynamical pressure of solar 
wind is inferred from direct measurements of magnetic 
field curvature for the first time. The investigation focuses 
on conditions of strong magnetic shear and in which a 
clear boundary layer is present at the MP. It has been 
confirmed that the magnetic field lines surrounding the 
cusp bend sunward at the pre cusp region and tailward at 
the post cusp region, implying the existence of a cusp field 
indentation. The minimum curvature radius of the near-
MP field at both pre cusp and post cusp regions is about 
2 Re. As the latitude decreases, the curvature radius at 
the MP increases gradually, so that, as the subsolar point 
is approached, the curvature radius of the MP is nearly 
equal to the geocentric distance. These results compare 
well with existing MP models but reveal the limitations 
inherent in such statistical estimates of local MP curvature, 
particularly surrounding the cusp regions. The analysis 
of the magnetic measurements has also verified the 
existence of the magnetic bottles at both pre cusp and 
post cusp regions, which may play a role for the trapping 
of the charged particles of magnetosphere.

7  Geomagnetic Field and Auroras
In order to study the response of auroral electrojets for 
a sawtooth event observed by LANL satellites on 30 
September 2000, Lin et al. obtain large scale 2-dimensional 
ionospheric equivalent current systems for the high-
latitude ionosphere to study the variations of auroral 
electrojets during the sawtooth event using spherical 
elementary current system method with data of high-
latitude magnetometers in the Northern Hemisphere [65]. By 
comparing characteristics of enhancements of nightside 
ionospheric westward electrojets with those of positive 
magnetic bays in middle/low-latitude ground magnetic 
field H components after each sawtooth injection, it is 
demonstrated that there are current wedges formed during 
this sawtooth event. The local time width of current wedges 
suggested by the two observations are both around 11 
hours (MLT). In addition, time durations for middle/low-
latitude magnetic bays to reach maximum variations were 
generally longer than those for high-latitude electrojets, 
implying that source currents for middle/low-latitude 
magnetic bays are multiple.

Using 2 years of coordinated CHAMP and DMSP 
observations, Wang et al. [66] investigate for the first time 
the relationship between Subauroral Polarization Streams 
(SAPS), ionospheric Hall current (electrojet), upper 
thermospheric zonal wind, and mass density at subauroral 
regions in the dusk and premidnight sectors, separately 
for both hemispheres. For comparison, they also analyze 
the same parameters as a function of magnetic latitude 
(30°–80° magnetic latitude) during non-SAPS periods. 
During periods of non-SAPS, the neutral wind exhibits 
similar features as during SAPS events in the dusk to 
premidnight sector, streaming westward in the same 
direction as the plasma drift. Both neutral and plasma 
velocities peak at the same latitude regardless of SAPS 
occurrence. For higher geomagnetic activity both velocities 
are faster and the peaks shift equatorward. During non-
SAPS periods, the ratio between plasma and neutral wind 
velocity is on average 2.75 ± 0.4 in both hemispheres 
irrespective of geomagnetic activity. The neutral wind 
during SAPS events gets enhanced by a factor of 1.5/1.2 
for Kp < 4 and 1.3/1.9 for Kp ≥ 4 in the Northern/Southern 
Hemisphere, respectively, as compared to non-SAPS 
time. The velocity difference between SAPS and neutral 
wind is also larger during SAPS period than during non-
SAPS period, and the difference tends to increase with 
increasing geomagnetic activity. The peak latitude of the 
eastward auroral electrojet appears 1.5° poleward of the 
plasma drift during SAPS events, confirming the formation 
of SAPS equatorward of the high-conductivity channel. 
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These SAPS-induced large winds can heat the upper 
thermosphere. As a result they observed a 10% enhanced 
mass density at 400 km altitude with respect to periods 
without SAPS. In addition a density anomaly peak occurs 
collocated with the SAPS, displaced from the electrojet 
peak. They regard this as an indication for efficient 
thermospheric heating by ion neutral friction.

Wang and Luhr investigate the seasonal and diurnal 
variation of SAPS (Subauroral Polarization Streams) 
occurrence based on 3663 SAPS events identified in 
DMSP ion drift observations in the Northern Hemisphere 
during July 2001 and June 2003[67]. Their relationships 
with high latitude convection electric field, substorm, 
and ionospheric conductivity are addressed. SAPS 
occurrences show a clear seasonal and diurnal variation 
with the occurrence rates varying by a factor of 5. It 
is found that the convection electric field might play a 
dominant role in association with SAPS occurrence. Peak 
convection electric fields mark the occurrence maximum 
of SAPS. Substorm might play a secondary role related to 
SAPS occurrence. It account for the secondary maximum 
in SAPS occurrence rate during December solstice. Our 
work demonstrates that the substorm induced electric field 
can develop SAPS during relatively low global convection. 
Somewhat low flux tube-integrated conductivity is 
favorable for SAPS to develop. Another topic is the 
temporal relationship between SAPS and substorm 
phases. SAPS can occur at substorm onset, substorm 
expansion and recovery phases. Most probably SAPS tend 
to occur 60 min / 45 min after substorm onset during quiet/
more disturbed geomagnetic activity, respectively. This 
indicates that enhanced global convection helps SAPS 
to develop quicker during substorms. The peak plasma 
velocity of SAPS is increased on average only by 5%–10% 
by the substorm process.

Wang et al. show that the ionospheric azimuthal plasma 
velocity jets near the open-closed field line boundary 
on the nightside can be associated with the peak in 
the ionospheric conductivity gradient. Both model and 
DMSP observations have been utilized to conduct this 
investigation. The model tests show that when the gradient 
of conductivity in the poleward boundary becomes sharper, 
convection peaks appear around the poleward edge of 
the aurora. The model results have been confirmed by 
DMSP observations. Hundreds of large ion flow events 
are identified from one year DMSP observations, with flow 
speed larger than 500 m • s−1 that occurred poleward of the 
aurora. Among them, 280 (74%) events are found to be 
associated with conductivity gradient peaks. Most of the 
convection jets occur in winter when conductivity gradients 
are expected to be large. The convection jets tend to occur 
at later local times (21:00–22:00 MLT) at 70°–72° MLat. 
These events are preceded by increasing of the merging 

electric field suggesting that they occur after the expansion 
of the polar cap. Both observation and model results show 
that the conductivity gradient at the polar cap boundary 
are one of the important elements in establishing the 
convection jets.

A survey of dayside aurora excitation at 557.7 nm, 
which was acquired from an all-sky imager at Yellow River 
Station in Ny-Ålesund, Svalbard, shows that there are 4 
intense emission maxima in the dayside oval, centered 
near 0630/76, 0830/76, 1400/75, and 1600/75 (unit: MLT/
MLAT), respectively [69]. Tracing the magnetospheric 
sources of these cores along geomagnetic field lines, the 
08:30– and 14:00 MLT cores are corresponding with the 
pre noon and post noon Magnetospheric Boundary Layers 
(MBLs), and the 06:30– and 16:00 MLT cores are located 
at the dusk and dawn MBLs, respectively. The potential 
solar wind-magnetosphere dynamic processes resulting in 
these auroral features are discussed.

A survey of dayside 557.7/630.0 nm auroral emission, 
acquired from the all-sky imagers at the Yellow River 
Station (YRS) in Ny-Ålesund, Svalbard, shows that the 
dayside auroral oval could be divided into 5 Auroral Active 
Regions (AARs), i.e., the dawnside (Da/06:00–07:30 
MLT) and duskside (Du/15:30–17:00 MLT) green aurora 
sectors, the prenoon (W/07:30–10:00 MLT) and postnoon 
(H/13:00–15:30 MLT) peaks for 557.7/630.0 nm auroral 
emissions, the midday gap (M/10:00V13:00 MLT) for 
green aurora[70]. The 630.0 nm intensities in W, M, and H 
nearly increase linearly with the Kan-Lee electric field. The 
630.0 nm auroral emissions in W and H show a double-
peak feature associated with the change of IMF clock 
angle, one peak at 90° and the other at 270°. The 630.0 
nm emission in M, however, is dominantly excited during 
the clock angle of 90°–270°. It is considered that the 630.0 
nm emissions in W/H and M are related to the prenoon/
postnoon anti-parallel reconnection at the high-latitude 
magnetopause and the subsolar component reconnection, 
respectively. Moreover, the 630.0 nm intensity in the 
dayside oval shows the monotonic increase with the 
absolute value of the north-south oriented electric field 
(Ez), but the increasing rate of the intensity in the postnoon 
(prenoon) oval is larger than that in the prenoon (postnoon) 
oval when IMF By is negative (positive). Only the 557.7 nm 
intensity in region M and H/Du increases gradually with the 
absolute value of negative Ez. These features should be 
associated with the change of inter-hemispheric currents 
produced by Ez.

Liu et al. [71] examine temporal variations of a dayside 
aurora and corresponding ionospheric plasma convection 
observed by All-Sky Camera (ASC) and Super Dual 
Auroral Radar Network (SuperDARN) over Zhongshan 
(ZHS), located at –74.5º in Magnetic Latitude (MLAT) in 
Antarctica, during a geomagnetic Sudden Commencement 
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(SC) event occurred on 27 May 2001. Simultaneous ASC 
observations at South Pole (SP, -74.3º MLAT) are also 
analyzed. During the SC time, ZHS and SP were located 
in the postnoon (16:10 MLT) and prenoon (11:00 MLT) 
sectors, respectively. Before the SC onset (14:58 UT), 
the ASC at ZHS observed an auroral arc with moderate 
intensity in the poleward direction of the Field of View 
(FOV), and the SuperDARN radar detected sunward 
ionospheric plasma flow over ZHS. Just after the SC 
onset, the auroral intensity over ZHS decreased rapidly 
and the direction of the plasma flow was reversed to anti-
sunward. Decrease of auroral intensity and reversal of the 
associated plasma convection in response to a sudden 
increase of the solar wind dynamic pressure at the early 
stage of a SC event has never been noticed before. The 
authors suggest that these observational results were 
generated by a downward Field Aligned Current (FAC) 
and are consistent with a physical model of SC. The 
model predicts appearance of a pair of FACs flowing 
downward (upward) in the postnoon (prenoon) sector at 
the very beginning of SC. This suggestion is supported 
by additional observations. For example, the authors find 
that the auroral intensity observed at SP in the prenoon 
sector was weak before the SC onset but clearly increased 
after the onset. The authors also find that the decrease of 
the auroral intensity at ZHS lasted about 4 minutes, and 
which is nearly the same as the duration of the convection 
reversal observed by the radar and of the auroral 
enhancement over SP. Furthermore, about 4 minutes later 
of the SC onset, the aurora over ZHS was dramatically 
intensified and the plasma convection returned to the 
sunward direction with velocity much higher than that 
before the SC onset. Consistence of these observational 
results with the model is discussed and the authors argue 
that they present the first optical observational evidence 
supporting the validity of the model.

Eight years of magnetic field data, taken while the 
four Cluster spacecraft pass through, or adjacent to, the 
equatorial ring current, have been surveyed to investigate 
the effects on the Earth’s magnetic field of the externally 
driven current systems connecting the ionosphere, cusp 
and ring current regions. Zhang et al. [72] extend previous 
work to cover a greater range of orbit location and external 
conditions. They compare the modeled magnetic field from 
different global field models with data from the four Cluster 
spacecraft. Comparing with the different models allow 
us not only to characterize each model’s performance, 
but also provides insight into the physical sources of 
observed signals. The data generally deviate much less 
from the expected model field during the years close to the 
solar minimum, implying that the models perform better 
during weaker geomagnetic activity. There are particular 
deviations from the models associated with the ring current 

(well-defined smooth trends) and region 2 Field Aligned 
Currents (FACs) or low-altitude cusp FACs (sharp bipolar 
signatures). During the ring current crossings (through 
perigee, at 4–5 Re), the T96 model always overestimates 
the ring current, while the T01 and T89 models sometimes 
underestimate it. The sharp bipolar signatures are not 
always sampled, implying a localized extent, but only 
the T96 and T01 models include forms for the region 2 
FACs and T01 appears to model these better. Overall, all 
deviations from T01 are much smaller than for the other 
models, indicating that this model achieves the best fit 
to the data. The 4 Cluster spacecraft observe nearly the 
same signatures at small separations (during the early 
years of the mission) but do sample different signatures at 
large separations (during the later years). Using the four-
spacecraft technique, they infer that the region 2 FACs, 
with a transverse thickness of 0.17–0.54 Re, and cusp 
FACs, with a thickness of 0.06–0.12 Re, are very stable in 
size and location.

8  Plasma Waves

Using the data of Cluster on 8 November 2004, Wang et 
al. [73] analyze the ULF wave associated with earthward 
periodical high speed flow in the plasma sheet. The 
results show that the ULF waves in the magnetic field and 
temperature appear, enhance and end at the same times 
with those of periodical high speed ion flow. Particularly, 
the oscillation frequencies in ion flow velocity, magnetic 
field and ion temperature are all between 60–70 mHz, i.e., 
in the frequency range of Pi1. These observations show 
that there is a close correlation among the ULF wave in the 
magnetic field, temperature and periodical high speed flow. 
The oscillations of the high speed flow is approximately out 
of phase with the ULF wave in the magnetic field, and in 
phase with the ULF wave in the temperature. The results 
of Minimum Variance Analysis show that although the 
wave propagation direction includes earthward component, 
the main propagation direction is towards the centre of 
plasma sheet and perpendicular to both the high speed 
flow velocity and magnetic field. All these observations 
indicate that the periodical high speed flow can generate 
the ULF waves at the same frequency.  

Charged particle dynamics in magnetosphere has 
temporal and spatial multi-scale; therefore, numerical 
accuracy over a long integration time is required. A 
Variational Symplectic Integrator (VSI) for the guiding-
center motion of charged particles in general magnetic 
field is applied to study the dynamics of charged particles 
in magnetosphere[74]. Instead of discretizing the differential 
equations of the guiding-center motion, the action of the 
guiding-center motion is discretized and minimized to 
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obtain the iteration rules for advancing the dynamics. The 
VSI conserves exactly a discrete Lagrangian symplectic 
structure and has better numerical properties over a long 
integration time, compared with standard integrators, such 
as the standard and adaptive fourth order Runge-Kutta 
(RK4) methods. Applying the VSI method to guiding-center 
dynamics in the inner magnetosphere, they can accurately 
calculate the particles’ orbits for an arbitrary long 
simulating time with good conservation property. When a 
time-independent convection and corotation electric field is 
considered, the VSI method can give the accurate single 
particle orbit, while the RK4 method gives an incorrect 
orbit due to its intrinsic error accumulation over a long 
integrating time.

Both hybrid and full particle simulations and recent 
experimental results have clearly evidenced that the 
front of a supercritical quasi-perpendicular shock can be 
nonstationary. One proposed mechanism responsible for 
this nonstationarity is the self-reformation of the shock front 
being due to the accumulation of reflected ions. On the 
other hand, a large number of studies have been made on 
the acceleration and heating of Pickup Ions (PIs) but most 
have been restricted to a stationary shock profile only. 
Herein, one-dimensional test particle simulations based on 
shock profiles issued from one-dimensional particle-in-cell 
simulation are performed in order to investigate the impact 
of the shock front nonstationarity (self-reformation) on the 
acceleration processes and the resulting energy spectra 
of PIs (protons H+) at a strictly perpendicular shock[75]. PIs 
are represented by different shell distributions (variation of 
the shell velocity radius). The contribution of Shock Drift 
Acceleration (SDA), Shock Surfing Acceleration (SSA), 
and Directly Transmitted (DT) PI’s components to the 
total energy spectra is analyzed. Present results show 
that (1) both SDA and SSA mechanisms can apply as 
pre-acceleration mechanisms for PIs, but their relative 
energization efficiency strongly differs; (2) SDA and SSA 
always work together at nonstationary shocks (equivalent 
to time-varying shock profiles) but SDA, and not SSA, 
is shown to dominate the formation of high-energy PIs 
in most cases; (3) the front nonstationarity reinforces 
the formation of SDA and SSA PIs in the sense that it 
increases both their maximum energy and their relative 
density, independently on the radius of PI’s shell velocity; 
and (4) for high shell velocity around the shock velocity, the 
middle energy range of the total energy spectrum follows 
a power law Ek−1.5. This power law is supported by both 
SDA and DT ions (within two separate contributing energy 
ranges) for a stationary shock and mainly by SDA ions for 
a nonstationary shock. In both cases, the contribution of 
SSA ions is comparatively weak.

Reflection and acceleration mechanisms of heavy 
ions (with different initial thermal velocities and different 

charge-mass ratios) interacting with a nonstationary 
shock front (self-reformation) are analyzed in detail[76]. 
Present preliminary results show that: (1) the heavy ions 
suffer both Shock Drift Acceleration (SDA) and Shock 
Surfing Acceleration (SSA) mechanisms; (2) the fraction 
of reflected heavy ions increases with initial thermal 
velocity, charge-mass ratio and decreasing shock front 
width at both stationary shocks (situation equivalent to 
fixed shock cases) and nonstationary shocks (situation 
equivalent to continuously time-evolving shock cases); 
(3) the shock front nonstationarity (time-evolving shock 
case) facilitates the reflection of heavy ions; (4) a striking 
feature is the formation of an injected monoenergetic 
heavy ions population which persists in the shock front 
spectrum for different initial thermal velocities and ions 
species. The impact of the shock front nonstationarity on 
the heavy ions spectra within the shock front region and 
the downstream region are detailed separately. Present 
results are compared with previous experimental analysis 
and theoretical models of Solar Energetic Particles (SEP) 
events. The variations of Fe/O spectra in high energy 
part have been retrieved, and the nonstationary effects of 
shock front strongly amplify these variations.

In terms of global Magnetohydrodynamic (MHD) 
simulations of the solar wind-magnetosphere ionosphere 
system, Hu et al. [77] investigate the rotational asymmetry of 
the Earth’s bow shock with respect to the Sun-Earth line. 
This work is limited to simple cases in which the solar wind 
is along the Sun-Earth Line, and both the Earth’s magnetic 
dipole moment and the Interplanetary Magnetic Field (IMF) 
are perpendicular to the Sun-Earth line. It is shown that 
even for the case of vanishing IMF strength the bow shock 
is not rotationally symmetric with respect to the Sun-Earth 
line: the east-west width of the cross section of the bow 
shock exceeds the north-south width by about 9%–11% on 
the terminator plane (dawn-dusk meridian plane) and its 
sunward side, and becomes smaller than the north-south 
width by about 8% on the tailward side of the terminator 
plane. In the presence of the IMF, the configuration 
of the bow shock is affected by both the shape of the 
magnetopause and the anisotropy of fast magnetosonic 
wave speed. The magnetopause expands outward, being 
stretched along the IMF, and the extent of its expansion 
and stretch increases when the IMF rotates from north 
to south. In the magnetosheath, the fast magnetosonic 
wave speed is higher in the direction perpendicular to the 
magnetic field than that in the parallel direction. Therefore, 
the stretch direction of the magnetopause is perpendicular 
to the maximum direction of the fast magnetosonic wave 
speed, and their effects on the bow shock position are 
exactly opposite. The eventual shape of the bow shock 
depends on which effect dominates. On the tailward side of 
the terminator plane, the anisotropy of fast magnetosonic 
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wave speed dominates, so the cross section of the bow 
shock is wider in the direction perpendicular to the IMF. 
On the terminator plane and its sunward side, the shape 
of the bow shock cross section depends on the orientation 
of the IMF: the bow shock cross section is still wider in the 
direction perpendicular to the IMF under generic northward 
or dawn-dusk IMF cases, but it becomes narrower in the 
direction perpendicular to the IMF instead under generic 
southward IMF cases. In light of the intimate relationship 
between the shape of the bow shock and the orientation 
of the IMF, it is proposed to take the IMF as the datum 
direction so as to extract the parallel half width Rb|| and 
the perpendicular half width Rb⊥as the scale parameters. 
In comparison with the commonly used east-west half 
width yb and the north-west half width zb, these parameters 
provide a more reasonable description of the geometry 
of the bow shock. Simulation data show that under 
the assumption of isotropic orientation of the IMF, the 
statistical averages of yb/zb and Rb||/Rb⊥ are both smaller 
than 1 on the terminator plane, which agrees with relevant 
observational conclusions.

Du et al. [78] present the direct spacecraft observations 
of wave mode conversion in the magnetotail for the first 
time. On February 28, 2008, the satellites P4 and P3 of 
THEMIS observe wave signals with a period of about 100 
s in the magnetotail at about 11 Re. At the same time, 
geomagnetic activity is very quiet and there are no wave 
signals observed by the ground-based stations. From P4 
observations, Alfvén and slow mode waves are identified 
during two successive intervals, while the coexistence 
and slow wave regions are observed by P3. The mode 
conversion between the Alfvén and slow mode waves 

takes place while THEMIS are crossing the central current 
sheet. The sharp curvature of the background magnetic 
field should be the primary reason of this mode conversion.

Magnetota i l  reconnect ion event  are observed 
associated by strong low frequency electromagnetic wave 
activities[79]. The strong wave activity frequencies ranges 
from below the ion gyrofrequency to above the electron 
plasma frequency. The observed wave activities during the 
reconnection event frequency between ion gyrofrequency 
and electron gyrofrequency are explored mainly. They 
focus on the observations in magnetotail, especially on 
those observed by Cluster spacecraft recently. Then 
compare the observations with theoretical analysis if 
possible. Whistler wave active is frequently observed 
during reconnection event by Cluster.  The role of these 
waves in the reconnection onset and supporting the 
reconnection, in anomalous resistivity was discussed.

Lin et al.[80] study the structure and kinetic properties 
of slow-mode shocks near the Pasma Sheet Boundary 
Layer (PSBL) associated with magnetic reconnection 
by Cluster observation. The presence of slow-mode 
shocks is confirmed by traditional Rankine-Hugoniot (RH) 
analysis and Monte-Carlo shock fitting method. The Walén 
analysis, applied to the tailward flow associated with slow-
mode shocks, also supports that plasma was accelerated 
across a Petschek-type slow-mode shock connected to 
the diffusion region. Back-streaming ions were observed 
on the shock layer, and cold ions were accelerated and 
heated by slow-mode shocks. In addition, whistler and 
electrostatic solitary waves were observed around the 
slow-mode shocks. These waves might be excited by the 
observed field-aligned electron beams near the shocks
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processes, provided clues to future studies on ionospheric 
weather, and guided ionospheric modeling, forecasting 
and related applications.

2  Seasonal Variation

The seasonal variation of the ionosphere is a traditional 
issue in ionospheric physics. It has been studied for 
decades, but there remain many unresolved problems. 
Chapman’s ionization theory is usually used to predict 
the behaviors of the ionosphere. Sometimes, however, 
the peak density of F2-layer ionosphere (NmF2) actually 
changes in a way inconsistent with the prediction of 
Chapman’s ionization theory. Anomalies are taken to 
term the ionosphere under such situations with features 
significantly away from the theory’s predictions. There 
are some anomalies in seasonal variations (Rishbeth, 
1998). The principal anomalies observed include winter or 
seasonal anomaly (greater daytime NmF2 in winter than in 
summer), semiannual anomaly (higher NmF2 in equinoxes 
than in solstices), and annual anomaly or December 
anomaly (higher NmF2 in December than in June).

To show the seasonal feature of the ionosphere, 
ionospheric key parameters are often analyzed to obtain 
the principal components with periods no longer than a 
year. Yu et al. (2004) collected the critical frequency of 
F2-layer f0F2 recorded at global 104 stations to reveal 
the latitudinal dependence of annual and semiannual 
components of daytime NmF2 for solar maxima. Their 
results show that: (1) The annual component of NmF2 in 
both hemispheres dominates in the regions over 40°–60° 
magnetic latitudes and becomes less significant at lower 
latitudes. Winter anomaly usually manifests strongly at 
higher latitudes and becomes less obvious or disappears at 
lower latitudes. (2) The semi-annual variations with peaks 
in equinox are generally weak in the near-pole regions 
and strong in the far-pole regions of both hemispheres. (3) 
In tropical regions the semiannual components are more 
significant than the annual components.

 Yu et al. (2006b) gave a global distribution of the 
annual and semiannual components of Total Electron 
Content (TEC) in 2000 (a year at solar maximum) through 
retrieving the TEC data from the international Global 
Positioning System (GPS) service center (IGS). Their 
results show that the annual amplitudes of daytime TEC 
have larger values at middle and high latitudes in both 
hemispheres and smaller in equatorial and low latitude 
regions. In contrast, the semiannual amplitudes are larger 
in far-pole regions than in near-pole regions. Moreover, in 
most regions the peak TEC appears in equinoctial months, 
while the maximum values appear in winter in northern 
near-pole regions and in summer in South America and 
Australian. Similar to NmF2, the seasonal variation of TEC 

is mainly attributed to the combined effects of changes in 
atmospheric composition [O]/[N2] and the photo-ionization 
production rates controlled by solar zenith.

Through introducing the empirical orthogonal function 
(EOF) analysis, Zhao et al. (2007) determined the EOF 
spatial base functions and temporal base functions in 
daily evolution of global distribution of the Jet Propulsion 
Laboratory (JPL) Global  Ionospheric Maps (GIMs) of TEC 
during the period from 1999 to 2005 and further presented 
the seasonal variation of TEC. The EOF spatial bases 
revealed significant seasonal anomaly in the time interval 
of 10:00–15:00 LT at middle latitudes and semiannual 
anomaly in equatorial with ionization anomaly being 
strongest near 20:00 LT and weakest around sunrise. The 
EOF temporal bases indicate strong solar cycle effects 
on the seasonal variations of TEC. The contributions of 
seasonal anomaly and annual anomaly to the variability 
of TEC are larger than those of semiannual variations. 
They also found prominent equinoctial asymmetries in 
East Asia and South Australian regions. Further analysis 
of TIMED GUVI columnar [O]/[N2] data shows that the [O]/
[N2] variation is a major contributor to the daytime winter 
anomaly of TEC.

Liu et al. (2009a) collected the JPL GIMs to detect the 
overall climatology of TEC during 1998–2008 in a new 
way. They evaluated the mean TEC which were averaged 
over the globe and over low, middle, and high latitude 
bands, respectively. These mean TECs present that the 
annual and semiannual components are dominant in 
seasonal variations. The annual asymmetry between 
June and December can be detected easily in the global 
and low latitude mean TEC for all solar activities and in 
middle latitude and high latitude mean TEC under most 
solar activities. The annual variations of the mean TEC 
are more significant in the southern hemisphere, while the 
semiannual variations are in phase and have comparable 
amplitudes in both hemispheres. The inter-hemispheric 
asymmetry of the mean TEC averaged in one hemisphere 
follows the variation of solar declination. Both the inter-
hemispheric and annual asymmetries become stronger 
with increasing solar activity. Afraimovich et al. (2008) and 
She et al. (2007) also conducted an evaluation of mean 
TEC, which were averaged over the globe. However, 
when we try to adopt the mean TEC for indicating the 
variability of the ionosphere, these TECs averaged over 
the globe and in both hemispheres as well should be 
used with caution. It may provide false information on 
the ionosphere, especial under low solar activity. Under 
some situations the ionosphere actually dominates with 
annual variations, while the mean TEC averaged over 
both hemispheres definitely show significant semiannual 
variations.

Zhao et al. (2005) applied an EOF analysis to examine 
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the climatology of the topside ionosphere. The data used 
are the total ion density Ni at 840 km altitude, observed by 
the Scintillation Meter onboard the Defense Meteorological 
Satellite Program (DMSP) spacecraft in two local time 
(09:30 LT and 21:30 LT) sectors during the period of 
1996–2004. The first EOF mode of the Ni variability is 
modulated by the intensity of solar EUV flux. The second 
EOF presents an annual asymmetry. The semiannual 
variation appears in the third EOF mode for the evening 
sector. The Ni variability is rapidly convergent; therefore it 
is very convenient to adopt the EOF expansion to construct 
an empirical model. The prediction accuracy of the model 
depends mainly on the first few principal components.

Liu et al. (2007d) further presented some salient 
features in the 10-year (1996–2005) topside plasma 
density recorded by the DMSP in the magnetic latitude 
range of 60ºS– 60ºN. Strong yearly variations are shown in 
the longitude-average topside plasma density. In particular, 
annual components are predominant at most latitudes 
with maxima around the June solstice in the Northern 
Hemisphere and the December solstice in the Southern 
Hemisphere. Seasonal anomaly only occurs in the northern 
equatorial regions. Moreover, the differences of plasma 
densities between the two solstices are not symmetrical 
about the magnetic equator, being generally higher in the 
Southern Hemisphere than in the Northern Hemisphere. 
Conjugate-average plasma density is substantially greater 
at the December solstice than at the June solstice, which 
is modulated by solar activity levels and has latitudinal and 
longitudinal structures. The longitude effects of the annual 
asymmetry depend on local time, being stronger in the 
evening sector than in the morning sector.

Accumulated evidence indicates that the winter anomaly 
only occurs in a limited altitude range in the ionosphere. 
What we do not know is where the winter anomaly will 
disappear. Clues may be inferred from synthetical analysis 
of the observations from ROCSAT (at about 600 km 
altitude), DMSP (840 km) and DEMETER (710 km see 
Li et al. (2011)) satellites and those from COSMIC radio 
occultations as well.

COSMIC (a Constellation Observing System for 
Meteorology, Ionosphere, and Climate mission of six 
microsatellites) was successfully launched to 512 km 
altitude in April 2006. The six satellites initially were close 
to each other, then they moved gradually to orbits at 
around 800 km altitudes. The COSMIC radio occultation 
observations have accumulated more than 2,000,000 
electron density (Ne) profiles, providing us an excellent 3-D 
monitoring of the ionosphere. Liu et al. (2009b) collected 
the COSMIC measurements to investigate the seasonal 
behaviors of daytime Ne in the altitude range of 200–560 
km. Harmonic analysis of Ne at different altitudes provides 
unprecedented details of the seasonal behaviors of Ne at 

Low Solar Activity (LSA). 
Figure 1, taken from Figure 1 of Liu et al. (2009b), 

shows maps of A12 (the annual amplitude), A6 (the 
semiannual amplitude), Φ12 (the annual phase), Φ6 (the 
semiannual phase), A0 (annual mean), A12/A0, A6/A0, 
and A12/A6 of the COSMIC Ne at altitudes of 204, 250, 
340, and 500 km at 13:00 LT. In each panel the white 
curve indicates the dip equator, and two magenta circles 
represent the locations of magnetic poles. A12, A6, and A0 
are in units of 105 electrons/cm3, and Φ12 and Φ6 are in 
months.

Figure 1 indicates that even during solar minimum 
there are strong and complicated annual and semiannual 
variations in daytime Ne, which have distinct latitudinal 
and altitudinal dependencies. The semiannual component 
predominates over the annual variation in equatorial 
regions and at high latitudes in the East Asian and South 
Atlantic sectors at low altitudes, and at higher altitudes the 
semiannual component predominates in equatorial region 
but recedes in other regions. The semiannual variation 
peaks in equinoctial months in most regions, while it has 
maxima in solstice months firstly in the South Pacific region 
(around 30° S, 120° W) at 250 km altitude then expanding 
over the South Pacific and South Atlantic Ocean at higher 
altitudes. Moreover, there is a region around (45°S, 30°W) 
with dominant semiannual component, moving in the 
east-north direction with increasing altitude in the altitude 
range of 200–270 km. The relative amplitude of the Ne 
annual component has hemispheric asymmetry, which is 
prominent at high altitudes in the southern hemisphere. 
The winter/seasonal anomaly widely exists in the northern 
hemisphere and southern low latitudes and in Indian 
Ocean region at low altitudes but gradually disappears at 
higher altitudes. 

Furthermore, in equatorial regions, a new finding is 
the obvious wave-like pattern in the longitudinal structure 
of the amplitudes of seasonal harmonic components in 
equatorial regions, which supports possible couplings 
between lower atmospheric origins and the longitudinal 
variations of Ne. Liu et al. (2011b) further illustrated the 
longitudinal structures of the key parameters of the F2 
peak (peak density and height and Chapman scale height) 
derived from the COSMIC data.

The results presented by Liu et al. (2009b) indicated 
that the phase of the annual variation of hmF2 is closely 
related to the sign of geomagnetic dip angle. The 
annual component of hmF2 definitely predominates in 
most regions, and the semiannual amplitude of hmF2 is 
particularly weaker. Zhang et al. (2010b) also gave a 
picture of the seasonal variations of ionospheric profiles at 
high and middle latitudes, in terms of the measurements 
of incoherent scatter radars during the International Polar 
Year (IPY).
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The equinoctial asymmetry is an interesting and open 
question in ionospheric seasonal variations. However, it 
has not received enough attention in past investigations. 
For example, almost all ionospheric empirical models 
cannot reproduce the differences between March Equinox 
and September Equinox. In other words, these models did 
not treat the data in the two equinoxes separately. In the 
literature, there is not much information about the global 
picture for the equinoctial asymmetry. Balan et al. (1998) 

Figure 1   Maps of A12 (the amplitude of the annual component), A6 (the amplitude of the semiannual component), Φ12 (the phase of 
the annual component), Φ6 (the phase of the semiannual component), A0 (annual mean), A12/A0, A6/A0, and A12/A6 of the COSMIC Ne 
at altitudes of (a) 204, (b) 250, (c) 340, and (d) 500 km at 13: 00 LT. In each panel the white curve indicates the dip equator, and two 
magenta circles represent the locations of magnetic poles. A12, A6, and A0 are in units of 105 el/cm3, and Φ12 and Φ6 are in months. After 
Liu et al. (2009b)

collected the historical data observed from the Japanese 
MU incoherent scatter radar and showed higher electron 
densities in September equinox than in vernal months 
at lower altitudes. In contrast, the pattern is reversed at 
altitudes around and above the F2 peak. They put forward 
that the equinoctial asymmetry in neutral wind should 
be responsible for the observed pattern in the topside 
ionosphere.

Liu et al. (2010) utilized multiply ionospheric data, 
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including global measurements of Ne profiles from 
COSMIC mission radio occultation measurements, 
ionosonde NmF2, TEC from TOPEX and Jason-1 and from 
global dual-frequency GPS receivers as well, to investigate 
the behaviors of the daytime ionosphere around equinoxes 
during Low Solar Activity (LSA). The analysis reveals 
that during LSA the equinoctial asymmetry in ionospheric 
plasma density is mainly a low latitude phenomenon. The 
equinoctial differences in TEC and NmF2 are remarkable 
at low latitudes in both hemispheres and less significant 
at higher latitudes. At higher altitudes, the asymmetry 
in COSMIC Ne becomes less significant in the southern 
hemisphere, and the pronounced asymmetry regions 
in the northern hemisphere move toward the magnetic 
equator. However, Chen et al. (2012) recently revealed 
that the latitudinal features of the equinoctial asymmetry of 
NmF2 and TEC at high solar activity are different from those 
at low solar activity. At high solar activity, the equinoctial 
asymmetry of NmF2 is more prominent at middle latitudes 
while the equinoctial asymmetry of TEC is significant at all 
latitudes. In fact, the ionospheric equinoctial asymmetry 
should be considered as a manifestation of the annual 
variation, whose annual phase significantly shifts away 
from the solstices. According to this investigation, future 
models should treat the ionosphere on the two equinoxes 
separately, at least in the low latitude regions.

The F2-layer peak height (hmF2) estimated from the 
COSMIC Ne profiles also shows an equinoctial asymmetry 
at low latitudes, indicating the existence of equinoctial 
differences in low latitude neutral winds, specifically in the 
northern hemisphere. However, the pattern of equinoctial 
asymmetry in hmF2 does not support the explanation of 
the absolute role of neutral wind effect on that of NmF2 
as proposed by Balan et al. (1998). Therefore, besides 
the important effect of the neutral wind, there should be 
other physical processes playing key roles in forming the 
observed equinoctial asymmetry in the ionosphere.

Ren et al. (2011) investigated the equinoctial asym-
metry in the vertical plasma drift velocity in equatorial F 
regions based on the ROCSAT-1 observations during the 
period from 1999 to 2004. The ROCSAT-1 ionospheric 
observations exhibit noticeable asymmetry in plasma drifts 
with obvious local time dependency. On the basis of the 
plasma drift observations, they also simulated the effect of 
the equinoctial asymmetry in plasma drift on ionospheric 
plasma density with the Theoretical Ionospheric Model of 
the Earth, Institute of Geology and Geophysics, Chinese 
Academy of Sciences (TIME-IGGCAS). The simulations 
indicate that the daytime equinoctial asymmetry in plasma 
drift could partly explain that in plasma density observed 
by Liu et al. (2010).

Currently, the atmospheric circulation mechanism is a 
widely accepted hypothesis for the ionospheric seasonal 

variations (see Rishbeth, 1998). Solar radiation and Joule 
heating in the polar region are the main heating sources 
for the upper atmosphere. The input energy controls the 
convection pattern of the atmospheric circulation, changes 
the atmospheric composition, and further modulates the 
seasonal variation of the ionosphere. A simplified sketch 
is the summer-to-winter flow, which is driven by solar 
heating. In the summer hemisphere rich-N2 is carried 
upwelling with the heated air, and downwelling occurs 
in the winter hemisphere; as a result, the [O]/[N2] ratio 
decreases in the summer hemisphere and increases in 
the winter hemisphere. On the other hand, the summer-
to-winter flow is reinforced by the effect of the summer 
auroral oval. Joule heating in the winter hemisphere also 
drives a subsidiary circulation (Rishbeth, 1998).

Fuller-Rowell et al. (1998) proposed the effect of 
“thermospheric spoon” to explain the semiannual variation, 
which is significant in the thermosphere. According to 
their theory, the cross-hemispheric general circulation 
acts as a spoon in the summer hemisphere to better mix 
the thermospheric compositions, compared to equinoctial 
months. The consequence is that the thermosphere as a 
whole is more molecular (i.e., lower [O]/[N2]) at solstice 
than at equinox. This also explains the F2-layer semiannual 
effect in NmF2 prevailing at low and middle latitudes.

Oliver et al. (2008) discussed the physical causes of 
middle latitude F layer behaviors. They emphasized the 
effect of neutral winds on f0F2 and the composition control 
of NmF2. Ma et al. (2002, 2003) studied the semiannual 
variations in low-latitude f0F2 and in equatorial electrojet 
and proposed that the lower thermospheric diurnal tides 
modulate the semiannual variation of equatorial electric 
fields, which causes the semiannual variation in the 
low latitude ionosphere. Yu et al. (2006a) conducted 
simulations to examine the control of electric fields on NmF2 
under solar minimum and geomagnetic quiet conditions. 
Their results indicate that the semiannual variation of 
electric field would strengthen that of NmF2 over equatorial 
anomaly regions in the afternoon to early morning hours.

Another open question is the annual asymmetry in 
F2 layer. Although this feature has been detected for 
decades, but its principal causes are not fully understood. 
Zeng et al. (2008) investigated global variations of the 
annual asymmetry observed from 1-year COSMIC 
ionospheric radio occultation measurements. The COSMIC 
observations reveal strong annual asymmetry in NmF2 
with significant longitudinal and local time variations. The 
numerical simulations using the Thermosphere-Ionosphere 
Electrodynamics Global Circulation Model (TIEGCM) are 
in very good agreement with the COSMIC observations. 
TIEGCM simulations indicate that differences in solar 
EUV radiation between the December and June solstices 
(due to the change in the sun-earth distance) and the 
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displacement of the geomagnetic axis from the geographic 
axis are the two primary processes that cause the annual 
asymmetry and its associated longitudinal and local time 
variations. Although Zeng et al. (2008) declared that 
the tides originating from lower atmosphere only have a 
minor contribution to this asymmetry, but its quantitative 
contribution is not clear up to now.

Accumulated evidence (e.g . ,  Wan et al . ,  2010) 
indicates the tides originating from the lower atmosphere 
closely control the temporal and spatial structure of the 
ionosphere. For example, the longitudinal ionospheric 
structure of wave number 4 may be linked with the 
atmospheric tide of nonmigrating tidal mode DE3 (diurnal 
eastward wave number 3). It is surely a challenge topic 
on the contributions of tides to the detailed structure of 
seasonal variations in the ionosphere.

Using ionosonde data from 33 stations in three longitude 
sectors from 1969 to 1986, Xu et al. (2012) detected a 
periodic oscillation in daytime NmF2 with a period of 4 
months (terannual), which is stronger in the midlatitude 
region in the Northern Hemisphere than in the Southern 
Hemisphere. In contrast, the terannual oscillation signature 
is not obvious in the nighttime F2 layer. The phases match 
perfectly between the annual and semiannual oscillations 
and the terannual oscillation. These three oscillations show 
larger amplitudes during solar maximum. The amplitude 
of the terannual oscillation is also correlated with the 
product of the amplitudes of annual and semiannual 
oscillations. According to the above features, Xu et al. 
(2012) suggested that the terannual oscillation might be 
related to the nonlinear interaction between the annual 
and semiannual oscillations.

3  Solar Cycle Variations of 
    the Ionosphere

It is well known that the ionization effect of solar radiation 
principally forms the earth’s ionosphere. The intensity of 
solar EUV is found to fluctuate regularly and irregularly 
over timescales from minutes (flares), roughly 27 days 
(solar rotation) to decades (11-year solar cycle), with 
amplitudes varying up to more than 1000 times (Pap et al., 
1990; Lean, 1987). Accompanying the variations in solar 
activity, many parameters of the ionosphere/thermosphere 
fluctuate with similar periods and features (Forbes et al., 
2006; Gorney, 1990; Liu et al., 2011c). Therefore, the 
solar activity effects on the ionosphere are essential and 
complicated.

Under the invitation from the editorial committee of 
Chinese Science Bulletin, Liu et al. (2011c) summarized 
some recent studies on solar activity effects of the 
ionosphere. Their short review reported some observations 
of solar irradiance at X-ray and EUV wavelengths and 

the outstanding problems of solar proxies in the view 
of ionospheric studies, new findings and improved 
representations of the features of the solar activity 
dependence of ionospheric key parameters and the 
corresponding physical processes, possible phenomena 
in the ionosphere under extremely high and low solar 
activity conditions, and statistical studies and model 
simulations of the ionospheric response to solar flares. In 
the following, some materials are taken from this review to 
keep the completeness of this national report. The reader 
is recommended to refer to Liu et al. (2011c) for details.

3.1  Solar Cycle Effects of the F2 Peak

The F2 peak is the most important region in the ionos-
phere, due to the highest electron density around the 
F2 peak. Therefore, it has been the subject of most 
ionospheric investigations. Recent works studied some 
key parameters, such as f0F2 or NmF2 (Chen et al., 2008; 
Lei et al., 2005; Liu et al., 2003a; 2004b; 2006b; Richards, 
2001; Sethi et al., 2002; Xu et al., 2008), TEC (Afraimovich 
et al., 2008; Chakraborty and Hajra, 2008; Liu and Chen, 
2009; She et al., 2007), hmF2 (Lei et al., 2005; Liu et al., 
2006b), plasma temperature and profile scale heights 
(Lei et al., 2005; Liu et al., 2007b), thermospheric winds 
(Igi et al., 1999; Liu et al., 2003b; 2004a), and total mass 
density of the thermosphere (Guo et al., 2007). These 
studies investigated the complicated responses of the 
ionosphere and thermosphere to changes in the solar 
activity, the related mechanisms, and how to represent 
those characteristics effectively in application missions (Liu 
et al., 2006b; Chen et al., 2011; 2012).

The picture of solar activity effects of the ionosphere 
is gradually outlined in a more detailed way (Balan et al., 
1994a; 1994b; Chen et al., 2008; Liu et al., 2003a; 2004b). 
Many investigations have been conducted on the statistical 
relationship between ionospheric electron density and the 
solar proxy F10.7. For example, Balan et al. (1994a), Liu et 
al. (2003a) and many others reported that the increase in 
TEC and NmF2 linearly follows the growth of F10.7 under low 
and moderate solar activity levels, but the linearity breaks 
down at higher activity levels. Under such situations, TEC 
and NmF2 stop to increase and even turn to decrease at 
some stations.

It is under debate the nonlinear feature of the solar 
effects of the ionosphere and what causes such nonlinea-
rities. Balan et al. (1994a, 1994b) originally explained 
the saturation in electron density in response to the solar 
activity in terms of the nonlinearity between solar indices 
and EUV intensity. Traditionally, the sunspot number R and 
F10.7 are used for solar proxies.

However, Liu et al. (2003a) reported that the saturation 
effect is also detectable in f0F2 and EUV, and becomes 
stronger in equatorial anomaly regions. Liu et al. (2006b) 
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further carried out an analysis based on a longest series 
of daily solar EUV data recorded by SOHO/SEM and 
NmF2 data recorded at global ionosonde stations in the 
East Asia/Australia sector. Their original objective was to 
quantify the solar activity sensitivity of daytime NmF2. Liu 
et al. (2006b) found that dynamic and chemical processes 
determine the seasonal and latitudinal features of the 
saturation effect. According to their results, the nonlinearity 
between solar EUV and F10.7 is not enough to explain the 
observed saturation effect.

Kane (2003) puzzled the inconsistency between the 
change rates in solar EUV intensity and those in NmF2. 
For example, solar EUV increased 150% from 1996 
to 2000, while NmF2 changed 210%–290% at seven 
stations. Obviously, the solar EUV changes themselves 
were insufficient to account for the observed changes in 
NmF2. It means that the solar activity not only determines 
the photoionization rates but also modulates various 
related processes. Liu et al. (2006b) reproduced the 
observed inconsistency of the change rates of solar EUV 
intensity and NmF2, if the solar activity effects of neutral 
compositions and chemical and dynamical processes are 
consistently taken into account. They further recommended 
an improved solar proxy F10.7P (here F10.7P=(F10.7+F10.7A)/2, 
F10.7A is the 81-day mean F10.7), because F10.7 and sunspot 
number fail to linearly represent the intensity of solar EUV.

Chen and Liu (2010) further studied the influence 
of ionospheric dynamics and thermospheric variations 
on solar cycle effects of daytime NmF2. It is found that 
the variations of neutral atmosphere and hmF2, which is 
modulated by dynamic processes, are responsible for 
the seasonal and local time dependences of the linear 
increase rate of NmF2 on F10.7 at mid-latitudes, while 
dynamic processes are the more important factors at low 
latitudes. Under high solar activities, dynamical processes 
not only control hmF2 to influence NmF2, but also directly 
slow down the change rate of NmF2 versus F10.7, which is a 
key factor for causing the saturation effect.

A novel finding is that the solar activity effects of 
ionospheric electron density show linear, saturation and 
amplification features. The trends the ionosphere present-
ed are found to be dependent on latitude, local time and 
season (Chen et al., 2008; 2009; Liu and Chen, 2009; 
Liu et al., 2007c; 2009a). The solar activity variation 
in nighttime NmF2 at some stations retains the daytime 
saturation feature in summer, has a linear feature during 
the equinoxes, and presents an amplification feature 
in winter. Chen et al. (2008) stated that dynamical 
processes (pre-sunset enhancement of the equatorial E×B 
vertical drift and neutral winds) and changes in neutral 
compositions contribute to the seasonal difference in the 
solar activity effects of nighttime NmF2. Liu and Chen (2009) 
provided a quantitative description of the three kinds of 

solar activity effects in the global TEC. They illustrated the 
local time variation and longitudinal distribution of the TEC 
solar activity sensitivity in the four seasons. The saturation 
is found to cluster in equatorial anomaly regions, which 
were supported by Ma et al. (2009). Ma et al. (2009) used 
ionosonde NmF2 data to show latitudinal double peaks in 
the nonlinear coefficient of NmF2 versus solar proxies.

Recently, there are some attempts to search for usable 
ionospheric indices. Afraimovich et al. (2008), She et al. 
(2007) and Liu et al. (2009a) evaluated the mean TEC 
and its solar signature. These mean TEC data effectively 
depress the noise from local regions and capture obviously 
various time-scale variations in the solar activity (Pap et 
al., 1990; Kane, 2003a; 2003b), compared with individual 
TEC data. Moreover, the mean TEC averaged over latitude 
bands shows stronger solar activity sensitivity in lower 
latitude bands, and the saturation effect in the mean TEC 
versus F10.7 is more pronounced at low latitudes, while the 
mean TEC increases more rapidly for higher solar EUV 
fluxes (Liu et al., 2009a).

A long-lasting question in solar cycle effects of the 
ionosphere is the “hysteresis” phenomenon (Chakraborty 
and Hajra, 2008). Similar to the “hysteresis” effect of 
magnetic materials, electron density may have different 
values for different phases of a solar cycle even at the 
same solar level. There is not yet an accepted explanation 
for the “hysteresis” effect. Attempts have been made in 
ionospheric models to include the possible influence of the 
historical state of the solar activity on the ionosphere (Liu 
et al., 2004b; Yue et al., 2006b). The “hysteresis” effect, 
however, is difficult to reproduce effectively in nowadays 
models, which is one of the key problems restricting the 
development of long-term predictions of the ionosphere.

3.2  Solar Cycle Effects of the Ionosphere 
       at Different Altitudes

To first order, the ionosphere varies with altitude. The solar 
cycle effect on ionospheric Ne profile and ion compositions 
is an interesting issue. Zhao et al. (2005) studied the 
changes in topside ion compositions under different solar 
activities. Lighter ions (H+ and He+) dominate at 840 km 
altitude at LSA. With increasing solar activity, the main 
ions are gradually taken over by O+. It means the upper 
transition height, the altitude with equivalent number 
density of lighter ions and O+, moves towards higher 
altitudes under high solar activities.

Under the assumption of diffusive equilibrium, the 
altitudinal distribution of the topside plasma density is 
determined by hmF2, NmF2 and plasma scale height. The 
plasma scale height naturally is an important parameter 
to describe the altitudinal distribution of plasma density in 
the topside ionosphere. In the light of this simplification, 
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the peak parameters (hmF2, NmF2) and plasma scale 
height can be derived from the observations of incoherent 
scatter radar. Lei et al. (2005) and Liu et al. (2007b) 
systematically investigated the climatology of plasma scale 
height around the F2 layer peak, which are estimated from 
the observations of incoherent scatter radars at Arecibo 
(18.5°N, 66.8°W) and Millstone Hill (42.6°N, 288.5°E). 
The scale height linearly increases with F10.7 and its 
variations have close relations with the thermal structure 
and dynamical processes in the ionosphere. They also 
discussed the possible connection between the scale 
height and Ne profile parameters, which has potential 
values in ionospheric models. Some parameters may be 
estimated from bottom-side profile parameters, providing 
the connection is strong enough.

Liu et al. (2007c; 2007d) presented the climatology 
of plasma density at 840 km altitude. The data are the 
total ion density observed by DMSP. It is the first time to 
report that there are strong amplification features in the 
solar activity dependency of plasma density in the topside 
ionosphere. This feature becomes more obvious at lower 
magnetic latitudes. What is surprising to us is that the 
solar activity dependency of electron density becomes 
much complex, when the altitude moves downward to 600 
km altitude (Chen et al., 2009). ROCSAT-1 observations 
indicate that all the three patterns, linearity, saturation and 
amplification, can be found at 600 km altitude. In contrast, 
the saturation effect predominates at 400 km altitude (Liu 
et al., 2007a). Moreover, the equatorial anomaly feature 
is fairly obvious in the latitudinal distribution of ROCSAT-1 
sunset plasma density, indicating the enhancement in 
equatorial vertical plasma drift during solar maximum.

According to the characteristics of ionospheric F-layer 
key parameters, Liu and Chen (2009), Liu et al. (2007c) 
and Chen et al. (2009) proposed an explanation to 
understand why there are three kinds of patterns at 
different altitudes in the solar activity response of the 
ionosphere. The principal factor controlling the solar 
activity variation trend of the plasma density at high 
altitudes (e.g., 800 km) is the scale height, which drives 
the increase of the ionospheric plasma density in an 
exponential way. With the altitude moves downward, the 
scale height, hmF2 and NmF2 all play key roles. In particular, 
equatorial drift induces the change in hmF2, which further 
controls the solar activity response of the equatorial 
ionosphere.

3.3  The Ionosphere Under Extreme 
       Solar Conditions

The solar activity evolution itself is a very complicated 
and elusive process, and some extreme phenomena 
have been reported emerged in historical solar activities. 
For example, according to sunspot records on hand, 

virtually no sunspots were observed during the period of 
1645–1715 (the Maunder Minimum), which indicates the 
Sun experienced an extremely long and low solar activity 
period.

Liu et al. (2009a) investigated the statistical relationship 
between ionospheric TEC and solar EUV. Negative 
values of plasma density are extrapolated, if one applies 
the statistical function of observed TEC and EUV to the 
situation that the Sun ceases to radiate EUV outward. 
The negative extrapolated TEC is certainly a non-physical 
result because the value of TEC should not be negative. 
However, it reveals a key point that under extreme solar 
conditions the state of the ionosphere should be different 
significantly from those under normal conditions. This 
gives rise to exploring how the ionosphere performs under 
such extremely low solar EUV radiation.

Smithtro and Sojka (2005) conducted a pioneer work, in 
which they simulated the global average response of the 
ionosphere and thermosphere to different solar activities 
in terms of a global average ionospheric/ thermospheric 
model with assumptions of the solar EUV spectrum under 
extreme conditions. Their simulated results show that the 
change in neutral temperature and hmF2 with solar EUV 
intensity still keeps a linear rate even under extreme low 
solar conditions. With solar EUV decreasing to very low 
level, the molecular N2 and O2 are dense around the F2 
peak so that the electrons have a larger loss rate; as a 
consequence, the decrease in O+ concentration is faster 
than that in molecular ions. Under such situations, the 
values of NmF2 become as low enough as those of NmF1, 
similar to the “G” condition in some storms. One feature 
we do not expect is that the simulated electron density 
grows faster when the solar activity goes beyond its 
normal range, which is consistent with that of the mean 
TEC observed in Liu et al. (2009a).

It should be mentioned that the solar activity in 
2007–2009 was low and extremely extended in recent 
solar minima. The spotless days reached 266 days in 
2008, a record in 90 years. A campaign named “Deep 
Solar Minimum” is going on to investigate the response of 
the space environment to such unusual solar conditions. 
The behaviors of the ionosphere and thermosphere 
naturally become the hot spot in the international 
community of space physics.

Chen et al. (2011) found that the ability of F10.7 to 
indicate the intensity of solar EUV became worse during 
the period of 2007–2009. It means that the solar activity 
is surely unusual. Geomagnetic activity was much more 
quiet during the recent deep solar minimum than in the 
previous several solar minima (Figure 2). A consequence 
of the calm geomagnetic activities is that the separation of 
atmospheric compositions accelerates, and the ratio of [O]/
[N2] increases.
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Solomon et al. (2010) reported the total mass density 
of the upper atmosphere became smaller based on the 
atmospheric mass density database retrieved from the 
historical data of orbits of thousands of satellites. The total 
mass density normalized at 400 km altitude fell below 30% 
of those during previous solar minima, which means that 
the atmosphere became cooler.

Lühr and Xiong (2010) compared the observed electron 
density from CHAMP and GRACE satellites with the 
predictions of an empirical ionospheric model (Bilitza and 
Reinisch, 2007) and showed that the prediction of the 
empirical model overestimates the ionospheric electron 
density in 2007–2009. In some sense, it also indicates the 
ionosphere behaviors were unusual during this period. 
Heelis et al. (2009) also reported the ion temperature and 
the O+/H+ transition height became lower during this period.

Recently, Liu et al. (2011a) analyzed the global data 
of ionosondes and TEC GIMs during solar minima. Their 
results reveal a distinct decrease trend in NmF2 or f0F2, 
the virtual height of the F layer (h'F), and TEC during 
2007–2009. The global mean TEC perfectly followed the 
reduction in solar EUV, reaching minimum in 2009. We 
can infer from the above studies that during the deep solar 
minimum the ionosphere responses in lower height and 
smaller electron density may be mainly attributed to the 
decrease in solar EUV. 

 As illustrated in Figure 3, the 1-year running mean 
value of f0F2 drops 0.55 MHz at a Japanese station and 
the new proxy F10.7P decreases about 3 sfu (solar flux 
unit). The work of Liu et al. (2011b) using COSMIC radio 
occultation measurements also supports this trend. 
Decrease in the intensity of solar EUV is proposed to act 
as the main driver for this decrease in ionospheric electron 
density. It deserves to stress that a quadratic fitting 
reasonably captures the solar variability of f0F2 and global 
average TEC at such low solar activity levels.

Araujo-Pradere et al. (2011) also detected lower TEC 

over 4 middle latitude GPS stations in 2007–2009. It is 
interesting that they found a minor and marginal variation 
in ionosonde NmF2. Therefore, different studies reported 
inconsistent changes in NmF2 from solar minimum to 
minimum; which certainly calls for further investigation to 
gain a better understanding of the ionospheric behavior 
under such unusual solar conditions, to examine the data 
consistency, and to determine the influence of analysis 
techniques applied. It should be pointed out that Araujo-
Pradere et al.’s analyses are based on the monthly median 
values in selected months, while others are 1-year running 
values. The conflict possibly reflects the different variability 
of the ionosphere over different timescales.

Unfortunately, we still lack the knowledge of solar EUV 
spectrum under extreme solar activity conditions from 
observations. Therefore, we have difficulty to preciously 
reproduce the picture of the ionosphere under such 
situations.

Figure 2   Dot curve shows temporal series of F10.7 during recent solar cycles, and bars show percentage distributions of Ap during solar 
minima (F10.7 < 80 sfu). Four segments, from top to bottom, of each bar for Ap >20, 10< Ap≤20, 5 <Ap≤10, and Ap≤5, respectively. After 
Chen et al. (2011)

Figure 3   Moving 1-year mean of f0F2 at Kokubunji (35.7°N, 
139.5°E) at 05 : 00 Universal Time (UT) and F10.7P over recent 
solar cycles. F10.7P=(F10.7+F10.7A)/2 in solar flux unit, 1 sfu = 10-22 
W·m-2·Hz-1. Here F10.7A is the 81-day centered mean of F10.7. The 
minimum value of f0F2 during solar minimum of cycle 23/24 is at 
least 0.553 MHz lower than those of the preceding cycles, and 
that of F10.7P in cycle 23/24 is 3.06 sfu lower than those in the 
preceding cycles. After Liu et al. (2011a)
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4  Ionospheric Empirical Modeling

Ionospheric sounding operated at Wuhan Ionospheric 
Observatory (WIO; 114.4°E, 30.6°N) has a history over 
60 years, so WIO belongs to one of the stations with 
longest routine ionospheric observations. A series of single 
station models have been constructed on the basis of WIO 
observations. For example, Chen et al. (2002) and Mao 
et al. (2005) developed empirical models of TEC using 
the Fourier expansion and EOF representation methods, 
respectively. Liu et al. (2004b) built models of f0F2 using 
Fourier expansion and cubic-B splines approaches. The 
f0F2 models have good prediction accuracies with standard 
deviations in about 0.26 to 0.58 MHz. Yue et al. (2006a) 
gave a model regarding Wuhan foE. Liu et al. (2008) 
adopted EOF method to develop a model of M(3000)F2. 
In addition, through the work by Zhang and Huang (1998), 
the bottom-side observations over Wuhan have been 
introduced in the International Reference Ionosphere (IRI), 
which has already improved the model description for the 
ionosphere in China.

Besides the data over Wuhan, Xu et al. (2008) 
reconstructed a single station model using f0F2 data at 
Chongqing (29.4°N, 106.5°E).

Recently, Wan et al. (2012) and E. A. et al. (2012) 
conducted a complete EOF analysis of JPL-TEC and 
further constructed a TEC model. The global TEC model is 
constructed using the 1999–2009 GIMs provided by JPL. 
Their analyses also showed that EOF has outstanding 
advantage of fast convergence: the first four orders of the 
EOF series represent 99.04% of the overall variance of 
the original data set. Model-data comparisons indicate that 
the model can reflect the majority of the variations and 
the feature of temporal-spatial distribution of the global 
ionospheric TEC.

On the basis of the EOF base functions, Wan et al. 
(2007) developed a now-casting system of TEC maps over 
China with real-time observation of TEC from four stations, 
Mohe, Beijing, Wuhan and Sanya, which distribute from 
the north to south of China.

In another work, E. A. et al. (2011) discussed the 
impact of different model drivers through choosing 
appropriate proxies to present f0F2. They used similar-
parameter interpolation method to optimally refill the 
missing points in original f0F2 series and applied an EOF 
analysis to construct empirical f0F2 models. The data are 
from three Japanese ionosonde stations, Wakkanai (45.4° 
N, 141.7° E), Kokubunji and Yamagawa (31.2° N, 130.6° 
E). The EOF analysis provided a set of base functions 
and associated coefficients. The diurnal variation of base 
functions reflects the essential nature of ionospheric f0F2, 
and the coefficients represent the variability. For example, 
the first order EOF coefficient reflects the solar cycle 

variation in the component.
Zhang and Holt (2004) established an ionospheric 

electron temperature model based on incoherent scatter 
radar observations at Millstone Hill of America. Zhang et 
al. (2004) built an ionospheric plasma temperature (ion 
and electron temperatures) model over French Saint 
Santin with a slightly higher geographic latitude but an 
lower apex latitude (14°) than Millstone. The French Saint 
Santin incoherent scatter radar observations covered 
over two solar cycles beginning in September 1965. Both 
mid-latitude ionospheric temperature models provide the 
climatological thermal status of the upper atmosphere. 
Comparisons with IRI predications indicate good 
agreement in ion temperature at high solar activity, and 
above the F2 peak, while IRI electron temperature tends 
to be higher than both the St. Santin and Millstone Hill 
models.

Liu et al. (2005) adopted the autocorrelation method to 
forecast the short-term variations in f0F2. They estimated 
the prediction errors to examine the forecast performances 
at Chongqing for different combinations of parameters and 
algorithms. Their work suggests the ‘‘at once’’ method for 
longer than 10 h predictions and the ‘‘iterations’’ method 
for shorter predictions. At the same time, the CRI model, 
a corrected method of IRI, was described. An effective 
ionospheric index Ice was introduced into the CRI model 
to realize the regional forecasting in China region.

Yue et al. (2006b) made the first attempt to use an 
artificial neural network (ANN) method to derive the 
possible long-term trend in f0F2. They analyzed f0F2 data 
at 19 ionospheric stations in the Asia/Pacific sector. A 
byproduct of their analysis is that the ANN method can 
effectively eliminate the geomagnetic activity effect on f0F2, 
compared to usual regression methods.

M(3000)F2 is a key parameter to estimate hmF2. 
Comparisons of empirical models with observations 
show a huge challenge for improving the presentation of 
M(3000)F2. The CCIR option in IRI provides M(3000)F2 

with significant differences from observations, particularly 
in low latitude and equatorial regions.

Zhang et al. (2009; 2010a) made attempts to develop 
global models of M(3000)F2 and hmF2. They also based 
on EOF methods to present the global climatology of the 
monthly median hourly values of ionosonde M(3000)F2. 
The models were verified using data in 1965 (a low solar 
activity year) and 1970 (a high solar activity year). Better 
performance than IRI was showed by the comparisons 
between the model and observations.

 The empirical presentation of the temporal and 
spatial variations of the ionosphere has vital values in 
applications. It is a long-lasting task. Here we wish to give 
some suggestions to future modeling for the ionosphere: 
(1) recommend F10.7P (Liu et al., 2006b) as solar proxy 
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instead of F10.7 and sunspot number; (2) adopt a quadratic 
approximation to describe the solar variability of electron 
density, instead of a linear fitting or other higher-order 
regression fittings; (3) include the equinoctial differences 
of the ionosphere; (4) effectively decrease the terms of the 
base functions in models with new analysis approaches 

(e.g., EOF).
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is capable of detecting the temperature and horizontal 
wind with high temporal (15 min) and vertical (2 km) 
resolution in the mesopause region (80–105 km). During 
clear nighttime, the typical precision is about 0.6 K and 0.8 
m • s−1 for the temperature and wind at 91 km, respectively. 
Since November 2011, the USTC lidar has been being in 
operation, and mesopause temperature and wind within 
12 h period for 25 nights are obtained, which show large 
disturbances in temperature and wind during winter time at 
Hefei, China. 

Using the double edge technique, a Rayleigh Doppler 
lidar for wind measurement in the stratosphere (0–40km) 
was also developed in the USTC. The technique works by 
measuring the differences between the Doppler-shifted 
atmospheric echo and the outgoing laser pulse, then 
instantaneous wind information are retrieved. A FPI with 
three channels is used as the frequency discriminator to 
detect the Doppler shift of the Rayleigh backscatter. The 
horizontal wind in the upper troposphere and stratosphere 
(0–40km) within 30 min temporal, 150 m (troposphere) 
/500 m (stratosphere) height intervals was measured 
during a field campaign in Urumqi from July 2010 to 
November 2011, and a good consistency with local radio 
soundings were reported[2].

A new mobile sodium Wind/Temperature lidar was 
developed in China by Laboratory for Near-Space 
Environment Research (LNSER), National Space Science 
Center (NSSC), Chinese Academy of Sciences in 2010. 
The retrieval algorithm of wind and temperature is 
validated by a simulation study[3], and the sodium Doppler 
free saturation spectrum is measured and applied to 
locking the lidar ’s absolute frequency[4-5]. Using the 
lidar observations, the sodium density variation in a 9-h 
period, and the temperature in the mosopause regions 
were reported[6-7].

For the operation of the MF radar at Langfang (39°N, 
116°E), application of the FCA algorithms to the four-
receiving-antenna and the three-receiving-antenna system 
were evaluated with regard to MF radar wind retrievals, 
respectively[8]. The MF radar observations of the electron 
density were used to show the response of the lower 
ionosphere to the solar eclipse on June 22, 2009[9]. A 
simulations of the Martian radio occultation experiments 
with the one-way dual-frequencies regime between YH-1 
spacecraft and the Phobos Grunt space craft, and the one 
with the one-way single frequency regime between the 
YH-1 spacecraft and the Deep Space Station on the earth, 
were presented[10-11].

On June 3, 2010, the first launch of meteorological 
rocket of the Meridian Project was successful at the 
Hainan rocket launch site (19.5°N). Jiang et al.[12] analyzed 
the vertical profiles of atmospheric temperature and wind 
recorded by the rocket and its supportive balloons. The 
comparisons among the vertical profiles of atmospheric 
temperature and wind with SABER/TIMED temperature 
measurements and the modeling results of MSIS00 and 
HWM07 showed general consistency.

The wind at mesopause region and in the thermosphere 
at Xinglong station (40.2°N,117.4°E) of the National 
Astronomical Observatories in Hebei Province were 
observed by a Fabry-Perot Interferometer (FPI) funded 
by the Meridian Project in China[13]. Three 38-day data 
sets of horizontal wind from April 5, 2010 to May 12, 2010 
show that there exists clear day-to-day variation that 
is consistent with the data from HWM93. Xiao et al.[14] 
constructed a new middle atmospheric empirical model 
extending from 20 km to 70 km with the abundant TIMED/
SABER data using a three-layer feed-forward artificial 
neural network based on the Back-Propagation (BP) 
algorithm. The responses of the upper stratosphere on 
the SSW event were revealed with the COSMIC radio 
occultation data[15].

3  Study on the Upper Atmosphere

The O+ field-aligned diffusive velocities and fluxes in the 
topside ionosphere were calculated by using electron 
density profiles observed by COSMIC radio occultation 
measurements[16]. The results show that daytime diffusive 
fluxes change gradually with altitude from downward to 
upward. A transition height was found below hmF2 +80 
km. The largest value of upward diffusive flux and velocity 
during daytime occur at geomagnetic latitudes from 10° 
to 20° above hmF2 + 80 km, whereas during nighttime the 
maximum downward flux occurs at geomagnetic latitudes 
from 30° to 40°. Diffusive fluxes are roughly symmetric 
around the magnetic equator during equinoxes, but 
asymmetric during solstices.

Ionosonde data from 33 stations in three longitude 
sectors from 1969 to 1986 were used to study the 
seasonal variations of hmF2

[17]. The results reveal a 4-month 
period terannual oscillation in daytime hmF2. There is a 
good phase match between the annual and semiannual 
oscillations and the terannual oscillations. The amplitude 
of the terannual oscillation is also correlated with the 
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product of the amplitudes of annual and semiannual oscilla-
tions. Thus, it was suggested in Ref. [13] that the terannual 
oscillation might be related to the nonlinear interaction 
between the annual and semiannual oscillations. In addition, 
the terannual oscillation is stronger in the midlatitude 
region in the Northern Hemisphere than in the Southern 
Hemisphere.

Moreover, hmF2 from the same data set were used by 
Ma et al.[18] to investigate the effect of about 27-day solar 
rotation on the ionosphere. Different analysis methods 
were applied to determine quantitatively the sources of 
the observed 27-day variations of hmF2 and their related 
contributions to these variations. The results show that the 
27-day variations in solar radiation are the main drivers 
of the ionospheric 27-day variations. At geomagnetic low 
latitudes, the contribution of the 27-day variation in solar 
EUV radiation is greater than that in geomagnetic activity. 
However, the contribution from geomagnetic activity 
become more significant and is even larger than the 
contribution of solar radiation at higher latitudes, especially 
at midnight.

The nighttime equatorial mass anomaly (NEMA) at 
385 km was investigated using observations by the 
accelerometer onboard the CHAMP satellite between 2002 
and 2007[19]. NCAR/TIME-GCM results suggest that the 
likely cause of both the NEMA and thermosphere midnight 
temperature maximum phenomena are the superposition 
of diurnal and semidiurnal migrating tides of modes up to 
wavenumber 6. 

Using the thermosphere densit ies observed by 
the CHAMP and GRACE satellites and their orbital 
parameters, Xu et al. [20] investigated the effect of periodic 
oscillations in thermosphere densities (7–27 days) 
caused by solar rotation and periodic magnetic activity 
on satellite orbits during 2003–2005. The response of the 
Mean Radius of the satellite orbit Per Revolution (MRPR) 
to the oscillations in the Mean atmospheric Density Per 
Revolution (MDPR) increases linearly with oscillation 
periods. Moreover, there is a phase difference of π/2 
between the oscillations of MRPR and MDPR. These 
features are in good agreement with our theoretical 
analysis. The response of thermosphere density during 
some big earthquakes was studied by Zeng et al.[21] using 
in-situ measurement data. They showed that the abnormal 
atmospheric density decrease over the center region of 
the earthquake source on the earthquake day. During the 
period about 1–3 days before the strong earthquake, the 
decrease of upper atmospheric density exists and reaches 
the valley on the earthquake day.

The simultaneous and common-volume Na and Fe 

lidar measurements at Wuhan were conducted. Fe and 
Na meteor trails were analyzed. And, the discrepancy 
and relevancy, the characteristics and variations, and the 
formation mechanism of the metal layers were studied. 
Ma and Yi[22] reported the seasonal/annual characteristics 
of the high-altitude sporadic metal atom layers on the 
basis of extensive Na and Fe lidar measurements at 
30°N during the past several years. It was found that the 
extremely high sporadic Na and Fe layers above 105 km 
occurr mostly during summer. They have long durations 
(a few hours) and broad layer widths (much larger than 2 
km). Their absolute peak densities could be comparable 
to or even larger than those of the corresponding main 
layers in a few nights. By using all the raw data profiles 
including sporadic layers, the authors also observed that 
at 30°N, the Na and Fe layers both exhibit evidence for 
summer topside extension, which is consistent with the 
earlier observations for K and Ca at different latitudes. 
The summer topside extension of mean metal atom layers 
might represent a universal phenomenon that is alike for 
different atom species, different geographic locations and 
different measurement years. The extremely high sporadic 
metal atom layers above 105 km occurring during summer 
give rise to the phenomenon.

Chen and Yi[23] reported the average properties and 
small-scale variation features of the mesospheric Na 
and Fe layers at 30°N from extensive simultaneous and 
common-volume Na and Fe lidar measurements at Wuhan, 
China. The annual mean Na and Fe density profiles were 
derived. The mean Na and Fe profiles preserve the sharp 
gradients present in most individual density profiles near 
the layer bottom. The Na and Fe densities in the lowest 
several kilometers of the layers consistently exhibit nearly 
the same time variations. A clear distinction between the 
Na and Fe time variations always appears in an altitude 
range near 90 km whereas a relatively weak positive 
correlation between them persistently occurs also in 
an altitude range near 100 km. The universal relations 
between the time variations of Na and Fe densities at the 
different altitudes provide an insight into the unanswered 
metal layer formation mechanism. 

Zeng and Yi[24] first conducted extensive simultaneous 
and common-volume Na and Fe lidar observation 
investigation on meteor trails. The mean input fluxes from 
the lidar meteor trail measurements are 1.5×105 atom  • 

cm-2
 •  s-1 for Fe and 1.4×104 atom • cm-2

 • s-1 for Na. Only 
8 two-element trails were detected from a total of 210 
h simultaneous and common-volume Na and Fe lidar 
measurements. The observed two-element meteor trails 
yield the mean Fe/Na abundance ratio of ~9.0. These 
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trail features suggest a role of differential ablation. Xie 
and Yi[25] conducted Na lidar measurements of atom 
meteor trails with an integration period of 3.2 s at Wuhan 
(30.5°N, 114.4°E), China. A total of 125 Na meteor trail 
events were registered from 166 hours (16 nights) of lidar 
data. These Na trails show peak densities ranging from 
4040 to 39170 cm−3 with a mean of 16430 cm−3, while 
their occurrence altitudes vary from 77.2 to 111.6 km with 
a distribution centroid at 92.6 km. The upper edge of the 
Na trail altitude distribution resembles that of the altitude 
profile of the simultaneously observed mean Na layer. In 
particular, the trail altitude histogram maximum occurs 
around the mean Na layer peak. This is consistent with 
early lidar observations of K and Fe trails, which shows 
that meteoroids entering the atmosphere tend to yield 
more atom meteor trails detectable by ground-based lidars 
around the peak of the regular metal layers than elsewhere. 
It was found that the formation of the Nas layers is usually 
accompanied by a bunch of Na meteor trails, and that they 
occurr near the altitude of the Nas layer peak.

Combining the observations by the FORMOSAT-3/
COSMIC constellation, a meteor radar at Wuhan (31°N, 
114°E), and a sodium fluorescent lidar at Hefei (31.8°N, 
117.3°E), the formation of the SporadicSodiumLayers 
(SSLs) in the mesopause region was investigated, a 
possible relationship between the Sporadic Sodium 
Layers, Meteors and enhanced electron density was 
proposed by Dou et al.[26]. Statistically, it was observed 
that the seasonal dependence of SSL correlates well to 
the annual variation of the sporadic E layers (Es), and is 
also consistent with seasonal meteor deposition except for 
February and March. It suggests that a “meteor-Es-SSL” 
chain could be reasonable if the recombination process are 
taken into consideration. Detailed study on the relationship 
between the electron density profiles by the COSMIC 
radio occultation and the observations of SSLs by the 
lidar illustrated that the appearance of Es accompanying 
SSL (i.e., 56.3%) is three times greater than that in the 
“normal” sodium layer. It also indicates that tides play an 
important role in causing the lower SSLs, which might be 
able to carry the upper dense electrons and ions in the Es 
layer formed by wind shear to the lower altitudes through 
downward phase propagations.

The long term and global observations of the 2.0 μm 
OH Meinel brightness by TIMED/SABER from February 
2002 to December 2008 were analyzed by Xu et al.[27]. 
The results show that migrating and nonmigrating tides 
have large effects on the nighttime OH airglow emission. 
The OH airglow emission rate is positively correlated with 
temperature below 94 km and negatively correlated above. 
The longitudinal dependency of OH airglow brightness is 
caused by the superposition of stationary (D0), westward 

wavenumber 2 (DW2), and eastward wavenumber 3 (DE3) 
nonmigrating diurnal tides. Using the same data set, the 
global distribution of the SAO, AO, and QBO in the OH 
nightglow peak emission rate and height as well as the 
intensity were studied by Gao et al.[28]. The latitudinal 
variations of the SAO, AO, and QBO in the peak emission 
rate are similar to those in the intensity. However, the peak 
emission rate and peak height of SAO are generally in 
antiphase. The peak emission rate and intensity of SAO 
are generally in phase.

The OH and O2 airglow emission rate data observed by 
the TIMED/SABER from 2002 to 2009 were used by Gao 
et al.[29] to investigate their global distributions of temporal 
variations of OH and O2 nightglow emissions. The results 
indicate that the OH nightglow emission is stronger than 
the dayglow emission, whereas the O2 nightglow emission 
is weaker than dayglow emission. Furthermore, the OH 
nightglow at the equinoxes has one peak at the equator 
and with a peak height around 85 km. The O2 nightglow at 
the equinoxes has three peaks, lying at 30° in the spring 
and autumn hemispheres and at the equator. In addition, 
the responses of OH and O2 nightglow emissions to the 
SSW (Stratospheric Sudden Warming) event in 2009 was 
analyzed by Gao et al.[30] using the TIMED/SABER data. 
They showed that the mesospheric cooling accompanies 
the warming stage of SSW events, the brightness and 
thickness nightglows decrease noticeably and the peak 
heights of the emissions ascend. On the contrary, the 
nightglows exhibit opposite variation during the recovery 
stage of the mesosphere. Gao et al.[22] proposed that these 
emission variations are mainly caused by perturbations in 
temperature and the transport of O in the MLT region.

The OH nightglow emission rates, temperature, and 
ozone obtained from TIMED/SABER observations, along 
with a theoretical model of the OH nightglow were used to 
distinguish the dominant mechanism for the nightglow[31]. 
They showed that the chemical reaction O3 + H → OH (ν 
≤ 9) + O2 leads to population distributions of vibrationally 
excited states that are consistent with the measurements. 
The contribution of the reaction HO2 + O → OH (ν ≤ 6) 
+ O2 to the nightglow is not needed to reproduce the 
measurements above 80 km. Moreover, Xu et al.[23] also 
showed that the quenching rate of OH (ν) by O2 is smaller, 
and that the removal by O is larger than currently used for 
the analysis of SABER data.

4  Processes in the Middle Atmosphere

4.1 Mean Circulation and Long-term Changes

Long-term temperature profile datasets obtained by 
Rayleigh lidars at three different northern latitudes within 
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the Network for the Detection of Atmospheric Composition 
Change (NDACC), i.e., Mauna Loa Observatory at Hawaii 
(MLO, 19.5°N), Table Mountain Facility in California (TMF, 
34.4°N) and Observatoire de Haute Provence in France 
(OHP, 43.9°N), were used to derive the middle atmosphere 
temperature trend and their responses to the 11-year 
solar cycle[32]. The lidar trends agree well with earlier 
satellite and rocketsonde trends in the stratosphere but 
a substantial discrepancy was found in the mesosphere. 
The cooling trend in the upper stratosphere at OHP during 
1981–1994 (23 K/decade) was much larger than that 
during 1995–2009 (≤ 0.8 K/decade), coincident with the 
slightly increasing upper stratospheric ozone density after 
1995. Significant temperature response to the 11-year solar 
cycle was found. At OHP a wintertime negative response 
in the upper stratosphere and a positive response in the 
middle mesosphere were observed during 1981–1994 
but the opposite behavior was found during 1995–2009. 
This behavior may not be a direct solar cycle response at 
all, but likely related to an "apparent response" to decadal 
variability (e.g. volcanoes, "modulated random" occurrence 
of sudden stratospheric warmings) that is more complex.

Using the measurements of horizontal wind profiles 
made by the University of Illinois meteor radar in Maui, 
Hawaii (20.7°N, 156.3°W) from May 2002 to June 2007, Li 
et al.[33] reported that the mesospheric SAO, with the winter 
westerly near 80-90 km clearly stronger than the summer 
westerly, is out of phase with the stratospheric SAO near 
1 hPa (~50 km). The mesospheric SAO easterly is strong 
during the easterly phase and weak during the westerly 
phase of the stratospheric quasi-biennial oscillation 
(QBO) near 10 hPa (~30 km), suggesting the modulation 
of the mesospheric SAO by the stratospheric QBO. The 
mesospheric QBO has an amplitude of ~5 m • s−1 near 80 
km. It is in phase with the stratospheric QBO near 10 hPa 
and out of phase with the QBO-like oscillation near 1 hPa. 
The correlation of the Gravity Wave (GW) and the Quasi-
Two Day Wave (QTDW) activities with the mesospheric 
SAO and QBO suggests that the GW drags and the 
QTDW Eliassen-Palm flux divergences likely contribute to 
the QBO modulation of the mesospheric SAO. The winter 
easterly wind in the tropical upper stratosphere pushes 
further into the Northern subtropics during the QBO 
westerly phase than during the easterly phase. This may 
have impacts on the upward propagation of westward-
propagating GWs originated from the middle latitudes, and 
thus the westward GW forcing in the upper mesosphere of 
Northern subtropics.

Seasonal and Inter-annual variability in the GWs 
activities in the middle atmosphere temperature and wind 
are investigated by using ~10 years (January 1997 to June 

2007) temperature profiles taken by the Jet Propulsion 
Laboratory Rayleigh lidar at Mauna Loa Observatory, 
Hawaii (19.5°N, 155.6°W), the seasonal and inter-
annual variability of gravity waves (GWs) variance in the 
upper stratosphere (35–50 km) and lower mesosphere 
(48–63 km) were evaluated[34]. A seasonal variability 
with maximum in winter and minimum in summer was 
observed in the upper stratosphere, suggesting the 
dominance of the Annual Oscillation (AO). In the lower 
mesosphere, the seasonal oscillations of GW variance 
are dominated by a Semiannual Oscillation (SAO), likely 
due to the selective filtering of GWs by the tropical upper 
stratospheric SAO wind. Modulation of GW variance by the 
Quasi-Biennial Oscillation (QBO) is clear only for the long 
vertical wavelength band in the upper stratosphere, and 
not in the lower mesosphere. The United Kingdom Met 
Office (UKMO) zonal mean zonal wind further supports 
that enhanced GW activity in the upper stratosphere 
corresponds with the westerly shear phase of the zonal 
wind at 10 hPa (~30 km), and suppressed activity 
corresponds with the easterly shear phase. During the 
strong El Niño event in the winter of 1997/1998, enhanced 
GW activity was observed only in the lower mesosphere 
and not in the upper stratosphere. Additional enhancement 
of GW variance, especially clear in the upper stratosphere, 
was also found during 2001–2002 and winter 2005/2006. 

4.2  Thermal Tides and Gravity Waves

The global distribution of atmospheric ozone observed by 
Aura/MLS from August 2004 to December 2008 was used 
to calculate the diurnal component in the ozone heating 
rate by Xu et al.[35]. According to the Hough modes and 
their Annual (AO), Semiannual (SAO), and Quasi-biennial 
(QBO) variations of ozone heating, a new parameterization 
of the diurnal component of the heating rate was 
developed. The horizontal wind observed by a meteor 
radar at Fuke, China (19.5°N, 109.1°E) during spring 
months was analyzed by Jiang, et al.[36]. They showed that 
there are quite strong tides in the mesopause region of 
Fuke. Comparisons of the observed tides and GSWM02 
showed that Fuke diurnal tide agrees well with the model 
except for many differences occurring in semidiurnal tide. 

The basic structure parameters of Lower Tropospheric 
Inversions (LTIs) were derived from 10 years of radiosonde 
observations over 56 United States stations[37]. Seasonal 
and longitudinal variability of these parameters were 
presented and the formation mechanisms of LTI were also 
discussed. It was found that LTI seems to be a common 
feature over the continental United States. Detailed 
analyses revealed that dynamical instability induced by 
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strong zonal wind shear is responsible for LTI in winter, 
spring and autumn; the frontal system tends to generate 
LTI in summer. Since the higher occurrence rate, larger 
temperature jump and larger thickness of LTI occur in 
winter, it is believed strong zonal wind shear plays a more 
important role in the formation of LTI. 

Using rawinsonde measurements with high vertical 
resolution, the gravity waves accompanying a Tropical 
Cyclone (TC) were investigated for two cases, the 
TC Faxai that develops in the northwestern Pacific in 
December 2001, and the TC Dina in the southern tropical 
Indian ocean in January 2002. Conventional and wavelet 
methods were combined to characterize the Gravity-
waves (GWs) produced by the two intense TCs in the 
Upper Troposphere and Lower Stratosphere (UT/LS)[38]. 
Analyses revealed large contribution of GWs induced by 
TCs to wave energy densities in the UT/LS. An increase 
in total energy density of about 30% of the climatological 
energy density in austral summer was estimated in the LS 
above Tromelin during TC Dina. Four distinct periods in 
GW activity in relation with TC Faxai stages was observed 
in the UT. Globally, GWs have periods of 6 h–2.5 days, 
vertical wavelengths of 1–3 km and horizontal wavelengths 
<1000 km in the UT during the evolution of TCs. Horizontal 
wavelengths are longer in the LS and about 2200 km 
during TCs. Moreover, location of GW sources is below the 
tropopause height when TCs are intense otherwise varies 
at lower tropospheric heights depending on the strength of 
convection. 

Focusing on the process of GWs induced by a tropical 
cyclone, Chen et al.[39] conducted a simulation with a 
typhoon case, the Typhoon Masta in the northwestern 
Pacific in 2005, by using a meso-scale model (WRF) with 
high vertical resolution. An 8-day model run covering the 
major stages of the Matsa’s development reproduced 
the key features of the typhoon. For example, good 
agreements in the typhoon’s track, the intensity, and the 
spiral clouds, as well as mean state of stratosphere are 
seen between the simulation results and the observation. 
The simulation results clearly show that along with the 
northwestward propagation of the typhoon, pronounced 
stratospheric GWs are continuously generated in the 
vicinity of Matsa. The GWs exhibit typical curve-like 
wave fronts away from the typhoon, and propagate 
preferentially in the upstream of the background winds. 
These characteristics reflect that the stratospheric GWs 
are closely associated with the typhoon. Consistent with 
that revealed by using the rawinsonde data in Ref. [38], 
the simulated stratospheric GWs exhibit substantial long 
horizontal scale as the outmost wave fronts can be seen 
at the distance of ~1000 km to the typhoon center in the 
horizontal plane at 20 km height.

The excitation, nonlinear propagations and interactions 
of gravity waves were studied systematically by using 
nonlinear dynamic models. Applying a second-order fully 
nonlinear numerical scheme, Huang et al. [40] investigated 
the characteristics of reflection and transmission of 
atmospheric gravity wave packets in a vertically sheared 
horizontal wind. When the leading edge of incident 
wave arrives at the reflecting level predicted by the 
linear theory, the wave reflection begins to occur. In the 
reflection process, the reflection and incident waves are 
superposed with obvious phase staggering. Some spectral 
components of the incident wave can penetrate through 
the evanescent region and produce a transmitted wave. 
The simulation shows that the reflection loop predicted 
by the linear theory is not a common phenomenon in 
the wave reflection. Several groups of simulated cases 
indicate that the reflection and transmission coefficients 
depend on not only the parameters of the incident wave 
but also the strength and thickness of the evanescent 
region. The reflection coefficient increases but the 
transmission coefficient decreases with the relative 
evanescent thickness growth, and once the strength and 
thickness of the evanescent region are large enough, 
the wave hardly penetrates through the sheared wind 
zone, and the reflection coefficient approaches a constant 
value, too. These results suggest that the effects of wave 
reflection and transmission should be correctly included 
in the parameterization of gravity waves to attain more 
realistic middle atmospheric climatology from general 
circulation models. 

By applying the same scheme, Huang et al.[41] also 
studied sum non-resonant interaction of gravity waves. 
They found that sum non-resonant interaction not only can 
happen in the atmosphere, but also has a considerable 
energy exchange magnitude, which is comparable to that 
of resonant interaction. Despite the lack of the resonant 
condition restriction, the effective energy exchange due 
to the non-resonant interactions depends on the detuning 
degrees of interactions.

The basic features of the atmospheric structures and 
disturbances in the troposphere, the low stratosphere 
were studied by using the data from routine and intensive 
radiosonde multi-station observations. Zhang et al.[42] 

derived the latitudinal and seasonal variations of gravity 
wave potential energy density, kinetic energy density, 
and total energy density in the troposphere and lower 
stratosphere segments from radiosonde observations over 
United States. The latitudinal variation of potential energy 
density in the lower stratosphere is in good agreement 
with satellite observations. Their analysis reveals that 
GW energy properties exhibit distinctive latitudinal 
and seasonal variations. The upward-propagating GW 
energy in the troposphere is larger than that in the lower 
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stratosphere at low latitudes but the opposite holds true at 
high latitudes. The transition latitude, where the upward- 
propagating energies in the two altitude regions are the 
same, occurs at 35°N throughout the year. Their analysis 
indicates that the region around tropopause is an important 
source region, especially at latitudes below 35°N. Their 
studies strongly suggest that in order to fully understand 
the global GW activity in the lower atmosphere, the 
GW kinetic energy and its geographical and seasonal 
variations should be included.

The gravity waves (GWs) in the troposphere and lower 
stratosphere were studied by analyzing the temperature 
profiles with height resolution 50m obtained from the 
Beijing Observatory over the year 2002[43]. The results 
show that although the individual vertical wavenumber 
spectra reveal a considerable variability in both slope and 
amplitude, the seasonal mean spectra observed in the 
troposphere completely obey the linear saturation model.

The morphological features of GWs in the mesopause 
region were studied by analyzing the OH airglow imager 
data obtained from an All-Sky Airglow Imager (ASAI), 
which is installed at Xinglong (40.2°N, 117.4°E) in northern 
China[44]. It was showed that GWs occur more frequently in 
summer than that in winter. The bands propagate mostly in 
southwestward in winter, while almost all bands propagate 
northeastward in summer. Another ASAI with double 
channels has been installed at Langfang (39°N, 116°E) 
nearby Beijing in 2010. With the OH airglow imager data, 
three cases of quasi monochromatic gravity waves were 
analyzed in details by Tu et al.[45].

The seasonal variations of GW activity and spectra 
were revealed from the measurements of sodium tempera-
ture lidar at São José dos Campos (23°S, 46°W) [46]. The 
total temperature perturbation and temperature vertical 
power spectra have semiannual maxima occur near the 
equinoxes. They also found that there is a good agreement 
between monochromatic wave induced temperature 
perturbations and sodium concentration perturbations, 
and that the wave parameters derived from temperature 
data and sodium concentration data are comparable. The 
global morphologies of stratospheric GW activity were 
revealed from the temperature profile data of COSMIC 
GPS radio occultation by Xiao et al.[47]. They investigated 
the influences of the origins and the background winds 
and the modulation of the planetary waves on the GW 
activities.

By introducing the Coriolis effect into a GW parame-
terization scheme based upon Lindzen’s linear saturation 
theory, the description of the effect from Inertia-Gravity 
Waves (IGWs) were improved in a GCM simulation[48]. 
Applying the new GW parameterization scheme with the 
Whole Atmosphere Community Climate Model (WACCM), 
simulations on the generation of the equatorial oscillations 

of the zonal mean zonal winds were conducted. The 
simulations demonstrate that the parameterized IGW 
forcing from the standard and the new scheme are both 
capable of generating equatorial wind oscillations with a 
downward phase progression in the stratosphere using the 
standard spatial resolution settings in the current model. 
The period of the oscillation is dependent on the strength 
of the IGW forcing, and the magnitude of the oscillation 
is dependent on the width of the wave spectrum. The 
new parameterization affects the wave breaking level 
and acceleration rates mainly through changing the 
critical level. QBO can be internally generated with the 
proper selection of the parameters of the scheme. The 
characteristics of the wind oscillations thus generated are 
compared with the observed QBO. These experiments 
demonstrate the need to parameterize IGWs for generating 
the QBO in GCMs.

4.3  Dynamical Coupling Between the            
       Stratosphere and the Troposphere

Wang et al.[49] studied the characteristics of high-latitude 
planetary waves in the troposphere and lower stratosphere 
by using the data from radiosonde observations at three 
stations in USA. It was found that strong planetary waves 
exist in two regions. One is around tropopause, and the 
other is in the polar night jet in winter. Planetary waves 
around the tropopause are complex and no obvious 
season variability can be observed. The quasi 5-day and 
10-day PW are the weakest and strongest, respectively. 
Significant PWs in the polar night jet occur only in winter, 
with smaller amplitudes than those around the tropopause, 
and only obvious quasi 10-day and 16-day PWs remain.

A case study for the cold December 2009 in northern 
hemisphere showed that the cold condition over mid-
latitudes including East Asia can be accounted for by the 
extreme negative Arctic Oscillation (AO) at surface level, 
which is the lowest for the past 31 years. The negative 
AO in December is closely associated with the downward 
propagating anomalies from the stratosphere. During this 
process there are anomalously vertical propagations of 
planetary waves[50]. Further research indicated that the 
stationary wave propagation across Eurasian continent 
tends to be enhanced after mid-1970s, whereas they 
propagate less into the stratosphere. These interdecadal 
variations of stationary wave propagation may account 
on the enhanced Ural blocking-East Asian winter climate 
relationship[51]. 

Wei et al.[52] reported that the evolution of the East 
Asian winter monsoon has an evident changes after 
2000. Results show that the winter monsoon setup has 
been postponed. In mid winter, the monsoon breakdown 
process has accelerated, while it tends to be revival in late 
winter. These changes have been shown to be related to 
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large scale circulation changes in the stratosphere via the 
variation of planetary wave activities.

Both the responses of the planetary wave activities 
and the zonal-mean zonal flow to ENSO events were 
investigated based on the ERA-40 reanalysis data 
from the European Centre for Medium-Range Weather 
Forecasts[53]. During El Niño winters, the planetary waves 
in the stratosphere tend to propagate more upward and 
poleward. Its interaction with mean flow induces a dipole 
pattern in zonal-mean zonal winds, with accelerated 
westerly winds at low-middle latitudes and decelerated 
westerly winds at high latitudes. Further study on three-
dimensional Eliassen-Palm fluxes presented strong 
correlations between the SST anomalies in the North 
Pacific and the vertical Eliassen-Palm fluxes in Decembers 
of 1958–1976 and 1992–2006[54].  However, these 
correlations between the interannual variations of the SST 
anomalies and the penetration of planetary waves into the 
stratosphere are much less during the decadal sub-period 
1976–1992 in the positive phase of the Pacific Decadal 
Oscillation (PDO) and the decadal cold SST anomalies 
in the North Pacific. Interannual variations of the polar 
jet in the lower stratosphere in January are strongly 
associated with SST anomalies in the Aleutian Low region 
in December for the years with positive PDO index. This 
sub-period corresponds well with that of the violation of 
the Holton-Tan relationship between the equatorial Quasi-
Biennial Oscillation (QBO) and the stratospheric circulation 
in the extra-tropics. These findings give evidences of a 
large impact of the decadal SST variations in the North 
Pacific on wave activity in early winter due to changes 
of thermal excitation of planetary waves during distinct 
decadal periods.

Using re-analysis data from multi sources, the temporal 
and spatial relationship between ENSO and the extratropical 
stratospheric variability in the Northern Hemisphere were 
investigated[55-56]. Ren et al.[55] found that the two phenomena 
are significantly correlated at the timescale of 3–5 years. 
Specifically, the stratospheric polar vortex tends to be 
anomalously warmer and weaker in both the concurrent and 
the subsequent winter following a warm ENSO event, and vice 
versa. Generally, the polar anomalies in the subsequent winter 
are much stronger and with a deeper vertical structure than 
that in the concurrent winter. The authors further showed that 
the delayed stratospheric response to ENSO is characterized 
by poleward and downward propagation of temperature 
anomalies, suggesting an ENSO-induced interannual 
variability of the global mass circulation in the stratosphere. 
Particularly, in response to the developing warm ENSO event, 
there exist warm temperature and positive isentropic mass 
anomalies in the midlatitude stratosphere since the preceding 
summer. The presence of an anomalous wavenumber-1 in 
the concurrent winter, associated with an anomalous Aleutian 
high, results in a poleward extension of warm anomalies into 
the polar region, and thus a weaker stratospheric polar vortex. 
However, the midlatitude warm temperature and positive 
isentropic mass anomalies persist throughout the concurrent 
winter till the end of the next summer. In comparison with 
the concurrent winter, the strengthening of poleward heat 
transport by an anomalous wavenumber-2 in the next 
winter results in a much warmer and weaker polar vortex 
accompanied with a colder midlatitude stratosphere. Ren et 
al.[56] further showed that the lagged relationship between 
ENSO and the winter stratosphere exhibits a clear seasonality 
due to the seasonality of ENSO and the phase-locking of 
stratospheric variability to the annual cycle.
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Table 2   Chronology of FENGYUN geostationary meteorological satellites

Satellite Launch date Instrument Nature Design Life

FY-2A 1997.6.10 VISSR(Visible and Infrared Spin Scan 
Radiometer) Experimental 3 years

FY-2B 2000.6.25 VISSR Experimental 3 years

FY-2C 2004.10.19 VISSR Operational 3 years

FY-2D 2006.12.8 VISSR Operational 3 years

FY-2E 2008.12.23 VISSR Operational 3 years

FY-2F 2012.1.13 VISSR Operational 4 years

1  Development of 
    FENGYUN Satellites
 
Since the initiation of FENGYUN (FY) meteorological 
satellite program in 1970, China has developed and 
successfully launched 6 polar-orbiting satellites and 6 
geostationary satellites. The FY polar-orbiting system 
has been upgraded to the new generation or FY-3 series 
with satellite payload instruments increased from 1 to 
10, extending the observation spectrum from visible 
and infrared to ultraviolet and microwave, and realizing 
three dimensional measurements of the atmosphere. 
The geostationary system, operating in dual satellite 
constellation with one as an orbital back-up, has become 
much stable and reliable for the service. 

At present, 7 FY satellites are in orbit and providing 

Table 1   Chronology of FENGYUN polar-orbiting meteorological satellites

Satellite Launch date Instrument Nature Design Life

FY-1A 1988.9.7
MVISR(Multichannel Visible Infrared 
Scanning Radiometer)

Experimental 2 years

FY-1B 1990.9.3 MVISR Experimental 2 years

FY-1C 1999.5.10 MVISR Operational 2 years

FY-1D 2002.5.15 MVISR Operational 2 years

FY-3A 2008.5.27
VIRR,MERSI,IRAS,MWTS,MWHS,MWRI,
SBUS,TOU,SIM,ERM,SEM

Experimental 3 years

FY-3B 2010.11.5
VIRR,MERSI,IRAS,MWTS,MWHS,MWRI,
SBUS,TOU,SIM,ERM,SEM

Experimental 3 years

services, including FY-1D, FY-2C/D/E/F and FY-3A/B. 
Table 1 and table 2 are the chronology of FENGYUN 
polar-orbiting and geostationary meteorological satellites 
respectively.  Figure 1 Shows the present layout of 
FENGYUN Satellites in orbit.

2  Data Distribution

FENGYUN satellite data are distributed to both domestic 
and international users via CMACast, internet, dedicated 
communication systems and manual service etc. The 
number of registered users at the FENGYUN satellite data 
center (http://satellite.cma.gov.cn) has increased from 
10,270 in 2009 to 22,732 in 2010 with 160,000 network 
access. In 2011, the network access reached 930,000 and 
the number of page viewers was 6180,000, 173% increase 
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provided by CMA to the public and government for 
decision making.

3.1  Monitoring of Strong Convection Weather

Strong convection weather monitoring is one of the 
main applications of meteorological satellite service. 
In 2011, FENGYUN satellites played an effective and 
timely role in monitoring heavy rainfalls and strong 
convection weathers over China, the products such as 
rainfall estimation, strong convection animation were 
generated by CMA for the public and government’s 
information which have been proved very important 
for disasters prevention and reduction. Figure 3 is an 
example of rainfall estimation products from FY-2E 
and Figure 4 is an example of rainstorm monitoring by 
FY-1D.

Figure 1   Present layout of FENGYUN satellites in orbit

Figure 2   Number of registered users from 2005 to 2011
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Figure 3   Rainfall eestimation by FY-2E (from 2010-5-5 to 
2010-6-26)
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Figure 4   Rainstorm monitoring by FY-1D (2010-6-19)

on that of 2010, and 1,778 newly registered users made 
the total registration to 24,655 (Figure 2).

Also, the manual service of FENGYUN satellite data 
increased sharply in the past two years. In 2010, 8,123,537 
documents, or 61.0 TB data were manually prepared and 
provided to users; and in 2011 the number exceeded 290 TB.   

Data provided by FENGYUN satellite ground application 
system are widely used in various areas, such as 
meteorological forecast, disaster prevention and reduction, 
ecological environment monitor, climate change research 
and diagnostic analysis and so on.

3  Weather and Natural 
    Disaster Monitoring 

In 2010-2011, FENGYUN satellites were operationally 
used to monitor weather and natural disaster around 
the world, such as dust storm, heavy fog, rainstorm and 
strong convection, tropical cyclone, monsoon, flood, 
forest and grassland fire, algae, straw burning, land 
surface temperature, vegetation growth and drought, 
etc. All monitored rustles and analysis were promptly 

3.2  Monitoring of Tropical Cyclone

The 2010–2011 saw active typhoon movements that 
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Figure 8   Monitoring image of sandstorm by FY-3A (2010-3-20)

affected China one after another in a concentrated time; 
several typhoons were often spotted at the same time, 
which was rarely seen in recent years. Six registered 
tropical cyclones successively landed on China’ southern 
or eastern costal areas in 2010 to make serious impacts, 
including No.2 “Conson”, No.3 “Chanthu”, No.6 “Lion 
Rock”, No.8 “Namtheun”, No. 10 “Meranti” and No.11 
“Fanapi”.  In 2011 again, six tropical cyclones visited China 
again, they were No.3 “Sarika”, No.4 “Haima”, No.5 “Meari”, 
No.8 “Nock-ten”, No.9 “Muifa” and NO.11 “Nanmadol”. 
The actions of all these typhoons were closely under 
the surveillance of FENGYUN satellites. Figure 5 shows 
monitoring of tropical cyclone “Fanapi” by FY-3A and 
Figure 6 reflects the profile of tropical cyclone “Muifa” 
generated from FY-3A Microwave data.

Figure 5   Monitoring of tropical cyclone “Fanapi” by FY-3A 
(2010-9-18)

Figure 6   Profile of tropical cyclone “Muifa” generated from FY-3A 
Microwave data (2011-8-7)

Figure 7   Monitoring image of hurricane IRENE by FY-3B 
(2011-8-29)
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In addition, the FENGYUN satellites data were widely 
used to monitor global ocean  storms in 2010 and 2011, 
such as Danielle, Earl, Fiona, Igor, Julia, Lisa, Matthew, 
Frank, Georgett, Phet, Karl and Irene, etc. Figure 7 is an 
example of monitoring of hurricane IRENE by FY-3B.

3.3  Monitoring of Sand and Dust

In 2010, sand and dust weathers were reported 12 times in 
China, including 7 sand storms and 1 severe dust weather, 
occurring mainly in March and April. The FENGYUN 
satellites data were effective in imaging the sand and 
dust storms and estimating the strength, to provide useful 
information for the forecasters at the national weather 
consultation meeting. Figure 8 Shows the monitoring of a 
sandstorm occurred in northern China in 2010 by FY-3A. 



Space Science Activities in China

118

3.4  Monitoring of Environment and 
       Natural Hazards

In 2010 and 2011, FENGYUN satell ites continued 
its service on user’s requirement for environmental 
information, such as snow coverage, ice on rivers and 
lakes, forest fires, floods, oil leakage on the sea, volcanic 
ash cloud and vegetation’s growth, etc. Examples of 
environmental service include the marine oil pollution in 
the Gulf of Mexico in April, 2010(Figure 9); the forest fires 
near Moscow, Russia in July, 2010 (Figure10); the Iceland 
volcanic ash cloud in 2010(Figure11); Thailand flood water 
in 2011(Figure12); he Chinese snow coverage (Figure 
13), the significant change of ice extent in the Bohai Sea 
from January to March 2010(Figure14). During rainy 
season (often after March), Information of the water body 

Figure 9   Monitoring image of marine oil pollution in the Gulf of 
Mexico (American part) by FY-3A/MERSI (2010-4-28)

Figure 10   Fire monitor of Moscow forest fire by FY-3A/VIRR 
(2010-7-31)

Figure 11   Monitoring image of Iceland volcanic eruption by FY-
3A/MERSI (2010-5-8)

Figure 12   Comparison of 3D monitoring images of Thailand 
water regime by FY-3A/MERSI (between 2011-7-7 and 
2011-10-10)

changes of China’s seven big rivers, and large lakes, such 
as Dongting Lake, Poyang Lake and the three-gorges 
in the Yangtse’s hydrological regime are generated from 
satellites data available and provided for the government 
for decision making.
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3.5  Monitor of Polar Region’s 
        Sea Ice and Ozone

(1) Monitoring Sea Ice in Summer Northern Greenland 
With the joint influence of wind power and the North 
Atlantic Drift, the sea ice in the north of Greenland Sea 
cracks and melts from June to September every year, the 
FY-3/MERSI measurements (250 m resolution) watched 
the ice deformation in detail in 2010 and 2011. The ice 
chunks in the south of northeastern Greenland Island and 
in the north of Denmark harbor were pictured successively 
at four moments of the year and they are shown below 
(Figure15–18). 

The FY-3/MERSI image (250 resolution) has been 
proved useful for continuous detailed watching of ice 
down to the kilometer size. Long-term monitoring and 
comparison of sea ice deformation in the north pole area 
each year might give some auxiliary information for the 
analysis of weather and climate variation. 

(2) North Pole Low Ozone Area Monitored by FY-3A in 
2011 

At the beginning of March, 2011, the instrument of 
Total Ozone Unit (TOU) on the FY-3A satellite detected a 
significant low ozone area overhead the North Pole(Figure 
19), the total ozone amount of which was measured at 
about half of the average in normal conditions and in 
some part the total ozone value was close to the standard 
ozone hole (220DU; the Dobson Unit, used to measure the 
total atmospheric ozone column; one DU equals to one 
thousandth of a centimeter air column under a standard 
atmospheric pressure at 0℃, and the average atmospheric 
ozone column content is about 300DU), and it lasted for 
2 months till 24th, April, 2011. Similar situation was only 
found once with the assistance of satellite record in 1997, 
but the duration of low ozone value in 2011 is longer than 

Figure 13   Comparison of 3D monitoring image of snow in Yumin 
County, Xinjiang by FY3A/MERSI (March, 2010)

Figure 14   Monitoring image of the ice in the Bohai Sea by FY3A/
MERSI (2010-1-13)

Figure 15   Comparison of images of sea ice in June, 2010 and June, 2011. The initial state of ice is basically similar.
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Figure 16   Comparison of images of sea ice in July, 2010 and July, 2011. Large ice chunk broke away from the main body

Figure 17   Comparison of images of sea ice in August, 2010 and August, 2011. The overall structure cracked

Figure 18   Comparison of images of sea ice in September, 2010 and September, 2011. Inside ice moved outward and new ice began to form
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that in 1997, and the lowest value in 2011 is below the 
value in 1997, much closer to the standard ozone hole.  

Though the ozone amount in the Arctic region was not 
low enough for the alarm of an ozone hole, the finding 
of the low ozone value in the north pole is significant 
considering the population in the northern hemisphere and 
the influence of ultraviolet ray on human health. 

FY-3A/TOU caught the genesis and evolution of 
the North Pole low ozone area where the total ozone 
maintained at about 250DU at early stage. The white color 
in the central part of figure 19 represents polar night, which 
has no observation data.

Figure 19   Distribution of total ozone in the North Pole, 26th, 
March, 2011 (FY-3A/TOU)

Figure 20   The demonstration project of FY-3 satellite space 
weather applications, the three-dimensional display and 
application software of radiation belt energetic particles
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4  Space Weather

The Space Environment Monitors (SEM) onboard FY-2 
and FY-3 can monitor the flux and energy spectrum of 
solar X-ray, high-energy proton, high-energy electron 
and heavy ion in the polar orbit and the geostationary 
orbit. They are important data sources for space weather 
forecast and warning. The three-dimensional display and 
application software of radiation belt energetic particle, 
one of the demonstration projects for FY-3 satellite space 
weather applications, can extrapolate the energetic particle 
monitoring data of FY-3 satellite to get the distribution 
of energetic particle in the altitude range of 400–1000 
kilometers, thus to provide service for the safety of 
aircrafts flying in this altitude range(Figure 20). The SEM 

data of FENGYUN satellites have been used in routine 
space weather forecast and warning, providing safety 
guarantee for the launch and rendezvous of Chang’e II, 
Tiangong I and Shenzhou VIII. Figure 21 shows the real-
time monitoring image of space weather by FY-2D/2E. 

Figure 21   Real-time monitoring image of space weather by FY-2D/2E

5  Future Plan

With growing demands for weather and climate information for 
disaster prevention and reduction, climate change response, 
and for the development of science and society, it is important 
for further development of Fengyun satellites and upgrade of 
applications to higher level.

The Fengyun program will continue to support major 
development projects such as the third batch of FY-2 satellite, 
the second batch of FY-3 satellite, FY-4 satellite and ground 
application system, in order to comprehensively enhance the 
satellite observational capacity with high temporal and special 
resolution and in all-weather conditions; to  develop the three-
dimensional sounding of the atmosphere for the support of 
weather forecast; to improve the quality of satellite data and 
products and promote the satellite applications in the fields 
such as weather, climate, disaster prevention and reduction, 
ecotype, agriculture and forestry. 
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Figure 1   The seasonal variation of chlorophyll — a concentration over the China Sea in 2010
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Figure 10   Wind field retrieved by HY-2A over the Antarctic ocean Figure 12   Sea surface height retrieved by HY-2A in the Antarctic 
ocean

Figure 11   Significant wave height retrieved by HY-2A in the Antarctic 
ocean

Figure 9   Wind field retrieved by HY-2A over the Arctic ocean

Figure 8   Tropical storm "Banyan” observed by HY-2A on October 
11, 2011

0
5
10
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system of National Marine Environmental Forecasting 
Center. In addition, the Pacific Northwest wind field data 
obtained by the HY-2A scatterometer will be used as initial 
field in the marine environment forecasting system in the 
near future.

Since HY-2A satellite data can cover from the latitude 
of 88°S to the latitude of 88°N, it has great potential in the 
applications of polar route navigation, as well as the sea 
ice monitoring in the polar regions. The corresponding 
preliminary results related to the above-mentioned aspects 
are shown in Figure 9–12.
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of the global change and cryosphere system; impacts 
and adaptation mechanism of climate change on food, 
socio-economic, human health; global change data 
assessment, assimilation, integration and application; 
observation tests on the interaction between the global 
change and the Tibetan Plateau–the East Asian regional 
climate system and comprehensive mechanism studies; 
ecological process model development and improvement; 
the development and evaluation of high-resolution climate 
system models[1].

2.2  The Earth Simulator Scientific                  
       Demonstration Project

Global Change Research Institute of Tsinghua University 
in 2011, "Earth System Simulator" supercomputer has 
an over one million billion times per second computing 
power of 172 teraflops. "Earth System Simulator" is an 
important human research equipment to understand the 
Earth. With such systems, it is possible to simulate the 
sea currents, atmosphere, crust and other factors, and 
to achieve applications in the evolution of the  Earth, 
disaster prevention and mitigation, climate change. "Earth 
Simulator Science Project" demonstration marks a new 
phase in China's basic research on the Earth System 
Science and model simulations and prediction. Global 
Change Research Institute of Tsinghua University's 
supercomputing systems carried out climate modeling, 
prediction, evaluation tests of computing tasks for the UN 
Intergovernmental Panel on Climate Change (IPCC) Fifth 
Assessment Report (IPCC-AR5)[2].

2.3  China's First Scientific Experiment  
       Satellite to Monitor Global Carbon    
       Dioxide Has Started the Development

China's first scientific experiment satellite to monitor 
global carbon dioxide has already started its development. 
Reducing carbon dioxide emissions is our development 
strategy to address climate change, which is related to 
China's overall economic and social development and 
people's fundamental interests, and is related to the well-
being and long-term development of the peoples of all 
countries. In 2020 goal, China's non-fossil energy will be 
enhanced to about 15% of total first energy resources. So 
that to monitor global carbon dioxide monitoring can help 
countries’ decision-making. In consideration of the priority 
needs of the nation, 863 national high-tech development 
program “the Earth observation and navigation technology 
task group” has launched the "scientific experiment 
satellite to monitor global carbon dioxide and application 
demonstration". The project selects the most important 
factor of global climate change―remote sensing of carbon 
dioxide as the starting point, will develop and launch a high 

spectra of CO2 detector/multichannel cloud and aerosol 
detector as the main payload of the global carbon dioxide 
monitoring small scientific experiment satellite, scheduled 
for launch in late 2014. To build global and regional 
carbon dioxide concentration distribution monitoring key 
capabilities will provide important support to our positive 
response to global climate change research. As the 
participants in the development of satellite and payload, 
Shanghai Institute of Micro-Satellite Engineering Center, 
Changchun Institute of Optics, Fine Mechanics and 
Physics, National Satellite Meteorological Center are 
responsible for the satellite platform, payload and ground 
system respectively[3].

2.4  Digital Earth Application Progress 
       in the Field of Earth Sciences

In “digital Earth Beijing Declaration” we addressed the 
2007 UN World Summit and the Global Earth Observation 
System conference, and recognized the purposes and 
requirements of the Copenhagen UN climate conference 
in 2009, that the field of Digital Earth should be in 
close cooperation with other areas to play a role. We 
recognize the mission of the Digital Earth in terms of 
helping social and economy sustainable development 
has long way to go. We note that the world is facing with 
great challenges: global environment change, natural 
resources management, food and water security threats, 
energy shortages, natural disasters, population growth. 
Digital Earth combines many of today's scientific and 
technological development; sets of earth observation 
technology, geographic information systems, global 
positioning systems, network communication technology, 
sensor networks, electromagnetic identification, virtual 
reality technology, grid computing technology. Digital Earth 
is a strategic contribution to the development of global 
technology. Digital Earth will play an active role in helping 
to solve global and regional sustainable development 
issues, see Table 1 and Figure 1[4].

3  Development of New Earth 
    Observation Systems, Promoting 
    New Areas of Global Research

3.1  “Beidou” Satellite Navigation System

Completion of Beidou satellite navigation system has 
changed the history of our dependence on foreign systems. 
China announced on December 27, 2011, that the Beidou 
satellite navigation system started to provide continuous 
navigation information and timing services. Beidou satellite 
navigation system is China's own development and stand-
alone satellite navigation system, and has launched 10 
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Table 1   Digital Earth application progress in the field of Earth sciences

Figure 1   To build Digital Earth platform to study the changes in the global environmental area, the development of space-borne Earth 
Information Science, and to play an important role to lead and support the development of this field in China (CEODE)

DE framework Academic progress Related tech progress Earth science applications

1

GB-level data calculation; 
W84, Multi-resolution three-
dimensional layer of the Earth; 
Stand-alone interoperability.

Digital Earth 1998, way to 
understand the Earth in the 21st 
century, a new angle of view for 
the earth science research. 

RS, GIS; 10 MB Net-
work; High-resolution co-
mmercial satellite remote 
sensing data.

2006 Digital Earth demo: Global 
Environmental Change (hard to 
ignore the truth).

2

TB-level data calculation
Distributed database and
calculation
Parallel Computing
Grid Computing
Network interoperability
Interoperability.

2006 proposed data-intensive
computing technology
and theory; data-intensive
computing PB in knowledge
discovery.

Network Earth brow-ser; 
TB low-cost system-level 
data; 10 – 100 trillion 
Internet; The Internet of 
things; further integration 
of data infrastructure 
and earth observation 
technology platform; 
space -air- ground-
observing network. 

network digital earth and data 
assimilation system compatible, 
demonstrating ; 
Google Earth / Moon / Mars, 
demo and download service.

3

PB-class data computing; 
cloud computing; CAP 
theoretical framework: PB-
level data computing m
eets consistency, availability 
and partition tolerance.

2006 proposed Google cloud; 
Nature in September 2008: 
"Big data: PB-level data era of 
science"; 2008, articles by 11 
scholars in the international 
position of spatial data 
infrastructure research: The 
Next Generation Digital Earth.

Established in 2008, Earth 
Observation and Digital Earth 
Science Center; 2009 Digital 
Earth Science Laboratory was 
established; to build "a large 
network of small centers" 
Digital Earth platform service 
architecture.

4

2012, 17 scholars have 
published articles in the 
international Digital Earth:
Digital Earth 2020. Earth and 
the Earth's physical social, 
economic, earth connection; 
the Digital Earth in the internet 
users community: challenges 
and opportunities to participate 
in data sharing.

"Broadband China" 
strategy; 100 – 1000 
trillion Internet; wireless 
networks; 3G mobile 
phone ; in demanding data-
intensive computing and 
cloud computing change 
the entire information 
supply and demand and 
industrial chain including 
CPU, storage, services, 
terminals, software means 

Network Earth Simulator;
Earth observation data to 
achieve the simulation and 
prediction; through the mobile 
Internet to anyone, any time, 
any place, any information 
service.
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satellites, with a positioning accuracy of 10 m. The Beidou 
satellite navigation system marks China's completion of the 
infrastructure of the independent construction of a regional 
satellite navigation system during the "twelfth five year" 
period; a step forward of China's satellite navigation and 
positioning services and formation of an industry chain, to 
provide support for safeguarding the interests of country's 
sovereignty and security. Until 2020 satellite navigation 
system will form a network with a five geostationary orbit 
and 30 non-geostationary orbit satellites to achieve global 
coverage, seeing Figure 2. 

Currently there are four world satellite navigation 
systems, namely U.S. GPS satellite network with business 
service accuracy of 1 m, the Russian GLONASS network 
with 24 satellites in use and service accuracy of 10 m, 
the European Galileo in the construction phase, a system 
designed with 30 satellites and service accuracy 5–10 m 
(dual frequencies), China’s Beidou currently with 8 satellites 
providing regional navigation positioning services [5].

3.2  Tiangong-1 Became the Seventh 
       Platform for Earth Observation

On September 29, 2011, "Tiangong-1" space stations went 
to orbit successfully and began a two-year mission. It was 
equipped with high-spectral remote sensors in orbit, which 
mainly used for monitoring of the Earth's environment 
changes. Users include the Ministry of Land, Ministry of 
Housing, State Oceanic Administration, Chinese Academy 
of Forestry, Chinese Academy of Remote Sensing, Earth 
Observation and Digital Earth Science Center, Institute 
of Tibetan Plateau, Cold and Arid Regions Environmental 
and Engineering Research Institute. Following the 

Figure 2   Shown in the left is the Beidou satellite navigation system diagram and the right is the Beidou satellite navigation 
operation diagram (Baidu Encyclopedia)

meteorological satellites, oceanic satellites, CBERS, 
disaster and environmental monitoring, forecasting system 
satellite constellation, lunar exploration, the Beijing-1 
small satellite "Tiangong-1" became the seventh Earth 
observation platform of China[6].

3.3  New Members in Applied Remote     
       Sensing Satellite Series 

On November 30, 2011, China successfully lunched 
"Remote Sensing Satellite No. 13" Earth observation 
satellite into space orbit, "remote sensing satellite series" 
is mainly used for scientific experiments, land resource 
surveys, crop yield assessment and disaster prevention 
and mitigation, national security and other fields, as shown 
in Table 2[7].      

3.4 Resource 3 Satellite to Provide a New 
      Data Source for the National Basic   
      Geograp-hic Mapping and Data Updating

At 11:17 on January 9, 2012, China's first high-resolution 
three-dimensional mapping satellite "Resource III" was 
successfully launched. "Resources III" satellite has 5 
years design life, is equipped with a three-line array 
mapping camera, proving front, rear ground resolution 
of 3.5 m panchromatic image, face image with a ground 
resolution of 2.1 m panchromatic; a multispectral camera, 
providing face image with the ground resolution multi-
spectral 5.8 m. The satellite can provide high accuracy 
geometry positioning, high-quality imaging satellite 
images. With three-line array mapping camera and multi-
spectral camera, a three-way linear mapping is used 
to generate three dimensional mapping images. On 



Space Science Activities in China

130

January 11 Miyun receiving station received the first track 
image data, on January 12 Kashi station and January 
14 Sanya station respectively received data. "Resource-
III" provides continuously, stably and fast high-resolution 

                               Satellite serial number and density

Launch year / month 1 2 3 4 5 6 7 8 9 10 11 12 13

2011-11

2011-11

2010-03

2010-03

2010-08

2010-09

2009-04

2009-12

2008-12

2008-12

2007-05

2007-11

2006-04

Table 2   Roadmap of China's thirteen remote sensing series satellites (based on network data)

Figure 3   January 11, 2012 2.1 m resolution image map of Dalian, China (NASMG), Location for Google Earth Screenshot

three-dimensional images and multi-spectral images with 
nationwide coverage, which greatly improve the capacity 
of large scale mapping and promote the development of 
geographic information industry(See Figure 3) in many 
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5  Major Natural Disasters, 
    Emergency Monitoring 
    and Mitigation

5.1 Yushu Earthquake Monitoring and 
      Disaster Assessment Information Sharing
 
At 7:49 on April 14, 2010, Qinghai Yushu regional 7.1 
earthquake occurred. The earthquake caused the collapse 
of a large number of residential housing, infrastructure 
damage. The affected area is of 35,862 square kilometer, 
and the affected population was about 246,842 people. 
After the earthquake, remote sensing aircraft emergency 
of Chinese Academy of Sciences started, within 3 hours 
it collected 2000 km2 0.33 m high-resolution airborne 
remote sensing data. Institute of Earth Observation and 
Digital Earth Science Center researchers got the data in 
a continuous-24 hours to processing data and to identify 
elements of a variety of disaster stricken areas, shown in 
Figure 4, a comprehensive analysis and evaluation were 
carried out, including housing collapse, road damage, 
damage to the temple, water conservancy facilities and 
other aspects of status and placement of the victims. At the 
first time after finishing the earthquake analysis of remote 
sensing images, the statistics and images were sent to 
the State Council decision maker; at same time the data 
were shared with the 16 industry sectors, the 14 complete 
disaster analysis were shared, and image information were 
also uploaded into the www. ceode.ac.cn., see Figure 4[11].

5.2  Zhouqu Large Slid-Mad Flow 
       Monitoring and Scene Simulation

August 7, 2010 22 am, Gansu Zhouqu county was 
dumped with heavy rain, at the county north of Luo Jia 
Yu, a landslides happened with lot of debris discharging 
in three valley, forming Zhouqu large debris flows 
toward the town, destroying houses. The debris flow 
disaster killed 1434 people, with 331 people missing. 
After landslides occurred, the emergency response was 
carried out for emergency disaster relief. China Remote 
Sensing Satellite Ground Station received the disaster 
area SPOT, ALOS and other Satellite remote sensing 
images, and unmanned aerial remote sensing plane went 
to collecting the images. Researchers worked in analysis 
of information and carried out computer simulations of 
debris flow disaster to understanding the mechanism in 
terms of the landslides size and stability, shown in Figure 
5. A multi-period special report was formed and provided 
to the authorities, and through web publishing and other 
forms of information sharing, provided a scientific and 
technological support for the relief and reconstruction, see 
Figure 5[12].

applications such as land resources survey and monitoring, 
disaster prevention and mitigation, agriculture, forestry, 
water conservancy, ecological environment, urban planning 
and construction, transportation, national key engineering 
and other fields to provide services, see figure 3[8].

4  Completion of Basic Mapping, 
    Filling the Gaps in the National 
    Mapping Series Chart

4.1  Breakthrough in no Control Point   
       Mapping Technology, Completing the    
       Western Area Mapping

On August 25, 2011, the National Mapping Bureau 
announced the completion of the western regions 
1:50000 topographic map, filling a blank area in the 
national basic geographic information database. Since 
the founding of China, due to the natural environment, 
equ ipment  cond i t ions,  techn ica l  s tandards and 
other l imitat ions, there has always been a blank 
area(accounts for about 20% uncovered by 1:50,000 
topographic map) in China's western land area. 
National Mapping Bureau has overcome a wide range 
of technical difficulties, such as non-control mapping 
technology, domestic multi-band multi-polarization 
airborne interferometr ic synthetic aperture radar 
mapping technology, and other key technologies, 
by August 25, 2011, completed the western country 
1:50000 topographic map blank area mapping project 
and national 1:50000 basic geographic information 
database update project. China's 24182 new 1:50,000 
topographic maps covering total land territory and 
databases were completed. The maps will provide the 
basis to support the western development[9].

4.2 China Initially Has Built up Geospatial 
      Framework for Digital China 

National 1:50,000 basic geographic information database 
update project has been completed and began providing 
services for national construction.

The Chinese geo-spatial digital framework project, 
involving a total of more than 6000 people, 16 million 
km of journey, completed 20 million copies of 8,000 
aerial photographs and satellite images, logged nearly 
6 million place names, depicted 140 million geographic 
features, added information elements 437 classes, 
doubled the data content. Successful implementation 
of this project is the basis to increase the timeliness of 
China's geographic information 1:50, 000 by 20 to 30 
years, representing the international advanced level in 
5 years[10].
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5.3 Super Typhoon Multi-Sectoral  
      Collaborative Monitoring and 
      Path Simulation

At 5:00 on the 18th October 2010 super typhoon 
"catfish" developed in the Philippines and turned to 
the South China Sea, China launched a satellite multi-
sectoral monitoring, tracing, simulation and prediction, 
information sharing, coordinated response to disaster 
relief operations. The National Weather Bureau FY II D 

Figure 4   Aerial remote sensing image composite showed Yushu town Qinghai, China, collapsed houses interpretations, in red color 
(CEODE), Location for Google Earth Screenshot

Figure 5   Zouqu landslide simulation of three-dimensional image, Ganshu China (CEODE), Location for Google Earth Screenshot

/ E double satellites, the joint ground station monitoring 
networks, computer simulations worked together to 
predict the results, as shown in Figure 3, and released 
the emergency response level for wind, heavy rain. The 
National Oceanic Bureau released sea wave warning 
based on the information from satellites and ocean 
buoy wave level monitoring network, the Ministry of 
Civil Affairs and National Headquarter for Flood Control 
and Drought Relief issued an early warning of flood, 
landslides, mudslides and other disasters. During the 

图例

倒塌房屋

未倒塌房屋

河流

道路

泥石流范围
泥石流损毁房屋
泥石流损毁农田
水淹范围
水淹房屋
水淹道路

N



2001―2011 China's Earth Observation and Earth Science Development

133

Figure 6   Super typhoon "catfish" in the satellite monitoring Image and simulated landing roadmap (CMA)

Table 3   Four state organizations coordinated arrangements for disaster prevention and emergency relief work

super typhoon "catfish" (from 18 to 22), the four State 
organizations used satellite and ground observations by 
high-tech means to obtain data, computer simulations 
to predict information to coordinate arrangements for 
disaster prevention and emergency relief work, see 
Figure 6[13].

For the response and mitigation of super typhoon 
"catfish", four state organizations coordinated by using 
the satellite monitoring, prediction, simulation, information 
sharing, see Table 3. 

Time and
response
level

Bureau of 
Meteorology
Wind, heavy
rain

Bureau of ocean
Waves

Ministry of Civil Affairs 
floods, landslides,
mudslides and other
disasters

National Head-quarter 
for Flood Control and 
Drought Relief

FY-II D / E
double star 
observation 
frequency,
Other satellite
data

Level-III 
Emergency
response

Released at 8:00 on 
the 18th wave orange 
(level-II ) early 
warning

At 10:00 on October 
18 launched an
emergency response to 
national disaster warning

on October-19 
startagainst the 
typhoon emergency
response g level-II

30 minutes

At 9:00 on 
October 20

II- level 
emergency
response
Wind near the 
center has 16
(52 m / s)

Eastern South China 
Sea will occur 6-10 m 
of the wild waves to 
the turbulent region

commander Hui
Liangyu made 
  important instructions 
on defense of "Catfish"

Every 15 minutes

At 9:00 on 
October 22

I-level
emergency
response

According to the 
National Marine 
forecast station
 "storm surge, waves, 
tsunamis and sea ice 
disaster contingency 
plans" issued a red 
alert level-I 

6  Earth Observation and 
    Decision Support

6.1  The Satellite Data Inspection of Law 
       Enforcement to Hold 12,000 km2 
       of Land Resources Bottom Line

In order to ensure food security, the bottom line to hold 
12,000 km2 of land resources bottom line, land strict 
verification policy, the Ministry of Land Resources in 
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2011 developed a "Satellite images of land and mineral 
examination of law enforcement" (Document 2010, number 
21), using medium-resolution satellite remote sensing 
technology to carry out law enforcement inspection of land. 
2010 national land use change survey were carried out 
and remote sensing monitoring of some 163 key mining 
areas were examined based on satellite images of land 
and mineral analysis. The high-resolution images in 66 
cities were used to carry out the remote sensing survey. 
1:3 million and 1:5 million scale maps were used to see 
the changes and some spot data were chosen to verify 
the map results in land changes, by means of the software 
system which can automatically detect illegal use of land 
with an early warning detection accuracy over 95 percent. 
According to the Ministry notification for 2011, there were 
70 000 illegal land use cases, covering a land area of 50 
km2. Compared with that of last year, it is increased up 
to 5.8%. The information and statistics were open to the 
public[14].

6.2  The Bohai Sea Oil Pollution Monitoring 
       for Law Enforcement 

During 4–21 June 2011, utilizing satellite remote sensing, 
maritime surveillance aircraft, vessel monitoring, the State 
Oceanic Administration found in Penglai 19–3 oil field 
drilling area Bohai formed an oil film with a length about 13 
km and a width of 100–500 m. the monitoring results were 
notified to the oil exploration company, to assist emergency 
cleaning of the overflow film. Until July 4, there was no 
obvious floating oil. Monitoring results showed that: the 
formation of Penglai 19–3 oil field oil spill made a marine 
environment pollution causing an area of 840 square 
kilometer with water Grade worse than IV, Emergency sea 
water cleaning work were carried out, see Figure 7[15].

6.3  Droughts and Floods Rapidly 
       Transition Monitoring and Analysis 
       by Using Satellite Image

From May to June in 2011, extreme weather phenomena 
happened in the south China with drought turning to flood 
within one month, which caused enormous losses in terms 
of agriculture and properties. National Weather Service, 
by utilization of satellite remote sensing and ground 
observation data timely for May and June, released 
drought early warning, very shortly followed by flood 
monitoring information and impact assessment (see Figure 
8). Drought and flood information provided information for 
decision making.

Figure 8   June 2, 2011 (left) and May 31, 2011 (right)comparison 
water maps of Poyang Lake, China. Sharp changes (Tan 
Guoliang), Location for Google Earth Screenshot

Figure 7   Causing of Bohai Sea C platform oil spill: drilling 
occurred in a small kick, side leakage (from Wang Xiaofen)

Drought: satellite remote sensing monitoring showed 
that the flow of the Yangtze River in early May to May 28, 
2011 was 25% to 70% respectively less than normal in 
the same period of last year. Satellite remote sensing of 
the Poyang Lake showed water area reduced about 34% 
compared to the same period in 2010. In Hubei, Anhui, 
Jiangsu, Hunan, Jiangxi, Zhejiang and Shanghai, rainfall 
were 80% less than normal, which lead to continued 
severe drought in the Yangtze River regions.

Floods: sharply following the drought, early June 
5, heavy rain or rainstorm happened. The Bureau of 
Meteorology warned heavy rainfall and rainstorm in 
eastern Guizhou, Hunan, central, southern Anhui, Jiangxi 
and north-central, most of Zhejiang, Fujian and other places 

鄱阳湖水面线图 鄱阳湖水面线图
N

Platform B

840 million square meters

200 square meters

Platform A

N



2001―2011 China's Earth Observation and Earth Science Development

135

in northwestern Among them, central Hunan, Jiangxi, 
central, northwestern Fujian. Till June 6–12, south China 
continued rain dominated weather, in some areas there 
were 120–150 mm rainfall, in central Hunan and Jiangxi up 
to 150–195 mm, 217 mm in Fenghuang, Hunan.

Drought, flood Sharp Transition Analysis: sharp changes 
in atmospheric circulation were the reason for the transition 
from dry to rainy. Before May, drought in the Yangtze River 
was mainly due to that the power of cold and warm air did 
not match, with powerful cold air in the north and inactive, 
tropical system in the south. The moisture transport 
conditions were weak, resulting in that cold and warm 
air masses in the Yangtze River region could not meet 
effectively to form precipitation. Since June, the Bay of 
Bengal monsoon was active, a steady stream of warm water 
vapor transported to China, while there was cold air from 
the plateau moving in the east direction, both met in the 
Yangtze River region, resulting in significant precipitation[16].

6.4  China's Remote Sensing Yield 
       Estimation Operation System Developed 
       and Application Level Upgraded

Based on China's remote sensing yield estimation 
operation system, regional and national integrated 
crop growth monitoring models have been established. 
Extracted from the vegetation index time series, the 
parameters describe different aspects of crop growth, 
Together with the real survey data collected by ground 
growing network in nation's major agricultural areas 
monitoring sites covering 200 counties, parameters 
were used to validate models and estimate production. 
Different crop species and growing monitored areas 
were considered when establishing evaluation criteria, 
quantitative models. Currently the monitored crops include 
wheat, rice, soybeans, corn, etc. The remote sensing 
information has become China's sources of information 
for agricultural production and food estimation as applied 
in the fields of macro-management, early production 
estimates and agricultural trade. The monitored area has 
been expanded to global crop growth monitoring[17].

7  International Cooperation 
    in Earth Observation Field

7.1  Beijing Intergovernmental Group 
       on Earth Observations Summit, 
       Issued the "Beijing Declaration"

The Ministry of Science and Technology chaired 
Intergovernmental Group on Earth Observations (GEO) 
Summit on November 5, 2010 in Beijing. Nearly 500 
representatives of Earth observation from 50 countries 

and 40 international organizations discussed about the 
summit themes: "integrated observations, data sharing, 
information services". Chinese government through the 
implementation of Ten-Year Plan further enhance China's 
situation in the global Earth observation satellite system 
in information dissemination, data sharing and service 
capabilities, continue to promote of international data 
and application cooperation in China's Earth observation, 
and actively promote the construction of a virtual satellite 
constellation and services. The summit issued the "Beijing 
Declaration", which stressed that national power and 
international obligations in the framework, to ensure that 
the land, ocean and atmospheric observing networks 
and space-based earth observation system of long-term, 
continuous, reliable operation, and the availability of these 
observations; called for United Nations agencies, other 
international organizations and multilateral and bilateral 
donor agencies for the construction and development of 
GEOSS system to make a further contribution to GEOSS 
users to provide capacity building support, see Figure 9[18].

Figure 9   Intergovernmental Group on Earth Observations (GEO) 
Beijing Ministerial Summit on November 5, 2010 in Beijing

7.2  Space Science and Technology 
       Expanded to the Field of Social Sciences

In June 2011, the UNESCO International Natural and 
Cultural Heritage Centre for Space Technology (UNESCO-
HIST) was established in Beijing, marking the starting 
point of the expanding of space technology applications 
to social sciences at an international high-level platform. 
UNESCO-HIST will strengthen national and regional 
heritage management, protection, introduction, literature 
and support sustainable development of science and 
technology capacity to support member states to conduct 
a joint use of space technologies for natural and cultural 
heritage, natural disasters, and the global biosphere 
changes in other areas of research, advancing the digital 
earth science research in the world heritage application, 
see Figure 10[19].



Space Science Activities in China

136

Figure 10   Natural and cultural heritage of the International 
Space Technology Center (referred to as "World Heritage Space 
Center"), the United Nations Educational, Scientific and Cultural 
Organization ("UNESCO") second-class international institutions, 
established in May 2007, proposed by the Chinese Academy of 
Sciences

7.3  Progress in Cooperation to Promote   
       Disaster Assistance by Observation   
       Simulation and Prediction

In recent years some major disasters happened in the 
neighboring countries of China. To take quick response 
to help affected countries becomes “disaster relief 
diplomacy”. Some typical cases happened in 2011, such 
as Thailand and Pakistan floods. In the case of Thailand 
floods, the important thing is to cooperate promoting disaster 
assistance from the observed simulation and prediction 
of progress. Late July 2011 in Thailand, the worst floods 
in last 50 years affected 1/3 of the provinces and millions 
of people in the country, 400 people died. The airport and 

several industrial parks were flooded, leading to chain 
reaction of the global supply. The government decision-
making in disaster relief did not lack observational data, 
but lack accurate prediction early warning models. After 
the disaster, Thailand Ministry of Science obtained 1 meter 
resolution radar data, Radarsat, five kinds of high-resolution 
optical data: THEOS, IKONOS, QuickBird, WorldView and 
GeoEye. Forecast Conditions: Bangkok Chao Phraya River 
maximum flood water level is 2.5 meters. Government 
urgently needed accurate information for decision making: 
in July15/16, if peak water level in Bangkok would be higher 
than 2.4 m. and if the rescue measures were needed. 
However, forecasts lagged the urgent need: factors made 
the prediction the complicated and difficult, including: flood 
carrying capacity of Bangkok, continuous rainfall simulation 
and prediction upstream the Chao Phraya River, simulation 
and prediction of sea level rises. Reviewing the disaster, 
there is urgent need for integrated information model 
for early warning and prediction to support government 
decision-making, see Figure 11[20].  

 

8  The opportunities and 
    Challenges Brought About by      
    Technological Progress of the 
    High-resolution SAR

Currently, field of Earth observation technology should 
seize the high-resolution radar technology development 

Figure 11   This WorldView-2 image depicts the aftermath of flooding in Bangkok, Thailand. 0.3 meter resolution satellite imagery, 
floods, housing streets flooded and the over pass full of vehicles, Location for Google Earth Screenshot
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opportunities, leading the development of information 
industry of China's strategic space to a new level with 
major outcomes.

8.1  Development Opportunities of 
       the 1-Meter Resolution Radar Data

High-resolution satellite radar data commercialization will 
bring 100 billion Yuan of demand for market.

1 meter spatial resolution of satellite remote sensing data, 
which can reflect the daily activities of human society, and 
related temporal and spatial changes, is a national strategic 
information resource important to the national security. The 
world has attached great importance to high-quality, stable, 
high resolution satellite data sources to support the basis 
for the development of strategic spatial information industry. 
The commercialization and promotion of 1 meter resolution 
satellite optical data, drive the spatial information industry in 
China to a higher level, increasing from 30 billion in 2000 to 
60 billion in 2010. The commercialization and promotion of 
one meter resolution radar satellite data will also drive the 
spatial Information Industry in China elevated to a new level, 
with 20 or 30 billion in expectation. There are some difficulties. 
You need to convert the microwave characteristics of the data 
into a visual image, produce high-resolution radar and optical 
fused products.

IKONOS satellite was successfully launched on 
September 24, 1999, as the world's first commercial remote 
sensing satellites to provide high-resolution satellite images. 
The successful launch of the IKONOS satellite is not only to 

provide high-definition and up to 1 meter resolution satellite 
image, but also opens up a more efficient, more economic 
new way of basic geographic information, creates a new 
commercial satellite the image standard. 

From Germany TerraSAR(2007) 1 meter to Canada 
Radarsat-2(2008) 3 meter high resolut ion radar, 
satellites provide business data the world as shown 
in Table 4. According to the satellite ground receiving 
station in 2011, in the national procurement data, high-
resolution satellite radar data was increased by 40%. 
Compared to high-resolution optical satellite data, high 
variability in the commercialization of the radar data 
will lead to 200–300 billion as predicted, China's space 
development of information industry will be over 100 
billion[21-22].

8.2  Major Characteristics of High 
       Resolution Radar Data and Processing 
       Technique Breakthroughs

Compared to optical data, high resolution radar data 
have some unique characteristics. Weather condition 
impact is small, and you can achieve all-weather access 
to data. According to the target microwave dielectric 
characteristics, interference radar can detect surface 
deformation at centimeter-level. Accurate understanding 
and use of the high resolution radar data need professional 
technology, including C, X-, L-band and interference 
product processing technology; Interferometric Synthetic 
Aperture Radar processing technology; core optical and 

ESA Canada Germany Japan Italy

Multi-polarization

C-band
3ERS-1, 2;
 Envisat asar
30 meters
 Entinel-1

C-band
 Radarsat 1, 
25 meters
 Radarsat 2, 
3 meters

X-band
 From TerraSAR 1 m
 SAR-Lupe 1 m

L-band
 JERS-1; 
ALOS, -PALSAR, 
7 meters

Interference

Radarsat 
Radarsat 2
3 meters double star 
interference

Double Star 
interference
 TerraSAR-X
 TerraSAR-X
 TerraSAR-L

X-band
 Four 
constellations 
Double Star; 
interference
 COSMO-3-meter

 Timely

RCM plans
 Data: 10 minutes
Global Ocean 
disaster: 2 hours
 Ecological 
environment: 
24 hours

Table 4   Countries in the world providing high-resolution radar commercial data sources
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radar fusion products processing technology.

8.3  Radar Earth Observation Technology 
       Advances, Bringing New Opportunities 
       to Expand New Areas of Application

Faced with the commercialization trend of high-resolution 
radar data, there is need to have breakthrough and 
acceleration in the high resolution radar data analysis 
theory and information processing technology system, 
high-resolution radar and optical data fusion technology.

(1) 1 meter radar penetrates clouds, haze-fog, there is the 
possibility of detecting clouds, haze-fog internal components, 
and new direction and mechanism study are needed.

(2) In recent years, in a large area of eastern China, 
low-altitude haze-fog becomes obstacle to road traffic and 
air traffic. The in ternational society believes a large area of 
frequent low-altitude haze in is the product of the industrial 
development. The high-resolution radar technology 
possibly provides a new method for monitoring a large 
area of frequent low-altitude haze, helping transportation 

management.
(3) Ocean remote sensing. Ocean salinity and the 

marine environment, the marine wave change, vessel 
automatic recognition capabilities.

(5) Grain yield estimation.
(6) InSAR high-speed railroad surface deformation 

detection.
(7) Monitoring and evaluation of major natural disasters.
(8) Many other areas of applications.

9  Conclusion

In 2010 and 2011, the space science and technology 
have made major progresses in support government 
decision-making, helping address global change, regional 
sustainable and balanced development issues, response 
to major natural disasters, national security and helping 
other major researches. From selected cases we can see 
the technology development is better coordinated with 
economic and social development.
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medicine protective technologies has been established 
correspondingly. Health and working ability of the 
astronauts in flight and during reentry will be ensured 
through the implementation of the protective measures, 
which will improve the blood re-distribution, alleviate the 
acute adaptation symptoms, exercise the cardiovascular 
regulation functions, and increase the muscle’s static and 
exercise load. With the measures, cardiovascular function 
and physical ability will be maintained as maximum as 
possible, and muscle atrophy process will be slowed 
down as well. All the protective measures above have 
been verified by bed-rest experiments. For the first time, 
integrative countermeasures against the physiological 
effects of weightlessness will be systematically operated in 
orbit.

(2) By developing a wealthy of medical examination 
equipments which have the ability to detect physical 
fitness, cardiovascular function and oxidative stress levels 
in flight, regular assessments of the astronauts’ health 
state in orbit will be realized. 

(3) Systemic measures against space motion sickness 
and re-entry orthostatic intolerance, which include the 
methods of astronaut selection, training, work and rest 
regime constituting and medicine, have be developed 
by fully inheriting the successful experiences of the 7th 
Shenzhou spaceflight. 

(4) As to the risk of solar proton events high-incidence 
during the mission days, the space environmental radia-
tion forecast information tracking measure and the 
individual on-orbit radiation detection measure have been 
strengthened, and avoiding action which will be carried out 
on orbit when necessary, has been considered. 

1.2  Space Medical Experiments on Orbit

Focusing on the human health monitoring and mainten-
ance techniques, physiological effects of weightlessness 
and i ts cel lular mechanisms, a number of space 
experiments will be carried out during rendezvous and 
docking mission:
(1)  Research on Changes of Cardiovascular 
       Function, Vestibular Eye Movement and 
       Higher Brain Function During Space Flight

Target on the weightlessness physiological effects of 
cardiovascular dysfunction, vestibular dysfunction and 
higher brain function impairment, which have been proved 
to be the important risk affecting the health and working 
performance of astronauts during space flight, study on 
cardiovascular, vestibular, brain function changes during 
spaceflight will be carried out, and its on-orbit experimental 
equipment which can synchronously detect cardiovascular 
function, higher brain function and vestibular eye 
movement has been developed. This research will 
promote the systematic recognition on physiological effects 

mechanism, and provide the basis for the technological 
formulation of weightlessness countermeasures.

With its spaceflight apparatus, the head-down bed 
rest simulating weightlessness experiment results have 
showed that head-down bed rest can cause changes 
of hemodynamics, left and right heart function, vascular 
function, pulmonary circulation and cardiovascular 
regulation, also have a negative impact on the vestibular 
eye movements, reducing the depth and speed of brain 
cognitive processing with different tasks.
(2)  Research on Cytology and Molecular Mechanism 
      of Weightlessness Bone Loss 

Focusing on diminished capacity of osteoblasts 
proliferation and differentiation caused by the change of 
responsiveness to important osteogenic factors such as 
IGF, integrin inhibitor effects on the reporter gene EGFP 
expression and alkaline phosphatase activity under the 
interfere with IGF-I to the OSE-MG63 cells will be carried 
out to study the impact of integrin on former osteoblasts 
Cbfa1 response to the IGF-I cytokine.

Effects of Clinostat Rotation on OSE-MG63 cell model 
whose EGFP fluorescence intensity and Luciferase activity 
could reflect the effects of microgravity on gene function 
showed that rotation will suppress the Cbfa1 transcriptional 
activity and reduce the expression of the integration-
αvβ3 subunit and the IRS, a molecule in IGF-I signaling 
pathway, and its p85 phosphorylation, while overweight will 
have counterproductive. 

For the technical difficulty raised by on-orbit weightless 
experiments for which variety of reagents will need to be 
added in turn according to the timing, noninvasive-multi 
sorts-micro reagent-standalone-timing-driven technology 
has been developed to meet with the complex on-orbit cell 
culture needs to realize the functions of cell activation, cell 
culturing, drug processing, cell fixing and disruption. For 
the first time in our country, the function integration unit has 
also been developed to realize the function of independent 
temperature controlling, tracing multi-fluid automatic 
dosing, microscopic images recording and multi-parameter 
synchronous monitoring, and as well as the establishing of 
the ground-based microgravity analog effects of dynamic 
rotation control system.
(3)  Research on Bone Loss Countermeasure 
      Based on the Principle of High Frequency and 
      Low Amplitude Force

Bone loss is one of the major risks during long-term 
space flight. Instrument against bone loss based on the 
principle of high frequency and low amplitude force has 
been developed. Head-down bed rest experiments have 
verified that high-frequency, low amplitude force could 
significantly relive the bone density decline velocity of hip, 
proximal tibia and distal tibia compared with the stimulated 
weightlessness group. The simulated weightlessness 



National Report on Space Medicine Progress in 2010―2012

141

impacts on bone mineral density of the lower limb in 
different parts, bone metabolism regulating hormone, bone 
resorption and formation markers have been obtained also. 
Therefore, bone loss dynamic process during long term 
head down bed rest has been further understood, and the 
research level of bone loss early warning technology and 
countermeasure has been improved. The countermeasure 
instrument will be verified in our rendezvous and docking 
mission, which will provide a new idea for space bone loss 
countermeasure.
(4)  Research on Human Biological Rhythm 
      Changes and Oxidative Stress Monitoring 
      Technology in Space Flight

As for the urgent needs for human risk assessment and 
health monitoring during space flight, biological rhythm 
disorders and high-stress effects has been focused on 
by one of our on-orbit research, of which monitoring 
technology of biological rhythm of sleep-activity cycle and 
oxidation level has been carried out in our country for the 
first time.

Oxidative stress related bio-molecular detection 
platform based on the SPR optical detection principle has 
been developed. Stabile and susceptible on-orbit testing 
technology which could detect the trace content of 3-nitro-
Ge acid protein in urine during spaceflight has been 
established, which will provide a new technique for human 
health early warning and assessment in spaceflight, and 
will be very significant to astronauts’ health ensuring, 
optimal alertness and neurological behavior performance 
maintaining.

2  Scientific Research

2.1  New Animal Model of Gravity 
       Environment Simulation

Because of the similarity of morphology, physiology and 
biochemical metabolism characteristic between monkeys 
and human beings, medium and long term simulated 
weightlessness macaque model has been established 
to research the physiological limits to environments of 
hypergravity and impact under the condition of emergency 
return occasion after medium and long term spaceflight. 
According to the characteristics of the primates, head-
down bed, animal bondage vest, animal urine collection 
device and the recreational facilities adapted to the 
ethics rule of animal experiments have been developed, 
nonhuman primates simulated weightlessness model 
and adaptive training measures have been established. 
The validity of the model has been confirmed by series 
characteristic physiological indexes, including blood 
volume, muscle circumference and muscle structure 
characteristic, et al. The establishing of the macaques 

simulated microgravity model will sound the aerospace 
medical research application system, and establish an 
integral and mutually supporting researching chain from 
cell, model animal to non-human primates, which will 
provide an extremely strong data base and technical 
supports for space medicine research.

2.2  Series Head Down Bed Rest Test

In order to research and develop an effective and com-
prehensive protection technology for our rendezvous 
and docking spaceflight missions, to obtain further un-
derstanding of the physiological and psychological 
changes during long-term space flight, and to accumulate 
some cogent accumulation of protective technology, series 
of head down bed rest experiments have been carried out 
during recent two years, which included 30 days head-
down bed-rest experiments, 45 days head-down bed-rest 
experiment and first female 15 days head-down bed-rest 
experiment in China.

From these experiments, physiological and biochemical 
characteristic changes in different stages of cardiovascular 
function, bone metabolism, muscle atrophy, endocrine 
and immune regulation have been obtained. Three 
reaction types to orthostatic stress after long-term bed 
rest, composed of vasovagal syncope type, autonomic 
dysfunction type and orthostatic tachycardia syndrome 
type have been identified for the first time, and orthostatic 
tolerance evaluation system has therefor been enriched. 
By synchronously real-time detection of cerebral blood flow 
velocity and lower extremity blood flow velocity, temporal 
artery blood flow velocity decrease has been found to be 
more sensitive to the orthostatic stress compared with the 
middle cerebral artery, and technology of early warning to 
orthostatic decline and evaluation indicators of orthostatic 
countermeasure has therefor been enriched. Time 
dynamic changes of human cognition, decision making, 
movement, operation, and biological rhythms under long-
term head down bed rest simulated weightlessness 
condition have been comprehended, and the physiological 
effects of human operational capacity and its mechanism 
in future long-term space flight have been understood. 
Moreover, the security of single and integrative protective 
measures and its effectiveness, the effectiveness of 
the traditional medicine syndrome diagnostic scale for 
aerospace medical problems have also been researched 
and verified. Furthermore, theory of traditional Chinese 
medicine pathogenesis hypothesis on physiological 
adaption to medium-and long-term spaceflight has been 
improved either. 

For the first time, characteristic physiological effects of 
simulated weightlessness on Chinese adult women has 
been obtained, results of which have shown that after 
15 days of head-down bed rest, female has appeared 
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a higher probability of orthostatic intolerance, more 
obvious decline in cardiopulmonary exercise function and 
lower limb muscle atrophy, L5/S1 lumbar disc space has 
been widened, and lumbar lordosis curvature has been 
decreased. As to the psychological aspects, individual 
emotional performance showing a dynamic change 
from being nervous and easily excited to calm, and the 
psychological inhibition ability process from damage to 
recovery.

2.3  Research on Mechanism of the 
       Weightlessness Physiologica Effects
       and its Countermeasures

For the prominent medical risks of bone loss, muscle 
atrophy, cardiovascular dysfunction, oxidative stress and 
other physiological effects raised by long-term spaceflight, 
systematic studies on molecular mechanisms and its 
relationships, related countermeasures exploring have 
been carried out. 

2.3.1 Bone Loss

As to the highlight problem of bone loss in long-term 
flight, aiming at the current research focus, studies on the 
osteoblast differentiation, and apoptosis mechanism of 
cytokine regulation, gene regulation, nuclear transcription 
factors, miRNA regulation and signaling pathways have 
been carried out. Countermeasures of strontiumsalt, 
Chinese traditional medicine, power stimulating and 
various kinds of exercises have been explored.

As cytokine IGF-1 is very important to skeletal muscle 
reconstruction and adult stem cell proliferation and 
differentiation regulation, rat tail suspension model has 
been used to study the impact of different simulated 
weightlessness time on IGF-I selectively spliced MGF in 
muscle and bone. Results showed that two splice isoforms 
of IGF-I appeared certain degree of difference in the 4th 
and 7th tail suspension days, which suggested that tail 
suspension simulated microgravity impacted the IGF-I 
alternative splicing and affected the adult tissues cell death 
and renewal balance. The conclusion above will lead to a 
new view of the space re-adaptation disease development 
mechanisms. 

Runx2 and Cbfa1, the important genes in regulation 
of bone mass cell differentiation and bone development, 
have been studied by osteoblast rotation culture mode 
whose Cbfa1 activity can be reflected by EGFP or Luc 
reporter gene. Results showed that rotation simulated 
weightlessness can inhibit Runx2/Cbfa1 activity, reduce 
the stimulating reactions to hypergravity, IGF-I, VD3 and 
BMP2, and inhibit the interaction between Runx2/Cbfa1 
and VDR, the VD3 receptor. Rotation can also damage 
the actin cytoskeleton of MG63. Low concentrations of 
actin cytoskeleton disrupting agents CB can eliminate the 
BMP2 stimulating effect on Runx2/Cbfa1 activity, while the 

actin cytoskeleton stabilizing agent JAS can protect it in a 
certain extent.

Microfilament cytoskeleton has been found and prov-
ed to be involved in BMP2 inducing role on Cbfa1 activity 
besides the classic BMP2 signaling pathways. Im-
portant view has been proposed that actin cytoskeleton 
depolymerization might be the important regulation factor 
in the rotation inhibiting effects on BMP2 response to 
Cbfa1. Through application of the pre-established mouse 
simulated weightlessness bone loss model, using the 
ATF4 gene knockout mice, ATF4 molecule has been found 
to play an important role in the development process of 
the bone, and has been revealed to be a substrate of 
the Wnt pathway key kinase GSK for the first time. By 
inhibiting GSK phosphorylation levels, Wnt reduces the 
level of phosphorylation in ATF4, thereby enhances the 
stability of ATF4 in the body, and promotes the function of 
osteogenesis. 

MicroRNA miR-214, specific binding ATF4 3′UTR and 
involving in the ATF4 cell protein expression regulation, 
has been screened. In vivo intervention study, results have 
showed that miR-214 inhibited the osteoblast function 
and affected the development process of the bone by 
reducing the body ATF4 protein levels. In vitro and in vivo 
experiments, results have showed that miR-214 antisense 
nucleic acid can enhance bone cell function, increase 
bone density, thus against the bone loss effect.

In addition, many other significant results have also 
been found. Skeletal unloading in rats induces an increase 
in Fas protein expression, thus increases the apoptosis of 
osteoblasts, osteocytes and bone marrow cells. Results 
of microarray analysis have revealed the differential 
expression pattern of microRNAs in microgravity, in which 
the expression levels of 2 miRs has been found to be 
increased and 5 miRNA to be decreased in simulated 
microgravity group. Among these genes, overexpression 
of miR-494 inhibits osteogenesis and inhibition of 
endogenous miR-494 promotes ostenblast differentiation. 
Disruption of the microfilament cytoskeleton induced by 
simulated microgravity can regulate the NO/NOS system 
to influence the signal transduction of the osteoblasts. 
Microgravity leads to a decrease in osteogenic potential 
of human bone marrow-derived mesenchymal stem cells 
by large gradient high magnetic field superconducting 
magnet model, LGHMF-MG shall affect the initiation 
of osteogenesis. Strontium ranelate can prevent bone 
loss by promoting bone formation, inhibiting bone 
resorption, increasing bone mass and bone strength, 
and decreasing the Fas expression to decrease the 
osteoblasts, osteocytes and bone marrow cells apoptosis. 
Chinese herbal prescriptions can relieve weightlessness 
osteoporosis and prevent the bone calcium distribution 
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and enhance the generation of collagen I. Sports promote 
the bone formation by promoting the expression of 
osteoblast specific transcription factor Osterix, and the 
moderate jump exercise is superior than swimming. Even 
though whole body BMD increases significantly by bicycle 
ergometer exercise training, lumbar spine BMD during 30d 
head down bed rest can’t be maintained, and the lower 
limb muscular strength exercise training methods has 
significant protective effect both on whole body and weight-
bearing bone BMD. Calcitonin can improve osteoblast 
proliferation and secretion functions via up-regulating 
IGF-1 mRNA expression in simulated microgravity. 
Resistance exercise can improve BMD, BV/TV, Tb.Th, 
and reduced Tb.Sp in femoral cancellous bone, which 
can counter bone loss effectively and mitigate the bone 
strength reduction induced by simulated weightlessness. 
Direct mechanical loading at 5N/10Hz and one minute per 
day can effectively prevent the bone loss caused by hind 
limb unloading.

2.3.2 Muscular Atrophy

Focusing on the responses and interactions of the 
important regulatory molecules and signaling pathways 
in weightlessness skeletal muscle atrophy, researches 
on TGF-β/myostatin signaling pathway, the NOS / NO 
regulatory mechanism have been carried out to study the 
weightlessness muscle atrophy mechanism and to explore 
some new effective countermeasures.

Skeletal muscle tissue-specific TβRII gene knockout 
model animal based on the Cre-loxp technology for the first 
time in our country has been established, which realized 
the ability of skeletal muscle tissue targeting blocking 
to Smad3 key signal transduction pathway upstream by 
activating phosphorylation. It has been found that skeletal 
muscle tissue-specific TβRII gene knock can combat slow 
muscle loss of quality, combat the fast and slow muscle 
fiber phenotype transformation, regulate muscle atrophy-
specific gene, muscle differentiation specific genes and 
slow muscle development specific genes through the 
blocking effect of Smad3 phosphorylation activating signal 
pathway and its interaction to important signaling pathway 
of ERK1 / 2 and AMPK, which will provide a new idea 
for drug countermeasure research and development of 
weightlessness muscular atrophy.

Tail-suspension simulated weightlessness can elevate 
the expression of myostatin mRNA in rat soleus muscle, 
and induce an obvious progressive decreasing in the NT-3 
expression level of its intrafusal fibers, which suggests 
that the NT-3 expression change may contribute to the 
proprioceptive adaptations to microgravity. Unloaded 
soleus has been proved to suffer from several structural 
and functional changes, which include decreasing in 
expression and activity of nNOS, increasing in expression 
and activity of calpain and the concentration of intracellular 

calcium, the lower RyR stability and the destruction of fiber 
ultrastructure. On the opposite, while the stretch loading is 
putted on the unloaded soleus, all of the above changes 
will attenuate significantly. These results suggests that 
passive stretch of muscle may be an available way 
against unloaded muscle atrophy through increasing the 
expression and activity of nNOS, keeping the RyR stability, 
inhibiting calpain activity, and decreasing the adnormal 
degradation of desmin and other. Vibration combined with 
Radix Astragali is an effective countermeasure for muscle 
atrophy induced by tail-suspension.

2.3.3 Cardiovascular Disorders

For cardiovascular disorders, studies on cardiovascular 
structure and functional remodeling and its regulatory 
mechanisms and protective countermeasure of artificial 
gravity under simulated weightlessness condition have 
been carried out, which mainly include of expression level 
changes of cardiac-specific functional genes and cardiac 
important nuclear transcription factor, post translational 
regulation changes of cardiac troponin I subunit, 
desensitization mechanisms of myocardial beta-adrenergic 
receptor, gene expression changes of cardiovascular 
center, apoptosis of vein endothelial cell, regulation 
changes and its signaling pathway of autophagy and 
cellular life cycle, responsibility change of arterial smooth 
muscle cell ion channels to vasoactive substances, 
countermeasure effects of artificial gravity combined with 
exercise protective measures, et al.

Results showed that cardiac-specific functional genes 
of ANP, α-actin, α-MHC have been significantly decreased 
under the rotation culture simulated microgravity condition. 
The protein level of their key transcription factor, MEF-
2C, GATA4 and NKX2.5, haven’t been significantly 
changed. However, its transcriptional activity has 
been decreased significantly. Calpastatin expression 
has been significantly decreased and calpain activity 
has been significantly increased after tail-suspension, 
the calpain act ivi ty inceasing may enhance cTnI 
degradation in the myocar-dium of tail-suspended rats. 
The depressed responsiveness of the β-adrenoceptor 
stimulation can cause the depression of cardiac function 
during weightlessness, Depressed β-adrenoceptor 
responsiveness may not be due to the downregulation 
of β-adrenoceptor itself, but to the impaired postreceptor 
events such as Gs protein/adenylyl cyclase /cAMP/
protein kinase A/Ca2+ cascades, The impaired function of 
AC and L-type Ca2+ current may be partially responsible 
for the depressed responsiveness of the β-adrenoceptor 
stimulation, which may be partially responsible for the 
depression of cardiac function. Simulated microgravity 
by clinostat can induce human pulmonary microvascular 
endothelial cells prophase apoptosis. The mitochondial 
signal transduction pathway has played an important role 
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in it, and the change of F-actin can take part in the cell 
apoptosis either. Simulated microgravity can also induce 
the autophagy of human umbilical vein endothelial, of 
which Beclin1 and PI3k might be the key signals. Simulated 
weightlessness can induce the adaptational change of CaL 
in cerebral VSMCs and increase its responsibility to Ang Ⅱ. 
Short-arm centrifuge and aerobic exercise are necessary 
conditions to improve cardiac function and cardiovascular 
autonomic nerve modulation. One hour intermittent (1–2G) 
artificial gravity with 40W work load exercise per day can 
successfully eliminate the changes in cardiovascular 
function, autonomic nerves regulation, the compliance of 
popliteal vein and exercise capacity.

2.3.4 Oxidative Stress

The mitochondrias in different tissues and cells appear 
different degrees of structural changes under the condition 
of weightlessness, which can cause the occurrence of 
oxidative stress and result in functional changes. Oxidative 
stress is an important reason leading to the occurrence of 
various diseases. Results have showed that an important 
cellular redox regulatory protein Trx in neuroblastoma 
cells can regulate the redox state of actin cytoskeleton 
and affects its structure, and thus involves in cell 
proliferation and apoptosis regulation. The combination of 
Trx and actin has been proved both in extracellular His-
pulldown experiments and cells coimmuno-precipitation 
experiments. Trx 62 of Cys has a key role in the combina-
tion of them. It has been initially confirmed that Trx as 
a new actin-binding molecules involves in the redox 
regulation of the actin cytoskeleton by regulating actin 
Cys residues in the redox state and inhibition of oxidative 
stress caused by microfilament depolymerization, thus 
maintaining the shape of the actin skeleton and functional 
integrity.

Targeting at the problem of increasing level of oxidative 
stress level and declining in cognition caused by medium 
and long term space flight, two types of flavonoid 
monomer have been found to possess the protective 
effects. Luteolin can inhibit nerve cells oxidative stress 
caused by micro-gravity via inhibition ROS-NO pathway, 
and be able to significantly inhibit the microtubule binding 
protein Tau phosphorylation. These findings will provide 
certain theoretical foundation for natural flavonoids in fight 
application against neurodegenerative diseases induced 
by stress factors. 

2.3.5 Others

A number of simulated weightlessness physiology 
effects on other tissues and their mechanisms have been 
carried out.

(1) Lung Tissue
A decline in lung function to certain extent has been 

found in healthy males under simulated weightlessness. 

The significant decrease of resistance in the pulmonary 
arteries and pulmonary circulation is mainly caused by 
the changes of pulmonary arterial pressure and may be 
the cause of the orthostatic intolerance and the decrease 
of exercise capability after simulated weightlessness. 
Pulmonary arteries with diameter less than 50μm are the 
main targets influenced by the simulated weightlessness 
of tail-suspension. Simulated microgravity by clinostat can 
induce human pulmonary microvascular endothelial cells 
prophase apoptosis. The mitochondial signal transduction 
pathway plays an important role in the apoptosis of 
human pulmonary microvascular endothelial cells by 
simulated microgravity, PI3K-Akt and NF-κB also take 
part in its mechanism. The decreased expression and 
depolymerization of F-actin might also take part in the cell 
apoptosis. Research on rat lung tissue extracellular matrix 
regulatory factors change and its role in lung fibrogenic-like 
change mechanism caused by simulated weightlessness 
have also been carried out. 

(2) Digestive System
Simulated weightlessness may depress the structure 

of regenerative gastric mucosa, delay the healing of ulcer, 
and increase EGF level in gastric juice. The percentage 
of normal rhythm and total power of dominant frequency 
in EGG has been decreased significantly by HDBR. MTL 
concentration in arterial blood is significantly increased 
in rats under simulated weightlessness, whereas NO and 
gastrointestinal hormone hasn’t changed remarkably.

(3) Immune System
Small molecule metabolites regulation mechanism 

research of simulated microgravity physiological effects 
on immune system have been carried out based on 
metabolomics analysis.

(4) Blood System and Others
Simulated microgravity environment can make the 

leukemia K562 cells arrest at G0/G1 cell cycle phase, 
which may be caused by the decreased ERK1/2 
phosphorylation. Furthermore, researches on microgravity 
physiological effect and its initial mechanism of vestibular, 
central nervous system, psychology and cognition, 
digestive system and reproductive system et al. were also 
carried out.

2.4  Space Radiation Environment 
       Measurements and Biological Effects

According to the characteristic of space radiation and the 
radiation safety evaluation needs for manned space flight, 
further study has been carried out to establish the space 
radiation measurement and evaluation platform, the space 
radiation dose data of unmanned rendezvous and docking 
mission has been further accumulated on the basis of all 
past flight data. 
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Some new progress has made in terms of radiation 
metrology methodology and mechanism of radiation 
damage repair. China body signs space radiation dose 
calculation of the human body mode has been established 
by image segmentation, non-uniform rational B-spline, 
three-dimensional reconstruction technology based on 
the male and female body signs data according to the 
research results of the 863 Chinese digital data item, 
which has solved the key technologies of great magnani- 
mity images registration, big organ three-dimensional 
reconstruction, and the human body model cosine et al. 
These key technologies will lay the foundation for radiation 
simulation accuracy improvement.

U2OS and MCF7 cell model of heavy ion induced 
chromosome damage and UV radiat ion induced 
chromosomal damage cell model have been established. 
By means of gene chip technology, upward or downward 
of the factors involved in DNA repair and epigenetic effects 
including PR-Set7/SET8 have been filtered out. It has 
been found that SET8, the histone H4-K20-specific methyl 
transferase, is responsible for the single methylation 
modification for histone H4-K20 protein, which played 
an important role in gene expression regulation, cell 
cycle, DNA repair, cell proliferation, apoptosis and other 
biological processes. It can stabilize p53 by p53-K382 
methylation. In UV-treated cells, SET8 is ecruited to sites 
of DNA damage relying on the interaction with PCNA, and 
is degradated after being ubiquitinated by CRL4CDT2 
E3 ubiquitin ligase complexes. It can also promote the 
transformation   between epithelial cell-mesenchymal cells 
and give the Twist transcription factor dual transcriptional 
functions.

As a result of the theoretical studies on space radiation 
protection mechanisms through the mechanism of 
interaction between plasma and magnetic field as well as 
expansion of the magnetic field, relationships between the 
various physical parameters in magnetic expansion has 
been discussed and its principle verification test has been 
carried out, new methods of active protection has been 
suggested.

3  Mars 500 International 
    Collaborative Research

Mars 500 is an advanced large international cooperative 
project, a psychosocial experiment conducted by Russia, 
Europe and China in preparation for manned spaceflight 
to the planet Mars. ACC participated in this project with 
one Chinese crew member and three scientific research 
experiments, which played a positive role for the success 
of the project in terms of technological contributions to 
crew members’ support and scientific research progress. 

Aiming at the future applications and based on the 

scientific research and characteristics, three experiment 
projects of China named as traditional Chinese medicine 
research in long-term closed environment, oxidative 
stress response and circadian rhythm patterns under 
long term isolation and confinement environment, mood 
state and body language changes under long-term 
confinement and multi cultural environment, respectively, 
have been selected according to the Mars 500 project’s 
special characters. All the three experiment projects 
have obtained valuable data of human physiological and 
psychological responses in the extreme long time isolated 
environment, and these results will provide great guidance 
to subsequent long-term manned spaceflight. 

(1) Application of epigenetic theory and technology for 
the first time among the international field of aerospace 
medicine, a systematic study of human stress and rhythm 
changes in law and its molecular mechanism under the 
long-term closed flight condition has been conducted. 
Epigenetics is the frontier to explore the environmental 
factors that affect human health secrets. The quality of 
sleep, circadian rhythm parameters of oxidative stress 
parameters, DNA methylation events in circulating blood 
cells by illumina high-density and high-precision gene chip 
measurement have been monitored in different stages 
of the mission, respectively, in the stages of flight to 
Mars, landing on Mars and return to Earth. Results have 
suggested that the promoter region of the Wnt pathway 
relevant genes of the human blood cells are significantly 
methylated under the long-term confined condition. It 
will explain the law of human stress and rhythm changes 
under long-term closed conditions in the epigenetic point of 
view, and provide an unique perspective for the important 
scientific study of human adaptation mechanisms to the 
environmental factors.

(2) Combining the characteristics theory and technology of 
traditional medicine and aerospace medical research, a new 
way of thinking has been provided to the medical supports for 
the future long-term manned space flight. Basic information 
of 6 volunteers involving symptom grading scale information, 
typical pulse manifestation, tongue manifestation and face 
manifestation have been collected by four diagnostic methods 
of inspection, listening and smelling, inquiry, palpation 
and pulse taking using digital traditional Chinese medical 
diagnostic equipment. Combined with the comprehensive 
analysis of the results of the blood parameters and cerebral 
cognitive function, physical identification and syndrome 
differentiation have been carried out to clear the health status 
of the volunteers and their potential health risks. Furthermore, 
the physical condition of the volunteers has been estimated 
holistically and comprehensively from three aspects involving 
extent of fatigue, autonomic nervous functional status 
and health evaluation. Results have showed that different 
volunteers appear different characteristic of symptoms during 
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the experiment as a result of their respective constitution 
differentiation. Health status shows the development trend 
of mingled deficiency and excess syndrome to deficiency 
syndrome, or deficiency syndrome to mingled deficiency 
and excess syndrome. All the volunteers are in  mild and 
moderate fatigue status generally, their sympathetic nerve 
excitability increased in early days after entering the cabin, 
and with adaptation to the environment, their autonomic 
nervous function status tended to be balanceable on the 
whole. 

The study has obtained the dynamic changes of 
physical identification and syndrome differentiation under 
the long-term closed environment, has revealed the 
characteristics and laws of the overall functional status in 
the different stages, has systematically explained the TCM 
machine and intervention principles and measures of the 
whole functional status attributed to the 520 days long-
term closed environment. It will provide valuable technical 
information for the TCM preventive treatment technology 
for future long-term manned spaceflight.

(3) Research on non-verbal communication changes 
under long-term confinement and multi-cultural environ-
ment has been carried out to reserve the techno-logy of 
psychological supporting in long-term spaceflight and 
psychology and communication restoration skills after 
space flight. The WHO Profile of Mood State (POMS) and 
Affective Picture Test has been examined in experiment 
training phase, and in every 30 days to 60 days during 
formal experiment in the cabin. Body language has been 
analyzed by observing the every two weeks video data of 
breakfast together with all crew in cabins. Results have 
showed that most members kept stable emotion in the 
long-term and confined simulation mars flight. Due to lots 
of stress of selection and training course, there are more 
negative emotions in the crew. There are close relations 
between mood states and professional experience, social 
experiences, and cultural difference in the crew. The 
dominance dimension of Affective Picture test means one 

feel himself in controlled disadvantage or in in-control 
predominance when facing the picture. The high-low-high 
dominance scores change pattern may be correlated with 
crew members’ self-confidence, in-control feel to success 
of mars flight mission. The decline time of breakfast may be 
due to that the crew members have gradually showed their 
individuality and living habit. The body language has more 
indeterminacy and more context-dependent than verbal. So, 
the more use of gesture may be associated with the more 
familiarity and compatibility with the flight time in crew.

4  Considerations for Future

Following-up the requirements of crew health protection 
in subsequent long-term spaceflight, Chinese aerospace 
medicine research strategy must be planned, which 
focus on declining the human system risks and revealing 
the inherent key scientific issues of those risks. To 
gain those purposes above, a more advanced risk 
assessment system and a innovative and effective 
protection technology system for human system shall be 
established to reserve theory and technology for long-
term space flight, by means of accumulating the data of 
space environmental effects and psychological changes 
obtained from theoretical and technical researches which 
targeting on the long term on-orbit habitation and health-
maintenance. On the other hand, by using the unique 
space station experimental platform, taking full advantage 
of the rapid development of science and technology, 
also the experts resources in our country, inheriting 
and carrying forward the advantages of our traditional 
medicine, carrying out some international cooperation, 
batches of intelligent, multi-functional, personalized health 
detection technology will be developed, self-rehabilitation 
measures based on Chinese traditional medicine will be 
founded, family diagnosis and treatment technology and 
personalized health care level will be improved, and the 
public medicine will be accordingly promoted.
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of microgravity and radiation were discovered, but effects 
abatement has also been reported. Therefore, whether 
the biological effects of microgravity and space radiation 
participate in role has been a hot research topic in this 
field. Within the tasks of the 17 Sino-German cooperation 
projects in these space applications in the Shenzhou-8, the 
SIMBOX-Experiment 5 research project is under commit-
ment of the team led by Professor Sun Yeqing, from the 
Institute of Environmental System Biology, Dalian Maritime 
University.

The biological material used in this project is Caenorhab-
ditis elegans, divided into two experimental boxes, which 
were respectively installed in the 1g centri-fuge to simulate 
gravity and fixed on the fixtures to achieve the state of the 
space environment. After a lot of ground preparation work, 
with the utilization of bio-incubator provided by Germany, the 
two boxes were successfully launched at 5:58 on November 
1, 2011. After two successful docking experiences with 
the Tiangong-1 in the space laboratory, the Shenzhou 
spacecraft returned the ground at 19:00 on November 17. 
Through the quality certification it was confirmed that the 
entire model organism had been successfully recovered 
according to the previous schedule. Research and analysis 
work after the return is currently undertaken according to 
the plan. The purpose of this project is to investigate the 
synergetic effects of space radiation and microgravity on 
nematode's aging, cell cycle and genome stability, so that 
the mechanism of space radiation and its biological effects 
can be revealed, and the base for the radiation warning and 
health protection can be built.

1.4  Space Experiments and Satellite Space 
       Breeding Experiments

Practice has proved that the microgravity and radiation in 
space environment play a good role in promoting mutagen-
esis, growth and yield, and enhancing antibacterial 
and disease resistance of plant seeds. Since 1978, 
retrievable satellites have been equipped with more than 
60 varieties of seeds like rice, wheat, vegetables, flowers, 
and traditional Chinese medical plants. The launched 17 
recoverable satellites carried 9.4 kg of seeds to space 
this time, among these seeds there are lily and turnip as 
flowers, and rice, wheat, herbs, melons, tomatoes [1-4] and 
so on as crops.

 

2  Development of Microgravity 
    in China, 2011

2.1  Space Microgravity Experiments on  
       Shenzhou-8 Spacecraft

It is of great significance to understand the cellular and 
molecular mechanism of the effect of microgravity environ-

ment on livings. The space flight carrying experimental 
studies are hard to be satisfied, because the chance is 
rare and the cost is enormous. However in order to meet 
the demand of further study about space biology, Chinese 
government spent huge money to implement some space 
life science researches carried on Shenzhou-8 spacecraft, 
launched on September 29, 2011, by a modified Long 
March 2F (CZ-2F) rocket lifted from the Jiuquan Satellite 
Launch Center. 10 major projects were carried on 
Shenzhou-8 spacecraft and some of them were focusing 
on human life science, as listed above.

Besides, successful launch of Tiangong-1 spacecraft 
was the mark of establishment of microgravity research 
and development platform. The program of Tiangong-1 
carrying experimental studies indicated that, researches 
about the effects of microgravity on organism would bring 
new inspiration to life science. Zhou Jianping, the chief 
designer of manned space engineering, said “The space 
station can provide the microgravity and development 
platform which is absent on Earth. The carrying out of the 
manned space and building space station is to develop 
space resources peacefully and make the resources 
to serve for human”. By use of the SJ series satellites 
and Shenzhou spacecraft, biological experiments in 
microgravity and strong radiation conditions can be carried 
out and space breeding experimental research was 
completed[5-12].

The protein crystal growth in space condition was 
evaluated. 14 different protein solutions kept in capillary 
tubes, from Institute of Biophysics, Chinese Academy of 
Sciences, were carried on Shenzhou-8 spacecraft to get 
better quality protein crystallization. A better understanding 
of protein’s fine structures was realized and rational drug 
development can be on its way.

Mutagenesis of microbial in space microgravity condi-
tion was investigated. Some microorganism, streptomyces 
coelicolo, streptomyces cirratus C and bacillus subtilis 
from Institute of Microbiology, Chinese Academy of 
Sciences, were taken into space. The specific secretion 
under microgravity condition was evaluated.

Research about the higher plants’ metabolic biology 
was carried out. Rice seeds were kept in a container 
which was covered with a bio-membrane that allow to 
light, air freely and was waterproof. Germination and 
growth happened in space and young seedings were 
generated. Microgravity caused thylakoid’s membrane 
structure changes. Thylakoid was an important component 
in chloroplast for photosynthesis in higher plants. The 
stack of thylakoid membrane was decreased which 
would probably impact the function of photosynthesis 
process. Photosynthetic physiological data would be 
deeply analyzed. Microscopic structure of rice seeding’s 
leaves and root analysis and proteomics of the leaves 
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Figure 1   Yue assisted companions to put on space suits

Figure 2   Volunteers "return from the Mars"

Figure 3   Yue displays the Chinese national flag in the Mars-500

together with the effect of microgravity on it, especially 
the metabolic process related to photosynthesis and the 
protein involved in photosynthetic energy transfer, would 
be carried out. Some other botanical experiments were 
completed in the flight experimental studies[13-18]. The 
differences of biological effects between different aircrafts 
were investigated as well[19-25]. 

2.2  Altered Gravity Simulated by 
       Diamagnetic Levitation

Diamagnetic levitation is a technique that uses a strong, 
spatially varying magnetic field to simulate an altered 
gravity environment, as in space. Streptomyces avermitilis 
was used as the test organism. The authors investigat-
ed whether changes in magnetic field and altered 
gravity induce changes in morphology and secondary 
metabolism. They found that a strong magnetic field (12T) 
inhibit the morphological development of S. avermitilis in 
solid culture, and increase the production of secondary 
metabolites[26] .

3  Development of Spatial 
    Simulation on Ground

3.1  Research About Human

3.1.1  Mars-500 
Mars, the nearest red planet from the Earth in the univer-
se, is the most mysterious planet fascinating people on 
Earth. As we all know, human had landed on the moon, 
but the most anticipated is to land on the similar neighbor.

On November 4, 2011, six volunteers, including teacher 
Wang Yue, from China astronaut center completed 520 
days simulation of Mars journey[27]. They spent 250 days 
in simulating the flight to the Mars in a model spacecraft, 
and then landed on the planet and carried out the scientific 
experiment in the next month, finally returned the Earth 
during the rest 240 days.

Figure 4   “Family”
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This flight simulator did not leave the Earth at all, but as 
the real “Star journey”, they lived in the 550 cubic meters 
"spacecraft" for a year and a half. 520 days are the longest 
human survival record in a confined space. By means 
of this, six volunteers arrived at the height which human 
has never reached in exploring the physiological and 
psychological limits.

Fundamentally speaking, the Mars-500 is a series of 
large-scale scientific project, which have as many as 105 
experimental projects. The main content of these experi-
ments is to understand the psychological and physiological 
state of the astronauts to Mars in the future, to accumulate 
data and experience for future exploration of Mars, to 
provide important references for carrying out manned 
interplanetary flight in the future.

Yue described the "crazy" day to reporters. He said 
that they were collected saliva sample and completed 
four tests in 30 to 40 minutes every two hours. Besides, 
they had to do physical exercise, urine collection and 
other psychological tests in no more than 1.5 hours. From 
18:00 in the evening, they would have to wear red glasses 
until 11:00 next day, they would also be questioned and 
collected saliva except the sleeping time. However, they 
would be done with the breathing and sleep detection 
experiment during sleeping.

Many experiments carried out in the cabin let Yue 
feel “crazy”, such as the Italy ARES experiment which 
was recognized as the most fascinating. The experiment 
was divided into two parts. One is physical experiments 
including the collection of urine, saliva and detection 
of ultrasound and EEG test. And secondly the and 
psychological experiments. During EEG test, they should 
wear the electrode cap which looks like a fishing net. 
What’s more, there is no conductive paste, and each 
electrode is a sponge pad. Before the experiment, the 
electrode cap was soaked in a special solution for half an 
hour, and then the fishnet was severely put on the head. 
An additional feature of the electrode cap is that it can 
discharge, and the volunteers can feel the current flowing 
to the head. Although it's not as high voltage to effect but 
certainly that one can’t sleep.

The excreta of every volunteer are also experimental 
specimens, and the experimental cabin has a refrigerator 
dedicated to save these specimens. These may cause 
some psychological discomfort, recurrent blood drawing 
let the volunteers have the feeling of mice. Yue said, many 
physiological experiments should collect blood samples, 
150–180 ml each time. Although this is not carried out 
everyday, yet each time facing a test tube rack filled with 
20 to 30 pipes really made people feel dizzy. Yue had 
calculated that the total blood samples from the volunteer 
in 520 days almost accounted to all the blood in the body. 
Numerous experimental projects like this were done during 
concerted time. It can be imagined that the volunteers 
have to bear such a high psychological, physiological 
pressure. In fact, early before the Mars-500 started, Russia 
had promised that in any case, the volunteers could refuse 
to participate in a variety of cabin experiments without any 
reasons. None of the six volunteers gave up, and everyone 
completed all experimental tasks, until the end of the 520 
days.

During the 520 days, six volunteers have accumulated 
a lot of research data and have a new breakthrough of 
human-limit capacity in a confined environment. Besides, 
the projects organized by Chinese organizations, including 
biological rhythms, the project of oxidative stress and 
psychological project, almost have achieved their goals.  
What the Mars-500 concerns is the effect on physical and 
mental health in the long-term closed environment. The 
volunteers could not see the Sun all the year so that lost 
the circadian rhythm on Earth. Even this, they still complete 
the 105 experiments participated in by different countries. 
Yue introduced, these experiments had a detailed manual, 
and volunteers should do different experiments in a time 
period for cross-comparison and matching compared. At 
last, they transferred the data out in a fixed time. It is worth 
to mention that the Chinese medicine was utilized in the 
project, and the volunteers' tongue, face were recorded 
by four diagnostic instruments. These provided valuable 
data for our country to deepen the Aerospace Medical 
Research.
3.1.2  Simulation of the Human's Anxiety Status and 
          Psychological State
Researchers from the Fourth Military Medical University 
use State-Trait Anxiety Inventory (STAI-Form X) and 
symptoms self-assessment Scale (SCL-90) to measure the 
12 participants from the Fourth Military Medical University, 
Department of Aerospace Medicine, in a simulated anxiety 
condition and mental state of zero gravity. Comparing the 
anxiety before and after the test, there is no statistically 
significant (P> 0.05) difference. Analyzing the SCL, the 
factor scores of the 12 testers were lower than the norm 
except the symptoms of somatization. The obsessive-
compulsive symptoms depression, anxiety, hostility and 

Figure 5   Electrode experiment was done on Yue's brain
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paranoid ideation are statistically significantly different to 
the norm (P <0.05). It can be concluded that the students 
from Department of Aerospace Medicine have high mental 
endurance in simulated weightlessness state[28].

3.2  Research About Animals

3.2.1  Ground Based Simulation for Animals 
          and Selectivity of Methods
The implementation of the space programs such as 
Shenzhou spacecraft series, Tiangong (Heavenly Palace) 
space station greatly promotes the rapid development of 
the space industry and the progress of space science. 
However, astronauts would be effected by microgravity, 
cosmic radiation and magnetic environmental because of 
the complex environment in space, which is helpless to the 
major space missions. Therefore, based on the pathology 
physiology of space sickness, it’s urgent to establish a set 
of effective protective measures and strategies to ensure 
the health of astronauts and it has been the development 
direction and key content of space medical experiments 
to research physiology, psychology, working ability of 
astronauts and the intrinsic mechanisms under long-term 
flight.

Ground simulation is an effective strategy to carry 
out space science experiments, because of precious 
experiment opportunity and high cost in real space 
environment. It’s necessary for astronauts to be familiar 
with the space environment, the structure and function 
of spacecraft before going to the outer space. Compared 
with space experiment, under the ground simulation, 
experimental conditions are easy to control, and the 
experiment methods are flexible. The influence of the 
organism can be excluded by collecting data under 
different time points in order to study the mechanism 
and it’s easy to deal with the waste. Through the ground 
simulation, study on the biological effects on animals or 
human and mechanism can provide theoretical basis for 
the astronauts and it’s helpful to identify prevention and 
therapeutic markers of space disease, which is of great 
importance in theory and practice[29].

Microgravity is one of the most distinct features in 
space environment, and microgravity effect is the most 
difficult to be overcome. So far, most of the researches 
in space biomedicine are about microgravity in order to 
solve the protection problems. First of all, considering 
the equipment simulating microgravity, Tan YJ[30] and his 
colleague developed a novel cell experiment device with 
dynamic control sample and assembled cell culture model 
for meeting requirement of space medical research on 
ground. Compared with rotate wall vessels by NASA's 
Johnson Space Center, this device not only can achieve 
comparison among dynamic samples and have samples 
combination function, but also solves the problems 

of few samples, lack of dynamic control, installation 
inconvenience sampling difficult. Two-direction multi-
sample cell experimental device was shown in Figure 6, 
including sample supporting system, drivetrain system and 
control system.

Some experiments of shearing strength and cell were 
carried out to validate the effects of simulated microgravity 
on cells. The results confirmed that samples could alter 
axes of rotation freely and shear stress in the cell culture 
bottle could be neglected and cell proliferation and 
cytoskeletal changes in simulation microgravity experiment 
were in accordance with that of spaceflight experiment. 
This device established multi-samples control system and 
implemented sample combination technics to achieve multi-
sample cell culture such as adherent cell, suspension cell, 
tissue, bacteria, plant cell and seed, which expanded the 
application scale and has been used in the space medical 
cytology research (Patent No. ZL 200510001094. 5). 

Monkeys, dogs, rats and mouse have been used to 
mimic microgravity at home and abroad. Otherwise, 
cavies are usually used to study the hearing effect under 
microgravity, because the earlap is large and its hearing 
organ is similar to human, but the trail of cavies is too 
small to simulate microgravity. Han HL[31] et al. designed 
an experiment which used cavies to do research on 
microgravity. As the knee joint of cavies is bigger, the 
skin and subcutaneous tissue are flexible, a thin layer of 
cotton package is hind above joints, the tape are winded 
around the cotton piece for several circles, the last lap 
in the tape back is set aside part of the circle threading, 
at last the feet of cavies and cotton bud were fixed, and 
cotton thread was on the rod for the suspension of cavies. 
When cavies are suspended, make sure vertical axis of 
the whole body is at –30° to the horizontal (the angle is 
adjustable). The forelegs of cavies can bear most of the 

Figure 6   Picture of device
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body weight, activity scope is 2/5 of the cage, and five 
cavies are in cage, each of which is located in the four 
corners and middle position. Water and feed are placed in 
the position that they can achieve. This method applied in 
the “Tenth Five-Year” program got good result that it can 
well simulate microgravity, but it needs improvement for 
long-term microgravity research.

There’re several methods to simulate microgravity 
such as fall tower, parabolic flight, suspension, water 
float and gas float. The advantages of fall tower method 
are high accuracy, high security, recycle and it can be 
used to do three dimensional microgravity experiments, 
but it costs high and is poor in universal application. The 
size and weight of flight is limited, and the most notable 
disadvantage is that the experiment time is too short to 
evaluate the performance standards of flight that is seldom 
used at home and abroad. Parabolic flight method has 
the similar advantages and disadvantages with fall tower 
method. Suspension method is widely used because the 
equipment is comparable simple and of low cost. However, 
it is usually used for light flight to simulate microgravity as 
the complex move path and heavy weight would impact the 
accuracy. Water float method can be used to achieve three 
dimensional microgravity simulations, but the accuracy 
is effected by turbulence and water resistance, and the 
method costs high as the flight needs to be treated with 
waterproofing. So far, this method is used in astronauts 
training. Gas float method is widely used because of its 
low cost, simple structure and short establishment period. 
This method is applied in ground experimental system 
by Canadian corporation, free flying space robots by 
Stanford University and space robots by Harbin Institute 
of Technology[32]. However, gas float method can not be 
used for three dimensional movements. To solve this 
problem, Qi NM[33-34] developed a three dimensional 
microgravity device for complex movement which was an 
engineering system composed of machine, motor and air-
bearing combined with fuzzy CMAC compensation control 
algorithm. Horizontal movement adopts air suspending, 
vertical movement adopts motor and reducer, and 
constant force closed loop system is adopted by control 
system to track target gravity. For test object, friction non-
linearity of machine system, outside disturbance and low 
speed of aircraft are considered. Neural sliding model 
equivalent controller with learning ability is adopted for 
adaptive learning and compensation for various uncertain 
influences. Test result shows that the designed test 
equipment not only features light-weight structure and 
easy use, but also can compensate non-linearity dynamic 
influences of manipulators and achieve high-precision 
simulation of microgravity environment. So it has important 
reference value for three-dimensional spatial microgravity 
simulation test.

3.2.2  Biological Effect of Ground Based Simulation
Zoology experiment has been developed for the biological 
effect under microgravity condit ion. Research on 
PC12 cell showed that simulated microgravity induced 
senescent-liked morphologic changes, the microvillus 
were abundant in PC12 cells cultured in simulated 
microgravity condition. The SA-β-gal activity was up-
regulated by simulated microgravity culture[35]. To test the 
hypothesis that a medium-term simulated microgravity 
can induce region-specific remodeling in large elastic 
arteries with their innermost Smooth Muscle (SM) layers 
being most profoundly affected and to elucidate the 
corresponding mechanisms and prevention by the gravity-
based countermeasure, the tail-suspended, hind-limb 
unloading rat model was used to simulate microgravity-
induced cardiovascular deconditioning for 28 days (SUS 
group). During the simulation period, another group was 
subjected to daily 1-hour dorso-ventral (−Gx) gravitation 
provided by restoring to normal standing posture (S + 
D group). The activity of vascular L-RAS was evaluated 
by examining the gene and protein expression of 
angiotensinogen (Ao) and angiotensin II receptor type 
1 (AT1R) in the arterial wall tissue. The results showed 
that SUS induced an increase in the media thickness of 
the common carotid artery due to hypertrophy of the four 
SM layers and a decrease in the total cross-sectional 
area of the nine SM layers of the abdominal aorta without 
significant change in its media thickness. For both arteries, 
the most prominent changes were in the innermost SM 
layers. Immunohistochemistry and in-situ hybridization 
revealed that SUS induced an up- and down-regulation 
of Ao and AT1R expression in the vessel wall of common 
carotid artery and abdominal aorta, respectively. In arteries 
perfused at a flow rate of 7.9 ml/min and pressurized at 
150 mmHg, but not at 0 or 80 mmHg, for 3 days led to an 
augmentation of c-fibronectin (c-FN) expression, which 
was also more markedly expressed in the innermost SM 
layers, and an increase in Ang II production detected in the 
perfusion fluid. However, the enhanced c-FN expression 
and increased Ang II production that might occur due 
to a sustained high perfusion pressure alone were fully 
prevented by daily restoration to 0 or 80 mmHg for a short 
duration. These findings demonstrated that redistribution 
of transmural pressures might be the primary factor that 
initiates region-specific remodeling of arteries during 
microgravity and the mechanism of IAG is associated with 
an intermittent restoration of the transmural pressures 
to their normal distribution[36]. Moreover, some studies 
suggest that the calcium channels and rennin-angiotensin 
system (RAS) play pivotal roles in the region specific 
vascular adaptation due to simulated weightlessness[37], 
and the differential regulation of Ca(L) channels and 
ryanodine-sensitive Ca(2+) releases in cerebral and 
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small mesenteric VSMCs may be responsible for the 
differential regulation of intracellular Ca(2+), which leads 
to the altered auto regulation of cerebral vasculature and 
the inability to adequately elevate peripheral vascular 
resistance in post spaceflight orthostatic intolerance[38]. 
The present study aimed at the changes of neurotrophin-3 
(NT-3) expression of intramural muscle fibers in rat soleus 
muscles under simulated weightlessness showed that 
simulated weightlessness induced an obvious decrease in 
the NT-3 expression level of intramural fibers in rat soleus 
muscles. Accompanying the simulated weightlessness 
extension, NT-3 expression in rat soleus muscle spindles 
was progressively decreased[39]. Present study discovered 
that mouse oocyte maturation was inhibited by simulated 
microgravity via disturbing spindle organization, indicating 
that the simulated microgravity inhibits mouse oocyte 
maturation via disturbing spindle organization and inducing 
cytoplasmic blebbing[40]. In two months tail-suspended 
rats, the renal tubular epithelial cells demonstrated that 
basal laminas of renal tubules were rough and incrassate 
with mitochondria swelling and vacuolation. Cell apoptosis 
in kidney monitored by the expression of Bax/Bcl-2 and 
caspase-3 accompanied these pathological damages 
caused by long-term microgravity. Resistance training 
not only reduced kidney cell apoptosis and expression of 
HSP70 protein, it also can attenuate the kidney impairment 
imposed by weightlessness[41]. T lymphocytes from EAE 
rats, which were specific for myelin basic protein (MBP) to 
a modeled microgravity (MMG) environment was known to 
suppress proliferation of normal T cells[42].

Besides the microgravity, radiation is another factor 
that effect astronauts. Lacking of the protection from Earth 
magnetic field and atmosphere, radiation dose far exceed 
the security dose when doing extravehicular activity, which 
may lead to central lesion, tumor, and reproductive and 
genetic changes. It’s important to study on the radiation 
effect and make out prevention to attenuate radiation 
damage. Study showed that carbon ions and stimulated 
microgravity could induce the damage of sperm and male 
reproductive organ of outbred Kunming mice stimulated in 
microgravity by tail suspension and irradiated with the low 
doses of carbon ions diluted by HIRFL. In addition, it was 
also found that the damage of the carbon ion irradiation 
combined microgravity group were lower than those of 
the irradiation group, while the related mechanism needs 
further investigation[43].

A magnetic field with magnetic induction of 0 < |B| ≤ 
5μT is defined as a Hypo Magnetic Field (HMF). Since 
1970s, biological effects of hypo magnetic environment 
and zero magnetic environments have been continuously 
studied. Astronauts would suffer from potential risks due to 
the HMF exposure. Therefore, it’s a hot topic to study the 
biological responses to the HMF. Researches have shown 

that HMF may impact on nervous system, metabolism, 
embryonic development, biorhythm and cell proliferation. 
Research on the effects of hypo magnetic fields (HMF) 
environment on hematopoietic system showed that the 
environment of hypo magnetic field can cause changes 
in blood leukocytes and platelets in mice, which may 
affect the immune system and the characteristics of blood 
coagulation[44].

The establishment of 3D cell culture system and electro 
transfer and analysis of cells in simulated microgravity 
were completed in Beijing Institute of Technology with 
some cooperation. Also, the special analytical instrument 
was produced. Micro carrier system would help scientist 
to research the culture of cardiocytes in outer space. 
Cardiocyte together osteoblast’ structures of skeleton and 
throb function were changed under simulated microgravity.

3.3  Cells and Other Living Beings

3.3.1  The Biological Effect of Microgravity 
          Simulated On Ground
On the one hand, microgravity would cause impairment 
to cells, such as apoptosis, inhibiting of replication and 
differentiation, stress of immune system and retarding 
early development of the embryo. On the other hand, as 
a method and implement, great achievement by the use 
of microgravity has been made and some application was 
completed in microbial culture. The typical researches are 
as follows. Researches about the apoptosis induced by 
simulated microgravity and countermeasure, impairment 
to reproductive system, weakened immune system, cell 
differentiation, osteogenicaction, increased secondary 
metabolites of microbial, and the substantive function of 
diamagnetic levitation on Streptomyces avermitilis. 
3.3.2  Mechanism of Apoptosis Induced by 
          Simulated Microgravity
Microgravity induced micro vascular endothelial cell 
apoptosis was correlated with the down-regulation of 
the PI3K/Akt pathway, increased expression of NF-κB, 
and depolymerization of F-actin[45]. Some other Chinese 
traditional medicine were found that they could protect cell 
against apoptosis induces by simulated microgravity[46]. A 
number of studies have demonstrated that renal function 
is influenced by the environment of weightlessness. 8 
weeks tail suspension model was designed to simulate 
weightlessness condition and demonstrated that the 
pathological changes such as glomerular atrophy, 
degeneration and necrosis of renal tubular epithelial 
cells that were associated with long-term weightlessness 
were severe compared to the short-term weightlessness 
condition. Kidney ER stress was associated with apoptosis 
in renal proximal tubular cells induced by simulated 
weightlessness. The pathological changes of rat kidney 
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imposed by simulated weightlessness with in-depth 
insights to the correlation of ER stress-induced apoptosis, 
and overexpression of HSP70 protein with the pathological 
damages[47].
3.3.3 Effects of Microgravity on Immune System
Proliferation of T-lymphocyte was inhibited and apoptosis 
was induced. Besides, the secretions of cell factors 
were changed[48]. Microgravity caused differentiation of 
reticulocyte which was possibly mediated by the inhibited 
expression of TATA-1 mRNA.
3.3.4 Microgravity Causes Cell Differentiation
Rotary cell culture system enhanced the proliferation 
and differentiation of the enamel organ epithelia into 
ameloblasts[49]. Bone Mesenchymal Stem Cells expressed 
increased neurotrophin in simulated microgravity condition 
which indicated that SMG would enhance the differentiation 
from stem cells to neurons[50]. The adhesion rate of dental 
pulp stem cells increased while the inoculum concentration 
increased[51]. Meanwhile, replication of dental pulp stem 
cells was significantly increased[50]. Human liver stem cells 
were incubated in simulated microgravity condition and 
they grew as a three-dimensional pattern[51]. 
3.3.5 Structure Changes of Osteoblast in 
         Simulated Microgravity
Microfilament structure of osteoblast was damaged by 
the simulated microgravity. Cell viability decreased while 
the degree of depolymerization increased. The activity 
of alkaline phosphatase decreased together with the 
decreased expression of bone gal-protein[52]. Osteoblast 
and osteoclast were co-cultured in the clinostat by using 
different types of braces.
3.3.6  Simulated Microgravity Promotes Secondary 
          Metabolism of Microbial
Simulated microgravity (SMG) can inhibit proliferation and 
enhance microcystin production of Microcystis aeruginosa. 
The authors investigated the role of nitric oxide (NO) in 
regulating the SMG induced changes of proliferation, 
photochemical system II photochemical activity, pigment, 
soluble protein and microcyst in production in M. 
aeruginosa[53].  It was reported that the low-shear modeled 
microgravity (LSMMG) environment significantly enhances 
production and secretion of the recombinant PGUS 
expressed in P. pastoris GS115. These results suggested 
that simulated microgravity techniques could be used 
for the efficient production of recombinant proteins by 
microbial hosts.
3.3.7  Simulated Microgravity Affects the Expression     
          of Enzymes in Recombinant E. coli by 
          HPLC-ESI-QQQ analysis
Simulated microgravity has been reported to affect the 
gene, protein expression, and its function in the cells. 
Semicarbazide-sensitive amine oxidase (SSAO; E. 
C.1.4.3.6.) is widely distributed in vascular cells, smooth 

muscle cells, and adipocytes. It is noteworthy whether 
the expression of SSAO is affected under simulated 
microgravity or not. In this study, an SSAO-transformed 
Escherichia coli BL21 was constructed firstly. Then, a 
sensitive, selective, and accurate method based on high 
performance liquid chromatography electrospray ionization 
triple quadrupole (HPLC-ESI-QQQ) was developed to 
determine the amount of SSAO in the E. coli BL21. The 
limit of detection and limit of quantification were 5.0 and 
10 fmol, respectively. Finally, SSAO expression in the 
recombinant E. coli BL21 was evaluated with various 
gravity and temperature conditions by HPLC-ESI-
QQQ analysis. It is interesting that the tendency in the 
alteration of SSAO under simulated microgravity showed 
temperature difference. At 18 °C, the amount of SSAO 
in the inclusion bodies and soluble fractions under the 
simulated microgravity increased by 83% and 116%, 
respectively, compared with normal gravity. However, the 
decrease by 38% and 49% in the inclusion bodies and 
soluble fractions under the simulated microgravity was 
observed at 37 °C. Results obtained here indicate that 
the SSAO expression under simulated microgravity is 
dramatically sensitive to the temperature. On the other 
hand, a novel bioreactor from this study may also be 
useful for the recombinant protein expression in the field of 
gene engineering[54].

4  Devices and Technology Research

4.1  Tiangong-1 Related Space Scientific  
       Devices and Technology

In September 2011, China successfully launched the 
"Tiangong-1" spacecraft, and the main purposes are space 
applications (including the space environment and space 
physics exploration, etc.), space science experiments, 
space medical experiments.

Hyperspectral imager was used in Earth environmental 
monitoring. Hyperspectral imager plays an important role 
in the resource exploration, environmental monitoring and 
food safety issues. At the same time, Hyperspectral imager 
can detect the condition of atmospheric pollution, mineral 
resources, oil resources, marine resources and the heavy 
metals’ content and distribution of crops.

The research of the space material is focused on the 
outstretched process of composite Colloidal crystal in 
the space. The purpose of this research is to study the 
crystallization kinetics of composite colloidal crystals which 
is the new area of the international materials science. For 
the future new materials, such as the growth of photonic 
crystals, space material test plays key role in technical 
research. Photonic crystal has an important value in 
optical communications and imaging. However, this test 
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is different for large-scale growth experiments because 
the effect of gravity on the ground. The main purpose of 
this test is to study the crystallization process of colloidal 
crystals.

Spacecraft in orbit operation will be influenced by 
microgravity, low vacuum, charged particles and space 
debris, and these constitute the space environment of the 
spacecraft which brings the serious influences on safety. 
The other mission of Tiangong-1 is to detect the space 
environment. There are two instruments in Tiangong-1. 
One is multi-particle radiation detector, which is used to 
measure multiple directions of energetic charged particles, 
which means that the radiation detector plays an important 
role in the safety of the spacecraft and the astronaut 
extravehicular activities. The other is the track atmospheric 
detector, which is used to measure the density and 
composition of atmosphere in order to evaluate the 
resistance to spacecraft from atmospheric density and the 
corrosiveness caused by the compositions of atmosphere.

Tiangong-1 has the third generation of multi particle 
radiation detector, which has high precision and is 
contributing to figure out the situation of space particle 
radiation. In the space, the high-energy particles interfered 
with the electronic components of satellites. Acquiring the 
relevant data through the detector, the research staffs 
were able to simulate space environment on the ground 
and make targeted experiments in order to solve the 
problem.

In addition, Tiangong-1 is also equipped with a track 
atmospheric detector, which is designed to evaluate 
the influence of the Earth's gravity, magnetic fields, 
atmospheric density, light pressure and other factors on 
spacecraft track. And then, establish a database for more 
accurate forecast on the orbit of the spacecraft.

One of the experiments in Tiangong-1 is to construct 
regenerative life support systems. This experiment is 
prepared for building a space station in the future. The 
goal is to electrolyze the sweat, urine and water from the 
astronauts into oxygen and hydrogen so that oxygen can 
be recycled.

In Tiangong-1, we also investigated the changes of 
psychological and physiological when the astronauts 
were in the space, as well as material changes under 
microgravity conditions.

4.2  The Research of Space Science 
       Appliance and Technical in China's 
       Shenzhou-8 Spacecraft 

In November 2011, China has successfully launched 
Shenzhou-8 Spacecraft, successfully meeting the module 
for China's first space-docking procedure. It built the base 
for the subsequent space laboratory and the construction 
of the space station.

There are 17 of life science experiments, including 
the microfluidic chips gene amplification experiment 
from Beijing Institute of Technology that is operated in 
Shenzhou-8 Spacecraft. It has drawn the most attention. 
This device breaks technical bottlenecks on microfluidic 
chip technology, PCR amplification technology in extreme 
conditions and so on. Successfully load of microfluidic 
chips gene amplification device in spacecraft make China 
become the third country to develop space microfluidic 
chips scientific experiments after the U.S and Europe. It 
was China zero breakthrough in microfluidic chip space 
application technology. It was China's first to do gene 
experiment in the space environment and achieves the on-
orbit detection.

China and Germany cooperated in manned space flight 
for the first time. There are 17 life science experiments of 
space project that involves 33 different kinds of samples, 
in which China has 10 projects and German has 6, another 
is sino-german cooperation, involving the four major areas: 
basic biology, space life technology, advanced life support 
system of biology and space radiation biology.

General biological incubator is designed and produced 
by EADS (Astrium Space Transportation) in German. 
It is used in space special environment conditions, and 
is a general device used by researches to investigate 
biological response of all kinds of creatures in microgravity 
and radiation space environment. The design and produce 
of the device was based on the international space station 
module, and has a very strong commonality. The device 
can accommodate 40 containers. Each experimental 
container has independent function or works together. 
Meanwhile, experimental containers have control function 
of 1 g analog gravity level, also can provide such as the 
temperature and light conditions.

The Institute of Physics of Chinese academy of 
sciences, takes a protein crystallization experiment. 14 
kinds of proteins are involved in dysentery bacillus, kinase, 

Figure 7   Microfluidic chips gene amplification experiment
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trachoma virus etc., Three of them are from Canada, 
eight from China and three from Germany. On the Earth, 
protein crystal growth would be effected by the gravity 
and buoyancy convection duo to the universal gravitation. 
Crystals generated in the glass capillary will sink. In 
weightlessness space condition, solutions of sprout 
crystal do not sink, because of being away from buoyancy 
convection influence, crystals' quality sprout better 
than that on the ground. There is a more clear internal 
molecular structure arrangement and with the aid of X-ray, 
we can find that the protein crystal have a more elaborate 
molecular structure and that can confirm relationship 
between the protein molecules structure and function, 
which can help to research and develop new drugs for 
major disease which including plant diseases, human and 
animal diseases, etc.

The Institute of Aquatic of Chinese academy of 
sciences and Germany organisms carried out a simple 
airtight ecological system to explore space. Blisters 
screw worm, wheel, algae and bacteria, together form 
a closed ecosystem, and then put into a small box, 
construct a simple water ecological system, with slender 
bare algae and chlorella as main producers, snails as 
the main consumer screw, at the same time to form the 
organization trained bacteria as disintegrator, built into a 
closed ecological system and unintended consequences 
which can research the water, air, food regeneration that is 
essential to life. In the hardware design, besides to provide 
light which are needed for algae growth and oxygen 
produce, detection device that can detect the algae growth 
density and monitor real-time transmission growth state 
data was added. And in a specific technology in the system 
of the gas and mass distribution, improvement of the gas 
chamber in different transfers, which make it possible to 
realize the gas in the system, the benign circulation of food 
and waste disposal. For the future, astronauts will stay 
long time so that they have enough time to do experiment.

In addition, there are 33 samples of which ten are from 
Chinese experimental project. These samples include rice 
callus, arabidopsis, shamrock chain moulds, plant cell, 
thyroid cancer cells, and other animal cells. There are 
14 different kinds of protein molecules. These cells are 
loaded in a box which has the size of a cigarette case. And 
finally, 40 "cigarette case" were put into the big general 
incubator, fixed in Shenzhou-8. In addition, in the incubator, 
a centrifuge was placed which can produce gravity for 
control experiment. That common biological incubator is 
made in German. It is about 5 meters in length and width. 
The Chinese partners designed the biological payload and 
biological electric device.

The Shenzhou-8 provided special life protection system 
in the docking task, and this system is mainly used to 
conduct experiments for physical and chemical protection 

Figure 8   Microfluidic chips gene amplification experiment

Figure 9   Payload control equipment

Figure 10   Biological incubator

Figure 11   The experiment of rice response in micro-gravity
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of life, including converting wastewater and sewage into 
drinkable pure water, extracting oxygen from the water to form 
recycle system, collecting reducing, and enriching carbon 

dioxide. These ensure the efficient usage of material, which 
can save resources and reduce launch weight, and lay the 
foundation for astronauts' long-term life in the space.

References

[1]   Zhang JZ, et al. Analysis  of  influences  of  spaceflight  on  
chemical   constituents  in  licorice  by HPLC-ESI- MS / 
MS. Acta Physiologia Plantarum, 2011, 33(6): 2511-2520

[2]  Xiao WM, Yang QY. Identification and fine mapping of 
a resistance gene to Magnaportheoryzae in a space - 
induced rice mutant. Molecular Breeding, 2011, 28(3): 
303-312

[3]  Zhang BY. Effects of space flight factors on genetic diver-
sity of Buchloedactyloides seeds. African Journal of 
Biotechnology, 2011, 10(60): 12812-12820

[4]  Huang Y, Gou X. Enhanced S-adenylyl-l-methionine 
production in Saccharomyces cerevisiae by spaceflight 
culture, overexpressing methionine adenosyltransferase 
and optimizing cultivation. Journal of applied microbiology, 
2012, 112(4): 683-694

[5]  Li SK. Publish of “Tiangong-1” spacecraft carrying sche-
me. China Science & Technology Education, 2011, (4): 4

[6]    Huang Y. Fu Mao Jiao Jiu yeasts carrying Shenzhou-8 to 
carry out space mutation breeding experiments and stuffed 
harmonious wine. China Brand, 2011, (11): 118

[7]  Peng LM, et al. Growth traits analysis of regenerated 
plant-s from calli of Lolium L. Carried by spaceship. Journal 
of Nuclear Agricultural Sciences, 2011, 25(4): 645-651

[8]   Zheng SQ, et al. A Tobacco Mutant, T-srd with Characters 
of Abundant Sucker and Dwarfness was obtained by 
Aerospace Mutation. Chinese Tobacco Science, 2011, 
32(2): 6-10

[9]  Wang FQ, et al. Eggplant variety breeding aerospace 
Hangqie No.4. The 6th Symposium of Nuclear Agricultural 
Sciences Scientists and China Nuclear Society, 2011 
Annual Conference of Nuclear Agricultural Proceedings, 
2011

[10]  Huang LY, et al. Differential Proteomic Analysis of Tomato 
Leaves Breeding from Seeds Carried in Space and Cultur-
ed on Ground. Space Medicine & Medical Engineering, 
2011, 24(1): 25-29

[11]  Wang J, et al. Preliminary study on growth and physiologi-
cal features of seed germination and plants of white clover 
carried by recoverable satellite. GRASSLAND AND TURF, 
2011, 31(2): 65-68

[12]  Huang CZ, et al. Variations in satellite piggyback rice seed 
materials, caused under the space environment. Journal of 
Southern Agriculture, 2011, 42(2): 131-133

[13] Li B, et al. Effects of spaceflight on leaf microstructure 
of Agropyron cristatum. Journal of Science of Teachers' 
College and University, 2011, 31(2): 77-79

[14]   Qiao X, et al. Mutation Effects of Space Flight on Maize 
Inbred Lines SP1. Journal of Sichuan Agricultural 
University, 2011, 29(2): 164-167

[15]   Liu LX, et al. Spaceflight Mutagenic Effects on Major 
Agronomic Characters of SP3 Soybean. Soybean Science, 
2011, 30(1): 168-170

[16]   Zhou XY, et al. Study on inheritance and variance of 
cucumber line 649 carried by recoverable satellite. Journal 
of Northeast Agricultural University, 2011, 42(1): 85-88

[17]    Zhang WJ, et al., Effect on the peroxidase isozyme of two 
alfalfa varieties in spaceflight environment. Grassland And 
Turf, 2011, 31(3): 85-88

[18]    Luo ZS, Space seeds bear fruits. Fortune World, 2011, (9): 
69

[19]   Ma LY, et al. Mutagenic effect comparison of different 
spacecrafts on aboarded indica rice seeds. Journal of 
Nuclear Agricultural Sciences, 2011, 25(1): 1-5

[20]   Wang JH, et al. The breeding of japonica yanjing 10 rice 
mutant induced by space mutation. Nuclear Agricultural 
Sciences, 2011, 25(2): 266-269

[21]   Zhou HQ, et al. Breeding of a new special rice variety 
hangxiangnuo. Nuclear Agricultural Sciences, 2011, 25(3): 
498-501

[22]  Lu JY, et al. Molecular biological analysis of the rice 
genetic variation induced by space environment. Satellite 
Application, 2011, (5): 16-19

[23]   Wang SW, et al. Preliminary Report of Space Mutation 
Breeding for Melon. Hunan Agricultural Sciences, 2011, 
(12): 28-30

[24]   Zhang JF, et al. Cytological Effect of Space Flight on 
Physiological Indexes and Antioxidant Enzymes of SP_1 
Generation of Dianthus barbatus. Journal of Northeast 
Forestry University, 2011, 39(6): 24-25

[25]   Li YL, et al. A New Eggplant F1 Hybrid Exclusively for 
Protected Cultivation in Northern Region-"Hangqie No.6". 
China Vegetables, 2011(8)

[26]   Liu M, et al. Magnetic Field Is the Dominant Factor to 
Induce the Response of Streptomyces avermitilis in Altered 
Gravity Simulated by Diamagnetic Levitation. PloS one, 
2011, 6(10): e24697

[27]   Yu JB, Huang CJ. Space Crew Emerges from Simulated 
Mars Journey After 520 Days in Isolation. RENMIN 
RIBAO/2011, 11, 09; 9th 

[28]   Gao YH, Wang ZY. Investigation and analysis of human 
anxiety and psychological state under simulated weightless-
ness condition. Chinese Nursing Research, 2011, 25(2): 



China State Development Report of Space Life Science, 2011

159

398-399
[29]   Guo YH，Liu CT. Space life science research and Pros-

pect. Medical Journal of Chinese People's Liberation Army, 
2011, 36(4): 416-417

[30]   Tan YJ, et al. Development of Two-direction Multi-samp-
le Cell Experimental Device for Microgravity Effects 
Simulation. Space Medicine & Medical Engineering, 2011, 
24(1):13-16

[31]  Han HL, et al. Experimental design and application of 
weightlessness for the guinea pig. Medical Journal of 
Gentral Equipment Headquarters, 2011, 13(2):107-108

[32]   Qi NM, et al. The Primary Discussion for Ground Simula-
tion System of Spatial Microgravity. Aerospace Control, 
2011, 29(3): 95-100

[33]   Qi NM, et al. Design of Ground Simulation Test System 
for Three-dimensional Spatial Microgravity Environment. 
Journal of Mechanical Engineering, 2011, 47(9): 16-20

[34]   Qi NM, et al. Control of spatial microgravity environment 
ground simulation system based on FCMAC. Spacecraft 
Environment Engineering, 2011. 28(1): 31-35.

[35]   Wang Dandan, et al. Influence of Simulated Microgravity on 
Cellular Senescence of PC12 Cells. Progress in Modern 
Biomedicine, 2011, 11(1): 52-55

[36]   Gao F, et al. In-vivo and ex-vivo studies on region-specific 
remodeling of large elastic arteries due to simulated 
weightlessness and its prevention by gravity-based 
countermeasure. Acta Physiologica Sinica, 2012, 64(1): 14-26

[37]  Xue JH, et al. Short-term simulated weightlessness 
enhances response of L-type calcium channel to 
angiotensin ， in cerebral vascular smooth muscle cells in 
rats. Acta Physiologica Sinica, 2011, 63(1): 81-88

[38] Xue JH, et al. Differential regulation and recovery of 
intracellular Ca2+ in cerebral and small mesenteric arterial 
smooth muscle cells of simulated microgravity rat. PLoS 
One. 2011, 6(5):e19775

[39] Ren JC, et al. Decreased neurotrophin-3 expression 
of intrafusal muscle fibers in rat soleus muscles under 
simulated weightlessness. Acta Physiologica Sinica, 2011, 
63(1): 75-80

[40]  Wu C, et al. Simulated microgravity compromises 
mouse oocyte maturation by disrupting meiotic spindle 
organization and inducing cytoplasmic blebbing. PLoS 
One. 2011, 6(7):e22214

[41] Ding Y, et al. Study of histopathological and molecular 
changes of rat kidney under simulated weightlessness 
and resistance training protective effect. PLoS One. 2011, 

6(5):e20008
[42] Bai S, et al. Modeled microgravity suppressed expansion of 

the MBP-specific T lymphocytes of rats with experimental 
autoimmune encephalomyelitis. Immunol Invest., 2011, 
40(5):535-551

[43]   Zhang LW, et al. Influence of Modeled Microgravity on 
Mouse Reproductive Organs Induced by Carbon-ion 
Beams. Nuclear Physics Review, 2011, 28(3): 337-342

[44]    Jia B, et al. Effects of Hypomagnetic Field Environment on 
Hematopoietic System in Mice. Space Medicine & Medical 
Engineering, 2011, 24(5): 318-322

[45]   Durante M, Cucinotta FA. Heavy ion carcino-genesis and 
human space exploration. Nature Review Cancer , 2008, 8: 
465-472

[46]   Durante M. Biological effects of cosmic radiation in low-
Earth orbit. Int J Modern Phys AA, 2002, 17: 1713-1721

[47]   NCRP Information needed to make radiation protection 
recommendations for space missions beyond low-Earth 
orbit. Report N.153. National Commission for Radiation, 
Protection; Bethesda, MD, USA, 2006

[48]   Wang BQ, Li WJ. Effects of Modeled Microgravity on DNA 
Repair of Lymphocytes Induced by Ne Ions. Nuclear 
Physics Review, 2011, 28(1):114-116

[49]   Gan YH, Li YP. Adhesion of Human Dental Pulp Stem Cells 
on PLGA Scaffolds under Simulated Microgravity. Journal 
of Oral Science Research, 2011, 27(11): 971-973

[50]   Ma ZF, Li S. Biological Behavior of Human Periodontal 
L igament  Stem Cel ls  in  S imulated Micrograv i ty 
Environment. Journal of Dental Prevention and Treatment, 
2011, 19(9): 451-454

[51]  Yao XY, Cao Y. Effects of 3-D simulated microgravity culture 
on human hepatic stem cell proliferation and differentiation. 
Acta Universitatis Medicinalis Nanjing(Natural Science), 
2011, 31(8):1115-1122

[52]   Gong XK, Zhao Q. The Effect of Simulated Microgravity on 
Arabidopsis Seedlings. Biotechnology Bulletin, 2011, 10: 
215-220

[53]  Xiao HF, Zhu GY. An in vitro Study on Dose Effect 
Relat ionship of Micronuclei in Human Peripheral 
Lymphocytes Induced by Different Radiation Rays. Journal 
of Environmental & Occupational Medicine, 2011, 28(5): 
267-271

[54]  Zhang YQ, et al .  Simulated microgravi ty affects 
semicarbazide-sensitive amine oxidase expression in 
recombinant Escherichia coli by HPLC-ESI-QQQ analysis. 
Applied Microbiology and Biotechnology, 2011, (6): 1-8





Microgravity Material Research in China: 2009—2012

161

orders of magnitude larger, but the dynamics of them is 
several orders of magnitude slower than ordinary atomic 
crystals. Therefore, they can be used as models for the 
investigation of important processes which are difficult to 
approach with atomic crystals[1]. 

As the lattice constant of colloidal crystals are usually 
of the order of micrometer or even less, their internal 
structures can be revealed by diffraction of visible light. 
Kossel line (diffracted ray) approach is one of the pivotal 
methods to observe the phase transition and growth of 
colloidal crystal. German physicist Kossel used fluorescent 
X-ray to irradiate single crystal copper and got the 
diffracted ray in 1935[2]. Clark and Ackerson adopted the 
method to study colloidal crystals in 1979[3-4]. Thereafter, 
the Kossel line method became one of the most popular 
methods for colloidal crystal research[5]. 

We designed a device to study the growth kinetics and 
phase transition of colloidal crystals on Tiangong-1 space 
laboratory module that provided a stable microgravity 
environment for a long period of time. The device is 
350×400×140 cm3 in size, 12 kg, with a maximum energy 
consuming of only 20 Watts. To maximize the resource 
utilization of Tiangong-1, the device was designed to 
possess three crystallization cells, each with two working 
positions. The in-orbit experimental procedure is under 
full control; it can be easily interrupted, restarted and/or 
reprogrammed via data injection instructions.

2.1  Design of the Device

A photograph of the inside of the device is shown in Figure 
1(a). It consists of three modules, a mechanical structure, 
an optical system and a control assembly. Each sample 
has two working positions so that both the morphology and 
the lattice structure can be monitored for the same sample. 
When a sample is moved to the diffraction position, a 
laser beam passing through it is diffracted to produce the 
Kossel lines (Figure 1b). When it is moved to the imaging 
position, a circular LED illuminates the surface so that the 
morphology of the crystal can be recorded by a camera 
(Figure 1c).   

   The mechanical structure is a cubic cage containing a 
trigonal frame with a liquid circulating system at each face 
of the frame (Figure 2a). The central axis of the trigonal 
frame is mounted on the front and back walls of the cage. 
The rotation of the frame is produced by an electrical 
motor through a pinion and a gearwheel. The angular 
position of the frame is recorded by an angle transducer 
which is a precise potentiometer to turn the value of angle 
to an analog electrical signal. It is preset so that a specific 
sample can be correctly positioned in order for the sample 
to be seen by the CCD camera through one of the two 
holes in the front wall of the cage. 

The long term stability of our colloidal solutions relies 
on the ion exchange resins which are used to extract small 
ions out of the solution. However, because the colloidal 
solution under investigation is not in direct contact with the 
ion exchange resins during the experiments, the quality of 
the crystals in the sample cell declines with time. The liquid 
circulating systems (Figure 2b) are designed to resolving 
this problem. About 3 ml of colloidal solution is stored in 
each of the two injector-like reservoirs with enough number 
of ion exchange resins to maintain the activity of colloidal 
particles. The reservoirs are connected via two plastic 
tubules to the sample cell. Each sample cell is made by 
gluing two pieces of glasses together. The inner surfaces of 
the glasses are coated with ITO to make them conductive. 
The motions of the two pistons of the injector-like reservoirs 
are in opposite directions so that no excess pressure is 
produced during the circulation of the liquid.

The imaging systems include two cameras, one for 
the high-resolution Kossel-lines and the other for the 
morphology of the samples. In the Kossel-line optics, a 473 
nm laser beam is passed through a pipe inside the trigonal 
frame to illuminate the sample cell. The diffracted rays 
form Kossel lines on a diffuse paper in front of the sample 
cell and are recorded be a CCD camera (Figure 1b). The 
morphologies of the crystals are directly imaged by another 
CCD camera (Figure 1c). 

Figure 1   (a) Photograph of the device, (b) and (c) the schematic 
diagrams for the laser beam diffraction and the direct imaging 
system, respectively. The light source for diffraction is a 473 nm 
laser and that for direct imaging is a circular LED

Figure 2   (a) Mechanical structure which is a cubic cage 
containing a trigonal frame. (b) One of the three liquid circulating 
systems on one face of the frame
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2.2  Preliminary Results
 
The device, intended for colloidal crystal growth on 
Tiangong-1, has been running in-orbit for more than six 
months. Hundreds of surface images and diffraction 
patterns have been obtained via the on-ground data 
transferring station. Examples of the experimental images 
of the three samples grown in space are shown in Figure 
3. The pictures in the first row are Kossel lines (diffraction 
patterns), and the pictures in the second row are the 
corresponding morphologies. The legibility of the images 
indicates that the device was working normally. The Kossel 
lines in Figure 3 indicate that the crystals are oriented with 
the (111) plane parallel to the surface of the glass cell. 

Using the backup device, we performed control 
experiments on the earth in parallel to the in-orbit ones. 
Hundreds of pictures similar to the ones in Figure 3 were 

obtained. The morphologies do not tell us much about the 
inner structure of the crystals. However they show that 
the crystals grown in-orbit remain static while the ones in-
ground vary with time. One gets from the Kossel lines the 
lattice constant and the orientation of the crystals. The 
darkest lines in Figure 3 are from (113), (131) and (311) 
planes. As an example, the variations with time of the 
lattice constant and orientation of the in-orbit Sample-1 
and of the on-ground Sample-1′ are compared in Figure 4. 
Sample-1′ is the backup of Sample-1. Figure 4a shows that 
the orientation of the (113) planes of Sample-1 does not 
change during the in-orbit growth while the (113) planes 
of Sample-1′ fluctuates during the on-ground growth. The 
same is true for the behavior of the lattice constant of the 
two samples (Figure 4b). The differences may arise from 
the fact that, when growing on the earth, the crystallized 
parts have a larger density than their surroundings so that 

Figure 3   Kossel lines of the three samples grown in space and their corresponding surface morphologies

Figure 4   Comparison between the variations of the lattice constant and the lattice orientation of the samples grown in-orbit and 
on ground. Black circles are on-ground data and red triangles are in-orbit data
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they induce convection of the liquid inside the sample cell. 

2.3  Conclusion

An experimental device was designed to study the growth 
kinetics and phase transition of colloidal crystals under 
microgravity conditions. It has been running well on the 
Tiangong-1 space laboratory module since its launching 
on September 29, 2011. The colloidal crystal growth is one 
of the important scientific experiments in the mission.

3  Drop Tube Experiment 

Nickel-base single crystal (SX) superalloys have been 
widely applied in advanced aeroengine for gas turbine 
blades and vanes due to their superior strength and 
fracture resistance at elevated temperatures[6-7]. In order 
to obtain a combination of good mechanical strength and 
superior high temperature capabilities, the SX superalloys 
have been heavily alloyed with Mo, W and Re, which are 
characterized by large atom mass[8-10]. 

With the rising levels of refractory alloying additions, 
grain-defect formation during directional solidification of 
SX superalloys has become an increasingly important 
problem. Although the formation of these defects is 
resultant of a number of factors, the thermosolutal 
convective instabilities induced by gravity occurring in the 
mushy zone of the solidification front in the form of dendrite 
arms are regarded as the precursor event[11]. Natural 
convection occurs when the inter-dendritic liquid is either 
depleted of heavy elements or enriched by light elements, 
thus decreasing the liquid’s local density. The gravity has 
great influence on the solidification microstructures of SX 
superalloys consequently.

Owing to the absence of gravity and consequently 
the related phenomena, the utilization of microgravity 
environment is of great importance to study the effect 
of gravity on alloy solidification[12-13]. Among all the 
microgravity facilities, long drop tube is a powerful 
instrument in earthbound laboratories[14-16]. Therefore, the 
effect of gravity on the microstructure of a SX superalloy 
was investigated by using the long drop tube.

3.1  Experiments 

A multi-component Ni-based single crystal superalloy 
SRR99 was studied, with the nominal composition Ni-
8.39Cr-5.01Co-2.92Ta-2.14Ti-9.47W-5.47Al. the SX alloy 
was prepared by the Bridgman technique. Cylindrical 
samples with a diameter of 6 mm and a length of 20 
mm were cut from the as-solidified SX alloy, and then 
were enveloped in high purity corundum crucibles. The 
microgravity experiments were carried out in a 50 m 
long drop tube from IMR, CAS. When doing experiment, 

the drop tube was evacuated to 6×10–3 Pa. Then, the 
top part of the sample was partially heated by spiral 
induction heater for about 13 s. The temperature of the 
sample was monitored using an infrared pyrometer. The 
sample was partially remelted and dropped down along 
with the crucible, subject to a microgravity conditions of 
10-6 g0 (g0 is normal gravity) for about 3.2 s. Such kind 
of the sample is referred to as mg sample hereinafter. 
For comparison, the same remelting and solidification 
experiments were carried out, except for the 50 m free 
falling. The sample obtained in this case is referred to as 
1g sample hereinafter. The re-solidified parts of all the 
samples were cut both longitudinally and transversely. 
The microstructures of the samples were observed under 
optical microscopy after mounting, grinding, polishing and 
etching. Primary dendrite arm spacings were measured on 
the transverse sections with the same distance from the 
remelting interface. Besides, the lengths of the secondary 
dendrite arms were also measured. 

3.2  Results and Discussion

The remelted length is about 6 mm for both μg sample and 
1g sample. Figure 5 illustrates the thermal histories of the 
two types of the samples. During the period of in-duction 
heating for 13 s the temperature characteristics of both 
µg sample and 1g sample were almost the same. For 1g 
sample, as soon as the power turned off, the temperature of 
the sample kept almost constant for less than 4 s. Then, the 
temperature decreased monotonously. Since solidification 
of the sample could proceed without a nucleation process, 
the sample started to solidify immediately once the 
heating process stopped. Consequently, the plateau on 
the temperature profile of 1g sample corresponded to the 

Figure 5   Temperature-time profiles of mg sample and 1g sample, 
A, corresponding to heating process, and B, to solidification 
process
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finish of its solidification, which means the solidification 
process completed in 4 s. Due to the similar cooling 
conditions for both types of the sample, the testing sample 
could solidify almost totally during the 3.24 s of free fall.

The opt ical  micrographs of Figure 6 show the 
microstructures on longitudinal sections of μg sample 
and 1g sample, respectively. The coarse dendrites at the 
lower part are the microstructures of the seed crystals. At 
the remelting interface, straight columnar dendrites grew 
from the original microstructures epitaxially, as is shown in 
area A. Besides, at the surfaces of the cylindrical samples, 
for instance area B, some wild dendrites nucleated from 
the crucible surfaces and grew toward the inside of the 
samples, the growth of which interfered the epitaxial 
growth of the dendrites from the seeds. Comparatively, 
the maximum length of the epitaxially growing columnar 
dendrites in 1g sample is about 100 μm longer than that 
in μg sample. It seems that the macrostructures of both 
samples show little difference. In order to investigate the 
influence of gravity on the growth of dendrite, solidification 
microstructures between both types of the samples are 
compared. Since the columnar dendrites in the vicinity 
of the initial growth interface grew under an approximate 
directional solidification condition, and particularly, this part 
of microstructure formed undoubtedly during microgravity 
for mg sample, in the following the detailed features of 
these columnar dendrites are investigated. 

The transverse microstructures of µg sample and 1g 

sample are shown in Figure 7. It is noticeable that the 
dendritic trunks in µg sample are coarser than those in 1g 
sample. Another interesting phenomenon is that a great 
number of fine primary dendrites exist in 1g sample, while 
few such dendrites can be found in µg sample. Figure 
8 demonstrates the distribution of primary dendrite arm 
spacing corresponding to Figure 7, and the dashed lines 
are Gaussian fits to the data points. Although the range 
of primary arm spacing varying from 40 µm to 140 µm is 
unaltered for both types of the samples, the distribution of 
primary arm spacing is more symmetrical in µg sample. 
Besides, at the peaks of the Gaussian curves, the primary 
arm spacing is 71.5 and 58.7 µm for µg sample and 1g 
sample, respectively. The average primary arm spacing 
of µg sample and 1g sample is about 85 and 71 µm, 
respectively. 

F igure 9 i l lustrates the solute concentrat ions 
measured along the core of a typical epitaxially growing 
dendrite. It is clearly that, except for W and Ta, there 
are very little variations in solute compositions along 
the dendrite core with the distance up to 1.4 mm from 
the remelting interface for both types of the samples. As 

Figure 7   Typical microstructures of SRR99 alloy on transverse 
section solidified under microgravity (a) and normal gravity (b)

Figure 6   Typical microstructures of SRR99 alloy on longitudinal 
sections of (a) μg sample, (b) 1g sample
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alloy solidification proceeds, the composition of W in µg 
sample increases gradually from about 9% to 10%. In 1g 
sample the composition of W fluctuates at the first stage 
of solidification and then keeps almost constant with the 
increase of solidification distance. For the element Ta, 
it is nearly unchanged during the first half length of the 
columnar dendrite in µg sample, and then it oscillates as 
the increase of distance. In 1g sample, the concentration 
of Ta decreases with the increase of distance from the 
remelting interface.

3.3  Conclusions

Solidification of SRR99 Ni-base single crystal alloy under 
microgravity and normal gravity conditions was carried out 
by using a 50 m long drop tube. Samples solidified under 
microgravity and normal gravity show little difference 
in macrostructure, but the dendrite microstructures are 
different. Samples solidified under microgravity are 
characterized by coarser dendritic trunks, while there 
are a great number of fine dendrites in gravity samples. 
The average primary arm spacing is about 85 mm for 
microgravity sample, while it is about 71 mm for gravity 
sample. Gravity has insignificant influence on the solute 
distribution for the elements of Al, Cr, Co and Ti in the 
present work. However, for the heavy elements such as 
W and Ta, the solute distributions during SRR99 alloy 
solidification seem to be sensitive to gravity.

4  Ground-based Research

4.1  Study on New Method and Facility for 
       Space Crystal Growth From Solution

In order to meet the requirements of the second stage of 
Chinese Manned Spaceflight, a New Generation Facility 
on Crystal Growth (NGFCG) at low temperature was 
manufactured during the last decade, by the Institute 
of Physics, CAS[17]. The main objective of the NGFCG 
design was that: (1) to develop multi-function experimental 
facilities for fundamental study on crystal growth in 
Microgravity; (2) to perform long duration experiments 
requiring an optimization of growth parameters and 
growing larger crystals in space. The breadboard model 
of NGFCG has been used to diagnose the fluid flow and 
solution concentration fields near the solid/liquid interface 
and investigate the principles, processes and methods for 
ground-based fundamental research on crystal growth of 
α-LiIO3, NaClO3, Ba(NO3)2 and Sr(NO3)2 crystals. 

Recently, a new facility has been developed, it is the 
advanced development of NGFCG and Letters Patent 
on the new technology, with the name of“The method to 
control the rate of crystal growth”has been authorized 

Figure 8   Distribution of primary arm lengths on transverse 
section of SRR99 alloy solidified under microgravity (a) and 
normal gravity (b)

Figure 9   Solute element concentrations plotted vs. distance from 
the remelting interface of the core of a primary dendrite arms for 
SRR99 alloy solidified under microgravity and normal gravity
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with number of ZL 200910077647.3 by State Intellectual 
Property Office of P. R. China, on January 5, 2011[18-19]. 
The new facility consists of the following subsystems: 
the crystal growth cell; the solution heating; the solution 
transportation; the optical observation on in-situ and 
real time; the operation panel; the electric control; the 
temperature measurement and control; the data and image 
recording and processing subsystem. Figure 10 shows the 
exterior aspect of the new generation facility.

A set of model experiments on space crystal growth 
have been conducted by the advanced development of 
NGFCG. Table 1 shows the three typical experimental 
conditions and results. Figure 11 is the photography of 
α-LiIO3 crystals growing from the solution evaporation 
technology at temperature of 70℃.

4.2  Study on Crystal Chiral Symmetry

Symmetry breaking exists extensively in nature from 
elementary particles to all living creatures. In general, 
if one is to use optically active crystals for synthetic, 
prebiotic, optical and other applications, one must be able 
to control the chirality of crystals during synthesis. It is well 
known that molecules crystallize in one of 230 possible 
space groups. Of these 230 groups, only 65 are chiral. The 
nucleation of achiral NaClO3 molecules to form optically 
chiral crystals is an example of symmetry breaking. It is 
interesting that when sodium chlorate crystallizes from 
an aqueous solution while the solution is not stirred, 
statistically equal numbers of levo- and dextro-NaClO3 
crystals are found. When the solution is stirred, however 
most of crystals (99.7 percent) have the same chirality, 
either levo- or dextro- behave. The previous researches 
have shown that there are some chiral perturbations 
profoundly to alter the chiral distribution. These include the 
seeding, the addition of the optically active co-solutes, the 

Figure 10   Exterior aspect of the advanced development of 
NGFCG

Figure 11   Photography of α-LiIO3 crystals growing from the 
model experiments of Exp.110118, Exp.090201 and Exp.091226

experimental number experimental period/h
evaporator Area/ 

cm2
evaporation rate/

(ml·h-1·cm-2)
crystal size/

mm
crystal weight/g

Exp.110118 850   9.72 0.08
Ф 34×52 122.01
Ф 32×49 103.43

Exp.090201   600   9.71 0.08
Ф 32×41 102.31
Ф 31×41 91.15
Ф 28×39  74.06

Exp.081226   504   9.70 0.08

Ф 31×44  92.61
Ф 31×43  87.44
Ф 24×42  55.49
Ф 18×30  21.92

Table 1   Three typical experimental conditions and results
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chiral beta particles and positrons et al. Although these 
findings are important for understanding mechanism of 
the chiral symmetry breaking, there are many opening 
problems to be solved. One of the questions is that if an 
applied force influences the chiral distribution. Scientists 
from Institute of Physics became aware of the question 
and investigated chiral symmetry breaking during growth 
process of NaClO3 crystal[20-22]. At recent years, they 
investigated the competition between two enantiomorphs 
for the solute through inducting nucleation by two seeds 
with opposite handedness under an ultrasonic field, in 
particular, by varying time intervals, surface areas of 
two seeds with opposite handedness introduced into 
the solution to expound the mechanism of crystal chiral 
symmetry breaking. The study result suggests that 
the realization of chiral symmetry breaking in NaClO3 
crystallization under an ultrasonic field be via a self-
seed inducing effect controlled by kinetics[23] as shows in 
Figure 12. 

Figure 12   Competition between two enantiomorphs. The panel 
represents that a L-seed first, and then a D-seed was introduced 
into their supersaturated solution saturated at 48℃. Image 
inserted shows the mean ees of the products with different time 
intervals
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Space Debris

Yan Jun
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Over the last year, China carried out deorbit measures 
respectively on several end-of-lifespan geo-synchronous 
orbit satellites.

In 2011, China, in some successfully launched certain 
spacecrafts, adopted the space debris protection measures 
and optimized the design, as an effort to improve its 
survivability in orbit. As for the future construction of 
spacecrafts in different orbits, China has made progresses 
in its research on the space debris impact risk assessment 
and protection design. Furthermore, China has succeeded 
in the cross calibration of hypervelocity impact tests.

From September 2011 to January 2012, China 
participated in the following three tests on risk-object re-
entry observation and prediction. These are: the US Upper 
Atmosphere Research Satellite (UARS) in September 
2011, the German ROSAT Satellite in October 2011, 
and the Russia’s Phobos-Grunt Mars orbiter and her 

companion, China’s Yinghuo-1 satellite in January 2012.
In the meantime, China National Space Administration 

has laid out many research projects in the areas of space 
debris covering measurements, environment and database, 
protection and mitigation, such as the technical research on 
the catalogue search for space debris in HEO and MEO; 
the research on the mitigation design and evaluation system 
of space debris; and the research and development on the 
deorbit of post-mission upper-stage rockets.

In the future, China will step up its efforts to improve its 
space debris measurement, mitigation and the spacecraft 
protection; enhance its experimental facilities and research 
capability; lay out more research projects in this regard; 
and ensure strong support to and active participation in the 
international space debris research activities and to make 
unremitting efforts to ensure the sustainable development 
of human activities in space.



Space Debris

169




	Cover and forward.pdf
	1-9.pdf
	10-15.pdf
	16-19.pdf
	20-26.pdf
	27-31.pdf
	32-33.pdf
	34-35.pdf
	36-45.pdf
	46-68.pdf
	69=91.pdf
	92-104.pdf
	105-114.pdf
	115-121.pdf
	122-125.pdf
	126-138.pdf
	139-147.pdf
	148-159.pdf
	160-167.pdf
	168-169.pdf

