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ABSTRACT 

In this report, we summarize the needs of space weather models, and recommend that 
developing operational prediction models, rather than transitioning from research to 
operation, is a more feasible and critical way for space weather services in the near 
future. Operational models for solar wind speed, geomagnetic indices, magnetopause, 
plasma sheet energetic electrons, inner boundary of ion plasma sheet, energetic  
electrons in outer radiation belt, and thermospheric density at low Earth orbit, have 
been developed and will be introduced briefly here. Their applications made a big 
progress in space weather services during the past 2 years in China. 
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1  Introduction 

Due to the negative effects of space environment on 

ground power grids, communication, navigation, space-
crafts and some other well-known technical systems, 
space weather forecasting has attracted more and more 
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attentions during the past 10 years. To mitigate or avoid 
the negative effects affecting the technical systems, us-
ers need specific, precise, accurate and timely predic-
tions on space environment parameters and space 
weather events. For example, users of spacecraft assets 
need high energetic particle predictions to evaluate the 
radiation effects on electronic equipments aboard the 
spacecrafts. Users of HF radio communication and nav-
igation need precise information of ionospheric Total 
Electron Content (TEC) and scintillation. The ground 
electric power systems in high-latitude regions have a 
requirement for geomagnetic storm forecasting to eval-
uate the GIC intensities. 

The users’ needs stimulated the requirements for 
space weather modeling. To provide reliable services, 
space weather forecasts should be more dependent on 
models rather than human experience. Recently, a num-
ber of space environment research models have been 
developed. However these research models, most of 
which focus on solving scientific problems or explain-
ing physical mechanisms, are not practical in opera-
tional services, because they cannot reproduce complete 
map of the physical processes, as many scientific prob-
lems remain unsolved and many physical processes are 
not included or just included approximately in these 
models, which are far away from the real situations. 
Hence, the transition and utilization of research models 
to operations is still of little usage. 

At current stage, in order to meet the users’ require-
ments, we recommend that operational models should 
be developed directly, as to improve the capabilities of 
space weather forecasting. We can develop empirical or 
statistical models by applying mathematical methods 
based on current space weather knowledge and avail-
able historical data, putting some unknown physical 
processes aside. Researchers also can contribute to de-
veloping operational models according to user needs. 
Based on their scientific findings and associated data-
base, they can construct operational models directly while 
solving the key problems (mostly concerning physical 
relations) they encounter in the developing process. 

In this report, we will summarize the required opera-
tional space weather models based on the analysis of 
users’ needs in Section 2. Then in Section 3, some re-
search efforts on the models that have been made, sup-
ported by several departments and carried out in several 
institutes and universities in China, will be introduced. 
Currently, some models have already been developed 
and applied in operational services, such as the fore-
casting models of F10.7, Ap, AE, and Dst indices, 3D 
magnetopause model, and the model of relativistic elec-

tron flux enhancement at GEO orbit, etc., which will be 
presented in Section 4. 

2  Required Operational Models 

(1) Solar and Interplanetary Models 
The geospace environment disturbances originate 

from solar activities, and travel to Earth through inter-
planetary space. Hence, the models of solar activities 
and interplanetary space are significant for operational 
use. To estimate the solar activity levels and radiation 
intensities, models on solar indices (F10.7 and Rz) are in 
great need. Furthermore, these indices are the key pa-
rameters required as inputs by many geospace environ-
ment models, such as thermospheric density models. 

To provide source information and the propagation 
features of space weather events that cause geospace 
disturbances, the models of solar eruptions, such as 
flares, Solar Proton Events (SPEs), Coronal Mass Ejec-
tions (CMEs), are needed. The probability of their oc-
currence, the time duration, the peak flux of solar flare 
and SPEs, the arrival time of CMEs and Coronal Hole 
High Speed Stream (CHHSS) are expected as the output 
of these models. 

(2) Geomagnetic Field and Magnetosphere Models 
Geomagnetic storm can cause a variety of other geo-

space environment disturbances. Therefore, the predic-
tion models of geomagnetic indices, such as Ap, Kp, AE, 
and Dst, are needed in space weather forecast. These 
indices are input parameters for many geospace envi-
ronment models. In a sense, the accuracy of geomag-
netic indices determines how well we can predict other 
geospace environment such as the charged particle dis-
tributions in the magnetosphere and thermospheric den-
sities. Furthermore, global/regional ground geomagnetic 
field perturbation prediction models are needed to cal-
culate the GICs for users of power grid systems. 

The global structure of the magnetopause is greatly 
influenced by the solar wind plasma and the interplane-
tary magnetic field. Under varying solar wind condi-
tions, the magnetopause could be pushed inside the geo-
stationary orbit and geosynchronous satellites may cross 
the magnetopause and experience anomalies such as 
attitude and angular momentum control distortion. 
Therefore, models to predict the magnetopause size and 
shape are important for space weather applications. 

The relativistic electron fluxes are known to be high-
ly variable with heights and local times. However, most 
of the current models of high energetic electrons are 
limited to GEO orbit. Hence, models for forecasting the 
tempo-spatial variation of high-energy electrons in the 
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the whole radiation belt are in great needs.  
Solar Energetic Protons (SEPs) are suspected to re-

sult in single-event upsets in high-altitude aircraft avi-
onics, and cause irreversible degradation to spacecraft 
solar arrays. SEP population varies with latitude, local 
time and height. These reasons imply the need for a 
global geomagnetic storm-time cutoff model for pre-
dicting SEP fluxes near Earth. 

(3) Ionosphere Models 
Ionopheric electron density affects satellite commu-

nication and navigation systems. The global or regional 
real-time TEC models are needed to provide the iono-
spheric delay correction. Also, the 3-D electron density 
profile is a perfect product for radio users.  

Ionosphere scintillation is another important phe-
nomenon, which affects the radio propagation. Nowcast 
and forecast of scintillation are very useful to provide 
the information for radio signal disturbances. The am-
plitude and phase of scintillation should be the output 
parameters of these models.  

(4) Middle and Upper Atmosphere Models 
For the satellite at low Earth orbit, the orbital degra-

dation is closely related to the neutral density of ther-
mosphere. Although some series of empirical models 
(MSIS, CIRA, Jacchia, etc.) can provide a climatologi-
cal description of thermospheric density, the accuracy is 
still insufficient when they are applied to real time orbit 
prediction especially during large geomagnetic distur-
bance periods. In order to forecast the drag effect of 
satellites in low Earth orbit, near real-time prediction 
with high accuracy of neutral density in middle and up-
per atmosphere is needed. 

3  Researches on Developing       
Operational Models 

In China, several departments, including the Ministry of 
National Defense, Ministry of Science and Technology, 
and Natural science foundation of China, support pro-
grams of space weather modeling. Such programs are 
mainly carried out in Space Environment Prediction 
Center at CAS, Peking University, University of Sci-
ence and Technology of China, National Satellite Mete-
orological Center (NSMC), etc. Next, recent achieve-
ments on modeling researches are presented. 

3.1  A New Forecasting Index for Solar Wind Speed 

It is believed that geo-space environment variations are 
mainly controlled by upstream solar wind and inter-
planetary magnetic field. The ability of predicting the 
solar wind parameters determines how long in advance 

we can predict the geo-space environment variations. 
Coronal Holes (CH) are sources of high-speed stre-

ams observed recurrently at Earth. Since coronal holes 
are relatively stable and co-rotate with the Sun rigidly, it 
provides us the chance of predicting the characteristics 
of the high-speed stream according to the coronal holes 
several days in advance. Several researches have estab-
lished relationships between the area of coronal holes 
and the solar wind speed [1-4]. According to our investi-
gation, the brightness of the coronal holes also has ef-
fect on the solar wind speed. Therefore, we have estab-
lished another forecasting index, Pch, to predict the solar 
wind speed. The Pch is calculated as the sum of the re-
ciprocal of all the pixel values (not only the CH pixels) 
inside the central equatorial region ([10°E, 10°W], 
[30°N, 30°S]), which can be expressed as, where b is 
the brightness of the pixels inside the equatorial region 
([10°E, 10°W], [30°N, 30°S]). The Pch index can elimi-
nate an important bias in the forecasting process using 
CH area as input parameter due to the fact that the CH 
boundary cannot be unambiguously determined from 
observations. 

Figure 1 shows the predicted and observed solar wind 
speed for about one Carrington rotation during 2003, 
from 21 November to 26 December. The average rela-
tive difference |δ| (δ = (O −C)/C) between the calculated 
(C) and the observed (O) values is about 8.85%. 

For detailed description of the forecasting index Pch, 
please refer to the paper[5]. 
 

 
 

Fig.1  Calculated solar wind speed using the Pch index, compared 
with the observed values for 21 November to 26 December 2003  
 

3.2  Prediction Models on Geomagnetic Indices 

3.2.1   AU/AL/AE Prediction Models 

Two empirical models, one for the AU and the other for 
the AL, were developed using empirical functions based 
on solar wind and interplanetary magnetic field pa-
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rameters and the solar F10.7 index for the years 1995 to 
2001. The models reflect the solar wind driving effect 
related to solar wind speed, IMF and dynamic pressure, 
characteristics of the decay of auroral electrojets, and 
ionization effect of the solar ultraviolet radiation on 
ionospheric conductivity thus the auroral current system. 
The annual, seasonal, diurnal, and semidiurnal varia-
tions of the indices were also taken into consideration to 
improve the model accuracy. The AE index is predicted 
using AE=AU-AL.  

The models predict AU/AL/AE quite well, at least for 
the longer timescale variations. For the years 1995 to 
2001, the Linear Correlation Coefficient (LC) between 

the 10 min averaged AU index and the model is 0.846. 
The LC for the AL model is 0.846 and the LC for the AE 
model is 0.888. The LC is even better when the 13-point 
(about 2 h) running average of the model results is 
compared with the 13-point running average of the in-
dices: LC of 0.902 for AU, 0.915 for AL, and 0.935 for 
AE. For the 25-point (about 4 h) running average, the 
LCs are 0.923, 0.939, and 0.952 for AU, AL, and AE, 
respectively. The better LC of the AE model over AU 
and AL models is because AU and AL are better corre-
lated than their errors. Figure 2 shows the prediction 
compared with the measured AU and AL indices when 
the smoothing number is changed. 

 

 
 

Fig.2  Comparison of the modeled AU (red) and AL (green) with the measured AU and AL (black) indices. (a) Modeled AU and AL (10 min 
resolution) and 10 min averaged AU and AL indices; comparisons of the (b) 13-point and (c) 25-point running average of the modeled and 
measured 10 min averaged AU and AL indices 
 

When developing the models, we found the following 
results. (1) Solar ultraviolet intensity plays a significant 
role in auroral activity by changing the ionospheric 
conductivity and scale height. Increasing solar ultravio-
let intensity increases the eastward electrojet as meas-
ured by AU but decreases the westward electrojet as 
measured by AL. (2) The auroral electrojet indices, are 
also affected by the solar wind dynamic pressure al-
though they are much more strongly dependent on the 
solar wind velocity and the interplanetary magnetic field. 
(3) AU and AL behave differently during geomagnetic 
storm main phases: AU, unlike AL, can drop to a small 
value during storms. (4) The longer averaged auroral 
electrojets indices can be predicted well but shorter 

timescale variations are less predictable. 
For detailed description of the models, please refer to 

Ref. [6]. 

3.2.2  Kp Prediction Model 

Kp is one of the most common indices used to indicate 
the severity of the global geomagnetic disturbances in 
the near-Earth space. It plays very significant roles in 
space weather prediction. Many models of magneto-
sphere, ionosphere, and thermosphere require Kp as an 
important input parameter. In most operational space 
weather forecasting centers (NOAA/SWPC, CAS/SEPC), 
Kp is used to grade the geomagnetic storms. Many sat-
ellite operators use Kp to estimate satellite drag. 
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Currently the official index is derived using data ac-
quired at 13 stations and is published as 3 h values, with 
few weeks’ delay. This delay makes it less useful for the 
space weather operations. Some nowcast Kp algorithms 
have been developed, which take real-time data from 
several magnetometer stations to derive Kp estimates 
[7-8]. For the past few years, the ACE spacecraft located 
at the L1 point has been reliably providing solar wind 
measurements up to approximately 30–60 minutes in 
advance of its arrival at Earth. This makes short-term 
forecast of Kp possible using solar wind inputs from 
ACE observations. 

We have also developed a Kp forecast model[9]. The 
Kp model was developed by neutral network method 
and can forecast the Kp index 1–3.5 h in advance. Many 
studies have shown that there exists a high correlation 
between pairs of solar wind-magnetosphere coupling 
function and Kp index, and the linear predictor of Kp 
with merging rate and viscous term has been proved to 
be valuable[10]. By using coupling functions and handful 
interplanetary data provided by ACE satellite since 
1998, the Kp forecast model was developed based on 
artificial neural networks, using merging rate, viscous 
term, solar wind velocity, density, interplanetary mag-
netic field B, By component and Bz component as input 
parameters. For each Kp value at time t (the universal 
times of 8 Kp values in each day are noted as t is 03:00 
UT, 06:00 UT, 09:00 UT, … , 18:00 UT, 21:00 UT, 
24:00 UT), the model gives 6 predicted values every 
half hour at t-3.5, t-3.0, t-2.5, t-2.0, t-1.5, t-1.0. The 
last one at t-1.0 provides the final prediction. Such 
strategy allows us to predict the Kp for the current 3 h 
period continuously and as early as possible. The out- 
of-sample test of the model for years 1998, 2002 and 
2006 shows that the model yields a correlation coeffi-
cients of 0.88 and a Root Mean Square Error (RMSE) of 
0.65. Figure 3 gives two forecasting examples, one for 
7–10 November 1998 and the other for 14–17 Decem-
ber 2006, in comparison with the official Kp values. 

3.3  3D Magnetopause Model 

The Earth’s magnetopause is the result of the interaction 
between the supersonic solar wind and the Earth’s 
magnetic field. It basically separates the interplanetary 
magnetic field from the Earth’s magnetic field and pre-
vents most solar wind plasma from entering the Earth’s 
magnetosphere, and controls the size and shape of the 
magnetosphere. Variation of The magnetopause size 
and shape plays the key role in the coupling interaction 
between the solar wind and the space environment and 
reflects the disturbance of the space environment. 

 
 

Fig.3  Predicted Kp (line) for 7–10 November 1998 and 14–17 
December 2006, in comparison with the official Kp values (stars) 
 

Based on many magnetopause crossings from Geotail, 
IMP8, Interball, TC1, THEMIS, Wind, Cluster, Polar, 
LANL, GOES and Hawkeye, we developed a new 
three-dimensional asymmetric magnetopause model by 
the Levenberg-Marquardt method for corrected GSM 
coordinates in 2010. This model is parameterized by the 
solar wind dynamic and magnetic pressure, the inter-
planetary magnetic field Bz, and the dipole tilt angle. It 
considers the saturation effect of IMF Bz on the subsolar 
distance and the extrapolation for the distant tail 
magnetopause, and has a high capability to describe the 
indentations of magnetopause near the cusp and the 
asymmetries along the north-south and dawn-dusk di-
rections, as shown in Figure 4. 
 

 
 
Fig.4  3D magnetopause from Ref. [11] model 
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In comparison with the previous empirical magneto-
pause models based on our database, as listed in Table 1, 
the new model greatly improves the prediction capabil-
ity to describe the three-dimensional structure of the 
magnetopause. It can be used to quantitatively study 
how solar wind dynamic and magnetic pressure com-

press the magnetopause, how the southward IMF Bz 

erodes the magnetopause, and how the dipole tilt angle 
influences the north-south asymmetry and the indenta-
tions.  

For more details about this model, please refer to the 
paper of Ref. [11]. 

 
Tab.1  Prediction standard deviations in different regions for Ref.[11] and previous magnetopause models 

θ Z 

θ ≤ 30° 30° < θ ≤ 90° θ ≤ 90° | Z | < 3Re
 | Z | < 3Re  All Data             region 

 
model 

309 680 237 530 696 1226 

Roelof and Sibeck [12] 1.298 1.351 2.822 1.489 1.886 1.725 

Petrinec and Russell [13] 0.788 1.210 1.371 0.792 1.367 1.154 

Shue et al. [14] 0.863 1.219 1.397 0.822 1.390 1.178 

Shue et al. [15] 0.829 1.236 1.407 0.795 1.411 1.185 

Kuznetsov and Suvorova [16] 0.663 1.150 2.048 0.947 1.494 1.287 

Kawano et al. [17] 1.093 1.237 1.510 1.029 1.413 1.261 

Boardsen et al. [18] 0.680 1.552 1.933 1.387 1.538 1.475 

Kalegaev and Lyutov [19] 1.477 1.601 3.208 1.698 2.187 1.990 

Chao et al. [20] 0.789 1.242 1.375 0.783 1.400 1.174 

Lin et al. [11] 0.583 0.721 1.049 0.638 0.851 0.766 

 
3.4  Modeling Development in Magnetosphere  

3.4.1  Plasma Sheet Energetic Electron Flux Model 

The plasma sheet is an extended region of hot, tenuous 
plasma near the equatorial plane of the Earth’s mag-
netotail. It is a key region to understand the mass and 
energy transport in the magnetosphere since it is re-
garded as a critical source region for energetic particles 
in the inner magnetosphere, the auroral precipitation, 
and ring current, etc [21]. The energetic electrons in the 
plasma sheet are considered as an important source for 
the relativistic electrons in the outer radiation belt [22-25]. 
Understanding the distribution of these energetic elec-
trons and its relationship with the upstream solar wind is 
crucial for us to understand the transport and energiza-
tion of electrons in the outer radiation belt. Developing 
a model to predict energetic electron flux in the plasma 
sheet is also of significant practical importance because 
we are becoming more reliant on space-based technolo-
gies that are susceptible to the hazardous effects result-
ing from these energetic particles [26]. 

Using measurements from the Geotail satellite 
(1998–2004) at geocentric radial distances of 9–30 Re at 
the night side, the spatial distribution of > 38 keV elec-
tron fluxes in the central plasma sheet (CPS) and the 
statistical relationship between the CPS electron fluxes 
and the upstream solar wind and Interplanetary Mag-

netic Field (IMF) parameters are investigated quantita-
tively. It was found that the measured electron fluxes 
increase while approaching the center of the neutral 
sheet, and exhibit clear dawn-dusk asymmetry, with the 
lowest fluxes at the dusk side and increasing toward the 
dawn side. The asymmetry persists along the Earth’s 
magnetotail region (at least to Geotail’s apogee of 30 Re 
during the period of interest). From individual case 
study and the statistical analysis on the relationship be-
tween >38 keV CPS electron fluxes and the solar wind 
and IMF properties, we found that the larger (smaller) 
solar wind speed and southward (northward) IMF Bz 
imposed on the magnetopause result in higher (lower) 
energetic electron fluxes in the CPS with a time delay of 
about 1 hour, while the influence of solar wind ion den-
sity on the energetic electrons fluxes is insignificant. 
Interestingly, the energetic electron fluxes at a given 
radial distance correlate better with IMF Bz than with 
the solar wind speed.  

Based on these statistical analyses, an empirical model 
was developed for the first time to describe the 2-D dis-
tribution (along and across the Earth’s magnetotail) of 
the energetic electron fluxes (>38 keV) in the CPS, as a 
function of the upstream solar wind and IMF parameters. 
The model reproduces the observed energetic electron 
fluxes well, with a correlation coefficient R = 0.86. Tak-
ing advantage of the time delay, full spatial distribution 
of energetic electron fluxes in the CPS can be predicted 
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about 2 hours in advance using the real-time solar wind 
and IMF measurements at the L1 point: one hour for the 
solar wind to propagate to the magnetopause and a 
one-hour delay for the best correlation. Figure 5 shows 
the predicted distribution of CPS >38 keV electron flux 
for different solar wind and IMF conditions. Such a pred-
iction helps us to determine whether there are enough 

electrons in the CPS available to be transported inward 
to enhance the outer electron radiation belt. The model 
results can also help to evaluate the surface charging 
condition of satellites that may stay for a long time in 
the equatorial tail region. 

For detailed description of the models, please refer to 
the paper by Luo et al [27]. 

 

 
 

Fig.5  Color-coded plots of the distribution of the CPS electron flux (cm−2·sr−1·s−1) from the model under different solar wind speed conditions 
(described on top of each plot) 

 
3.4.2  Modeling the Inner Boundary of Ion   

Plasma Sheet (IBIPS) 

The penetration of plasma sheet particles into the inner 
magnetosphere during magnetic active times can lead to 
serious satellite surface charging. Therefore, it is of 
great importance to establish a model of inner boundary 
of the plasma sheet. The TC-1/DSP satellite, a China- 
ESA cooperation mission, is in an eccentric near equa-
torial orbit with an apogee radial distance of about 13.4 
Re and a perigee radial distance of about 6934 km. In 
this study, we used the ion data recorded by TC-1 of 
Double Star Program from 2004 to 2006 to establish the 
first empirical global model of the Inner Boundary of 

the Ion Plasma Sheet (IBIPS).  
Based on a dataset of 310 crossing events of the inner 

boundary of the ion plasma sheet, we for the first time 
show the observational distribution of the inner bound-
ary of the ion plasma sheet in the equatorial plane. The 
IBIPS has dawn-dusk asymmetry. During quiet times 
the IBIPS is farthest to the Earth in the 06:00 LT– 08:00 
LT bin and the mean radial distance of IBIPS in this bin 
is 7.64 Re. The IBIPS is closest to the Earth in the 
18:00 LT – 20:00 LT bin and the mean radial distance 
of IBIPS is 6.50 Re. These characteristics of IBIPS are 
consistent with the Alfven boundary of the plasma sheet 
ions expected from the drift theory. 

This model can well predicts the global positions of 
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IBIPS as a function of geomagnetic Kp index and the 
penetration of plasma sheet hot ions into geosynchro-
nous orbit. Figure 6 shows the distribution of IBIPS in 
the equatorial plane for quiet times (Kp <2) and active 
times (2≤Kp≤3+). 

For detailed description of the models, please refer to 
the paper by Cao et al. [28]. 

 

 
 

Fig.6  Mean radial distance of IBIPS for quiet times ( Kp < 2) and 
active times (2≤Kp≤3+) 

 

3.4.3  Modeling of Energetic Electrons in     
Outer Radiation Belt 

Variations of the geomagnetic field structure and the 
solar wind bulk speed will influence the distribution of 
energetic electron in the outer radiation belt. The distri- 
 

bution of 0.3–2.5 MeV electrons was studied based on 
SEM/NOAA-POES16 observations. By comparing dis-
tributions of 0.3–2.5 MeV electrons with different solar 
wind velocities and different geomagnetic activities, 
contributions of the solar wind and the geomagnetic 
field to the 0.3–2.5 MeV electron distribution were dis-
cussed. Results of those observational studies indicate 
that variation of the geomagnetic field dominates the 
distribution of 0.3–2.5 MeV electrons at the inner region 
of the electron radiation belt while the distribution at the 
outer region is quite sensitive to the solar wind velocity. 
Based on previous analyses and discussions, a statistical 
model of the > 0.3 MeV electron distribution in the out-
er radiation belt was established. 

The 0.3–2.5 MeV electron distribution with L-value 
at different time periods was studied. We found that two 
Gaussian distributions with different half-peak breadth 
can describe the electron distribution in these two reg-
ions. An energetic electron model of the outer radiation 
belt can be established based on the statistical analysis. 
Both of electron distributions in Region I and Region II 
are described by Gaussian function. The energetic elec-
tron flux F in the outer radiation belt can be calculated 
by using the geomagnetic and interplanetary parame-
ters-Dst index and the solar wind speed.   

3.5  Thermospheric Density Model from   
CHAMP and GRACE Data 

We apply the principle component analysis to the den-
sity observations from CHAMP and GRACE during 
2002–2010 to characterize the dominant modes of the 
thermospheric density variability as Empirical Orthog-
onal Functions (EOFs). The seasonal variations, solar and 

 
 

Fig.7 Model result of 0.3–2.5MeV electron distribution (bottom panel) versus real data observed by NOAA-16 (top panel) in 2003 



  
 

 ·180· 

 

SPACE SCIENCE ACTIVITIES IN CHINA 

 
 

Fig.8  Model result of 0.3–2.5 MeV electron distribution (bottom panel) versus real data observed by NOAA-16 (top panel) in 2006 
 
geomagnetic activity dependence in the thermospheric 
density can be separated from their latitudinal and local 
time variations. Our results from the EOF analysis will 
provide useful observational database of seasonal varia-
tions in thermospheric density from pole to pole, which 
is of importance to further understand the physical 
mechanisms of seasonal variations in thermosphere. 

In this study, version 2.3 data for CHAMP and GRACE 
accelerometer-derived thermospheric total mass den-
sities[29] are utilized to conduct the EOF analysis. The 
mass densities are obtained from CHAMP and GRACE 
accelerometer measurements using standard methods[30]. 
The measured densities ρ(z) at satellite altitudes during 
2002–2010, when the measurements for both CHAMP 
and GRACE are available, are normalized to a constant 
altitude of 400 km for both CHAMP and GRACE data 
using MSISE00 model[31]. CHAMP or GRACE takes 
about 130 days to have a complete coverage of 24 h 
local time because of their high inclination. Therefore, 
the conventional principle component analysis cannot 
be used to resolve the local time and latitude EOFs 
within the time scale of interest in the present study. 
Instead, the principle component analysis for sparse data 
presented by Ref. [32] is used to decompose the ther-
mospheric density vector. A thermospheric density model 
at 400 km is developed as a function of local time, day 
number, solar and geomagnetic activity. 

Figure 9 shows the seasonal variations of the ther-
mospheric density from pole to pole for two local time 
sectors: noon (left) and midnight (right). In the daytime, 
the ETA feature is pronounced around equinoxes, but it 
is almost absent in solstice seasons under various solar 
activity conditions. Daytime densities at low and middle 
latitudes exhibit obvious semiannual variations imbed-
ded in the annual component. In addition, thermospheric 
densities at low latitudes are larger around March equi-
nox than those around September equinox under high 

and medium solar activities, whereas this equinoctial 
asymmetry becomes less evident under low solar activ-
ity. Interestingly, around September equinox the densi-
ties at the ETA crest are larger in the southern hemi-
sphere than those in the northern hemisphere. This fea-
ture persists under all solar activity conditions. Previous 
study also revealed similar equinoctial asymmetry and 
its hemispheric difference for daytime density under 
median solar activity but during a broad local time bin, 
11:00 MLT–16:00 MLT. 

As shown in the right panels of Figure 9, the largest 
peaks in the midnight density appear to be at the poles, 
especially during the equinoxes. This might be associ-
ated with the energy source at high latitudes. The most 
striking feature seen in the midnight density is the Mid-
night Density Maximum (MDM) around the equator in 
all seasons, associated with the phenomenon of the Mid-
night Temperature Maximum (MTM) due to the propa-
gation of the lower atmospheric migrating tides. In con-
trast to the daytime ETA, MDM generally has a peak 
around the equator and troughs around ±30º, but the 
MDM trough in the local winter appears at poleward lati-
tudes, especially in the southern local winter and under 
high solar activity. Similar to the daytime situation, the 
midnight density also shows obvious annual and sem-
iannual variations. 

The absolute magnitude of both the annual and sem-
iannual variations in Figure 9 generally increases with 
solar activity. This is expected since the thermosphere is 
heated up and expands to higher altitudes under high 
solar activity. Therefore, it would be more correct to 
examine the relative change of the thermospheric den-
sity to its annual mean (at each latitudinal grid for a 
given local time). 

For detailed description of the models, please refer to 
the paper by Lei et al.[33]. 
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Fig.9  Seasonal variations of CHAMP and GRACE density (10−12 kg·m−3) from the EOF analysis at noon (left) and midnight (right) for dif-
ferent solar activity levels (F10.7 = 200, 140, and 80) 
 
4  Application of Operational Models   

in SEPC/NSSC 

Some of the models introduced in the previous section, 
as well as some other space weather prediction models 
developed earlier, are now running in the operational 
system for space weather services in Space Environ-
ment Prediction Center at National Space Science Cen-
ter, Chinese Academy of Sciences (http://eng.sepc.ac.cn). 
The products of these models are concerned with sev-
eral areas of space weather, including the solar radiation, 
interplanetary space, magnetosphere, ionosphere, ther-
mosphere, and geomagnetic field. 

Several models introduced above are already running 
sustainedly, and provide the predictions of basic indices 
widely used in space weather prediction, such as F10.7, 
Ap, Dst, Kp, etc. The two mid-term forecasting models, 
27-day F10.7 prediction model (Figure 10a) and 27-day 
Ap prediction model (Figure 10b), provide daily values 
of F10.7 and Ap for the upcoming 27 days. And 
short-term models of Dst, Kp, and AU/AL/AE, all driven 
by real time solar wind parameters measured at the L1 
point, are applied to predict different types of geomag-
netic field disturbances at different timescales and in 
different time advances. The Dst index is a measure of 
the ring current, the model of which runs every hour and 
exports the Dst value for the next two hours (Figure 

10c). The Kp index, which reflects the global geomag-
netic field disturbance, is widely used as the scale of 
geomagnetic storms. The Kp model updates every half 
an hour and the Kp value for the current 3-hour period is 
predicted (Figure 10d). The AU/AL/AE indices, which 
are used as proxies of geomagnetic substorms, measure 
the auroral electrojet intensities. The AU/AL/AE model 
runs every 10 minutes and predicts the 10-min averaged 
values of AU/AL/AE indices in about 1 hour advance 
(Figure 10e). The GEO relativistic electron flux model 
predicts the daily fluence of the >2 MeV electrons at the 
geostationary orbit for the next day (Figure 10f). These 
predicted values are updated and published automati-
cally on the SEPC website, and can be browsed and 
downloaded conveniently by users. Figure 10 shows the 
web interfaces of these models. 

The 3D asymmetric magnetopause model has also 
been applied in operation. The 3D asymmetric magnet-
opause model is driven by real time solar wind parame-
ters and predicts the global shape of the magnetopause. 
Upon the 3D shape of the modeled magnetopause, two 
products for geostationary satellites were constructed: 
one is the magnetopause sub-solar distance (upper panel 
of Figure 11) and the other is the geosynchronous 
magnetopause crossing events (GMC, bottom panel of 
Figure 11). These products can be easily used by satel-
lite operation centers to check whether and when the 
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Fig.10  Interfaces of the models for (a) 27-day F10.7, (b) 27-day Ap, (c) Dst, (d) Kp, (e) AU/AL/AE, (f) daily fluence of >2 MeV electrons at 
GEO orbit 
 

 
 
Fig.11  Two products provided by the 3D magnetopause model. The upper panel shows the derived magnetopause sub-solar distance. The 
bottom panel listed the magnetopause crossing events of GEO orbit predicted by the model 
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geostationary satellites might cross the magnetopause. 

REFERENCES 

[1] Robbins S, Henney C J, Harvey J W. Solar wind forecasting with 
coronal holes [J]. Sol. Phys. 2006, 233: 265-276 

[2] Veselovsky I S, Persiantsev I G, Ryazanov A, et al. One-parameter 
representation of the daily averaged solar-wind velocity [J]. Solar Syst. 
Res., 2006, 40: 427-431 

[3] Vršnak B, Temmer M, Veronig A M. Coronal Holes and Solar Wind 
High-Speed Streams: I. Forecasting the Solar Wind Parameters [J]. Sol. 
Phys., 2007, 240: 315-330 

[4] Vršnak B, Temmer M, Veronig A M. Coronal Holes and Solar Wind 
High-Speed Streams: II. Forecasting the Geomagnetic Effects [J]. Sol. 
Phys., 2007, 240: 331-346 

[5] Luo B, Zhong Q, Liu S, Gong J. A New Forecasting Index for Solar 
Wind Velocity Based on EIT 284 Å Observations [J]. Sol. Phys., 2008, 
250: 159-170 

[6] Luo B, Li X, Temerin M, Liu S. Prediction of the AU, AL, and AE 
indices using solar wind parameters [J]. J. Geophys. Res. Space Phys., 
2013, 118: 7683-7694 

[7] Gehred P A, W Cliffswallow, Schroeder J D. A comparison of USAF 
Ap and Kp indices to Gottingen indices [R]. Tech. Memo. ERL 
SEL-88, NOAA, Silver Spring, Md, 1995 

[8] Takahashi K, Toth B A, Olson J V. An automated procedure for near- 
real-time Kp estimates [J]. J. Geophys. Res., 2001, 106: 21017-21032 

[9] LiuY, et al. Kp forecast models based on neural network [J]. Manned 
Spacef., 2013, 19(2): 70-80 

[10] Newell P T, Sotirelis T, Liou K, Rich F J. Pairs of solar wind-magnet-
osphere coupling functions: Combining a merging term with a viscous 
term works best [J]. J. Geophys. Res., 2008, 113: 4218  

[11] Lin R L, et al. A three-dimensional asymmetric magnetopause model 
[J]. J. Geophys. Res., 2010, 115, A04207, doi: 10.1029/2009JA014235 

[12] Roelof E C, Sibeck D G. Magnetopause shape as a bivariate function 
of interplanetary magnetic field Bz and Solar wind dynamic pressure 
[J]. J. Geophys. Res., 1993, 98(A12): 21421-21450 

[13] Petrinec S M, Russell C T. Near-Earth magnetotail shape and size as 
determined from the magnetopause flaring angle [J]. J. Geophys. Res., 
1996, 101(A1): 137-152 

[14] Shue J H, Chao J K, Fu H C, Russell C T, Song P, Khurana K K, 
Singer H J. A new functional form to study the solar wind control of 
the magnetopause size and shape [J]. J. Geophys. Res., 1997, 102(A5): 
9497-9511 

[15] Shue J H, Song P, Russell C T, Steinberg J T, Chao J K, Zastenker G, 
Vaosberg O L, Kokubun S, Singer H J, Detman T R, Kawano H. 
Magnetopause location under extreme solar wind conditions [J]. J. 
Geophys. Res., 1998, 103(A8): 17691-17700 

[16] Kuznetsov S N, Suvorova A V. An empirical model of the magneto-
pause for broad ranges of solar wind pressure and Bz IMF, in Polar 
Cap Boundary Phenomena, edited by J. Moen et al. [R]. Kluwer Acad., 
p.51-61, Norwell, Mass, 1998 

[17] Kawano H, Petrinec S M, Russell C T, Higuchi T. Magnetopause  
 

shape determinations from measured position and estimated flaring 
angle [J]. J. Geophys. Res., 1999, 104(A1): 247-261 

[18] Boardsen S A, Eastman T E, Sotirelis T, Green J L. An empirical 
model of the high-latitude magnetopause [J]. J. Geophys. Res., 2000, 
105(A10): 23193-23219 

[19] Kalegaev V V, Lyutov Yu G. The solar wind control of the magneto-
pause [J]. Adv. Space Res., 2000, 25(7-8):1489-1492 

[20] Chao J K, Wu D J, Lin C H, Yang Y H, Wang X Y, Kessel M, Chen S 
H, Lepping R P. Models for the size and shape of the Earth’s magne-
topause and bow shock, in Cospar Colloquia series Vol. 12, Space 
Weather Study Using Multipoint Techniques, Edited by Ling-Hsiao 
Lyu [R]. Pergamon, Elsevier Science Ltd., 2002:127-134 

[21] Baker D N, T Pulkkinen, Angelopoulos I V, Baumjohann W, McPh-
erron R L. Neutral line model of substorms: Past results and present 
view [J]. J. Geophys. Res., 1996, 101(A6), 12975-13010 

[22] Li X, Baker D N, Temerin M, Reeves G D, Belian R D. Simulation of 
dispersionless injections and drift echoes of energetic electrons associ-
ated with substorms [J]. Geophys. Res. Lett., 1998, 25(20): 3763-3766  

[23] Baker D N, Li X, Blake J B, Kanekal S. Strong electron acceleration in 
the Earth's magnetosphere [J]. Adv. Space Res., 1998, 21(4): 609-613 

[24] Li X, Temerin M, Baker D N, Reeves G D, Larson D. Quantitative 
prediction of radiation belt electrons at geostationary orbit based on 
solar wind measurements [J]. Geophys. Res. Lett., 2001, 28(9): 1887- 
1890 

[25] Li X. Variations of 0.7–6.0 MeV electrons at geosynchronous orbit as 
a function of solar wind [J]. Space Weather, 2004, 2, S03006, doi: 
10.1029/2003SW000017 

[26] Taylor M, Friedel R H W, Reeves G D, et al. Multisatellite measure-
ments of electron phase space density gradients in the Earth's inner and 
outer magnetosphere [J]. J. Geophys. Res., 2004, 109, A05220, doi: 
10.1029/2003JA010294 

[27] Luo B, Tu W, Li X, et al. On energetic electrons (>38 keV) in the 
central plasma sheet: Data analysis and modeling [J]. J. Geophys. Res., 
2011, 116, A09220, doi: 10.1029/2011JA016562 

[28] Cao J B, et al. The statistical studies of the inner boundary of plasma 
sheet [J]. Ann. Geophys., 2011, 29: 289-298 

[29] Sutton E K. Accelerometer-derived atmospheric densities from the 
CHAMP and GRACE Accelerometers: Version 2.3 [R]. AFRL Tech-
nical Memo, 2011  

[30] Sutton E K, Nerem R S, Forbes J M. Density and winds in the ther-
mosphere deduced from accelerometer data [J]. J. Spacec. Rockets, 
2007, 44: 6, doi: 10.2514/1.28641 

[31] Picone J M, Hedin A E, Drob D P, Aikin A C. NRLMSISE-00 em-
pirical model of the atmosphere: Statistical comparisons and scientific 
issues [J]. J. Geophys. Res., 2002, 107(A12), 1468, doi: 10.1029/ 
2002JA009430 

[32] James G M, Hastie T J, Sugar C A. Principal component models for 
sparse functional data [J]. Biometrika, 2000, 87: 587-602 

[33] Lei J, Matsuo T, Dou X., et al. Annual and semiannual variations of 
thermospheric density: EOF analysis of CHAMP and GRACE data [J]. 
J. Geophys. Res., 117, A01310, doi: 10.1029/2011JA017324, 2012 

 
 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


