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Abstract: SLR (Satellite Laser Ranging) is a kind of important space geodesy technique for the establishment of a 
Terrestrial Reference Frame (TRF) and determination of EOP (Earth Orientation Parameters). It determines the 
origin and scale factor of TRF. The accuracy of future TRF is 1 mm. This requires improving the SLR data processing 
accuracy and importing higher accuracy SLR satellite data. The Earth Radiation Pressure (ERP) is an important 
perturbation force for SLR satellites. The traditional Earth radiation pressure model for SLR satellites is the simple 
Cannon Ball model. This paper establishes the Box-Wing physical Earth radiation pressure model for SLR satellites 
and takes Lageos-1 as an example to evaluate the physical analytical model. The Lageos-1 is divided into two blocks: 
metal shell and corner reflectors. The area and optical characteristics of each block are analyzed according to the 
requirements of three kinds of Earth albedo and emissivity models of point source, experience and grid models. 
The results show that after importing the physical analytical Earth radiation pressure model, the empirical force 
acceleration in the T direction is significantly reduced and the orbit overlap arc precision is about 3 mm smaller 
than that of the original model. The orbit prediction results show that the prediction accuracy of the new Earth 
radiation pressure model has generally improved significantly. The maximum improvement percentage of the 
physical analytical model is 12%, 16%, 28% and 25% respectively in the prediction arc length of 1 day, 3 days, 5 
days and 7 days. The physical grid model performs the best with the increase of prediction arc length.
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1. Introduction

The solar radiation received by the Earth can be re-
leased in two different ways: optical radiation and infra-
red radiation. Through these two kinds of radiation, the 
thermal equilibrium of the Earth can be maintained [1,2]. 
The Earth’s radiation perturbation is normally called 
the Earth Radiation Pressure (ERP). The Earth’s radia-
tion pressure consists of the Earth’s albedo radiation 
pressure caused by optical radiation and the infrared 
radiation pressure caused by infrared radiation. The 
Earth’s albedo radiation pressure generally depends 
on the sunlight reflected from the ground. When the 
satellite is in the shadow of the Earth, this item is zero. 
The infrared radiation pressure results from the heat 
radiation of the Earth itself and mainly depends on the 
temperature of the Earth’s surface. It has a strong cor-
relation with latitude and season and has almost noth-
ing to do with the position of the satellite. The Earth’s 
radiation pressure is mainly concentrated in the radial 
direction of the satellite, which is about 100 times larg-
er than the tangential and normal directions. For SLR 
satellites, the orbit height is usually thousands of kilo-
meters and the impact of the Earth’s radiation pressure 
on its orbit is greater than that of GNSS satellites with 
tens of thousands of kilometers. Therefore, ERP should 
be considered for most SLR satellites’ POD (Precision  
Orbit Determination) and other applications. At pre-
sent the radial impact of the Earth’s radiation pressure 
on GNSS orbit determination can reach the order of 
centimeter. IGS (International GNSS Service) has pro-
posed to introduce the Earth’s radiation pressure into 
the precision orbit determination of navigation satel-
lites [3]. So, the Earth’s radiation pressure must be con-
sidered in regular data processing and centimeter even 
or millimeter order POD of SLR LEO (Low Earth Orbit) 
and MEO (Middle Earth Orbit). The ERP becomes small 
with the orbital altitude augment of satellites.

The Earth’s optical radiation and infrared radiation 
can be described by the Earth’s albedo Al and emissiv-
ity Em, respectively. They are affected by many complex 
factors such as oceans, land and cloud changes. In prac-
tical applications, albedo and emissivity could be fitted 
or modeled numerically by the observed satellite data 
such as the simplest point source model or the empiri-
cal formula derived by CSR (Center for Space Research 
of the University of Texas at Austin). Because they are 
difficult to be derived by theoretical formulas NASA 
uses the data provided by CERES (Clouds and the Earth 
Radiant Energy System) to calculate the global grid ra-
diation data and obtain the grid albedo and emissivity 

of the Earth. Based on Box-Wing theory and Fliegel’s 
work [4], Rodriguez-Solano established the point and 
numerical grid Earth Radiation pressure models for GPS 
satellites by CERES data respectively [3,5–7]. Zhao applied 
this method to BDS satellites and established the phys-
ical analytical model of the Earth’s radiation pressure 
for the BDS satellites. The orbit determination results 
showed that the IGSO/MEO satellite’s orbit accuracy 
has a 2–10 mm improvement after the introduction of 
the Earth radiation pressure model [8].

Although SLR satellite’s Earth radiation pressure 
research started early, the Earth radiation pressure 
model adopted by the Analysis Centers of the ILRS 
(International Laser Ranging Service) is still dominated 
by the spherical model (Cannon Ball) because conven-
tional geodesic satellites are almost uniform spheres [9–12].  
This Cannon Ball model is simple, and only the mass 
and cross-sectional area of the satellite are used to 
model the Earth’s radiation pressure. However, the ac-
tual SLR satellite is not an ideal uniform symmetrical 
sphere including Lageos-1/2. Its surface is composed 
of different materials such as metal shells and corner 
reflectors. Different parts have different optical charac-
teristics. The accuracy of the Earth’s radiation pressure 
model has an important impact on the Lageos-1/2 sat-
ellite. Its impact on the long half axis of the orbit and 
the scale factor is about 1.5 mm and 0.07 ppb respec-
tively [10,11,13,14]. Therefore, with the improvement of SLR 
observation accuracy, the goal realization for future 
1 millimeter level space-time benchmarks and higher 
precision SLR orbit determination, it is very necessary 
to establish a set of high-precision SLR Earth radiation 
pressure physical analytical models to improve the SLR 
data processing accuracy. This is useful to better lev-
erage the important role of SLR in determining time-
space reference frames and satellite orbits.

This article takes the improvement of the high-pre-
cision SLR Earth radiation pressure physical analytic 
model as the research background, different Earth al-
bedo and emissivity models are introduced. Combined 
with these models, high-precision Earth radiation 
pressure physical analytic models are established for 
SLR satellites and evaluated.

2. Earth Albedo and Emissivity Models
If the incident flow intensity of direct solar radiation 

on the Earth is IS, the optical radiation intensity of the 
light reflected by the Earth is Irefl, the infrared radia-
tion intensity of the Earth is Iemit, then the calculation 
formulas for the earth albedo and emissivity are given 
respectively by equation (1).
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At present, there are three kinds of main models for 
the Earth’s albedo and emissivity: constant model, em-
pirical model, and numerical grid model. The constant 
model takes the global Earth albedo and emissivity as 
constants (α = 0.3, ε = 0.7), equivalent to a constant 
radiation amount of 459 W/m2 on the Earth’s surface 
and the average infrared radiation intensity 341.8 W/
m2 on the Earth’s surface [4,15]. The empirical model is 
currently mainly an analytical expression based on 
satellite observation fitting provided by the Center for 
Space Research (CSR) in the United States. This model 
fits the Earth’s albedo and emissivity according to the 
periodic formula of latitude and time. The specific cal-
culation formula is given by equation (2) [2,8].

2
0

2
0

2 3 10.34 0.1cos ( ) sin 0.29( sin )
365.25 2 2

2 3 10.68 0.07cos ( ) sin 0.18( sin )
365.25 2 2

t t

t t

πα ϕ ϕ

πε ϕ ϕ

 = + − + −  
 = − − − −  

(2)

In the equation, ϕ  is the latitude, t and t0 are the 
calculation time and the initial reference time of the 
periodic term.

The most accurate model for Earth’s albedo and 
emissivity is the numerical grid model, which utilizes 

the global top of atmosphere (TOA) solar radiation 
flow, the Earth’s shortwave reflected radiation flow and 
longwave infrared radiation flow monitoring products 
provided by NASA CERES observation program. It can 
be used for calculating the Earth’s albedo and emis-
sivity at a resolution of 1° × 1°. CERES grid data has 
been widely used in the calculation of Earth’s radiation 
pressure. Figures 1 and 2 respectively show the global 
distribution and difference between the empirical 
model and numerical grid model of Earth’s albedo and 
emissivity in March 2019. From these figures, it can be 
seen that the empirical mode cannot accurately depict 
the status of complex areas because it only considers 
latitude changes, while the numerical grid model uses 
measured data and better shows the detailed changes 
in complex areas.

3. Earth Radiation Pressure Models

At present, the Earth radiation pressure (ERP) mod-
els mainly include the point source ERP model, em-
pirical ERP model, sphere ERP model, numerical grid 
ERP model, etc. Different models have different usage 
conditions, simplification levels and accuracy. They can 
be selected based on data processing conditions and 
accuracy requirements.

For satellites with complex shapes, the reflectivity 
and specular reflectance of each area element meet the 
following requirements [8,15]:

( ) ( )+ 1- + 1- = 1i i i i iv μ μ v v
(3)

Figure 1. The experience Earth albedo (left) and grid Earth albedo (middle) in March 2019 and their difference 
(right).

Figure 2. The experience Earth emissivity (left) and grid Earth emissivity (middle) in March 2019 and their 
difference (right).
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where, iν  is the reflectivity of the area element; iµ  is 
the specular reflectance of the area element.

The albedo radiation pressure and infrared radia-
tion pressure of each surface element are:
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where, reflA


 is the Earth’s albedo radiation pressure, in 
unit m/s2; emitA



 is the Earth’s infrared radiation pres-
sure; reflE  and emitE  are the Earth reflected radiation 
flux and emission radiation flux at the satellite’s loca-
tion, in unit w/m2; λ  is the shadow factor of satellite, 
m  is the mass of satellite in unit kg; c  is the speed of 
light, 299792458 m/s; iA  is the area of the surface ele-
ment i, in unit m2; iθ  is the angle between the normal 
vector of the area element and the direction from the 
satellite to the sun, in unit rad; ˆin  is the normal vector 
of the surface element; ˆ ip  is the direction vector from 
the satellite to the sun. The force vector sum of each 
surface element is calculated to obtain the Earth’s al-
bedo radiation pressure and infrared perturbation ac-
celeration, respectively.

3.1 Point Source ERP Model

The point source ERP model considers the Earth as 
an ideal point, with constant Earth albedo and emis-
sivity. By equation (4) the Earth’s albedo and infrared 
radiation pressure of each surface of satellites can be 
calculated and their vector sum is the Earth’s radiation 
pressure.

3.2 Empirical ERP Model

Similar to the point source model, the Earth albedo 
and emissivity used are no longer constants, but are 
calculated by its empirical equation (2). Then, the 
Earth’s radiation pressure can be calculated by equa-
tion (4).

3.3 Cannon Ball ERP Model

In order to minimize the impact of non-conservative 
forces as much as possible, reduce the complexity of 
satellites and ensure satellite stability, SLR geodynamic 
satellites are usually designed as spherical and use 
high-density metal cores to maximize satellite mass to 
reduce the impact of Earth radiation pressure. For SLR 
spherical satellites, both the traditional Earth radiation 
pressure model and the current model ILRS analysis 

center adopted is the spherical model, which treats the 
satellite as a completely uniform surface sphere. The 
calculation formula for the spherical ERP model is:

2
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(5)

where, SRρ  is the constant of the solar pressure near 
the Earth; A and m is the cross-sectional area and mass 
of the satellite, respectively; UA  is an astronomical 
unit; sr  is the distance from the sun to the Earth; lη  is 
the Earth radiation pressure coefficient; pr  is the vec-
tor from the ground radiation point to the satellite; sθ  
is the incidence angle of solar radiation at the Earth 
radiation point; γ  is the angle between the normal vec-
tor of radiation point and pr . This model is simple and 
conveniently be calculated only by utilizing the cross-
sectional area and mass of the satellite without the 
need for more detailed information.

3.4 ERP Physical Analytical Model 

Fliegel et al. [4] used two optical characteristic pa-
rameters: reflectance (v, 0-1) and specular reflectance 
(µ , 0-1) to describe the acceleration generated by the 
interaction between solar, Earth radiation and satel-
lites. In this case, the absorption rate of the satellite is 
1 ν− , the specular reflection part is νµ , and the dif-
fuse reflection part is (1 )ν µ− . According to Box Wing 
theory [6,16], the acceleration of the Earth’s radiation 
pressure could be calculated by:

0 2cos (1 ) (1 3 cos )
3eradp D N

E Aa e e
mc

θ νµ νµ νµ θ = − − + − +  
  
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where, De  is the direction vector from the sun to the 
satellite; Ne  is the normal vector of the satellite surface, 
cos D Ne eθ = ⋅

 

; 0E  is the Earth’s radiation intensity at 
the satellite location. In actual calculations, the Earth 
surface needs to be integrated to obtain this value. The 
calculation formula is given by:
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ˆ0rE  and ˆ0rE
⊥ are the radial and lateral components of 

Earth’s radiation. The infrared radiation only includes 
the radial components. The calculation formula for 



13

Earth and Planetary Science | Volume 03 | Issue 01 | April 2024

refldE  and emitdE  are given by:
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where, d is the distance from the ground radiation in-
tegration grid point to the satellite; SE  is the solar con-
stant; ê is the direction vector from the radiation grid 
to the satellite; dA is the grid area; other parameters 
are consistent with the previous text.

4. SLR ERP Physical Analytical Model Es-
tablishment and Test Schemes

By the theory of the above ERP models, the physi-
cal analytical ERP model was constructed taking the 
Lageos-1 satellite as an example. Table 1 provides the 
basic information and optical characteristics of the sat-
ellite. By these parameters, a physical analytical model 
for the Earth radiation pressure of the SLR satellite 
was established and compared with other models, es-
pecially the spherical model widely used in SLR data 
processing.

Table 1. Information for Lageos-1 satellite.

Basic Information Value

Height/km 5860

Mass/kg 411.0

Diameter/m 0.60

Number of reflector (CCR) 426

CCR diameter/m 0.038

In order to construct the physical analytical model of 
the Earth’s radiation pressure, it is necessary to obtain 
the area and optical characteristics of each component 
of the satellite. The Lageos-1 satellite is mainly divided 
into two parts: an aluminum alloy shell and corner 
reflectors. Due to the early launch of the satellite, it is 
difficult to obtain accurate information on the surface 
metal of the satellite. However, it is currently known 
that in the early stages of the Lageos-1/2 satellite, due 
to the need for optical observation, the roughness of 
the satellite’s metal surface was very low. Therefore, its 
reflectivity and specular reflectivity were set to 0.9 and 
0.8, respectively. The reflectance and specular reflec-
tance of corner reflectors due to their strong reflection 

characteristics are considered as 1.0 here. The surface 
area of the SLR satellite remains constant regardless 
of time and location because of its spherical shape and 
almost uniform reflector distribution. It means that the 
area radiated by the ground does not change without 
considering complex attitude changes, as shown in 
Figure 3. Calculate the geocentric angle of the radiation 
range based on the height of the satellite by:

θ = acos [r/(r + h)]
(9)

where, θ is the geocentric angle of the radiation range; 
r is the radius of the Earth; h is the height h of the sat-
ellite. Then, the radiation area of the satellite and the 
Earth’s radiation pressure could be calculated.

Figure 3. Schematic of satellite receiving Earth radiation.

Moreover, it is worth mentioning the Lageos satellite 
is covered with 426 cube corner reflectors with all but 
four of these reflectors made of fused silica glass. This 
doesn’t have any effect on the POD results because the 
reflectance and specular reflectance of the four other 
material corner reflectors due to their strong reflection 
characteristics are also considered as 1.0.

In order to verify the accuracy of the SLR ERP physi-
cal analytical model, the Lageos-1 satellite’s ILRS glob-
al observation data from 2019 to October 2020 were 
selected for orbit determination testing. The physical 
analytical modeling information is shown in Table 2. 
In order to verify the impact of different Earth albedo 
and emissivity models, the newly established SLR ERP 
physical analytical model was compared with three 
kinds of the Earth’s albedo and emissivity models and the 
original spherical model. The orbit determination models 
and calculation strategy are shown in Table 3 [17,18] and 
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the different ERP test schemes are shown in Table 4. 

Table 2. Physical analytical modeling information for 
Lageos-1 satellite.

Term Aluminum Alloy Shell CCR

Total area/m2 0.6469 0.4831

Illuminated area/m2 0.415 0.310

Reflectance 0.9 1.0

Specular reflectance 0.8 1.0

5. Result and Analysis
To comprehensively evaluate the accuracy and char-

acteristics of the newly established SLR ERP physical 
analytical model, this article conducted a comprehen-
sive analysis from the aspects of acceleration, empiri-
cal force changes, orbit overlap arc accuracy and orbit 
prediction accuracy in ERP calculation.

5.1 Acceleration Analysis

Figure 4 shows the space distribution of Earth ra-
diation pressure acceleration of the Lageos-1 satellite 
in the R (Radial)/T (Tangential)/N (Normal) direction 
as a function of solar altitude angle β0 and the latitude 
angle △ u relative to the sun. It shows that the pertur-
bation acceleration is mainly concentrated in the radial 
direction, which is about 100 times that of the other 

two directions. The acceleration in the R direction is 
on the order of 10–10–10–9, and T and N are on the or-
der of 10–12–10–11. When β0 = △ u = 0, the maximum is 
reached.

Figure 5 shows the variation of acceleration over 
time for different Earth radiation pressure models in 
the R/T/N direction over a period of 3 days, the hori-
zontal axis is MJD (Modified Julian Dates). Due to the 
point model treating the Earth as a point, the accelera-
tion is only distributed radially along the line connect-
ing the point and the satellite. The difference in radial 
acceleration between the original model and the physi-
cal analytical model is significant, several times that of 
the original model. The main reason is that in the origi-
nal spherical model the calculation of perturbation 
acceleration only considers the cross-sectional area 
and treats the satellite as a completely uniform sphere. 
In the physical analytical model, it is considered that 
the radiation to the satellite is generated by the entire 
hemisphere of the Earth, with a larger area compared 
to the cross-sectional area. And also considering the 
differences in optical characteristics of different com-
ponents of the satellite, the larger area and strong 
reflectivity of satellite components result in a larger 
calculated radial radiation acceleration.

Table 3. Orbit determination models and calculation strategy for Lageos-1 satellite.

Term Model and Strategy

POD arc length 7 days, 150 s steps

Toposphreic model Mendes-Pavlis 

Tidel model Earth solid tide, ocean tide and pole tide

Relativity Shapiro time delay

COM Site dependent (0.245–0.251 m)

Gravity model EGM2008 (30 × 30)

Three body perturbation JPL DE420

Atmospherical drag perturbation Drag-like force

Solid and ocean tide perturbation FES2004/IERS2010 

Earth radiation pressure perturbation Different test models

Reference frame SLRF2014

EOP IERS EOP C04

Table 4. The different Earth radiation pressure models test schemes.

Scheme Model Identification

1 Cannon ball + empirical albedo and emissivity Origin model

2 Physical analytical model + point source albedo and emissivity Physical point source model

3 Physical analytical model + empirical albedo and emissivity Physical empirical model

4 Physical analytical model + grid albedo and emissivity Physical grid model
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Figure 4. Earth radiation acceleration in R/T/N 
direction with the variation of the altitude angle β0 of 
the sun and argument of latitude w.r.t. the Sun △ u.

Figure 5. Acceleration changes in the R/T/N direction 
of different models within 3 days.

5.2 Empirical Force Changes

In SLR orbit determination, to absorb the errors 

caused by unmodeled and inaccurate models, a set 
of empirical forces is usually estimated. The empiri-
cal forces are expressed as a set of periodic functions 
related to the satellite’s latitude angle u, as shown in 
equation (10). 

ˆ( cos sin )
ˆ( cos sin )
ˆ( cos sin )

C S R

RTN C S T

C S N

R u R u u
a T u T u u

N u N u u

+ 
 = + 
 + 



                     (10)

where, RC , RS , TC , TS , NC , and NS ,  are the coefficients to 
be estimated. In SLR data processing only the empiri-
cal forces in the T and N directions are estimated in 
general. Figure 6 shows the changes in sin (u) and cos 
(u) over 3 days, and Figure 7 shows the changes in es-
timated values of empirical force acceleration in the T 
and N directions within three days (7–10 Nov. 2019). 

Figure 6. Lageos-1 sin (u) and cos (u) change in 3 days.

Figure 7. Empirical acceleration change of T (up) 
and N (bottom) direction in 3 days for different ERP 
models.
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The empirical force acceleration of point source, em-
pirical, and grid physical models has decreased by 
41%, 58%, and 83% in the T direction compared to 
the original model, respectively. But there is basically 
no change in the N direction. This indicates that the ac-
curacy of the new model significantly reduces the force 
used to absorb inaccurate modeling.

5.3 Orbit Overlap Arc Accuracy Analysis

Orbit overlap arc accuracy is a method of character-
izing the accuracy of coincidence in precise orbit de-
termination (POD). Observation data from overlapping 
observation arcs with a sliding window are used for 
orbit determination and the results of two PODs are 
compared. The difference in orbital positions during 
the overlapping arc can be used as an indicator of the 

accuracy of the ERP models. This article uses a 7-day 
sliding window for orbit determination, with a 2-day 
overlap between two PODs. The orbit overlap accuracy 
of all arcs is calculated, Figure 8 shows the overlap 
accuracy of different model orbits. The differences be-
tween different physical analytical models (schemes 
2–4) are relatively small. But compared to the original 
model, they all have an accuracy improvement of about 
3 mm.

5.4 Orbit Prediction Accuracy Analysis

Another good method for verifying the accuracy of 
ERP models is orbit prediction accuracy evaluation, 
in which the perturbation model error is amplified 
over time to better evaluate the model’s performance. 
The force model for orbit prediction is consistent 

Figure 8. The difference in orbit overlap arc accuracy between the original model and different physical models.

Figure 9. R/T/N difference of 7 days predicted orbit w.r.t precise orbit (two 7-day prediction results).
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with Table 3. Figure 9 shows the comparison results 
of two 7-day prediction arcs in R/T/N directions. 
Compared with the original model, the new physical 
model (schemes 2–4) has improved the accuracy of 
7-day orbit prediction accuracy. The orbit prediction 
accuracy improvement is mainly concentrated in the 
tangential direction and the maximum improvement 
can reach several meters. The grid model (scheme 
4) performs the best. Because the biggest change of 
Earth radiation pressure is concentrated in the radial 
direction as shown in Figure 5, the radial accelera-
tion directly causes changes in the radial height of the 
satellite and leads to changes in satellite velocity. The 
satellite velocity is in the tangential direction, and the 
corresponding changes in orbit prediction accuracy 
are directly reflected in the tangential direction. This is 
similar to the calculation results of BDS and GPS Earth 
radiation pressure [19,20].

In order to obtain the long-term orbit prediction 
accuracy of the physical analytical model, the orbit de-
termination and prediction from 2019 to October 2020 
was done with a prediction arc length of 7 days. The 
RMS and maximum of each arc’s orbit error were cal-

culated, as shown in Figure 10. From Figure 10, it can 
be seen that the new physical model has a generally 
significant improvement in orbit prediction accuracy 
compared to the original model and there are certain 
differences between physical analytical models with 
different albedos and emissivity. But the difference 
compared to the original model is still much smaller.

Figure 11 and Table 5 provide statistics on the or-
bital error RMS and maximum error values for 1-day, 
3-day, 5-day and 7-day prediction arc length, respec-
tively. Physical analytical models with different pre-
diction arc lengths outperform the origin model. The 
physical analytical grid model performs the best. The 
prediction accuracy improvements for 1-day, 3-day, 
5-day and 7-day predictions were 0.09 m, 0.41 m, 
1.28 m and 2.01 m, respectively, with an improvement 
percentage of 12%, 16%, 28%, and 25%. This demon-
strates the correctness and reliability of the physical 
analytical models. By combining the different model 
results mentioned above, the Earth’s albedo and emis-
sivity models from the numerical grid have the highest 
accuracy in the Earth’s radiation pressure calculation 
due to their precise data sources.

Figure 10. SLR orbit prediction error RMS and maximum error statistics from different ERP models for about 2 
years.



18

Earth and Planetary Science | Volume 03 | Issue 01 | April 2024

Table 5. Orbit prediction RMS and maximum error 
statistics for different prediction arc lengths.

Scheme 1 Scheme 2 Scheme 3 Scheme 4

1 D RMS/m 0.4223 0.3607 0.3607 0.3690

3 D RMS/m 1.3491 1.1235 1.1241 1.1176

5 D RMS/m 2.0984 1.5690 1.5613 1.5610

7 D RMS/m 3.4325 2.5288 2.5069 2.4929

1 D Maximum/m 0.7339 0.6436 0.6514 0.6965

3 D Maximum/m 2.4798 2.1431 2.0377 2.0620

5 D Maximum/m 4.5627 3.3847 3.3042 3.2879

7 D Maximum/m 7.7373 5.9411 5.7910 5.7292

6. Conclusions

This article applies the modeling approach of the 
box-wing solar pressure model to establish the SLR 
Earth radiation pressure models and takes the La-
geos-1 satellite as an example to evaluate the different 
ERP models. Combining different Earth albedo and 
emissivity models, three SLR Earth radiation pressure 
physical analytical models were developed by taking 
into account the actual structure and optical charac-
teristics of the SLR satellite. A comprehensive com-
parison and accuracy analysis was conducted with the 
traditional SLR Earth radiation pressure ball model. 
The results show that the introduction of the new SLR 
Earth radiation pressure physical analytical model sig-
nificantly reduces the empirical force in the T-direction, 
improves the orbit overlap accuracy by about 3 mm, 
and improves the accuracy of 1-day, 3-day, 5-day, and 
7-day orbit prediction by 12%, 16%, 28%, and 25%, 
respectively. This is of great significance for high-preci-
sion SLR orbit determination and application research, 
especially for establishing spatiotemporal benchmarks 

with 1mm accuracy requirements in the future. Moreo-
ver, the method of the new SLR Earth radiation pres-
sure physical analytical model is also suitable for other 
non-spherical satellites with nonhomogeneous optical 
characteristics materials although the Lageos-1 satel-
lite is taken as an example to evaluate the different ERP 
models. This will be very important for the POD accu-
racy improvement of other satellites such as Starlette, 
Stella, AJISAI, HY-2A, Jason-2/3, CHAMP, GRACE, GOCE 
and so on.

Author Contributions
XW proposed the study, supervised the progress 

of the study, gave advice for issues, and revised the 
manuscript. HY realized the model, analyzed the re-
sult, and wrote the manuscript. YL contributed to the 
refinement of software. All authors commented on the 
manuscript draft and approved the submission. All au-
thors have read and agreed to the published version of 
the manuscript. 

Funding
This research was funded by the National Natu-

ral Science Foundation of China, grant number 
(No.11973073 and No.12373076), the National Key 
Research and Development Program of China, grant 
number (No. 2016YFB0501405), the Basic project of 
Ministry of Science and Technology of China, grant 
number (No.2015FY310200), the Shanghai Key Labo-
ratory of Space Navigation and Position Techniques, 
grant number (No.06DZ22101).

Acknowledgments
The SLR dataset is from the International Laser 

Figure 11. Orbit prediction RMS and maximum errors for different prediction arc lengths.



19

Earth and Planetary Science | Volume 03 | Issue 01 | April 2024

Ranging Service (ILRS). The Earth’s albedo and emis-
sivity grid data are from NASA CERES (Clouds and the 
Earth’s Radiant Energy System). Qunhe Zhao proved 
the BDS Earth radiation pressure mode and Kewei Xi 
helped to solve the problems in Earth radiation pres-
sure. Houxiang Zhou did the replenishment of some 
references. We express our sincere gratitude to these 
organizations and individuals. 

Data Availability Statement

The SLR datasets are available from https://cddis.
nasa.gov/. The Earth albedo and emissivity grid data 
are from https://ceres.larc.nasa.gov/data/.

Conflict	of	Interest

The authors declare that they have no conflict of in-
terest.

References

[1] Li, J.S., 1995. Satellite precision orbit determina-
tion. PLA Press: Beijing. pp. 117–124. (in Chinese).

[2] Zhao, Q.H., 2017. Research on high precision solar 
radiation pressure model determination for Bei-
Dou Satellites. Shanghai Astronomical Observa-
tory, Chinese Academy of Sciences: Shanghai. (in 
Chinese).

[3] Rodriguez-Solano, C.J., Hugentobler, U., Steigen-
berger, P., 2012. Impact of albedo radiation on GPS 
satellites. Geodesy for planet earth. Springer: Ber-
lin, Heidelberg. pp. 113–119.

 DOI: https://doi.org/10.1007/978-3-642-20338-
1_14

[4] Fliegel, H.F., Gallini, T.E., Swift, E.R., 1992. Glob-
al positioning system radiation force model for 
geodetic applications. Journal of Geophysical Re-
search: Solid Earth. 97(B1), 559–568.

 DOI: https://doi.org/10.1029/91JB02564
[5] Rodriguez-Solano, C., Hugentobler, U., Steigen-

berger, P. (editors), 2011. Earth radiation pressure 
model for GNSS satellites. EGU General Assembly; 
Vienna, Austria.

[6] Rodriguez-Solano, C.J., Hugentobler, U., Steigen-
berger, P., 2012. Adjustable box-wing model for 
solar radiation pressure impacting GPS satellites. 
Advances in Space Research. 49(7), 1113–1128.

 DOI: https://doi.org/10.1016/j.asr.2012.01.016
[7] Rodriguez-Solano, C.J., Hugentobler, U., Steigen-

berger, P., et al., 2012. Impact of Earth radiation 
pressure on GPS position estimates. Journal of Ge-
odesy. 86, 309–317.

 DOI: https://doi.org/10.1007/s00190-011-0517-4
[8] Zhao, Q.H., Wang, X.Y., Hu, X.G., et al., 2018. Re-

search on the earth radiation pressure modelling 
for Beidou Satellites. Progress in Astronomy. 
36(1), 70–82. (in Chinese).

[9] Bloßfeld, M., Rudenko, S., Kehm, A., et al., 2018. 
Consistent estimation of geodetic parameters 
from SLR satellite constellation measurements. 
Journal of Geodesy. 92, 1003–1021.

 DOI: https://doi.org/10.1007/s00190-018-1166-7
[10] Sosnica, K., Rodriguezsolano, C.J., Thaller, D., et al. 

(editors), 2013. Impact of Earth radiation pres-
sure on LAGEOS orbits and on the global scale. 
18th International Workshop on Laser Ranging; 
2013 Nov 11–15; Fujiyoshida, Japan.

[11] Martin, C.F., Rubincam, D.P., 1996. Effects of Earth 
albedo on the LAGEOS I satellite. Journal of Geo-
physical Research: Solid Earth. 101(B2), 3215–
3226.

 DOI: https://doi.org/10.1029/95JB02810
[12] Pearlman, M., Arnold, D., Davis, M., et al., 2019. La-

ser geodetic satellites: A high-accuracy scientific 
tool. Journal of Geodesy. 93, 2181–2194.

 DOI: https://doi.org/10.1007/s00190-019-01228-y
[13] Rubincam, D.P., Weiss, N.R., 1986. Earth albedo 

and the orbit of LAGEOS. Celestial Mechanics. 38, 
233–296.

 DOI: https://doi.org/10.1007/BF01231110
[14] Vokrouhlický, D., 2006. Yarkovsky effect on a body 

with variable albedo. Astronomy & Astrophysics. 
459(1), 275–282.

 DOI: https://doi.org/10.1051/0004-6361:20065451
[15] Feltens, J., 1988. Several aspects of solar radiation 

pressure. GPS-techniques applied to geodesy and 
surveying. Springer: Berlin, Heidelberg. pp. 487–
502.

 DOI: https://doi.org/10.1007/BFb0011361
[16] Wang, C., Guo, J., Zhao, Q., et al., 2018. Empirical-

ly derived model of solar radiation pressure for 
BeiDou GEO satellites. Journal of Geodesy. 93(6), 
791–807. (in Chinese).

[17] Shao, F., 2019. Research on high precision SLR and 
its astronomical and geodetic applications. Shang-
hai Astronomical Observatory, Chinese Academy 

https://cddis.nasa.gov/
https://cddis.nasa.gov/
https://ceres.larc.nasa.gov/data/
https://doi.org/10.1007/978-3-642-20338-1_14
https://doi.org/10.1007/978-3-642-20338-1_14
https://doi.org/10.1029/91JB02564
https://doi.org/10.1016/j.asr.2012.01.016
https://doi.org/10.1007/s00190-011-0517-4
https://doi.org/10.1007/s00190-018-1166-7
https://doi.org/10.1029/95JB02810
https://doi.org/10.1007/s00190-019-01228-y
https://doi.org/10.1007/BF01231110
https://doi.org/10.1051/0004-6361:20065451
https://doi.org/10.1007/BFb0011361


20

Earth and Planetary Science | Volume 03 | Issue 01 | April 2024

of Sciences: Shanghai. (in Chinese).
[18] Zhao, G., Wang, X.Y., Wu, B., 2012. Effect analysis 

of system-dependent center-of-mass correction 
on precision of SLR orbit determination. Acta Ge-
odaetica et Cartographica Sinica. 41(2), 165–170. 
(in Chinese).

[19] Li, Z., Ziebart, M., Grey, S., et al. (editors), 2017. 

Earth radiation pressure modeling for BDS IGSO 
satellite. The 8th China Satellite Navigation Ac-
ademic Conference; 2017 May 23–25; Shanghai, 
China.

[20] Rodriguez-Solano, C.J., 2009. Impact on albe-
do modelling on GPS orbits [Master’s thesis]. 
München: Technische Universität München.


