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Abstract

For Earth-orbiting spacecraft, infrared flux and albedo flux from the Earth surface have a major impact on their thermal behavior.
Earth infrared flux, also known as Outgoing Longwave Radiation (OLR), and the albedo coefficient are often evaluated as a uniform
value in the spacecraft thermal analysis. However, in reality, these values exhibit complex variation over area and time. In this study, we
propose simplified models for describing the OLR and albedo coefficient distributions, based on the measurement-based dataset com-
piled by Clouds and the Earth’s Radiant Energy System (CERES) project. The model consists of spherical harmonics and trigonometric
functions for representing the spatial distribution and temporal variation, respectively. The model parameters are calculated to minimize
the root mean square error (RMSE) between the model and the CERES dataset. The constructed models are employed to calculate the
infrared and albedo flux in various types of orbits. These results are then compared to the flux values calculated by using the CERES
dataset. The evaluation demonstrates that the model represents the overall spatial and temporal trend of the infrared and albedo flux.
Additionally, by incorporating 1 RMSE between the model and CERES dataset as the model uncertainties, hot and cold environments
can be formulated to account for the effect of the local variations of the OLR and albedo coefficient.
© 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction as satellite position, orientation, solar irradiance, direction
of the solar flux, Earth surface properties and tempera-
tures, and cloud coverage. Since it is impractical to evalu-

ate every thermal environment, which the satellite could

1.1. Conventional methods

Thermal environmental conditions are the critical design
drivers for the spacecraft thermal control system. Direct
solar flux is normally the most significant external heat
source for a spacecraft. However, for a low Earth orbit
(LEO) satellite, infrared flux from the Earth surface,
known as Outgoing Longwave Radiation (OLR), and
reflected solar flux, known as albedo flux, are also
important factors. Intensity of infrared and albedo flux
received by a satellite depends on various parameters, such
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encounter within its lifetime, the typical approach is to esti-
mate the hot and cold worst-case thermal environmental
conditions and assess the design feasibility. For such
worst-case thermal analyses, the OLR and albedo coeffi-
cient are normally assumed to be uniform values for the
simplicity. However, as the uniform values cannot repre-
sent the variable characteristics of the OLR and albedo
coefficient within each analysis case, this evaluation
approach include some fundamental drawbacks. For
example, if the selected values account for the short-term
maximum and minimum values, the resulting thermal envi-
ronment becomes too conservative. Conversely, if the
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Nomenclature
a(0, @, t) albedo coefficient as a function of latitude, lon-  JD Julian date

gitude, and time Osun declination of the Sun
€(0,@,t) Earth infrared flux as a function of latitude, Olsun right ascension of the Sun

longitude, and time DOY day of year, DOY = 1 corresponds to January 1
Oljjk albedo coefficient value at the grid point (i, /) A rotation angle between the geocentric equatorial

and time k (IJK) coordinate system and the Earth-centered
€ijk Earth infrared flux value at the grid point (i, j) Earth-fixed (ECEF) coordinate system

and time k S distance between a satellite surface and a facet
0 colatitude, 0° < 0 < 180° of the Earth surface
@ longitude, 0° < ¢ < 360° (O} angle between the satellite surface normal and a
Yim spherical harmonics of degree / and order m line connecting the satellite surface and the dif-
Pys Legendre polynomial of order n ferential area on the Earth surface
PS’? m-th derivative of n-th order Legendre polyno- 0, angle between the Earth surface normal and a
B ’ mial line connecting the satellite surface and the dif-
P,3n» normalized associated Legendre function of or- ferential area on the Earth surface
B der n and degree m d solar zenith angle
S™(ty,t1) definite integral of the normalized associated Tsidereal Sidereal day, 86164.0905s (Vallado and McClain

Legendre function from ¢ to # (2013))
i index for colatitude, 0 <i < 179 Rapm  anisotropic factor based on the Angular Distri-
j index for longitude, 0 < j < 359 bution Model (ADM)
k index for time o Stefan—Boltzmann constant,
Ak spherical harmonics coefficient of albedo coeffi- 5.6693 x 1078 W/mzK4 (Panczak et al. (2020))

cient T deep space temperature, 2.73K (Panczak et al.
Clmk spherical harmonics coefficient of Earth infrared (2020))

flux Chode node heat capacity of the single-node thermal
MSE, ; spatially normalized squared error of albedo model, J/K

coefficient at time k ol absorptivity of the single-node thermal model
MSE, ; spatially normalized squared error of Earth in- surface

frared flux at time k €s emissivity of the single-node thermal model sur-
MSE, mean squared error of albedo coefficient face
MSE, mean squared error of Earth infrared flux Thode node temperature of the single-node thermal
RMSE, root mean squared error of albedo coefficient model, K
RMSE. root mean squared error of Earth infrared flux qun incident solar flux on the single-node thermal
Gon extraterrestrial radiation incident on the plane model surface, W

normal to the radiation, W/m? Oir incident infrared flux on the single-node thermal
Gy Solar  constant, 1361.1W/m? (Gueymard model surface, W

(2018)) Oul incident albedo flux on the single-node thermal
R Earth radius based on WGS84 equator, model surface, W

6378.137km (NGA.STND (2014))

selected values are based on the time-averaged values, the
short-term critical conditions cannot be considered in the
thermal analysis.

One of the most common methods for specifying the
worst hot and cold parameters is described in the National
Aeronautics and Space Administration (NASA) technical
memorandum by Anderson et al. (2001). Using the tables
and correction factors given in this report, a pair of OLR
and albedo coefficient values can be selected based on the
orbit inclination, thermal time constant, and the surface
properties information. This parameter selection process
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was also implemented as a computer program called
STEM (Spacecraft Thermal Environment Model), as pre-
sented by Justus et al. (2001). As a different approach,
ECSS-E-ST-10-04C (2008) presents the OLR and albedo
coefficient models, which are variable over time and area.
Those models were proposed by Knocke et al. (1988) for
studying the radiation pressure effect on an Earth-
orbiting spacecraft, and the models consist of the Legendre
polynomials and the trigonometric functions for represent-
ing the spatial and time variation. The model parameters
are calculated from the study results by Stephens et al.
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(1981), where the Earth radiation budgets were evaluated
based on the satellite observation data in 1960s and
1970s. These models have been widely used for evaluating
the radiation pressure effect on the spacecraft orbit, and
some applications on the spacecraft thermal analysis, such
as a study by Fu et al. (2024), can be found as well.

Recent studies on the radiation pressure effect and the
spacecraft thermal analysis utilize the measurement-based
datasets, compiled by NASA’s Clouds and the Earth’s
Radiant Energy System (CERES) project. Vielberg and
Kusche (2020) proposed a Earth radiation pressure model
based on the CERES data products and applied the model
to GRACE (Gravity Recovery and Climate Experiment)
data for validation. Also, Reynerson and Hakuba (2023)
analyzed albedo and longwave radiation pressure, and per-
formed comparison between the results based on the
CERES data products and the models by Knocke et al.
(1988). In the field of spacecraft thermal analysis, Green
and Peyrou-Lauga (2015) and Peyrou-Lauga (2017a,b,
2022) developed a dedicated tool at European Space
Agency (ESA) for evaluating OLR and albedo flux based
on the CERES data product. With this tool, it is possible
to calculate the effective OLR and albedo coefficient for a
given position in the orbit. Gonzdlez-Barcena et al. (2021,
2022a) performed a review on the derivation method of
the worst thermal environmental conditions for LEO satel-
lites by using the CERES data products. In addition to
Earth-orbiting spacecrafts, the thermal effect of the albedo
and OLR fluxes are important aspect for a balloon borne
system as well. Borden et al. (2017) performed the thermal
analysis for the fine pointing stage of a balloon based imag-
ing system. In this analysis, the albedo flux is specified
based on the CERES data. Also, Gonzalez-Llana et al.
(2018) and Gonzalez-Barcena et al. (2020, 2022b) utilized
the CERES data to specify the environmental conditions
for the flight area of the long duration balloon mission.

These studies indicate that the openly available datasets
encourage researchers in this field to conduct
measurement-based OLR and albedo flux evaluation for
Earth-orbiting spacecraft and balloon borne systems. On
the other hand, utilizing such extensive dataset and accu-
rately defining the applicable thermal environment is not
straightforward. In this study, we propose simplified mod-
els of the OLR and albedo coefficient distribution, which
can be applied to the spacecraft thermal analysis. The mod-
els are constructed based on the spherical harmonics
expansion with time-variant coefficients, and the model
parameters are calculated to minimize the root mean
square error (RMSE) from the CERES data products. In
this way, the model can be determined by limited number
of parameters and applicable to different orbits and
seasons.

1.2. Clouds and Earth Radiant Energy System (CERES)

Before describing the modeling and evaluation method,
we will introduce the CERES project and the utilized data
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products. Satellite-based observations of the Earth’s radia-
tion budget (ERB) are the essential information for under-
standing the Earth’s climate system, especially the flow of
energy. The CERES project utilizes the measurements from
the CERES instruments and other data sources to provide
a global record of the ERB (Wielicki et al. (1996)). The
CERES instrument is a scanning radiometer with three
spectral channels: a shortwave channel for 0.3-5 um range,
a total channel for 0.3-200 um range, and either a window
channel for 8-12 um range or a longwave channel for 5-35
um range. The CERES instruments are onboard multiple
satellites, including PFM on the tropical rainfall measuring
mission (TRMM) launched in November 1997, FM1 and
FM2 on Terra launched in December 1999, FM3 and
FM4 on Aqua in May 2002, FM5 on Suomi National
Polar-orbiting Partnership (S-NPP) in October 2011, and
FM6 on NOAA-20 launched in November 2017. Except
for TRMM, those satellites were inserted to the Sun syn-
chronous orbit (SSO), which allows the global observation
coverage (Loeb et al. (2018, 2023)).

The CERES measurement data is processed by the
CERES project team, and different types of processed data
products are publicly available via the NASA Langley
Research Center CERES ordering tool at https://ceres.lar
c.nasa.gov/data/. For the spacecraft thermal analysis, the
major interest is on the spatial and temporal distribution
of the heat fluxes from the top of atmosphere (TOA).
The original CERES instrument output values are con-
verted to the unfiltered radiances, considering the instru-
ment calibration and sensor spectral responses. This
unfiltered radiances, which are the arrived radiances at
the sensor position and orientation, are converted to the
TOA fluxes by using Angular Distribution Models
(ADMSs), where the latest methodology of ADMs is
described in Su et al. (2015a,b). As indicated in the orbit
information, the local time frame of the CERES measure-
ment is constrained, and it is difficult to capture the vari-
able characteristics of the Earth radiation within each
day. Also, daily data from each satellite can contain some
missing data regions. In order to overcome this limitation,
SYNldeg data products incorporate the data from geosta-
tionary satellites as described in Doelling et al. (2013,
2016), and provide up to 1-hourly data for more than
20 years. In this study, the daily version of SYN1deg data
product, SYNIdeg-Day Ed4.1 (NASA/LARC/SD/ASDC
(2017)), is used as the reference distribution of OLR and
albedo coefficient, in order to capture the spatial and sea-
sonal variation of the heat fluxes.

As an example, Fig. 1 and 2 show the OLR and the
albedo coefficient distributions, extracted from the CERES
SYNl1deg-Day Ed4.1 product. As shown in the figures, the
OLR and albedo coefficient distributions are primarily
dependent on latitude with additional seasonal characteris-
tics. The OLR values are generally higher in the equator
region and lower near the poles. Conversely, the albedo
coefficient display an opposite trend, with higher values
observed at higher latitudes. In some seasons, the albedo
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Fig. 2. Albedo coefficient distributions for different seasons in 2022. The data is extracted from the CERES SYNldeg-Day Ed4.1 product.

coefficient data is missing near the polar regions. Around
the summer solstice, the albedo coefficient is physically
expected to be high at the south pole region. However,
due to the polar night period, there is no measured albedo
flux and no corresponding albedo coefficient. Similarly,
there are no measured albedo values for north pole region
around winter solstice. In the following sections, details of
the modeling method and its performance are described.

2. OLR and albedo coefficient model
2.1. Modeling concept

The distributions of OLR and albedo coefficient are
considered to be functions of a location on a spherical

1600

surface and time. In order to describe the spatial variation
and temporal variation, the considered form is a product of
spherical harmonics and another function of time.

Zelm Ylm 0 QD)
Zalm Ylm 0 90)

(1)
2)

€(0,9,1)
(0, ¢,1)

In these formulas, € and o represent the OLR and albedo
coefficient as functions of colatitude 0, longitude ¢, and
time ¢z (Fig. 3). The right sides of the equations are the
spherical harmonics expansion of the OLR and albedo
coefficient distributions. The coefficients ¢;, and a,, are
time-variant.
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Fig. 3. Utilized coordinate parameters for describing the OLR and albedo
coefficient distributions.

2.2. Spherical harmonics

In the later discussions, we utilize spherical harmonics
and their specific features, to expand the OLR and albedo
coefficient distributions. In this section, related spherical
harmonics definitions and equations are summarized. The
used spherical harmonics are real and unity-normalized
form as shown in Egs. (3)-(5). Following the notations in
Atkinson and Han (2012), P,; is the n-th order Legendre

polynomial, and Pf:';) is the m-th derivative of the n-th
order Legendre polynomial.

n % (n—m)!
Y,um(0,0) = %( sin 6)"P )(cos 0) cos (me), (3)
for m > 0.
1
Y,0(0,0) = "t 2P, 3(cos 0), for m = 0. (4)

2n

|m])!

o
Yntm (07 QD) = n(——

il ) (sn@)‘m‘P "D (cos 0) sin (|m|p), (5)

for m < 0.

The CERES data products are available in tabular form
and each value corresponds to a latitude-longitude gridded
area of the Earth surface. To specify spherical harmonics
parameters, the integral of the spherical harmonics in a
gridded area is required. The surface integral of the spher-
ical harmonics over a latitude-longitude gridded area is
given by

% nMe@w

0o
23.m(cos 0) sin 0d0 f‘p‘ cos mopdp

P1
Po

=5 i P (6)

-m

LﬂS" (tl, fo) [% sin (I’}’Z(p)] z;,

where the normalized associated Legendre functions in
three dimensions, and the definite integral of the normal-
ized associated Legendre function are defined by the
following formulas.
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m

1
5 () —mt? o
Poam(t) = {W (1—1 )ZPn,s (1), (7)
n -
SZI(IO;Z‘I) = / Pn,3m(t)dt7 (8)
fo
COSHO =1y, COSQI =1, —1 to, 1 < 1. (9)

The normalized associated Legendre function and its inte-
gral are calculated by the recurrence relations as described
in Paul (1978) and DiDonato (1982). Those recurrence
relations are used to calculate the spherical harmonics
parameters in the next section.

2.3. Parameter estimation

To determine the spherical harmonics parameters, we
define the squared error between the model and the
CERES data on a specific date as shown in Eqs. (10) and
(I1). 1/4n is the normalization factor for the integral over
the entire sphere. / and m are the degree and order of the
spherical harmonics, respectively. The parameter e,,; and
an are the spherical harmonics coefficients of the OLR
and albedo coefficient for the /-th degree, m-th order, and
k-th time stamp.

1
MSEr,k - E /z (6(03 @, tk) -
S

L1 2
Zzelmkyl,m> as, (10)

1=0 m=—1
1
MSE%k :4—/ < 0 (p,lk ZZa;ka1m> dS (11)
T Js? =0 m—1I

The reference data used for modeling is SYNldeg-Day
Ed4.1, which is the 1° x 1° regional and daily averaged
TOA fluxes, between March 1, 2000 and February 28,
2022. Since the values are averaged over 1° x 1° area
(Smith et al. (1997)), integrations can be performed at each
area and summed for total 180 x 360 sections. Considering
the ortho-normality of the spherical harmonics, the
squared error of the OLR can be rewritten as follows.

179 359 Lo 2
MSEak - Z Z fS (Gijk - Z Z e[mYl,m> dS
i=0 j=0 1=0 m=—1

179 359

47-5 Z Eeljkfs dS+;} Zlelm (12)
i=0 j=0 m=—

L 179 359

_22 Z €im E Zeuk fS YlmdS
1=0 m=—1 i=0 j=0

where i, j, and k represent the index of the colatitude, lon-
gitude, and time stamp, respectively. S;; is the latitude-
longitude gridded area on the Earth surface. The spherical
harmonics coefficients should be determined to minimize
the squared error. In order words, the partial derivative
of the squared error with respect to the spherical harmonics
coefficients should be zero.
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OMSE, , 179 359 /

- = Cimk — E E €; YmdS . 13
aelmk ( mk i—0 j=0 ik Sy ! ( )

Therefore, the spherical harmonics coefficients can be
determined by Eq. (14), and the integral can be calculated
using Eq. (6).

179 359

C€imk = E E €ijk

/ Y ndS.
i=0 j=0 Sij

(14)

If the data product contains missing data region, the calcu-
lation of the squared error should be performed with addi-
tional care. The albedo coefficient data has some missing
data around the polar regions in summer and winter,
because of the polar night period. Therefore, there is no
measurement data available and also there is no albedo flux
towards a spacecraft. In principle, the area with missing
data should be excluded from the error calculation. How-
ever, because of the ortho-normality of the spherical

( f e ]dS) ( f Y(.‘Uds)

fS”dS

ij

2

(J, o)
— N A

DD W

ij Sij

([ g lds)(f Y,,ds)

f y ds

-2

ij

5 )1

L ij Sjjds

-2

ij

harmonics, it is more convenient to perform evaluation
of the entire sphere. For this reason, we fill the missing data
with a dummy value. In the following discussion, the
dummy albedo coefficient is shown as «,, which exists only

where valid o;; is not available.

ijk>

MSE%k — 4 {Z O(zjk fS dS + Z aljk Sij dS + Z a%mk
Im

(15)

-2 Zalmk

Im

<Z %ijk fS Y[,,1dS+ Z%k fS Ylmds>}

In order to minimize the error, the partial derivative of the
squared error with regard to the dummy data should be
Zero.

OMSE,, K
oo} ”

t*jk/ as — Zalmk/ Y[mdS (16)
S

i

Thus, the dummy data should satisfy Eq. (17). This equa-
tion suggests that the dummy data distributes according

‘/;1/ ds E ik fSi/ YO_OdS
iy
ap.0.k
( 5; Y”‘IS)( i Y‘v”ds) ar E Olijk fs.v Y, _dS
_ ij 1Lk - i
f ds — ij
ij Sij
: ark
E CX,-/-k fst/ Y[y/dS
(fy Yuds) ij
sif L .

1602

Advances in Space Research 75 (2025) 1597-1615

to the shape of each spherical harmonic and the its weight
is equal to the best fit coefficient.

S
I/k § :alm

The partial derivative with respect to the spherical harmon-
ics coefficient is described as follows.

_ ﬁ (almk — Z%’jk fsi/‘ Yl‘mdS
ij
_Za7mk fS,j Yl,mdS> .
ij

The conditions, where Eq. (16) and Eq. (18) become zero,
can be rewritten in the matrix equation as shown in Eq.
(19). By solving this equation, the spherical harmonics
coefficients for a specific date can be determined.

Y, ,ndS
(17)

OMSE,;
daimk

(18)

( f Y/,ds)( Y(.UdS)

(19)

2.4. Seasonal variation

In the previous section, the spherical harmonics coeffi-
cients are calculated for each time stamp. Since the OLR
and albedo coefficient have seasonal variation, the spheri-
cal harmonics coefficients vary over time as well. In order
to incorporate the periodic behavior and perform compar-
ison, one time-invariant form and two time-variant forms
are considered. The assumed OLR models are described
in Egs. (20)—(22). DOY, is the corresponding day of year
for the time index k.

€imk = €m0, (20)
Cimk = €m,1 + €im,2 COS wty + €im3 sin i, (21)
Cimk 2 Cima + €5 COS W + €46 SIN W (22)
—&—e;mg COS Zwtk + €im3 sin 2wtk,

27
where v = 365 t, = DOY, — 1. (23)
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These expressions are analogous to the common models of
extraterrestrial solar irradiance presented by Eqs. (24)—(26)
from various literatures such as Duffie et al. (2020, 2004,
1983) and Spencer (1971). The model represents the effect
of the Earth’s eccentric orbit around the Sun, and the vari-
ation of extraterrestrial solar irradiance has an influence on
the Earth surface temperatures and properties.

360DOY
on = G| 1 0. — |, 24
G G ( -+ 0.033 cos 365 ) (24)
Gon = G(1.000110 + 0.034221 cos B + 0.001280 sin B
+0.00719 cos 2B + 0.000077 sin 2B),
(25)
360
where B = (DOY — 1) (26)

365°
Besides the effects of the Earth orbit eccentricity, the solar
irradiance itself is time-variant, and the corresponding
value is called total solar irradiance (TSI). The variation
of TSI is related to the 27-day solar rotation period and
the 11-year solar activity cycle. However, TSI statistics
evaluated by Gueymard (2018) shows that this variation
ranges between 1357.10 W/m? and 1363.33 W/m?, which
is approximately one order smaller compared to the varia-
tion of extraterrestrial solar irradiance caused by the Earth
orbit eccentricity. Therefore, in this study, the solar con-
stant Gy is considered to be the long-term average of
TSI, and used as the constant parameter.

Now, we define the mean squared error for the OLR and
albedo coefficient over time.

N

MSE, =~ MSE, . (27)
N k=1
1 N

MSE, = - > MSE,,, (28)
k=1

where N, in this case, is the number of daily data between
March 1, 2000 and February 28, 2022. The model param-
eters should be determined to minimize the mean squared
error. For the time-invariant model shown in Eq. (20),
the partial derivative of the mean squared error with regard
to the model parameter is described by

2
- _NZZ ( (%:ei/‘k /SU Y,,,,,dS> - em,o) :
(29)

Im k
Considering Eq. (14), the model parameter e, is deter-
mined by the following equation.

OMSE,
aelm,()

N

Z(elmk - elm,O) =0.

k=1

(30)
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For the time-variant model of Eq. (21), the correspond-
ing condition is described by the following three
equations.

Z(e;mk — (61,7,10 + epn,1 COS W + epp2 sin (J)lk)) = 0, (31)

k

E CcoS (l)lk(e[mk — (e[m’() + eym.1 COS Wity + ey, 2 SIN wtk)) = 0,
k

(32)

E sin a)tk(elmk — (e;,,,,o + €/m,1 COS ot + e sin wtk)) =0.
k

(33)

These relations can be described in the matrix form Egs.
(34)-(36). By solving this equation, the parameters
€im0;€m,1, and e;,» can be determined. It should be noted
that this procedure is equivalent to the least square fitting
of the model Eq. (21) to the daily parameter e;,,.

Yoy = Moaneq, (34)
where
Z €imk
k €m0
_ e COS wt, _
y(21> - ; Imk K ) e(Zl) - €im1 |, (35)
Z ElImk sin Wty €im,2
k
Zl Z COS Wiy, Z sin wty,
k k k
M(Zl) — ZCOS ity ZCOS Wt COS Wiy ZCOS wty sin wty
3 k 3
Z sin wty Z sin wty COS Wiy, Z sin wty, Sin wty,
k k [
(36)

Similarly, the parameters for the time-variant model in
Eq. (22) can be determined by solving the following
equation.

V) = M@xe), (37)
where
i Z €lmk i
x
e
> i COS wx; im0
k €im,1
€k SN x; _
Yoy = zk: Imk T, ey = | ema |, (38)
> €k COS 20x; €im3
x
. €im4
> e sin 20x;
L % J
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Zl Z COS Wty Z sin oty
k k *
D coswn > coswicoswl Y Cos wi sin ol
k k T
M) = Xk: S Wl zk: SIn Wty COs Wi Xk: sin wty sin iy

z cos 2wty Z Cos 2wty CoS Wiy, Z cos 2wt sin wt;,
X G X
Z sin 2wt
L & 3
Z cos 2wty
3

Z COS Wiy, COS 2wty
3

Z sin 2wt CoS wiy

%
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Seasonal variation of the albedo coefficient is modeled in
the same way.

Aimk = Aim 0, (40)
Ak = A1 + Qg2 COS O + Ay 3 SIN OF, (41)
Atk 2 Ay s + Qg5 COS O + Ay 6 SIN W 42)
+ay7 €08 200ty + ayy g SIN 200ty

where

w:%, t, = DOY, — 1. (43)

By evaluating the partial derivative of the mean squared
error with respect to the model parameters, the model
parameters can be determined. The intermediate formulas
are more complex than those of the OLR model, because
of the missing data in the albedo data product. However,
the parameters of Egs. (40)(42) can be calculated with
the least square fitting to the daily albedo coefficient, in
the same way as the OLR model.

3. Performance evaluation of the OLR and albedo coefficient
model

3.1. Representation capability

In this section, we evaluate the representation capability
of the proposed model by calculating the root mean square

45 T : T T
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40 constant |
e 1storder 1
e 35 e 2nd-order ]
B
ui 30
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=
x 25
20
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15
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error (RMSE) between the model output and the CERES
data product.

RMSE, = /MSE,, (44)
RMSE, = /MSE,. (45)

In order to assess the reasonable complexity of the model,
we compare RMSE with respect to the following aspects:

e Spherical harmonics or zonal harmonics
e Maximum degree of spherical/zonal harmonics
e Model complexity for the temporal variation

— daily: coefficients calculated as shown in 2.3
constant: model shown in Eq. (20) and Eq. (40)
— 1st-order: model shown in Eq. (21) and Eq. (41)
2nd-order: model shown in Eq. (22) and Eq. (42)

Zonal harmonics are the special cases of spherical har-
monics, where the order m is zero and the function is axi-
symmetric around the z-axis.

The evaluation results are shown in Fig. 4 for the OLR
and Fig. 5 for the albedo coefficient. In general, the spher-
ical harmonics model has better representation capability
than the zonal harmonics model at the same degree. How-

ever, the spherical harmonics contain (n + 1) terms, while
the zonal harmonics contain n + 1 terms, where n is the
maximum degree of the spherical or zonal harmonics. Con-
sidering this fact, the zonal harmonics model can efficiently
represent the OLR and albedo coefficient distributions with
less number of parameters.

Significant improvements in both OLR and albedo coef-
ficients are observed when increasing the maximum degree
from 1 to 2. This is because OLR and albedo coefficient
have roughly symmetrical distribution with respect to the
equator. For the OLR zonal harmonics model, minor
improvements are achieved by increasing the maximum
degree of harmonics up to 8, and then the improvements
become marginal. Similarly, for the albedo zonal harmon-
ics model, the minor improvements are observed by
increasing the maximum degree of harmonics up to 4,
and after that the improvements are marginal.

With respect to the time dependency, the time-invariant
model (constant) exhibits larger error than the other
models. On the other hand, the difference between the

45 T : T T
e daily
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e 1storder 1
€t 35 e 2nd-order ]
=
ui 30
(%]
=
© 25
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15
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Fig. 4. Time-variant model order and spherical/zonal harmonics degree sensitivity for the OLR distribution.
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Fig. 5. Time-variant model order and spherical/zonal harmonics degree sensitivity for the albedo coefficient distribution.

time-variant models (1st-order and 2nd-order) is minimal.
Also, the zonal harmonics models with the daily parame-
ters present minor improvement compared to the time-
variant models (1st-order and 2nd-order). Regarding the
spherical harmonics model, the difference between the
time-variant model and the daily parameter model
increases as the maximum degree of the harmonics
increases. This suggests that temporal characteristics of
the higher order spherical harmonics cannot be well repre-
sented by simple trigonometric functions. One open aspect
in this model development and evaluation is the considera-
tion of temporal variation in shorter time scales. For
instance, OLR presents a diurnal variation with different
amplitudes depending on the land cover type. According
to Smith and Rutan (2003), the first principal component
of diurnal variation shows the peak value of about
+20W/m? for land and +5W/m? for ocean, relative to
the daily average. Since it is difficult to include such
short-term variations in the current model, the effect
should be considered as an additional uncertainty of the
proposed model.

In addition to the accuracy perspective, the zonal har-
monics model, which is only latitude dependent, has signif-
icant advantages for the spacecraft thermal analysis.
Firstly, the zonal harmonics model can be easily applied
to different analysis cases. If the model is constructed also
longitude dependent, detailed spacecraft orbit information
has to be specified for each analysis case, including the
exact time or the local longitude. Such detailed information
is typically not available during the early design phases,
and so it costs additional effort to setup reasonable
assumptions. Secondly, LEO satellites fly over the entire
longitudinal range. That means that the satellite thermal
design should withstand the thermal conditions of arbi-
trary longitude. Therefore, it is important that the models
represent the critical conditions within the entire longitudi-
nal range, but the capability to represent various environ-
ments as a function of longitude is not essential.

3.2. Heat flux in the orbit

Since the developed models are intended for evaluating
the thermal environment of the spacecraft, the ultimate
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interest is the accuracy of the heat flux received in the orbit.
In this section, we evaluate the received heat flux in the
orbit and compare the outcomes when using the con-
structed model and the CERES data products. For the
spacecraft thermal analysis, the infrared emission and
albedo reflection from the Earth surface are normally
assumed to be Lambertian. However, in reality, these radi-
ations have anisotropic characteristics, depending on the
Earth surface type and cloud coverage. These characteris-
tics can be described by the ADMs, but only limited exam-
ples can be found, where the ADMs are used to evaluate
fluxes in the orbit. Vielberg and Kusche (2020) presented
the radiation pressure evaluation method for the LEO
satellite, based on the hourly CERES SYNIldeg data pro-
duct with the ADM consideration. Similarly, Hakuba
et al. (2024) applied the ADMs based on Suttles et al.
(1988) for evaluating the shortwave radiation pressure on
different spacecraft geometries. In this study, the flux calcu-
lation by using the constructed model is based on the Lam-
bertian assumption for the simplicity of the analysis, and
the reference calculation based the CERES data product
considers the anisotropic characteristics by using the
ADMs, referring to the method presented in Vielberg and
Kusche (2020).

3.2.1. Evaluation method

Earth infrared and albedo fluxes received by the satellite
are calculated by integrating the local flux from the Earth
surface over the satellite’s field of view. With the Lamber-
tian assumption, the Earth infrared flux from a differential
area to the satellite can be evaluated as the product of the
local OLR ¢€(0,¢), and the view factor. Additionally,
including the anisotropic factor Rapy, the total flux is cal-
culated by Eq. (46), with the related geometrical parame-
ters are shown in Fig. 6.

_//RADMG(Hv(p
Dinfrared =
(46)

The albedo flux from a differential area is calculated in a
similar way, but the local flux intensity corresponds to
the product of the albedo coefficient «(0, ¢), extraterrestrial
solar irradiance G,,, and the cosine of the solar zenith

) cos @y cos O

e R?sin 0d pd0.
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Fig. 6. Flux integration on the Earth surface.

angle ®. Thus, the total flux is calculated by Eq. (47). It
should be noted that, for the area which is not illuminated
by the Sun (® < 0), the local albedo flux becomes zero.

_ // RADMGonOC(Ha (P)
Galbedo =
X sin Odpd0.

cos ®@pcos O cosD ,
5 R
S

(47)

The anisotropic factor Rapy is specified by the ADMs.
Although the latest ADMs, which are applied to the
CERES data processing, are presented in Su et al
(2015a,b), we use the ERBE (Earth Radiation Budget
Experiment) ADMs presented in Suttles et al. (1988,
1989) for its simplicity, following the method presented in
Vielberg and Kusche (2020). In this model, five land cover
types and cloud coverage are used to specify the scene type,
and then the anisotropic factor is selected based on the
angular relationship between the Sun, the satellite, and
the Earth surface normal. Regarding the land cover type,
the dataset MODIS/Terra + Aqua Land Cover Type
Yearly L3 Global 0.05Deg CMG V061 (Friedl and Sulla-
Menashe (2022)) is utilized. In this dataset, 17 land cover
types are specified for each 0.05° x 0.05° grid area. We
mapped these types into four land cover types for each
1° x 1° grid area as shown in Fig. 7, and the resulting sim-
plified land cover map is presented in Fig. 8. Regarding the

MODIS land cover types

ERBE land cover types
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cloud overage, the required data is provided within the
CERES SYNldeg data product at the same temporal
and spatial resolution as those of OLR and albedo coeffi-
cient. Based on this data product, the cloud coverage is
classified to clear sky (0-5% coverage), partly cloudy (5-
50% coverage), mostly cloudy (50-95% coverage), and
overcast (95-100% coverage) for specifying the scene type.

In this study, calculations of Egs. (46) and (47) are per-
formed numerically, with the three preparation steps
related to different coordinate systems. First, the satellite
position and Sun orientation are specified in geocentric
equatorial (IJK) coordinate system. The satellite orbit is
assumed to be a Keplerian orbit around the Earth, and
the satellite position can be calculated from the orbital ele-
ments, based on the basic astrodynamics relations pre-
sented in Vallado and McClain (2013). The Sun
orientation in the IJK coordinate system can be described
by the right ascension og,,, and the declination of the Sun
Osun, as shown in Eq. (48). These parameters are estimated
by using the method presented in Michalsky (1988) and
Zhang et al. (2021).

COS Olgyn COS Ogun

SIN Ol COS Ogun

(48)
Sin dgyn

Second, the horizontal (SEZ) coordinate system is defined,
and the Earth surface is discretized for numerical integra-
tion. The orientation of the SEZ coordinate system is
defined by three axes: the first axis pointing to south, the
second axis pointing to east, and the third axis pointing
to zenith towards the satellite, as shown in Fig. 6. Com-
monly, the origin of the SEZ coordinate system is located
at the observer on the Earth surface, but we shift the origin
to the Earth center in this discussion for convenience of the
discretization. Assuming the satellite position is described
by polar parameters (7, s, @) in the IJK coordinate
system, the rotation between the IJK and SEZ coordinate
systems is described by

ERBE land cover types

(0.05°x0.05°) (0.05°x0.05°) (1.0°%1.0°)
0: Water — > 0: Ocean Ocean: more than 75%
1: Evergreen Needleleaf Forest 0: Ocean
2: Evergreen Broadleaf Forest
3: Deciduous Needleleaf Forest
4: Deciduous Broadleaf Forest Ocean: 25-75%
5: Mixed Forest 4: Land-Ocean Mix
6: Closed Shrublands
7: Open Shrublands 1: Land
8: Woody Savannas Ocean: less than 25%
9: Savannas 1: Land
10: Grasslands 2: Snow
11: Permanent Wetlands
3: Desert

12: Croplands

13: Urban and Built-up
14: Cropland/Natural Vegetation Mosaic
15: Snow and Ice

16: Barren or Sparsely Vegetated

One with the maximum area ratio
among the three types is selected

—> 2: Snow
— > 3: Desert

Fig. 7. Mapping assumption from MODIS land cover types to ERBE land cover types.
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Xijk COS Ogat COS gy — SIN gy SN Ogyy COS Py | | Xsez

Yik | = | cos O sin g, cos @y sin O, sin @, Veer

Zijk — sin Oy 0 cos Oy Zsez
(49)

For the actual calculation, the Earth surface within the
satellite’s field of view is discretized to 180 x 720 sections
in polar and azimuthal directions, as illustrated in Fig. 6.
Third, the local OLR and albedo coefficient at each dis-
cretized area is specified in the Earth-centered Earth-fixed
(ECEF) coordinate system. The ECEF coordinate system
is acquired by rotating the IJK coordinate system around
the Earth axis.

Xijk cosA —sind 0 Xecef
Vi | = | sind cosi 0| | Veor (50)
Zijk 0 0 1 Zecef

During the orbit flux evaluation, the rotation angle 4 is
specified from the initial value 1y, which is given as part
of the test case parameters, and the elapsed time A¢ divided
by the sidereal day Tgerear-

2nAt

T sidereal

A=l +

(51)

Using Egs. (49) and (50), the positions and orientations can
be transformed between different coordinate systems.
Finally, the integrands in Eqs. (46) and (47) are calculated
for each discretized area and summed for the entire area
visible from the satellite. The OLR and albedo coefficient
values at each discretized area are based on those at the
center of each area.

3.2.2. Test case selection

For the model evaluation, test orbit parameters are
selected, considering typical low Earth orbit satellites.
According to the statistical study by Sanad et al. (2020),
the majority of remote sensing satellites use circular sun-
synchronous orbits, as well as other orbits such as Interna-
tional Space Station (ISS) orbits and some mid-inclination
orbits. Other recent studies by del Portillo et al. (2019,
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2021) and Chougrani et al. (2024) summarize the technical
information of the large constellations for satellite internet
services, such as Telesat, OneWeb, Starlink and Kuiper.
With regard to the orbit configuration, typically such con-
stellation system utilizes a combination of polar orbits and
inclined orbits. This configuration enables the global cover-
age and better communication capacity for the populated
regions. For the inclined orbit, the inclination around 50°
is often used, but smaller inclinations, such as 33° and
42° for Kuiper, are also utilized. Considering these trends,
three sets of altitude and inclination values are selected as
shown in Table 1, which corresponds to SSO, ISS orbit
and mid-inclination orbit, respectively. Theoretically, the
exact date and time for each analysis point should be spec-
ified, in order to precisely determine the physical condi-
tions. However, for simplicity and evaluation consistency,
the OLR and albedo coefficient distributions, the solar ori-
entation, and the solar irradiation are specified based on
the date information, and it is assumed that the initial rota-
tion angle, 9, can be independently variated. The selected
date range for this evaluation is one year from March 1,
2022, which does not overlap with the period used for
the model construction. Under this assumption, a RAAN
value has minor importance on the Earth infrared flux eval-
uation, because variation of the initial rotation angle is suf-
ficient to cover the different area of the Earth surface. For
the albedo flux, on the other hand, a RAAN value specifies
the solar zenith angle. In each evaluation case, a RAAN
value is selected to be the same as the right ascension of
the Sun, so that the satellite receives intensive albedo flux
around the local noon. Regarding the satellite orientation,
the analyzed surface is assumed to be fixed in the nadir
direction, where the influence of the Earth infrared and
albedo fluxes become maximum.

3.2.3. Evaluation result

The infrared and albedo fluxes in the orbits, specified in
Table 1, are calculated using the constructed model and the
CERES data products. Considering the evaluation results
in 3.1, the models used in this section are zonal harmonics
with the maximum degree of 8. Regarding the temporal
variation, the constant model and the 1st-order time-
variant model are evaluated. Figs. 9 and 10 illustrate the
RMSE of the flux calculation results between the model
and the CERES data products. For both infrared and
albedo flux, the notable reductions in RMSE are observed
by increasing the maximum degree of the zonal harmonics
from 1 to 2. For the higher degrees, the improvements
diminish, and especially for the albedo flux, the enhance-
ments become marginal after the maximum degree of 4.
These results are consistent with the previous discussion.

Meanwhile different types of orbits exhibit some specific
characteristics. Firstly, lower altitude orbits show larger
RMSE. At lower altitudes, the OLR and albedo fluxes
increase due to the large surface visibility. Secondly, large
inclination orbits show significant RMSE reduction by
increasing the maximum degree of the zonal harmonics.
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Orbital parameters for the model evaluation. For each orbit, the received infrared and albedo flux are evaluated for one complete orbit at every 2° interval.

The total number of evaluation points is 3 x 2365200.

Altitude Inclination Eccentricity Date (JJJJ-MM-DD) RAAN Initial rotation Orbit type
angle, 4o
650km 98° 0.0 2022-03-01 — 2023-02-28 ogun Of the day Every 10° SSO
400 km S1° 0.0 2022-03-01 — 2023-02-28 ogun Of the day Every 10° ISS
590km 33° 0.0 2022-03-01 — 2023-02-28 ogun Of the day Every 10° mid-inclination
35 Altitude 650km, Inclination 98 ° 35 Altitude 400km, Inclination 51 ° 35 Altitude 590km, Inclination 33 °
H T H N H T H N H T H N
e constant e constant e constant
30 1st-order 30 1st-order 30 1st-order
t t t
s 25 s 25 s 25
i i i
2 20 2 20 2 20
o 14 o
15 15 15
10 10 10
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Maximum Degree of Zonal Harmonics Maximum Degree of Zonal Harmonics Maximum Degree of Zonal Harmonics
Fig. 9. RMSE of infrared flux in the orbit between the CERES data and the model.
70 Altitude 650km, Inclination 98 ° 70 Altitude 400km, Inclination 51 ° 70 Altitude 590km, Inclination 33 °
H T H H T H H T H
e constant e  constant e  constant
1st-order 1st-order 1st-order
60 60 60 p
= S =
uji 50 ui 50 3 ui 50
%] %) %)
= = [. =
4 4 o
40 > 40 40
[
30 30 30
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8

Maximum Degree of Zonal Harmonics

Maximum Degree of Zonal Harmonics

Maximum Degree of Zonal Harmonics

Fig. 10. RMSE of albedo flux in the orbit between the CERES data and the model.

This is attributed to the symmetrical distributions of the
OLR and albedo coefficient with respect to the equator,
which is better represented by 2nd or higher degree zonal
harmonics, and the high inclination orbit is more sensitive
to the polar region characteristics. Thirdly, the discrepancy
between the constant model and the 1st-order model is lar-
ger for high inclination orbits. Regions far from the equa-
tor exhibits greater seasonal environmental variation,

Table 2

OLR zonal harmonics model parameters for maximum degree of 4. The
corresponding RMSE value is 31.38267 W/m?. The parameters and
RMSE value are presented with seven significant digits.

which also affects the OLR and albedo coefficient distribu-
tion. Consequently, high inclination orbits reflect the sea-
sonal variation more significantly than low inclination
orbits.

Given the prevalence of SSO in Earth satellite missions,
incorporating the time-variant model is essential. Regard-
ing the degree of zonal harmonics, 2nd or higher degree
is recommended for the reasonable evaluation of the

Table 3

Albedo coefficient zonal harmonics model parameters for maximum
degree of 4. The corresponding RMSE value is 0.1147665. The parameters
and RMSE value are presented with seven significant digits.

i €1

ein €3 i aj) ap a;3
0 846.5127 —11.71082 —5.007011 0 1.135866 0.02805531 0.004863929
1 9.35777 —38.16887 —11.64853 1 —0.02568558 0.1560044 0.02306313
2 —84.64440 —4.148072 —1.399822 2 0.4129173 0.03064179 0.01157133
3 12.61828 —24.18759 —6.167508 3 —0.04970988 0.03961453 0.02163336
4 —22.10449 6.610096 2.565666 4 0.1107932 0.002905725 —0.01802534
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OLR and albedo flux in the orbit. For the simplicity and
considering the limited improvement by increasing the
degree, the 4th-degree zonal harmonics with Ist-order
time-variant model is selected for the further evaluation.
The corresponding model parameters and RMSE values
are summarized in Table 2 and Table 3.
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Figs. 11-13 and Figs. 14-16 present the flux calculation
results for the infrared and albedo, respectively. The light
blue lines show the flux calculated with the CERES data
product, and the red lines show the flux calculated with
the 1st-order time-variant maximum 4th-degree zonal har-
monics model. Additionally, the green lines present the cal-
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Fig. 11. Infrared flux received by the satellite in 650km, 98° inclination orbit. 91.2% of the data points calculated with the CERES data are within +1
RMSE range of the 1st-order time-variant zonal harmonics model with maximum degree of 4.
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Fig. 12. Infrared flux received by the satellite in 400km, 51° inclination orbit. 83.2% of the data points calculated with the CERES data are within +1
RMSE range of the Ist-order time-variant zonal harmonics model with maximum degree of 4 (ZH4).
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Fig. 13. Infrared flux received by the satellite in 590km, 33° inclination orbit. 82.0% of the data points calculated with the CERES data are within +1
RMSE range of the Ist-order time-variant zonal harmonics model with maximum degree of 4 (ZH4).
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Fig. 14. Albedo flux received by the satellite in 650km, 98° inclination orbit. 82.0% of the data points calculated with the CERES data are within +1
RMSE range of the Ist-order time-variant zonal harmonics model with maximum degree of 4 (ZH4).
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culated infrared flux based on the uniform OLR or albedo
coefficient assumption. This calculation is performed
numerically based on the Eq. (46) and Eq. (47) with con-
stant € and «, and by using the thermal analysis software
Thermal Desktop® (TD). The uniform values for OLR
and albedo coefficient are selected based on Anderson
et al. (2001) for hot and cold cases.

For all cases shown in Figs. 11-13, the evaluation starts
from the ascending node and ends after one complete orbit.
The initial infrared flux is relatively high because of the
equator region. Then, the flux decreases as the satellite
moves to the high latitude region of the northern hemi-
sphere, and increases again as the satellite moves to the
equator region. Afterwards, the infrared flux decreases as
the satellite moves to the high latitude region of the south-
ern hemisphere, and increases again as the satellite moves
back to the equator region. Although this is the general
trend, it is clearly visible that the infrared flux has complex
dependency on the orbit type and the time of the year.

The albedo flux analyses, shown in Figs. 14-16, start at
the ascending node and the test cases assume that RAAN
equals the right ascension of the Sun. Thus, the initial
albedo flux is high, and the flux decreases as the satellite
flies to the large solar zenith angle area. While the satellite
is in the Earth eclipse, there is no albedo flux. After the
satellite comes back to the illuminated side, the albedo flux
increases again. Since the major driver of the albedo flux is
the solar zenith angle, those characteristics are common
behavior for all the orbit types and seasons. However,
some orbit specific characteristics can be seen as well.
For the lower inclination orbits, the general trend of the
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albedo flux follows the solar zenith angle. On the other
hand, the combined effect from the solar zenith angle and
the local albedo coefficient causes complex trend over one
orbit for the high inclination orbits.

For both infrared and albedo flux, the 4th-degree zonal
harmonics model represents the general trend for different
orbits and seasons. Conversely, the flux calculation results
for the uniform OLR and albedo coefficient present only
the simplified flux evolution. The infrared flux is constant
over the orbit, and the albedo flux is approximately pro-
portional to the cosine of the solar zenith angle. Thus,
the application of the constructed model is useful for incor-
porating the dynamic variation of the infrared and albedo
flux in the orbit. On the other hand, the effect of local OLR
and albedo coefficient variation is not negligible, and this
uncertainty has to be considered in the thermal analysis.
As discussed in the previous section, the error between
the models and CERES data products are presented in
Figs. 4 and 5. With additional offset corresponding to these
RMSE value, hot and cold cases of the OLR and albedo
flux can be calculated. The calculated fluxes with =1
RMSE offset are shown in dashed line and dashdotted line
in Figs. 11-16.

As shown in these figures, the majority of the CERES
data points, from 82.0% to 91.2%, are covered within the
+1 RMSE range of the model. This suggests that the heat
flux in the orbit can exceed the +1 RMSE range only for a
limited period of time during orbiting. Therefore, except
for an object, that is directly exposed to the external envi-
ronment and has specifically low thermal time constant, the
analysis with +1 RMSE offset should be able to cover var-
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ious flux conditions caused by the local OLR and albedo
coeflicient distribution. In the meantime, there are different
characteristics in the coverage ratio depending on the types
of flux and orbit. Regarding the infrared flux, the evalua-
tion results for SSO cases show higher coverage compared
to the other lower inclination orbit results. This character-
istic is likely because the OLR widely varies over longitude
around the equator region. For the albedo flux, all orbit
cases show around 82-83% coverage. The major part of
deviations from the model +£1 RMSE range are observed
around the terminator region, where the solar zenith angle
is around 90° and the significant anisotropic reflection
occurs. In this region, the realistic albedo flux is higher
than the predication based on the Lambertian assumption.
This effect is also mentioned in Anderson et al. (2001), and
the additional albedo correction term is recommended for
the high solar zenith angle region or an orbit with high
solar beta angle. Thus, the coverage for the low solar zenith
angle region is well higher than 82-83%. Considering these
characteristics, it is suggested that the offset should be care-
fully selected especially for the low inclination, low altitude
orbits, and terminator orbits.

3.3. Demonstration of temperature calculation

The calculated incident heat flux is intended for evaluat-
ing the spacecraft temperatures. Since resulting tempera-
ture is strongly influenced by the various spacecraft side
parameters, such as optical properties, heat capacity, con-
ductive and radiative coupling with other components, it
is significantly difficult to establish a generally representa-
tive analysis case. In this section, the temperature calcula-
tion is demonstrated for a simple case, in order to
visualize the variable heat flux effect on spacecraft
temperatures.

In this evaluation case, we calculate the temperature of a
spacecraft surface oriented in the nadir direction, modeled
as a single-node flat plate with unit area, as illustrated in
Fig. 17. The emissivity and absorptivity of the surface are
set to 0.9, assuming that the surface is sensitive to both
the albedo and infrared flux. For the unit-area single-

Spacecraft Surface
[
Rear Side: Adiabatic =—7

Front Side: a¢,=0.9, £.=0.9
Nadir Pointing

~

Infrared Flux (OLR)

Shadow Side

P S0 eys
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node model, the transient temperature is evaluated by
Eq. (52).

dTnodc
dt

Cnode — T‘o‘o) .

(52)

In this equation, the conductive and radiative coupling
with other components are neglected, and the rear side of
the surface is assumed to be isolated from the surrounding
environment. With regard to the heat capacity of the node,
two different values: 13440J/m?K and 1344J/m°K are ana-
lyzed. These values correspond to the heat capacity of
5.0mm and 0.5mm thickness aluminum plate, with a den-
sity of 2800kg/m*® and a specific heat capacity of
9607 /kgK, based on the 7075 aluminum alloy properties
(Davis (1993)).

Figs. 18-23 present the transient temperature results of
the single-node model in different orbits and seasons. Same
as the flux analysis, the light blue lines represent the calcu-
lated temperatures based on the CERES data product, red
lines based on the proposed model, and the green lines
based on the uniform OLR and albedo coefficient assump-
tion. Additionally, the results with Thermal Desktop®
(TD) for the uniform OLR and albedo coefficient cases
are included to support the validity of the numerical calcu-
lation. The temperature calculations are performed for
three orbit rotations, and each plot presents the tempera-
ture profile of the last orbit rotation, starting from the
ascending node. In general, the temperature varies primar-
ily due to the day-night cycle of the albedo flux, with addi-
tional effect by the infrared and solar flux.

The results based on the proposed model closely repre-
sent the trend of the CERES based results for different
orbit, seasons, and heat capacity cases. For instance, in
the high inclination orbit and the low heat capacity cases
shown in Fig. 19, the complex temperature variations occur
around the shadow to sunlit transition region. These char-
acteristics are difficult to be captured by the uniform
assumption, but the results by the proposed model follow
the temperature variation characteristics. In contrast, the
difference between the proposed model and the uniform

. . . 4
= OCsggsun + 6sQir + O(sQal - 6SO_(Tnode

Solar Flux G,, ~ - -

Infrared Radiation

Albedo Flux

Sunlit Side

>

Fig. 17. Temperature Calculation Assumptions for single-node Spacecraft Surface.
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Fig. 21. Transient temperature results of the spacecraft surface with 1344.0J/m? heat capacity in 400km, 51° inclination orbit.

assumption is relatively minor for the lower inclination
cases (Figs. 20-23). This is because the OLR and albedo
coefficient variation is less significant within the low lati-
tude region. Also, for the high heat capacity cases (Figs. 18,
20 and 22), the overall behaviors of the proposed model
and the uniform assumption are similar because the short
period of flux inaccuracy does not significantly affect the
resulting temperatures. Consequently, the proposed model
is particularly useful for orbits covering various latitude

regions and low heat capacity conditions, where the OLR
and albedo coefficient variation significantly affects the
temperature variation.

With respect to the amount of uncertainties for hot and
cold cases, the proposed model with £1 RMSE offset suf-
ficiently covers the temperature variations of the CERES
based results. However, for the high heat capacity results
and certain periods in low heat capacity results, the amount
of temperature offset exceeds the variations of the CERES
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Fig. 22. Transient temperature results of the spacecraft

surface with 13440.0J/m? heat capacity in 590km, 33° inclination orbit.
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Fig. 23. Transient temperature results of the spacecraft surface with 1344.0J/m? heat capacity in 590km, 33° inclination orbit.

based results by more than 10°C. This suggests that the
considered uncertainties could potentially be reduced to
less than +1 RMSE, which helps to avoid over-sizing of
the thermal control system. Nevertheless, because tempera-
ture sensitivity with respect to the incident albedo and
infrared flux depends on various spacecraft parameters,
the amount of uncertainties must be carefully selected con-
sidering the possible spacecraft configurations. Therefore,
further studies should be performed to establish the gener-
ally applicable and less conservative uncertainty values for
the spacecraft thermal analysis.

4. Conclusion

In this study, we proposed the simplified model for
describing the OLR and albedo coefficient distributions
over the Earth surface, intended for the spacecraft thermal
analysis. The model utilizes spherical harmonics and
trigonometric functions for representing the spatial distri-
bution and temporal variation, respectively. The model
parameters are calculated to minimize the RMSE between
the model output and the CERES data product. Generally,
spherical harmonics provide a superior description of the
OLR and albedo coefficient distributions compared to the
zonal harmonics of the same maximum degree. However,
considering the number of terms used, zonal harmonics
demonstrate better representation capability with fewer
terms, because of the distinct latitude dependency of the
OLR and albedo coefficient. Furthermore, the simplicity
of the zonal harmonics model makes it more suitable for
the spacecraft thermal analysis. Regarding the maximum
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degree of zonal harmonics, while models with higher degree
zonal harmonics enhance the description capability, the
actual RMSE reduction becomes marginal beyond eighth
degree for the OLR, and fourth degree for the albedo coef-
ficient. Consequently, 1st-order time-variant zonal har-
monics model with the maximum degree of 4 was
employed to evaluate heat flux in various orbits, including
SSO, ISS orbit, and mid-inclination orbit. The results indi-
cate that the flux calculated with the model represents the
flux variations in various orbital conditions and seasons.
By incorporating £1 RMSE as the model uncertainties,
the OLR and albedo coefficient distributions for hot and
cold cases can be formulated. The flux calculation results
show that majority of the CERES data points, from
82.0% to 91.2%, are covered within the £1 RMSE range
for different orbit types. Additionally, the temperature cal-
culation results indicate that £1 RMSE range sufficiently
covers the temperature variations of the CERES data
based results, but the considered uncertainties could be
reduced for certain scenarios. Since the temperature sensi-
tivity with respect to the incident heat flux depends on var-
ious spacecraft parameters, further studies are
recommended to establish the generally applicable and less
conservative uncertainty value for the spacecraft thermal
analysis.
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