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Abstract: The L band frequency shows high sensitivity to sea surface salinity. More stable brightness
temperature (TB) measurements are required for L-band radiometers to reduce salinity retrieval errors
than for high-frequency radiometers. Due to the complexity of L-band synthetic aperture radiometers,
a carefully selected cold-sky target should be viewed using an L-band synthetic aperture radiometer
for the purpose of absolute TB calibration since the celestial sky is relatively well characterized and
stable in the L band. A novel, effective cold-sky calibration strategy is presented in this paper. The
strategy of cold-sky calibration of the synthetic aperture radiometer is applied when and where the
antenna main lobe points to the ‘flat’ celestial sky, and the impact of each type of foreign source,
such as the sun or moon, on visibility values should be minimized in the meantime. Additionally,
antenna thermal stability is also considered, which can cause antenna deformation, and the antenna
patterns are affected. A high-precision and high-fidelity simulator is built for the cold-sky calibration
optimized strategy. The orbital beta angle is introduced to characterize the variation in space
environment temperatures. A planet that is considered spherical in shape requires significantly less
computation than an ellipsoid one in the simulator. The trade-off study results for the planet shape
assumption in the cold-sky calibration simulator are presented. Finally, the calibration uncertainty
and performance are assessed.

Keywords: synthetic aperture radiometer; cold-sky calibration strategy; brightness temperature

1. Introduction

Cold-sky calibration for spaceborne L-band synthetic aperture radiometers is essential
for reducing salinity retrieval errors. The system response to known controlled signals,
so-called calibration, is key to the success of the radiometer mission. In order to monitor
and forecast sea surface salinity, the assimilation of different radiometer satellites is used
to reduce ocean analysis errors, which requires high-quality calibration technology. To
support this goal, brightness temperature absolute calibration is the key technology used
to obtain high-precision data. The absolute calibration of synthetic aperture radiometers is
performed by viewing the deep-sky scene [1]. The calibration stages can be divided into
pre-launch calibration and post-launch calibration. During the operation of the satellite,
the offset bias of the instruments can introduce measurement errors into the visibilities of
synthetic aperture radiometers, resulting in deviation between on-ground characterizations
and in-flight ones if the pre-launch calibration coefficient continues to be used. Therefore,
in order to avoid greater impact on subsequent data products at all levels, in-orbit cold-sky
calibration of the radiometer sensors is required to eliminate systematic deviations and
improve data accuracy.

Periodic cold-sky observation maneuvers are performed over a specific part of Earth’s
surface to evaluate relative and absolute calibration post-launch, such as Jason3 radiome-
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ters, SMOS, Aquarius, and SMAP radiometers [1–6]. The radiometer antenna patterns’
information can be refined by cold-sky maneuvers. For example, the SMAP radiome-
ter antenna points to the cold sky near the Amazonian rainforest, and the backlobe of
the antenna observes a transition from ocean to rainforest to correct antenna backlobe
spillover. Cold-sky calibration can also be used to calibrate the internal noise diode [2].
The modeled values over cold-sky targets are compared with the measurements of the
radiometer for quantification. The simulators of radiometers for cold-sky calibration can
be used for calibration program design, which should consider many factors, such as the
proportion of land and sea in the antenna pattern and the ground track over the celestial
sky [7]. The number of antennas in a synthetic aperture radiometer is much larger than
in a real aperture radiometer. For example, the Y-shaped 2D array of MIRAS is formed by
three arms about 4.5 m long, with 23 equally spaced antennas each [8]. Additionally, the
simulation of a synthetic aperture radiometer for its cold-sky calibration takes much more
time, and the quantity is calculated using the traversing method. The influence of the space
environment is not considered in traditional cold-sky calibration tactics. In this paper, an
effective strategy for the cold-sky calibration of synthetic aperture radiometers is proposed,
with consideration of the effect of external thermal environmental variation. The error of
the assumption of a spherical Earth is also quantified, which can be used to simplify the
simulator for the cold-sky calibration scheme and achieve high-fidelity results with very
few computational resources. The offsets in the TB caused by the antenna pattern error
between the on-ground and in-flight measurements are assessed, which are mainly due to
the influence of antenna uncertainty caused by the space environment alternating between
cooling and heating.

2. Cold-Sky Calibration Simulator

Synthetic aperture radiometers can obtain high-sensitivity and large-spatial-domain
measurements of Earth’s surface simultaneously. The different interference baselines are
performed by cross-correlating pairs of antenna elements. The visibility function can be
formed based on the interference patterns from reasonable spatially distributed antennas.
A Fourier synthesis process of the cross correlations is performed through Equation (1),
where ξ,η represent the direction cosines and are defined with respect to the angles in the
antenna reference frame, Ω is the solid angle of the antennas, TB is the simulated brightness
temperature of the scene, Trec is the estimated equivalent noise temperature of the receivers,
and F(ξ,η) is the normalized antenna pattern [8].

Vi,j(u, v) = 1√
Ω1Ω2

s

ξ2+η2≤1

TB(ξ,η)−Trec√
1−ξ2−η2

·F1(ξ, η)F2
∗(ξ, η)r̃12 · exp(−j2π(uξ + vη))dξdη

(1)

The brightness temperature image reconstruction of the synthetic aperture radiome-
ter can be approximately computed using the inverse Fourier transform of the visibility
function, as shown below:

T̂sim
B (ξ, η) ∝ F−1(V(u, v)− VR(u, v)) (2)

The simulator is a forward algorithm [9], which can compute the brightness temper-
ature of the antenna, given the parameters of the surface and surrounding environment
(e.g., the ocean, land, sun, moon, and celestial sky) [10,11]. The effects of propagation,
attenuation, its own emitted radiation into the atmosphere, and the radiation coming from
the Earth’s surface are considered in the simulator. The brightness temperature of the
sources, which, considered here, are the ocean and land surfaces over Earth, the sun/moon,
and the celestial sky background, are modeled using real historical data or empirical data.
The effects of the troposphere and Faraday rotation of L-band signals are modeled in the
simulator, too. The antenna pattern of each feed horn or reflector antenna with a common
feed horn is used to select the appropriate area that meets the requirements for cold-sky
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calibration. The optimum conditions are based on those described in detail in [10] and
some new considerations. The brightness temperature of the target’s scene at each antenna
is first to be calculated, and then the synthetic images can be calculated. Earth is assumed
to be spherical and ellipsoid in shape, respectively, to obtain the radiation contribution
from Earth’s surface because the cost of calculation of the Earth ellipsoid model is much
more than the spherical model when simulating satellite operation on board. Even a whole
year’s worth of orbital data need to be looked through to find a suitable cold-sky calibration
time and location. It is necessary to trade off efficiency and accuracy for the run time of the
simulator. The angle pointing error brought by the spherical model is about 0.2 degrees
against the World Geodetic System of 1984 (WGS-84) Earth ellipsoid model [12]. The
approximation error of spherical and ellipsoid models is calculated and evaluated, and the
inversed brightness temperature of the synthetic aperture radiometer can be given to show
the effect of cold-sky calibration.

2.1. The Antenna Temperature (Ta) of Each Antenna

The salinity of the sea surface can be monitored from space by a microwave radiometer
in the L-band, which requires higher sensitivity and accuracy than other radiometers. The
main lobe of the antenna looks toward a uniform cold-sky scene with a low brightness
temperature while cold-sky calibration is performed, which is used for the radiometer’s
absolute calibration and instrument stability test. The scene below the satellite can have
an effect on the accuracy of the calibration reference temperature because the brightness
temperature of Earth’s surface is different, as shown in Figure 1. The brightness temperature
of the land or ocean scene is much higher than the cold-sky scene, which impacts the Ta of
the antenna through the back lobes [9]. The antenna temperatures of the radiometers due
to emissions from all sources are calculated using the equation described below [9,10]:

Ta =

s
G(θ, φ) ·

→
T ap(θ, φ)dΩ

s
G(θ, φ)dΩ

(3)

where Ta is the brightness temperature of the antenna, G is the antenna directivity pattern,

(θ, φ) is the incident direction, and
→
T ap is the effective brightness temperature of the

directions. The integral is performed over all incident directions of the domain Ω.
An imaging geometry of the look vector from a given antenna and its rotation for

cold-sky calibration are given in Figure 2. The ‘target’ can be the ocean, the sky, the land,
and the sun or moon. A local coordinate system is represented by (x̂, ŷ, ẑ) in the figure. The
look vector from a given antenna is defined by:

→
x
→
y
→
z

 =

 sin θ cos φ
sin θ sin φ
cos θ

→
l (4)

where θ is the elevation angle, and φ is the azimuth angle of a spherical coordinate system.
(
→
x -

→
y -

→
z ) is a rectangular coordinate system, used to describe the antenna orientation, whose

relationship with the spacecraft body coordinate system can be given by:

F
x,y,z→→

x ,
→
y ,

→
z
= AT · Me (5)

where AT = (R1(roll)·R2(pitch) ·R3(yaw))−1 is made of the attitude angle of the satellite,
which is the rotational angle value, as shown in Figure 2. The attitude angle of the spacecraft
can be measured by the Flight Control System. R(·) is the Euler rotation matrix about the
corresponding axis, and yaw, roll, and pitch stand for the rigid body S/C roll, pitch, and
yaw angle, respectively. Me is the installation matrix of the antenna position on board.
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Figure 1. A typical relative orientation of the sun, moon, and satellite when the satellite operates on 
a sun-synchronous orbit. The white arrow indicates the direction of the moon; the red stands for the 
direction of the sun; the brown arrow is the forward-moving direction of the satellite; and the black 
curve shows the orbital plane of the satellite. All the data are instantaneous, which can be marked 
by the ephemeris. 
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Figure 1. A typical relative orientation of the sun, moon, and satellite when the satellite operates on a
sun-synchronous orbit. The white arrow indicates the direction of the moon; the red stands for the
direction of the sun; the brown arrow is the forward-moving direction of the satellite; and the black
curve shows the orbital plane of the satellite. All the data are instantaneous, which can be marked by
the ephemeris.
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In order to obtain the brightness temperature when the satellite is flying forward, the
scene into the radiometer’s field of view (FOV) is divided into four parts: the sun, the
moon, the celestial sky, and Earth. A typical relative orientation of the sun, moon, and
satellite when the satellite operates on a sun-synchronous orbit is shown in Figure 1. The
antenna brightness temperature is shown in Equation (6):

Ta = TEarth
a + TSky

a + TSun
a + TMoon

a
∼=

∫
Earth

TEarth
a GdΩ+

∫
Sky

TSky
a GdΩ+

∫
Sun

TSun
a GdΩ+

∫
Moon

TMoon
a GdΩ (6)

where G is the antenna pattern, TEarth
a is the brightness temperature contribution from the

back of the antenna that faces Earth during cold-sky calibration, and TSky
a and TSun/Moon

a
are the sky, sun, and moon parts of the field of view, respectively.

2.2. Moon and Sun’s Radiation during Calibration

The estimation of the angle of the sun or moon with respect to the array boresight is
critical for calibration. The total antenna temperature and the observed standard deviation
error of the celestial sky measurements are affected by the sun’s position in SMOS [5]. The
brightness temperature drifts, although the receiver temperature does not change much.
Therefore, the influence of the sun/moon on the synthetic aperture radiometer is one of the
factors that must be considered in external calibration. In a given epoch, the position of
the spacecraft in an Earth-fixed coordinate system is Ps (x, y, z), and the velocity is Vs (Vx,
Vy, Vz), as shown in Figure 3. The + Z axis of the antenna of the radiometer points to the
ground, and the +X axis is oriented towards the track direction when the satellite is flying
forward. According to the sun/moon vectors SM(x, y, z), the angle θa = f (Poz, SM) can
be obtained, that is, the angle between the sun/moon vector and + Z axis [6]. Poz is the
+Zs axis direction of the spacecraft body frame in the Earth-fixed coordinate system, and it
can be obtained by the attitude variations (roll, pitch, or yaw) from spacecraft data. The
SM vector originates from where Poz originates. The angle between the sun/moon vector
and the + X axis of the antenna coordinate system is φa = f (Pox, Projxoy_plane(SM)) in the
spherical coordinate system, where Projxoy_plane(·) is the vector projection function to the
XOY plane and f (X, Y) = tan−1(|X × Y|/X · Y). The sun/moon reflection location on the
ground is described in the following equation, assuming that Earth’s semi-major axis is ae,
the semi-minor axis is be, and the position of the reflection point Pref can be written in the
form of the following equations. This situation calls for a more realistic elliptical model
for Earth. (

Pre f x
2 + Pre f y

2
)

/ae
2 + Pre f z

2/be
2 = 1 (7)(

SM − Pref
|SM − Pref|

− Ps − Pref
|Ps − Pref|

)
· Pref
|Pref|

= 0 (8)

((SM − Pref)× (Ps − Pref)) · Pref/|(SM − Pref)× (Ps − Pref)| = 0 (9)

The angle between the reflected sun/moon direction and the antenna boresight can be
calculated by solving the position of the sun/moon reflection at the intersection of the grid
points with the WGS-84 Earth ellipsoid.

Figure 4 shows the direct sun/moon and reflected sun angles entering into the an-
tenna’s field of view in a complete year for a typical sun-synchronous orbit. The Y axis of
the antenna reference frame is perpendicular to the orbital plane, and the X axis is tilted
30 degrees upward from the velocity vector of the satellite. Figure 5 shows the brightness
temperature map of the sun with an antenna pattern like SMOS antennas [13]. The bright-
ness temperature of the geometric location of the satellite position is calculated by one
antenna element.



Remote Sens. 2024, 16, 971 6 of 16

Remote Sens. 2024, 16, x FOR PEER REVIEW 6 of 17 
 

 

SM vector originates from where Poz originates. The angle between the sun/moon vector 
and the + X axis of the antenna coordinate system is φa = f(Pox, Projxoy_plane(SM)) in the 
spherical coordinate system, where Projxoy_plane(·) is the vector projection function to the 
XOY plane and ( )1( , ) tanf −= × ⋅X Y X Y X Y . The sun/moon reflection location on the 

ground is described in the following equation, assuming that Earth’s semi-major axis is ae, 
the semi-minor axis is be, and the position of the reflection point Pref can be written in the 
form of the following equations. This situation calls for a more realistic elliptical model 
for Earth. 

( )2 2 2 2 2+ 1
x y zref ref e ref eP P a P b+ =  (7) 

0
 − −− ⋅ =  − − 

ref ref ref

ref ref ref

s

s

P P P
PSM P P

SM P
P

 (8) 

( ) ( )( ) ( ) ( ) 0− × − ⋅ − × − =ref ref res f ref res fP P PP P PS PM SM  (9) 

The angle between the reflected sun/moon direction and the antenna boresight can 
be calculated by solving the position of the sun/moon reflection at the intersection of the 
grid points with the WGS-84 Earth ellipsoid.  

 
Figure 3. The geometry of the satellite, Earth, sun/moon, and antenna coordinates. A spherical co-
ordinate system is used to define the elevation and azimuth angles of the antenna coordinate. A 

Oe

z

Ps

x
y

a

a

Pref

Xe

Ye

Ze

xa

ya

Sun/
Moon

Sub-Sat 
point

za

Figure 3. The geometry of the satellite, Earth, sun/moon, and antenna coordinates. A spherical coordinate
system is used to define the elevation and azimuth angles of the antenna coordinate. A typical position of
the reflection of the sun/moon on Earth is illustrated in the figure. This figure is not to scale.

Remote Sens. 2024, 16, x FOR PEER REVIEW 7 of 17 
 

 

typical position of the reflection of the sun/moon on Earth is illustrated in the figure. This figure is 
not to scale. 

Figure 4 shows the direct sun/moon and reflected sun angles entering into the an-
tenna’s field of view in a complete year for a typical sun-synchronous orbit. The Y axis of 
the antenna reference frame is perpendicular to the orbital plane, and the X axis is tilted 
30 degrees upward from the velocity vector of the satellite. Figure 5 shows the brightness 
temperature map of the sun with an antenna pattern like SMOS antennas [13]. The bright-
ness temperature of the geometric location of the satellite position is calculated by one 
antenna element. 

 
(a) 

 
(b) 

0 1 2 3 4 5
105

50

60

70

80

90

100

110

120

130

(d
eg

)

0 1 2 3 4 5
105

25

30

35

40

45

50

55

(d
eg

)

Figure 4. Cont.



Remote Sens. 2024, 16, 971 7 of 16Remote Sens. 2024, 16, x FOR PEER REVIEW 8 of 17 
 

 

 
(c) 

Figure 4. (a,b): The angle of the direct and reflected sun directions with respect to the antenna’s 
boresight, as a function of the day of the year, while the satellite operates on a typical sun-synchro-
nous orbit and observes Earth. The eclipse is not considered here. (c): The angle of the direct moon 
directions with respect to the antenna’s boresight, for which the situation when the moon disappears 
below the satellite’s horizon during the orbit is not removed. 

 
Figure 5. An antenna brightness temperature map of the sun. The green and blue dots represent the 
brightness temperatures at the footprints’ center. 

  

(d
eg

)

Figure 4. (a,b): The angle of the direct and reflected sun directions with respect to the antenna’s
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2.3. Cosmic Background Radiation during Calibration

Sufficiently stable targets such as galactic poles are used in external calibration mea-
surement, which can provide an image level of about 3.5 K with spatial homogeneity
over large regions and good temporal stability [1,3,4,8]. Using the deep-sky view, the
absolute calibration of the radiometer is performed, whose procedure is called ‘flat-target
transformation’ [14]. The bright temperature map of the L-band cold sky is established in
both declination and right ascension in equatorial coordinates using the J2000.0 or B1950
system [15]. The brightness temperature of the cold-sky target is rather constant for both
polarizations [3,4]. The nominal SMOS sky map is derived from the Reich and Testori
continuum map [15]. During the cold-sky view, the main lobes of the antenna look up
toward the cold sky and the back lobes look toward Earth, and each antenna of the synthetic
aperture radiometer moves along the spacecraft’s orbit. The components that contribute to
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the BT of the antenna FOV can be obtained by the position of the satellite, which is given
by the ellipsoid equation in Cartesian coordinates in an Earth-centered inertial reference
frame, and the Sky Tb can be obtained by integrating over the antenna pattern. The area
observed by the radiometer antenna is converted into right ascension and declination under
the corresponding coordinate system, and the cold-sky scene is interpolated to the image
observed by the radiometer. The contribution of the celestial sky is obtained at each point
of the satellite. The cross-correlations between the pairs of antenna elements are carried
out to synthesize the visibility function.

2.4. Effect of Antenna Thermal Distortion

In order to improve the fidelity of the simulation for cold-sky calibration design,
a parameter that can depict the effect of the space environment, especially the thermal
conditions, should be introduced into the procedure of the cold-sky calibration strategy.
The beta angle (β), which is the angle between the solar vector and the orbital plane,
is usually used to perform thermal analysis and design. Thereby, it can be used as the
parameter that depicts the thermal environment variation around the orbit. The worst
thermal environments happen at higher beta angles when the sun is more fully incident on
the feed horn, and the mutation of the thermal environment happens at the red dot area, as
shown in Figure 6. The thermal analysis results of the radiometer antenna can be obtained
from the material properties of the antenna and the thermal model, which is traditionally
modeled by the beta angle [16]. The spaceborne radiometer antenna’s gain is affected by the
variation in the physical temperature, whose effect on cold-sky calibration can be very large.
When the temperatures of the antennas change periodically as the satellite flies, geometrical
errors of the antennas are generated periodically. The red dots in Figure 6 show both the
inflection point of the beta angle curve and the moment when the eclipse seasons begin and
end, where the temperature changes extensively, and the worst-case thermal stability [16].
By being combined with the thermal expansion coefficient of the antenna material and
antenna temperatures, the antenna deformation can be quantitatively established, and the
relationship between the beta angle and the gain variation of the antenna can be modeled as
a look-up table before launch. In-orbit antenna pattern verification is based on the flat target
response of the cold-sky scene during external observation [1]. The antenna pattern errors
due to thermal distortion will reduce the effect of flat target transformations. Therefore, the
space environment of the satellite operating on should be paid attention to when choosing
opportunities for cold-sky calibration. The beta angle can be used as a parameter depicting
the space environment’s impact.
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3. Strategy of Cold-Sky Calibration for Synthetic Aperture Radiometers

It is necessary that the location of the inverted position of the synthetic aperture
radiometer satellite for cold-sky viewing be well chosen to obtain an accurate calibration.
The effective selection of an optimized cold-sky calibration location, a calibration area based
on the maximum brightness temperature stability for each antenna, and consideration of
the thermal environmental variation around the orbit are critical. Therefore, the strategy of
cold-sky calibration for synthetic aperture radiometer satellites is depicted as follows:

1. The location should be as far away from land or ice as possible, while the attitude
errors of the satellite are considered. The FOV of the synthetic aperture radiometer
is far wider than the real aperture radiometer, and the brightness temperature of the
land is larger than the brightness temperature of the ocean. Therefore, the contribution
from the Earth’s surface can cause brightness temperature readings that are several
Kelvins higher from the back lobes of the antenna. The brightness temperature of
the ocean is generally considered to be about 100 K in the model. The brightness
temperature of the land is about 250 K, the brightness temperature of the celestial sky
is approximated by 2.7 K~10 K, and the brightness temperature of the atmosphere is
generally 2.5 K [10,11]. The land contribution via the antenna back lobes should be
minimized; that is, the land fraction should be as little as possible.

2. The location should be far from the plane of the galaxy, moon, and sun. Due to
Gibbs ringing in the synthetic aperture radiometer, it will cause some changes in
the signal observed if foreign sources radiate into the field of view of the antennas,
which can lead to a large error in antenna brightness temperature. When flat target
transformation (FTT) is performed, this deviation in the cold-sky observation will be
considered the antenna error. In addition, the impact of the antenna pattern model
biases can be introduced and wrongly re-calibrated. Therefore, calibration should
be performed where the brightness temperature of the antenna is the most stable.
The sun and other external sources should not enter the main lobes of the antenna,
avoiding strong fluctuations in the brightness temperature.

3. The antenna’s thermal stability should also be considered in the strategy. According to
the emulated relationship between antenna thermal deformation and antenna pattern
changes at the pre-launch phase, the appropriate β value for cold-sky observation
is determined by minimizing the antenna pattern variation. If the β angle meets
the requirements, the corresponding time is suitable for cold-sky calibration. Once
the satellite orbit is determined, the antenna temperature field distribution can be
calculated from the orbital beta angle (β angle) and the antenna thermal parame-
ters [17]. The antenna’s thermal parameters are known by the material properties,
so the temperature field distribution is only determined by the beta angle, that is,
FA(x,y) = f(β). The antenna thermal deformation can also be determined by f(β). Then,
according to the acceptable range of antenna pattern error, the acceptable β range of
external calibration can be determined. A look-up table can be obtained before the
satellite is launched by simulation. The red dot area in Figure 6 should be avoided.

Based on all the above principles, the time and location for cold-sky calibration can be
selected by the following process, as shown in Figure 7.

Finally, the optimized region and time for cold-sky calibration can be found according
to the above conditions. The real-time geometrical relationships of the direct/reflected sun
vector, the cold-sky region, and the satellite radiometer antenna can be determined by the
method mentioned in Section 2. The visibility function of the synthetic aperture radiometer
is performed through the process of cross-correlation with every pair of elements in the
array [9]. The angle (θa, φa) of the relationship of the direct/reflected sun vector, the cold-
sky region, the Earth–sky horizon, the land–ocean fraction, and the director cosine (ξ, η)
domain is established, as shown in the following equation. The brightness temperature
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image reconstruction of the synthetic aperture radiometer of the scene is formed by taking
the inverse Fourier transform.

(ξ, η) = (sin θa cos φa, sin θa sin φa) (10)
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Due to the variations and the effect of the external thermal influence and other space
environment factors after launching, there are some differences between on-ground antenna
patterns and the in-flight antenna patterns. The accuracy of synthetic aperture radiometer
cold-sky calibration is affected by visibility function differences from a flat target, which has
a brightness temperature error against a known cold (deep)-sky scene because of the effect
of antenna pattern characterization errors. By adding some errors between the on-ground
characterizations and in-flight ones, the pixel bias can be evaluated by the brightness
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temperature of the ‘in-flight’ cold-sky scene and the ‘real’ cold-sky scene. The impact of
the antenna error on cold-sky calibration performed using the strategy in Figure 7 can be
determined via the following formula:

∆Tbias =
1
N ∑

circle

(
T̂sim

B (ξ, η)− Treal

)
(11)

4. Results and Discussion

An antenna pattern similar to the one in [13] is used for the selection of an optimized
calibration location and the brightness temperature calculation for an L-band synthetic
aperture radiometer. The results are shown as follows.

Figure 8a shows the antenna brightness temperatures for the radiometer antenna
beams when the cold-sky maneuver is emulated. The spacecraft rotates over 180◦ from its
normal Earth-observing attitude to an orientation pointing toward the celestial sky, where
the radiometer antennas are looking into the sky. Each point in the figure represents the
projection of the center of the field of view of the antenna at each satellite position on the
ground, and the color represents the brightness temperature value (unit: K) of the single
antenna obtained while inverting the spacecraft here. The ground track, colored green,
shows the lower brightness temperature, while the main beam of the antenna is looking
toward the sky at this time, and Earth’s surface is the ocean. The yellow and red colors
show the brightness temperature change as the spacecraft crosses from land to ocean or
otherwise. The integral of the power incident on the antenna is relatively low and constant
when the satellite flies over an ocean far from land. The signal emitted from all kinds of
sources surrounding the antenna is very stable at the same time. The dominant element
of the signal is the direct emission of the sky, which enters the main lobe of the antenna.
Additionally, the timing is suitable for the cold-sky maneuver from Earth’s surface, and
the direct emission from upwelling from the atmosphere into the back lobes of the antenna
and the sum of the sun and moon entering into the side lobes of the antenna are also small
and stable in the meantime. There are also some differences between the descending pass
and the ascending pass at the same inverted position, as shown in this figure. For example,
the antenna temperatures at the same location during the ascent orbit are slightly lower
than the antenna temperatures at the descent orbit in the Pacific region.

The appropriate geometry for the Aquarius CSC is chosen by the threshold correspond-
ing to a weighted land fraction between 0.02% and 0.03% [9]. Figure 8b shows the results of
the area selected by the criterium of a weighted land fraction <0.03%, based on a previous
study, and the radiometer system operates on the sun-synchronous orbit parameter with an
equatorial altitude of about 600 km. The figure shows the region with minimal interfering
radiation from Earth among the data from 15 January 2021 04:24:00.000 to 19 January 2021
08:24:00.000. The red dot represents a suitable region to perform cold-sky calibration.

Although the spherical approximation of the Earth model is simple and fast to imple-
ment in the computation, it can introduce some significant errors in geolocations and local
incidence angles [9]. The antenna temperature Ta bias between the Earth ellipsoid model
and the simplified spherical model in the cold-sky observation of the radiometer system is
simulated in Figure 9. The differences are very apparent from the comparison of these two
Earth models, especially when the spacecraft flies across the coastline, which is relatively
larger than 1 K. For example, significant errors can happen at some land–ocean crossing
geolocations, such as the ocean area at 60 degrees south latitude near the South Pole, the
Bering Strait, the ocean near the Amazon forest, and so on. Therefore, the simplified
spherical model of Earth is not suitable for antenna spillover or sidelobe calibration mode
design, which can lead to significant errors, although the computation is efficient. As for
cold-sky calibration design over an open-ocean area, the simplified spherical model of
Earth can be used to improve efficiency.
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The spacecraft is usually kept inverted into the sky for a few minutes during cold-
sky calibration. For example, the maneuvers before and after the external calibration
measurement period each take about 20 min on SMOS [1]. The duration of the external
calibration mode is less than 10 min; the actual measurements should, therefore, take less
than 60 min. This duration value is further restricted to the pointing stability holding time,
as shown in [1]. Assuming that the cold-sky observation time is 10 min, the single-antenna
brightness temperature observation results are given in Figure 10a under the above three
selection conditions. The brightness temperature stability is 0.0096 K during the period, and
the area is shown by the red dot in Figure 8b. During the above simulated time period, the
cold-sky observation time that meets the brightness temperature stability of the antenna is
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less than 0.01 K/10 min, and the other two criteria at the same time can achieve a maximum
duration of 13 min in the open ocean of the Pacific Ocean, where the latitude is between
58 degrees and 15 degrees south and the longitude is between 138 degrees and 152 degrees
west. In addition, the antenna brightness temperature stability is 0.0084 K.
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In order to evaluate the effect of the strategy mentioned above on the cold-sky calibra-
tion of an L-band synthetic aperture radiometer on board, the properties of the materials
of the synthetic aperture radiometer antenna horn or reflector, such as the coefficient of
thermal expansion and thermal model, should be utilized to evaluate antenna deforma-
tion [18,19]. Antenna thermal deformation on board directly translates to deviations in
the antenna patterns and, finally, to noise in the system. The eclipse season of the orbit
at an altitude of ~600 km occurs when the beta angles are under certain values, which
is when the worst-case thermal environment happens and thereby should not be used
for external calibration. When the candidate time and locations are selected by the first
two conditions shown in Section 3, the beta angles of these times and locations should be
examined to determine whether they meet the requirements of thermal stability and the
antenna pattern error or not, as shown in Figure 10b. The synthetic aperture radiometer
system performance evaluation of cold-sky calibration is given in Figure 11, based on the
statistics of the error in the retrieved brightness temperature maps, while there are some
unavoidable antenna normalization pattern errors between the in-flight and on-ground
measurements due to the space environment.
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Figure 10. (a) The temporal variation in the Ta result of the example of cold-sky calibration on 15
January 2021. (b) The beta angle (β) of the simulated orbit, where the red part is the β angle of the
longest observation duration for cold-sky calibration.
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5. Conclusions

A high-precision and high-fidelity simulator is necessary for cold-sky calibration
strategy optimization. A strategy considering criteria from the space environment for
spaceborne L-band synthetic aperture radiometer cold-sky calibration is presented in this
paper. The contributions of the thermal environment on board are able to be included
in the simulation using this method. The beta angle is used to depict the variation in
the instrument’s behavior. Based on the radiometer’s antenna pattern and the effect of
thermal environment variation while the antenna is inverted to look up toward the cold
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sky, effective cold-sky calibration times and locations can be determined on board. The
trade-offs between different planet-shaped assumptions for the study results are described.
The error of these two Earth models can be ignored in the cold-sky calibration simulator
when the satellite flies over the open ocean for high calculation efficiency. Otherwise, it
cannot be ignored.
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