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Abstract— Accurate global observations from space are critical
for global climate change study. However, atmospheric temper-
ature trend derived from spaceborne microwave instruments
remains a subject of debate, due mainly to the uncertainty
in characterizing the long-term drift of instrument calibration.
Thus, a highly stable target with a well-known microwave radi-
ation is required to evaluate the long-term calibration stability.
This paper develops a new model to simulate the lunar emission
at microwave frequencies, and the model is then used for
monitoring the stability of the Advanced Technology Microwave
Sounder (ATMS) onboard Suomi NPP satellite. It is shown
that the ATMS cold space view of lunar radiation agrees well
with the model simulation during the past five years and this
instrument is capable of serving the reference instrument for
atmospheric temperature trending studies, and connecting the
previous generation of microwave sounders from NOAA-15 to the
future Joint Polar Satellite System Microwave Sounder onboard
NOAA-20 satellite.

Index Terms— Lunar calibration, microwave radiometer.

I. INTRODUCTION

ACCURATE global observations from space are critical
for global climate change study. However, atmospheric

temperature trends derived from satellite instruments remain
a subject of debate [1]–[4], due mainly to long-term drift and
degradation, as well as calibration corrections made to instru-
ment components. It is a common understanding in satellite
calibration community that the assessment of long-term on-
orbit satellite calibration stability is difficult, attribute to lack
of stable reference targets. Currently, the widely used methods
to assess the long-term instrument stability include vicarious
calibration [5] and simultaneous nadir overpass cross calibra-
tion [6]. Recently, Draper et al. [7] and Brown et al. [8] use
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the noise diode to evaluate global precipitation measurement
mission microwave imager calibration stability. Their methods
can only provide the information of relative stability of the
instruments since the diodes may become unstable. Therefore,
to understand the long-term gain stability for climate research,
the observations from a permanent reference target (PRT)
with stable radiation property and well-known microwave
brightness temperature are needed.

Lunar radiation is highly stable in microwave spectrum,
attributing to the stable geophysical property of the moon’s
surface. The major factors that may change the magnitude
of lunar microwave radiation in satellite instrument field of
view (FOV) include the phase angle and position within
FOV. Therefore, the moon surface radiation can be used as a
PRT to evaluate the calibration accuracy and assess the long-
term calibration stability for microwave radiometers. Indeed,
the lunar observations can be obtained from most of the
microwave sounders such as Advanced Microwave Sounding
Unit and Advanced Technology Microwave Sounder (ATMS)
when the antenna scans the cold space for calibration and the
lunar radiation enters the antenna main lobe [9]. This so-called
lunar intrusion (LI) can happen several times a year, and last
two–three days each time. Therefore, many lunar observation
samples are obtained during the instrument lifetime for us to
calibrate and evaluate the long-term stability of the microwave
sounding instruments.

SNPP is the first in the series of U.S. Joint Polar Satellite
System (JPSS) and carries the ATMS instrument onboard. The
overall on-orbit calibration accuracy of ATMS is better than
0.5 K, and the other performance parameters are well docu-
mented in many of our previous publications. In Section II,
identification and calibration of lunar observation from SNPP
ATMS are described. A general model is developed for
simulating the lunar brightness temperatures in Section III.
Section IV is lunar model validation and application in long-
term calibration stability assessment. Summary and discussion
are provided in Section V.

II. SNPP ATMS LUNAR OBSERVATION DATA SETS

For total power microwave sounding radiometers, its on-
board calibration is achieved by periodically observing the
cold space and an internal blackbody target. In particular
for ATMS, it has two receiving antennas, with one receiving
antenna serving for channels 1–15 with frequencies below
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Fig. 1. Sketch plot of lunar observations from ATMS space view. The space
view vector, moon vector, and sun vector are plotted in polar coordinate system
of antenna pattern, with origin at the beam center.

60 GHz and a separate receiving antenna for channels 16–22
with frequencies above 60 GHz. There are four cold space
view profiles located at 76.7°, 80°, 81.7°, and 83.4°, respec-
tively, from the nadir. Which are referred as SP1, SP2, SP3,
and SP4, with SP1 in satellite platform side and SP4 close
to the earth side. For each profile, the cosmic background
radiation is sampled four times consecutively with each sample
spaced 1.11° apart, which are referred as SPV1, SPV2, SPV3,
and SPV4. SPV1 is the closest to the earth, and SPV4 is
the closest to the satellite platform. In the current ATMS
operation, profile SP1 is selected to be used for calibration.
More details about ATMS instrument characteristics and on-
orbit calibration can be found from the recent studies by Yang
and Weng [12]. As shown in Fig. 1, during the LI events, lunar
observations can be obtained when the moon enters FOV of
one of the four space view samples.

For ATMS like polar-orbiting microwave radiometers, there
are six–seven LI events that can be captured through the
whole year. Attribute to the moon’s orbit characteristics,
for NPP ATMS, the LI events most likely happened in
January–June and November–December. The average duration
time can be 2–3 days for each LI event. Therefore, there
will be enough lunar measurement samples for instrument
calibration as well as lifetime gain stability monitoring.

A. Lunar Observation Identification

For microwave sensors like ATMS, the magnitude of effec-
tive lunar radiation is closely related to the separation angle
between the moon and space view β, apparent angle of moon
αl , beamwidth θ3 dB, and antenna solid angle at a specific
channel. Therefore, space view observations with lunar appear-
ing in its FOVs can be identified from the space view counts
by the metric in the following [9]:

0 ≤ β
′ ≤ 1.25 × θ3 dB (1)

where β
′ = |β + αl |, αl is calculated as

αl = rmoon

Dmoon

where rmoon = 1737.92 km and is the radius of the moon, and
Dmoon is the distance between satellite and the moon, which
varies with satellite position in orbit. Since the receiver outputs
at different space view positions are generally impacted by
cosmic background radiation, lunar radiation, gain fluctuation,
as well as random fluctuation of instrument to derive the
clean lunar observations, the difference between maximum and
minimum receiver output space view counts was used instead
of using the original space view (SPV) count at a single scan
position. Fig. 2(a) shows a typical case of the extracted lunar
observations at ATMS channel 16 (with 2.2° beamwidth). The
corresponding β angle is also presented in Fig. 2(b). It is
shown that the variation of lunar radiation intensity (in count)
varies with β. Moon displays its impacts when it begins
entering the FOV, and reaches a maximum at the center of
the FOV, then fading away when it moving out of FOV of
space view. It should be noted that for the lunar observation
data, we collected from SNPP ATMS, the lunar phase angle
is around 110° ± 5°, only with a small variation [as shown
in Fig. 2(c)].

B. Lunar Microwave Brightness Temperature Calibration

To derive the effective brightness temperature of the moon’s
disk, only those LI cases with at least one clean cold space
view without lunar contamination were selected. Therefore,
the effective brightness temperature of the moon’s disk can be
derived from calibration equation as follows:

TBeff
moon =

[
Tw − Tc

Cw − Cmin
c

]
�Cmoon (2)

where Tw and Tc are the warm load brightness temperature
and cold space brightness temperature, Cw and Cmin

c are warm
load counts and the minimum cold counts within a scan,
�Cmoon is the difference between space view counts with
maximum lunar radiation and the space view counts without
lunar contamination at each scan. Note that to derive the
reliable calibration results, Tw and Tc are further corrected
for warm bias, earth sidelobe contamination correction, as
well as the reflector emission contamination correction [12].
Fig. 3 shows a typical case of the extracted and calibrated
lunar brightness temperature at ATMS channels 1, 16, and 22
(with 5.2°, 2.2°, and 1.1° beamwidth). It shows that the max-
imum effective lunar brightness temperature is about 1 K at
K-/Ka-band, increase to 8 K at W-band, and can reach as large
as more than 20 K at G-band.

III. LUNAR MICROWAVE BRIGHTNESS

TEMPERATURE MODEL

The major challenge is how to accurately calculate the
effective brightness temperature of the moon when it appears
in the FOV of microwave instruments. Currently, there is
no effective lunar brightness temperature model available
for microwave sensors. For most of the current spaceborne
microwave instruments, the moon only fills a fraction of the
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Fig. 2. Typical case of the extracted lunar observations at ATMS channel 16. (a) Lunar radiation intensity in counts. (b) Lunar observations angle in degree.
(c) Lunar phase angle in degree.

Fig. 3. Typical case of the calibrated lunar brightness temperature at ATMS channels 1, 16, and 22 (with 5.2°, 2.2°, and 1.1° beamwidth).

FOV. The impact of the antenna pattern is important and
needs to be considered when calculating the effective bright-
ness temperature of the moon’s disk. In addition, a physical
model is also required to calculate the average brightness
temperature of the moon’s disk in microwave spectrum region.
Furthermore, the antenna beam pointing accuracy should be
known. In Sections III-A–III-C, we will demonstrate that by
combined satellite observations and ground-measured antenna
pattern data sets, a physical model for calculating the effective
microwave brightness temperature of the moon’s disk can be
established for use in microwave calibration.

A. Thermal Emission Properties of the Moon’s Surface

Research has been extensively carried out to study the
thermal emission from the moon in past years [13]–[19].
The observations from the Diviner Lunar Radiometer

Experiment (DLRE) instrument onboard the Lunar Recon-
naissance Orbiter revealed a strong diurnal variation of lunar
surface temperature ranging from 95 to 397 K [20]. By using
the DLRE observations from 2009 to 2015, the surface
temperature averaged within 1° spatial resolution with moon
phase angle, ϕ ranging from −180° to 180° can be derived
and is shown in Fig. 4(a). Lunar surface temperature varies
with latitude and phase angle, and reaches the maximum at
ϕ = 0 and the minimum at ϕ = 180. At each phase angle,
the temperatures decrease with latitude with the highest at
the moon’s equator. For ATMS, since the apparent angle of
lunar is smaller than its antenna beamwidth, only the average
temperature of the moon’s disk is interested, which can be
derived by averaging over the global temperature at each phase
angle by using the DLRE temperature data sets mentioned
above. As shown in Fig. 4(b), the dynamic range of physical
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Fig. 4. (a) 1°×1° resolution global mean moon surface temperature generated
from DLRE observations. For each pixel in the map of different moon phase
angles, surface temperature was averaged over the observations from 2009 to
2015. (b) Mean and standard deviation of surface temperature of the moon’s
disk derived from DLRT data sets.

temperature of the moon’s disk changes from 94 to 270 K, with
a standard deviation from 4 to 10 K. The average physical
temperature of the moon’s disk can be well modeled as a
function of moon phase angle ϕ by using a regression model
as follows:

Tmoon = 100.89 + 85.65(1 − cos ϕ) − 0.24(1 + cos 2ϕ). (3)

Microwave radiation can penetrate to lunar subsurface; thus,
the microwave thermal emission in terms of brightness tem-
perature can be quite different from skin temperature. Pre-
vious studies show that due to the special structure of the
moon’s surface and the penetration characteristic of microwave
radiation, the maximum microwave emission from the moon
typically lags behind the maximum temperature at the full
moon. The lag angle depends on the ratio of the emission
layer physical thickness to the penetration depth [21]. Based
on the ground microwave radiometer observations operating at
1.25-cm wavelength (24 GHz), Piddington and Minnett [22]
observed a 45° phase lag of microwave brightness temperature

TABLE I

SNPP ATMS ANTENNA POINTING ERROR EULER ANGLES

behind the moon’s surface temperature. Recent observations
from Chinese Chang-e moon orbit microwave radiometer
MRM show 30° phase lag in 37-GHz brightness tempera-
ture [23]. The overall goal of this paper is to establish a general
lunar calibration model for all microwave sounders, but due to
lack of data samples of microwave lunar observations being
collected under different lunar phase angles, currently there
is no phase lag term included in our model. Note that for
lunar observations from polar-orbit microwave radiometers,
the lunar phase angle is pretty stable and only has limited
dynamic range of around 110° ± 5°; therefore, lack of phase
angle term will not affect the model accuracy. The phase
lag term will be studied when lunar observations in different
lunar phases can be collected from future small/cubic satellite
microwave instruments.

Observations and experiments after the Apollo missions
have disclosed that lunar surface consists of a series of layers
of material ejected from individual meteorite craters over a
period of time, and embedded lava flows and pyroclastic
deposits. Apollo 15 and 17 heat flow experiments disclosed
that there is a big drop in temperature about 100 K within the
upper lunar regolith of a few centimeters (2 cm) [24], [25].
Now it is widely accepted that lunar subsurface composition is
composed of three homogeneous media: regolith with depth
extend from several meters to tens of meters, rock and ice,
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Fig. 5. Simulated antenna response with original antenna beam pointing angle (blue curve) and corrected pointing angles (red curve) at channels 3, 16, and
17 during lunar observation on January 6, 2017–January 8, 2017. Comparing with antenna pointing truth (normalized lunar observation counts in black line),
the pointing error in antenna response function has been largely reduced.

placed in different orders at different depths beneath the
surface. In [24]–[28], an incoherent model was adopted for
lunar microwave emission simulation, in which the volume
scattering contribution is negligible with respect to that due
to absorption. According to Montopoli’s study [24], [25],
at equatorial region, the moon’s surface temperature varies
dramatically at near surface from 100 to 350 K, and then
becomes stable with depth increasing to more than 5 m. Mon-
topoli et al. [25] found that at 24-GHz microwave waveband,
no stratigraphy change is sensed for depths larger than about
0.15 m. Based on the previous studies mentioned above, due
to lack of vertical temperature profile information of regolith
and the difficulty to establish an accurate multilayer microwave
emissivity model for lunar surface, the approach to calculate
emissivity from a theoretical model will not be adopted in this
paper. Instead, we will derive the effective surface emissivity
spectrum of the moon’s disk Edisk

moon from physical temperature
Tmoon and well-calibrated brightness temperature TBdisk

moon by
using the following equation:

TBdisk
moon = Edisk

moon × Tmoon. (4)

In (3), brightness temperature TBdisk
moon and physical temper-

ature Tmoon of the moon’s disk can be calculated from (2)
and (3), respectively. Considering the fact that for a certain
lunar phase, the emissive property of the moon’s surface
in microwave spectrum is extremely stable, the emissivity
spectrum determined from the well-calibrated SNPP ATMS
lunar observation samples can, therefore, be used in (4) to

predict the average microwave brightness temperature of the
moon’s disk.

B. Antenna Pointing Error Correction

As pointed by Buehler et al. [29], beam pointing error can
have significant impact on accuracy of lunar model simulation,
especially when the moon appears in center of FOV. The point-
ing error issue needs to be addressed before we can proceed
to establish a reliable lunar radiation model. Studies shows
that the static error originates from the beam misalignment
and the instrument mounting error is the dominant part in the
SNPP ATMS antenna pointing error [30]. Even though these
static error terms have been measured in the prelaunch ground
test and corrected in geolocation process, residual errors may
still exist due to the on-orbit thermal dynamic change and
shift during the launch. In this paper, based on [30], the beam
pointing error was derived in terms of Euler angles from an
algorithm combined using coastline inflection point and the
drift curve of lunar observations, as listed in Table I, from
which a correction matrix then can be constructed and applied
in geolocation process to correct the beam pointing error in
lunar observations. Fig. 5 shows the results of antenna beam
pointing correction. It can be seen that the beam pointing error
in the data has been largely reduced after the correction being
applied.

C. Effective Lunar Microwave Brightness Temperature Model

For most of the current polar-orbit spaceborne microwave
radiometers operating at around 800-km altitude earth orbit,
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TABLE II

LUNAR MODEL PARAMETERS FOR NPP ATMS

the apparent angle of the moon’s disk is about 0.5°, which is
much smaller than beamwidth of ATMS observations. When
the moon appears in satellite observation FOV, the effective
microwave brightness temperature of the moon’s disk, TBref

moon,
can be expressed as a function of the antenna response function
Gant, normalized solid angle of the moon �moon, and average
brightness temperature of the moon’s disk as follows:

TBref
moon = �moon × Gant × TBdisk

moon. (5)

Assuming the azimuthal asymmetry is insignificant,
the antenna response within the mean beam range can
then be accurately simulated by 1-D Gaussian function

Gant(β) = e−β2/2·σ 2
(6)

where β is the separation angle between antenna boresight
and moon-in-view vector, and σ is the antenna parameter and

defined as a function of 3-dB beamwidth θ3 dB

σ = (0.5 × θ3 dB)/
√

2log2.

The normalized solid angle of the moon is calculated as a
solid angle of the moon disk normalized by the antenna beam
solid angle, �A

�moon =
π

(
rmoon
Dmoon

)2

�A
(7)

where �A is a beam solid angle, �A =∫ ∫
4π G(θ, φ)sinθdθdϕ. In this paper, antenna-related

parameters σ and �A were calculated from ground
measurements of antenna pattern delivered by Vendor.
To determine the effective microwave emissivity spectrum
of lunar disk for ATMS channels, a total of 16 594 lunar
observation samples from 14 LI events were collected
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Fig. 6. Surface temperature and model simulated average microwave brightness temperature of the moon’s disk at different frequencies and different moon
phase angles.

Fig. 7. (Left) Special case of lunar model validation and (Right) mean bias and standard deviation of lunar model for each channel of ATMS.

in 2013. The effective lunar disk brightness temperature
were then calculated from (2) following a calibration
process. Substituting (4) into (5) yields the lunar surface
emissivity Edisk

moon, and a best fitting algorithm is applied for
22 channels of ATMS with frequency from 23.8 to 183 GHz.
A frequency-dependent emissivity spectrum of lunar disk for
ATMS channels can then be derived and listed in Table II,
together with parameters σ and �A. The retrieved average
emissivity of the moon’s disk has a minimum of 0.90 at
K/Ka band (23/31 GHz) and a maximum of 0.97 at W-band
(89 GHz). It should be noted that since there is about
10% uncertainty in G-band antenna pattern measurements
for SNPP ATMS, a relatively larger bias is expected in
lunar model for these channels. Fig. 6 shows the simulated
average microwave brightness temperature of the moon’s disk
using (4) with phase angle ranging from new moon (180°)
and full moon (0°), for frequencies from 24 to 183 GHz.
It can be seen that the microwave brightness temperature
shows frequency-dependent feature: the lower frequency of
23.8-GHz channel has a temperature variation from 90 to
245 K, which is smaller comparing to 98–265 K at

89-GHz channel. This conclusion is consistent with study
results from [25] and can be explained by penetration depth
of microwave observations and internal lunar heat flow. The
decrease of brightness temperature in 165 and 183 GHz
may due to the noise in antenna pattern measurements
in high-frequency channels, which will lead to inaccurate
calculation results of beam solid angle and therefore increase
the error of retrieved emissivity in these channels.

IV. LUNAR MODEL VALIDATION AND APPLICATION

IN LONG-TERM CALIBRATION STABILITY

MONITORING FOR SNPP ATMS INSTRUMENT

A. Lunar Model Validation Results

Lunar observations from ATMS instrument from
January 2012 to January 2017 are collected and calibrated
using (2), except for the observations in 2013. The calibrated
effective lunar brightness temperature is then compared with
the model simulations derived from (5). A special case of
the validation is presented in Fig. 7, together with the mean
bias and standard deviation from all data statistics for each
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Fig. 8. SNPP ATMS calibration stability. Black points are variation of daily average �T moon, solid lines are fitting trend. (From top to bottom)
Channels 1, 8, and 17. Error margin was also presented as bar in gray.

channel. It is shown that while the mean bias is less than
0.1 K with a standard deviation around 0.2 K in K-, Ka-, W-,
and V-bands, the standard deviation of model bias in G-band
is conspicuously different with other channels and close to
1 K. This might be explained by the much higher noise
of antenna pattern measurements in these high-frequency
channels and, therefore, the larger error in lunar model as a
result. Besides, the uncertainty in lunar surface temperature
can also raise 1-K error in lunar model simulations for
G-bands in worst cases. This might be the other major error
source for model simulations in channels with small FOV
size.

B. Long-Term Calibration Stability Monitoring for
SNPP ATMS Instrument

As previously stated, lunar as a PRT can also help to eval-
uate the long-term calibration stability of microwave sensors.
Here, the lunar brightness temperature model developed in this
paper is used to simulate the effective brightness temperature
of the moon’s disk, and then compared with the measurements
from ATMS instrument. Sensor calibration stability can then
be evaluated as

S = d(�Tmoon)/dt (8)

where �T moon is the difference between observed effective
lunar brightness temperature T eff

moon defined in (2) and the sim-
ulated reference lunar brightness temperature T ref

moon calculated
from lunar model defined in (5)

�Tmoon = T eff
moon − T ref

moon. (9)

Fig. 8 shows the instrument long-term calibration stability
evaluation results for ATMS observations from December 3,
2011 to January 13, 2017. Panels from top to bottom are
variation of daily average �T moon for channels 1, 8, and 20.
The linear fitting line of �T moon trend from six years of data
is also presented. It is shown that for ATMS, the observed
lunar Tb is highly consistent with the reference lunar Tb, with
a mean bias of less than 0.5 K in general and 0.05 K for
K-/Ka- and V-/W-bands in specific. SNPP ATMS shows a
highly stable calibration status after 6-year on-orbit operation.
The drift magnitude is less than 10−5 K/day for most of the
channels.

V. CONCLUSION

Long-term instrument calibration stability assessment is
very important for satellite data application in climate change
study. In this paper, we developed a new method to evalu-
ate instrument stability by taking the moon as a reference
target. A parameterized physical model was established to
simulate the lunar microwave brightness temperature from
its phase and observation angle measurements. The model
simulations can be taken as a reference to compare with
observed lunar brightness temperatures to check the accuracy
and stability of the instrument observations. The method is
successfully applied to 5 years of lunar observations from
Suomi NPP ATMS instrument. The model established in
this paper can also be expanded to other microwave sound-
ing instruments to assess their long-term calibration drift
trend.
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Fig. 9. Sensitivity of lunar model bias to antenna beam solid angle. x-axis is beam solid angle error in percentage, and y-axis is the corresponding model
bias at channels with different FOV sizes.

Due to lack of satellite lunar observations in different lunar
phases, we assume that the phase of microwave brightness
temperature variation is kept the same with the surface tem-
perature. But as some researchers pointed out that due to the
special structure of the moon’s surface and the penetration
characteristic of microwave radiation, there might be a phase
lag of microwave brightness temperature behind the moon’s
surface temperature. Phase angle in the model may further be
adjusted when more lunar observations taken at different lunar
phases are available in future.

It also needs to be noted that the accuracy of effective
lunar radiation magnitude from microwave sensors is largely
determined by the lunar solid angle. To investigate the impact
of antenna beam angle to accuracy of lunar brightness temper-
ature simulation model in (5), a sensitivity test was performed
at full moon condition (moon phase angle is 180°). As shown
in Fig. 9, sensitivity of lunar simulation model to antenna beam
solid angle is beamwidth dependent: a 10% uncertainty of
beam solid angle in lower frequency channel with FOV size
of 5.2° can only raise a 0.13-K model simulation bias, while
it will introduce as large as 3-K biases in channels with 1.1°
beamwidth. From antenna pattern ground measurements for
SNPP and JPSS-01 ATMS, we learned that the uncertainty in
antenna beam solid angle in ATMS G-band is larger than 10%.
This might explain the lunar model error in G-band found in
Section IV. Therefore, accurate information of antenna beam
solid angle is very important for successful implementation of
the lunar model developed in this paper.

As demonstrated in this paper, a reliable lunar Tb model can
be established from well-calibrated ATMS lunar observations,
combined with accurate ground measurements of antenna
pattern. Therefore, in future, it is possible to obtain the warm
load equivalent effective lunar brightness temperature for

calibration by using a finer beamwidth in lunar observations.
This is especially important for on-orbit calibration of small
and cubic satellites.
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