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Abstract: The absolute radiometric accuracy of the Fengyun 3D advanced Medium Resolution Spec-
tral Imager (FY3D MERSI-II) thermal infrared bands was evaluated using the collected field meas-
urements and atmospheric transfer simulations during 16-22 August 2019 at Lake Qinghai. A ther-
mal infrared radiometer equipped on an unmanned surface vehicle was used to continuously collect
the water temperature. Atmospheric conditions, surface emissivity, and aerosol optical depth meas-
ured near the field experiment site were adopted by the atmospheric transfer code to calculate the
parameters about the influence of atmosphere on long-wave radiation, including the path radiance
and the transmittance propagated from land surface to the satellite. The radiometric calibration ac-
curacy analysis suggests that the differences between the simulated brightness temperature and
satellite-based brightness temperature are -0.346 K and -0.722 K for channel 24 on 18 and 20 August,
respectively, while it reaches —0.460 K and -1.036 K for channel 25 on 18 and 20 August, respectively.
The vicarious calibration coefficients were found to be in good agreement with the internal onboard
calibration coefficient in channel 24 and 25 of the FY3D MERSI-II according to the validation anal-
ysis in selected regions. The thermal infrared bands of the FY3D have a good in-orbit operational
status according to our vicarious calibration experiments.

Keywords: radiometric calibration; FY3D; thermal infrared bands; lake ginghai

1. Introduction

The thermal infrared (TIR) spectrum can delineate the characterization about emitted
radiation information from the Earth’s surface, which plays important roles in cloud
recognition [1,2], surface temperature inversion [3-5], and the surface radiation budget
[6-8]. Long-term consistent land surface temperature datasets with excellent calibration
accuracy are the basis for analyzing environment evolution and climate change [9-11].
Well-calibrated sensors are capable of receiving climate change signals with high accuracy
and stability, and the derived remote sensing products are key to understand the mecha-
nism of environment evolution and climate change [9]. Therefore, reasonable radiometric
calibrations are important to maintain the accuracy of thermal infrared images and their
quantitative applications [12]. Absolute radiometric calibration usually consists of three
parts, including laboratory calibration, onboard calibration, and vicarious calibration [13—
15]. All the fundamental indicators related to the specifications are thoroughly tested in
the laboratory to meet the preparatory requirements. The onboard calibration coefficients
for the thermal infrared channels are usually derived from the onboard calibration system,
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including onboard blackbody and deep space observations. However, calibration coeffi-
cients obtained at the laboratory and from the onboard calibration system might be
changed due to the degraded detector or the influence from the space environment, re-
sulting in instability in the radiometric calibration accuracy [16,17]. Therefore, vicarious
calibration campaigns are usually adopted to validate and evaluate the radiometric cali-
bration accuracy. Currently, ground-based vicarious radiometric calibration is regarded
as an effective way to conduct the absolute radiometric calibration for TIR sensors.

Stable targets are usually used as the calibration sites for the vicarious calibration of
TIR bands, including deep convective clouds [18-20], ice sheets [21,22], oceans [23,24], and
lakes [15,25-28]. Large lakes with higher elevation are considered to be ideal radiometric
calibration sites because of their high spatial uniformity, lower surface temperature vari-
ation, and suitable atmospheric conditions [15,26]. Surface parameters could be obtained
by airborne sensors [29], buoys [30,31], and boats [15,25]. A well-calibrated infrared line
scanner mounted on an aircraft can capture a high-quality image at the time of satellite
overpass. This approach has less uncertainty induced by the atmosphere, but it has two
limitations: (1) the calibration accuracy is limited by the calibration uncertainty of the aer-
ial instruments; and (2) higher costs of the concurrent experiment by aircraft [29,32,33].
Continuous bulk temperature and atmospheric conditions recorded by buoys are also use-
ful for predicting at-sensor radiance, but bulk temperature would introduce errors into a
calibration analysis because buoys only collect water temperature at a fixed depth
[15,30,33]. Temperature records observed by a radiometer mounted on the boat is an op-
timized method for conducting vicarious calibration experiments, and at-sensor radiance
could be predicted by the moderate spectral resolution atmospheric transmittance algo-
rithm with the field measurement information from the atmospheric profile and surface
emissivity [33].

Compared to the Multichannel Visible IR Scanning Radiometer (MVIRS) on board
Fengyun-1, the Medium Resolution Spectral Imager (MERSI) on board Fengyun-3 (FY-3)
series satellites has significant improvements in spectral channels, radiometric calibration
accuracy, sounding capabilities, and spatial resolution [34-36]. MERSI is similar to the
imaging instrument, the Visible Infrared Imaging Radiometer (VIIRS), on board the Joint
Polar-orbit Satellite System (JPSS). The advanced Medium Resolution Spectral Imager
(MERSI-II) on the Fengyun-3D (FY3D) can observe land surface targets at split-window
regions with a spatial resolution of 250 m (Table 1) [37,38]. Pre-launch experiments for
MERSI-II are used to obtain the specification parameters about its radiometric accuracy,
such as the noise equivalent temperature difference (NEAT) [39]. The onboard radiometric
calibration system of MERSI-II TIR bands consists of the full-aperture onboard blackbody
and space view, and the effective emissivity of the blackbody reaches 0.97 with its tem-
perature monitored by seven evenly spaced precision thermometers [39].
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Table 1. Specifications of the Fengyun 3D Advanced Medium Resolution Spectral Imager (FY3D
MERSI-II).

Band  Center Wave- BandwidthSpatial Resolu- SNRor  Maximum Reflectance @ or

Number length (um) (nm) tion (m) NEAT (K) Dynamic Range (K)

1 0.47 50 250 100 90%

2 0.55 50 250 100 90%

3 0.65 50 250 100 90%

4 0.865 50 250 100 90%

5 1.38 20/30 1000 60/100 90%

6 1.64 50 1000 200 90%

7 2.13 50 1000 100 90%

8 0.412 20 1000 300 30%

9 0.443 20 1000 300 30%

10 0.49 20 1000 300 30%

11 0.555 20 1000 500 30%

12 0.67 20 1000 500 30%

13 0.709 20 1000 500 30%

14 0.746 20 1000 500 30%

15 0.865 20 1000 500 30%

16 0.905 20 1000 200 100%
17 0.936 20 1000 100 100%
18 0.940 50 1000 200 100%
19 1.030 20 1000 100 100%
20 3.800 180 1000 025K 200-350 K
21 4.050 155 1000 025K 200-350 K
22 7.200 500 1000 030K 200-350 K
23 8.550 300 1000 025K 200-350 K
24 10.800 1000 250 0.40 K 200-350 K
25 12.000 1000 250 0.40 K 200-350 K

The FY3D satellite has been in operation in orbit for more than three years since its
launch on 15 November 2017. It is necessary to evaluate the absolute radiometric calibra-
tion accuracy of MERSI-II's TIR bands for the purpose of further understanding the pos-
sible influences of calibration uncertainties on its remote sensing products. Field cam-
paigns at Lake Qinghai from 16 August to 22 August 2019 were carried out to evaluate
the radiometric calibration status of the TIR channels of the FY3D MERSI-II. Section 2 and
Section 3 introduce the calibration site and provide detailed information about radio-
metric calibration theory, methodology, materials, and data processing. Section 4 shows
the results of the bias evaluation of operational calibration for the TIR bands of the FY3D
MERSI-II and illustrates the validation results for the vicarious radiometric calibration
coefficient in selected regions. We summarize those findings in the final section.

2. Calibration Site

As an important site of the China Radiometric Calibration Site (CRCS) in China, Lake
Qinghai is located in the east of Qinghai Province and has a large homogeneous saltwater
surface (Figure 1). It has an elevation of 3196 m above sea level and an area of 4635 km?
(length 106 km, width 63 km, average depth 19 m). Lake Qinghai is considered to be an
ideal calibration site for TIR instruments for the following reasons: (1) clear water with 4%
reflectance at the visible band and 1% at the TIR band; (2) a relative uniform distribution
of water temperature with a temperature variation of less than 1°C; (3) an alpine and semi-
arid grassland climate with 112 clear days per year; and (4) a clear atmosphere with an
aerosol optical depth less than 0.18 and an annual precipitation of about 434.5 mm
[14,25,40]. Lake Qinghai has been used to successfully conduct radiometric calibration
missions for many Chinese satellites since 1996, including FY-series satellites [15,25,40],
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Huanjing satellites (HJ-1A/-1B) [28], and the China-Brazil earth resource satellite
(CBERS) [41,42].
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Figure 1. Location of Lake Qinghai. The true color image is created from a remote sensing image
acquired on 17 April 2019 from Landsat 8 Operational Land Imager (OLI).

3. Methods
3.1. Theory of TIR Radiometric Calibration

The at-sensor radiance received by the TIR channels of the satellite sensor consists of
three parts: the radiance emitted from the water and attenuated by the atmosphere, the
path radiance that scattered from the atmosphere, and the radiance (i.e., downward radi-
ance of the atmosphere and long-wave radiance of the Sun) reflected from the water and
attenuated by the atmosphere [27,31,35]. Hence, the at-sensor radiance received by the
sensor can be expressed as:

Lg(A)=14 (AL (A)+ Ly (W47, (A Ly (A)p, (A), @)

where L (A) isthe spectral radiance received by the sensor, z,(A1) is the spectral trans-
mittance of the atmosphere, Z (A1) is the radiance radiated from the water at the obser-

vation direction of the satellite, £ (1) is the path radiance scattered from the atmos-

path

phere observed by the sensor, Z,(4) isthe atmospheric downward radiance, and p, (1)
is the reflectance of the water surface. Because of the low water surface reflectance, the

atmospheric downward radiance reflected from the water and attenuated by the atmos-
phere can be neglected. 7z, (1) and L ,(A) could be simulated by the moderate reso-

path

lution atmospheric transmission code (MODTRAN 4.2).
The equivalent radiance (L, (1) ) at the sensors’ aperture can be obtained by convo-

luting the at-sensor spectral radiance with the relative spectral response (RSR), which is
given as:

B j L (A)RSR(A)d A
 [RSR(A)d2

L, (A) 2)
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where L (A1) is the spectral radiance calculated from Equation (1), and RSR(A) is the

relative spectral response of the channel. For the FY3D MERSI-II thermal channels, the
conversion between the equivalent radiance and digital number (DN) is based on Equa-
tion (3):

L, (1) =Gain(1)-DN,, (1) + Bias(1), 3)

where Gain(1) represents the gain of the calibration coefficient, Bias(1) is the bias of
the calibration coefficients, and DN, (1) represents the digital number of observations
from space view and in-situ measurements. Four pairs of Gain(1) and L,(1) were cal-
culated by using the linear fitting between DN, (1) and L,(1) for channel 24 and 25 on

August 18 and 20, respectively. Then, the in-situ radiometric calibration coefficients were
validated by comparing the bright temperature based on in-situ calibration coefficients
and operational calibration coefficients.

3.2. Surface Parameters Measured by an Unmanned Surface Vehicle

Surface temperatures were measured by a thermal infrared radiometer, the CE312-
N1, manufactured by CIMEL Electronique, Paris, which was equipped at the top of an
unmanned surface vehicle (USV), 2 m away from the boat edge (Figure 2). The CE312-N1
has four different spectral bands (8.0-14.0 um, 8.2-9.2 um, 10.3-11.3 pum, and 11.5-12.5
um) and an observation accuracy of 0.10 K [43]. The solar-powered USV is capable of long-
term cruising with the roof covered by solar cell film. It can work in automatic or manual
navigation mode with the location information saved every 30 s by a global positioning
system (GPS) module. Meanwhile, land-based subsystem monitors can record and trans-
mit the track of the USV to the computer in real-time. In order to arrive at the appropriate
location on the lake, the USV was released 2 h before the satellite overpass to continuously
collect water surface temperature, air temperature, humidity, wind speed, and wind di-
rection. Water temperature was measured over a wide-open area at the southeast part of
Lake Qinghai (Figure 3). Due to the influence of cloud cover and atmospheric conditions,
we selected in-situ measurements on 18 and 20 August to perform calibration analysis.
According to the temperature variation along the navigation route of the USV from 14:00
to 15:30 on 18 August, the lake surface has a relatively consistent temperature change with
its variation being less than 0.2 °C (Figure 3).

_y Atmospheric
- Sensors

o

Figure 2. Unmanned surface vehicle with atmospheric sensors and a CE312-N1 used in the vicari-
ous radiometric calibration.

The clear-day pixels in the MERSI-II images along the navigation track of the boat
were selected during the concurrent experiments. Then, three steps were conducted to
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convert the DN value of the image to the radiance or brightness temperature. First, the at-
sensor radiance was derived from the DN according to the calibration coefficients for
channel 24 and 25:

RAD=DNxS+1, @)

where § and [ are the slope and the intercept of the radiometric calibration coefficients,
respectively. Here, § and [ are 0.010 and 0.000, respectively. z.4p is the at-sensor ra-
diance with a unit of mW/(m?-cm™ -sr) .

Second, the Inverse Plank function was used to calculate the equivalent brightness
temperature 7, .

C, o
T, = 3 7 ’ ®)
In(C,-0”)-In((RAD-10") +1)
where 7, is the equivalent blackbody brightness temperature, and

C, =1.191x10"2 W/(cm? -sr-(cm™)*) and C, =1.439K-cm are the first and second radia-
tion constant, respectively. , is the wavenumber (¢cm™ ) determined by:

o =10000/4, (6)

where 1 is the effective center wavelength of channel 24 and 25, respectively (Table 1).
Then, brightness temperature was calculated by Equation (7):

BT =A-T. +B, 7)

where A is 1.00133 and 1.00065 for channel 24 and 25 of the MERSI-I], respectively, and
B is-0.05130 and 0.08750, respectively [44].

DN values from the deep-space view were also converted to the radiance according
to the Planck equation and were then used to calculate the vicarious calibration coefficient
by combining it with the predicted top-of-atmosphere (TOA) radiance by MODTRAN
simulation.

100°40'0"E
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=) [ /Q \ ’.Q Py \
229060 'Q.‘o y %% 06 7 e 4% % e L VN
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P - [ILake Qinghai
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Figure 3. The surface temperature observed along the navigation route (a), and its variation during FY-3D MERSI-II over-
pass on 18 August 2019 (b).

3.3. Spectral Matching

The difference of the relative spectral response (RSR) among similar TIR channels
will result in the bias of the derived brightness temperature, even when the same target is
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observed at the same time [45]. Many efforts were devoted to eliminating these differences
by applying the spectral band adjustment factor (SBAF) [45-47] and the matched-image
adjustment factor (MIAF) [13]. There are small differences in the RSR of the TIR channels
between the MERSI-II and the CE312 (Figure 4). In order to reduce the influence of RSR
differences on the radiometric calibration accuracy, a series of MODTRAN simulations
were adopted to create their spectral matching factors. First, we generated the top-of-at-
mosphere (TOA) radiance, including 9 surface types (cloud cover, desert, dry grass, field,
forest, fresh snow, maple, ocean, wet grass), 2 satellite observing geometries (vertical, 10°),
and 6 atmospheric profiles (Tropical, Mid-Latitude Summer/Winter, Sub-Arctic Sum-
mer/Winter, U.S. Standard) under 9 temperature situations (278K, 283K, 288K, 293K,
298K, 303K, 208K, 212K, 320K) (Table 2). Then, the equivalent TOA radiance was gener-
ated by convolving the RSR and simulated TOA radiance for the selected thermal infrared
bands of the MERSI-II and the CE312. Linear regression was performed on the equivalent
radiance at 972 points against the corresponding bands to obtain the spectral matching
factors (Figure 5).

1.0 r T
—MERSI-II Band 24
- —MERSI-TT Band 25
v, - CE312Band 03
0.8t - CE312Band02

o o
S =]
T T

Relative Spectral Response
o
N

0
9.0 10.0 11.0 12.0 13.0 14.0
Wavelength (um)

Figure 4. Relative spectral response of the FY-3D MERSI-II (channel 24 and channel 25) and the
CE312 bands (band 3 and band 2).
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Figure 5. Spectral matching for thermal infrared channels of the FY-3D MERSI-II with the corre-
sponding bands of the CE312—-1N (b,c) by convolving the top-of-atmosphere (TOA) radiance (a)
with the relative spectral response (RSR).

Table 2. Input parameters of moderate resolution atmospheric transmission (MODTRAN) 4.2 for
the path radiance and the transmittance calculation on August 18 and August 20.

Parameters
Date
18 August 2019 20 August 2019
Time (UTC) 06:34:00 05:56:10
Solar Zenith 28.470° 28.460°
Solar Azimuth -145.770° -149.190°
Satellite Zenith 21.334° 37.430°
Satellite Azimuth 261.505° 26.130°
Ground Altitude 2.360 km 2.360 km
AOD@550nm 0.167 0.239
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3.4. The Derivation of the Atmospheric Effects by MODTRAN Simulation

The atmospheric effects propagated from the land surface to the entrance aperture of
the TIR sensors were quantified by the atmospheric transfer code (MODTRAN 4.2). First,
the atmospheric profiles were measured by the radiosonde system during the satellite
overpass, including elevation, air temperature, relative humidity, wind speed, and wind
velocity. The radiosonde system manufactured by VAISALA consists of the radiosonde
sensor RS90 and a balloon. An hour before the FY3D overpass, the balloon was released.
According to the weather conditions, atmospheric profiles on August 18 and August 20
were collected to examine the atmospheric effects (Figure 6). The water vapor changed at
the elevation between 5 km and 7 km because of the thin cirrus cloud near the calibration
site. These were replaced by the mid-latitude summer profile provided by the MODTRAN
code to improve the radiometric calibration accuracy. Then, MODTRAN simulations were
conducted with the input parameters from the viewing geometries (i.e., solar zenith, sat-
ellite zenith, and relative azimuth), surface air temperature, and the atmospheric profiles.
The influence of the atmosphere on the surface emitted radiance propagated from the land
surface to the sensors’ aperture was calculated by convolving the RSR of the MERSI-II
bands with the path radiance and the transmittance profile, respectively. The equivalent
path radiance and transmittance were generated for channel 24 and channel 25 of the
FY3D MERSI-II, and were further used to evaluate the radiometric calibration accuracy of
the FY3D TIR channels. Finally, the vicarious calibration coefficients were derived by com-
bining the radiance results from the MODTRAN simulation and the deep-space view.

(@

Elevation (km)
S

36
—~— August 18 §(b) —o— August 18

—o— August 20 —4~— August 20

R

Elevation (km)

T
180 200

T T T T T T T T
240 260 280 300 320 0.000 0.003 0.006 0.009 0.012 0.015
Temperature (K) Water Vapor (kg/m®)

Figure 6. The atmospheric profiles. (a): the atmospheric temperature and (b): the water vapor content measured by the

radiosonde system.

4. Results and Discussion
4.1. Calibration Results of the FY3D MERSI-II TIR Channels

Generally, the FY3D MERSI-II works well in orbit according to our field calibration anal-
ysis. The difference between the simulated brightness temperature and satellite-based
brightness temperature was less than -0.3461 K and —0.7220 K for channel 24 on 18 and 20
August, respectively, while it increased to —0.4604 K and -1.0362 K for channel 25 on 18
and 20 August, respectively (Table 3). Thin cloud contamination may be responsible for
the larger difference when the synchronous in-situ experiment was conducted on August
20 [30]. The cross-calibration between the FY-3A/B MERSI and the Terra/Aqua Moderate
Resolution Imaging Spectroradiometer (MODIS), as well as the meteorological opera-
tional satellite-A/infrared atmospheric sounding interferometer (METOP-A/IASI) indi-
cates that the bright temperature variation of the MERSI is close to that of the MODIS,
with the bias mainly being less than 1 K [48]. The radiometric calibration accuracy of the
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MERSI-II is higher than that of the MERSI by 0.5 K due to its more advanced onboard
radiometric calibrator system [39].

Table 3. The difference between the simulated brightness temperature and satellite-based bright-
ness temperature before and after spectral matching.

18 August 20 August
Channel 24 Channel 25 Channel 24 Channel 25

Item

At-Sensor Radiance

Before mW/(m2sr-cm-) 93.209 108.587 93.177 108.345
Spectral At-Sensor BT (K) 289.105 289.552 289.083 289.398
Matching Raw BT (K) 289.734 288.589 289.336 287.859
Difference (K) 0.629 -0.964 0.253 -1.539

At-Sensor Radiance
After mW/(mesr-cm-) 94.680 107.800 94.647 107.559
Spectral At-Sensor BT (K) 290.080 289.049 290.058 288.895
Matching Raw BT (K) 289.734 288.589 289.336 287.859
Difference (K) -0.346 -0.460 -0.722 -1.036

In order to further validate the calibration results, we calculated the vicarious cali-
bration coefficients for channels 24 and 25 of the MERSI-II on August 18 and 20, respec-
tively (Figure 7). Generally, similar vicarious calibration coefficients could be derived dur-
ing the study period, such as the calibration slope ranging from 0.0104 on August 18 to
0.0107 on August 20 for channel 24, with the calibration bias ranging from -3.143 K to
-3.266 K. Meanwhile, the calibration slope and bias of channel 25 are similar to that of
channel 24, ranging from 0.0103 to 0.0106 and —2.814 K to -2.943 K, respectively. The rel-
ative deviation of the calibration slope and bias is less than 1.43% and 1.92% for channel
24, with an increase to 1.44% and 2.24% for channel 25, respectively. The poor atmospheric
conditions may be responsible for the large difference in those coefficients found between
August 18 and 20 (Figure 6). The simulation analysis suggests that the aerosol optical
depth (AOD) increase from 0.1680 to 0.2391 caused an at-sensor brightness temperature
decrease by 0.169 K for channel 24 and 0.133 K for channel 25, respectively. The uniform
relative spectral response of the detector array resulted in a higher brightness temperature
bias by 2 K [36]. The normalized relative spectral response of the FY3D MERSI-II from
pre-launch measurements may also influence the radiometric calibration result [36,49].
The large decrease in bias was mainly caused by the different space view DN, while the
radiance was found to not be sensitive to the variation of the bias coefficient [50]. Thus,
our results indicate that the vicarious experiment conducted on August 18 and August 20
is reasonable for the calibration evaluation.
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Figure 7. The calibration coefficients for the FY-3D MERSI-II channel 24 and channel 25 derived from the calibration
campaign, (a) Channel 24, and (b) Channel 25.

4.2. Validation for the Vicarious Calibration Coefficient

In order to validate the radiometric calibration coefficients of the MERSI-II TIR chan-
nels, we compared the brightness temperature results derived from the vicarious cali-
bration coefficients and operational calibration coefficients. We selected the stable surface
targets as the validation sites, including Lake Nam and the Badain Jaran Desert on August
18 and Lake Kyrgyz and the Gobi Desert near Wuhai City on August 20 (Figure 8). A
region, 1.50 km x 2.75 km, was selected for each site to extract the digital number and
calculate the brightness temperature (Figure 8). We found that there are good agreements
for the brightness temperature based on the official calibration coefficients and in-situ cal-
ibration coefficients for the MERSI-II TIR channels. The brightness temperature differ-
ences are —0.683 K (standard deviation = 0.507 K) for channel 24 and -0.480 K (standard
deviation = 0.373 K) for channel 25 on August 18 (Figure 9). By contrast, the difference for
those two channels on August 20 is a little larger, with -1.896 K (standard deviation =
0.529 K) for channel 24 and -2.372 K (standard deviation = 0.474 K) for channel 25. This
phenomenon is possibly caused by the variation of the atmosphere during the FY3D over-
pass, leading to the differences in transmittance and path radiance and introducing some
biases to the calculation of the in-situ calibration coefficients.
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Figure 8. The selected sites for the validation of the FY-3D MERSI-II thermal infrared channels” in-situ radiometric cali-
bration. (a) Lake Nam (30.718N, 90.624E) and (b) the Gobi Desert (39.647N, 106.257E) near Wuhai city were chosen for 18
August and (c) Lake Kyrgyz (49.168N, 93.277E) and (d) the Badain Jaran Desert (40.201N, 101.411E) were chosen for 20
August. Each selected region (red boxes) denotes the selected area used for validation.
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Figure 9. Validation results for the FY-3D MERSI-II's channel 24 and channel 25 for 18 August and
20 August.

4.3. Uncertainties About Calibration Analysis

The cirrus optical depth and the ice particle size distribution of the cirrus cloud can-
not be measured accurately, which results in the bias of 0.310 K and 0.320 K for the radio-
metric accuracy of the MODIS band 31 and 32, respectively [30]. It is necessary to check
the image data manually to get rid of the regions influenced by the cirrus cloud, including
the stable distribution of the brightness temperature over those lake surfaces [28,35]. Wa-
ter vapor is the most important variable for altering the long-wave radiation absorption
[51] and its variation in an atmospheric profile introduces errors in the at-sensor radiance
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propagation [31], such as a 10% error in the water vapor profile result in the at-sensor
brightness temperature bias of 0.1 K for the MODIS band 31 (10.780-11.280 pum) [31,51].
We conducted a sensitivity analysis about the brightness temperature change at different
levels of water vapor content using a MODTRAN simulation and the result shows that
the water vapor content variation is positively related to the brightness temperature bias.
For example, a 1.0g/m? variation caused a 1.0 K and 0.6 K brightness temperature (BT) bias
in channel 24 and channel 25, respectively (Figure 10). When the water vapor reaches 4.0
g/m?, the difference between the image-based and the simulated brightness temperature
is stable for channel 24 and 25. In order to eliminate the influence of water vapor on long-
wave radiation, the FY-3D MERSI-II specified two independent thermal infrared bands
centered at 10.8 um and 12.0 um, which are similar to the specifications of the thermal
bands of the Terra/MODIS and the Landsat-8/TIR [36,52,53].
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Figure 10. Sensitivity analysis for the variation of the brightness temperature bias induced by wa-
ter vapor content using the MODTRAN code.

A difference in the relative spectral responses between the in-situ radiometers and
the satellite TIR sensors will also introduce uncertainties in accurate radiometric calibra-
tion and spectral matching is essential to improve the accuracy of radiometric calibration
[13,45,47]. This study employed the spectral matching factors from the atmospheric trans-
fer simulation to reduce the RSR discrepancy and the difference was obviously improved
after the spectral matching for channel 24 and channel 25 (Table 3); the accuracy increased
by 44.98%, from 0.629 K to —0.346 K, on August 18, and from 0.253 K to -0.722 K on August
20 for channel 24. For channel 25, the difference decreased by 52.23%, from —0.964 K to
-0.46044 K, on August 18, and 32.67%, from -1.539 K to -1.036 K, on August 20. Spectral
matching improved the at-sensor brightness temperature by about 0.970 K for channel 24
and 0.50 K for channel 25. The results show that the spectral matching between different
sensors can effectively reduce the discrepancy caused by the RSR in the vicarious radio-
metric calibration.

5. Conclusions

The radiometric calibration status of the FY3D MERSI-II TIR channels (channel 24 and 25)
was evaluated by field experiments at Lake Qinghai from August 16 to 22, 2019. The skin
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temperature of the lake surface was recorded by the CE312-N1 mounted on a USV, while
the aerosol optical depth and the atmospheric profiles were collected from the radiosonde
system and other instruments mounted near the calibration site. The at-sensor radiances
were predicted by the MODTRAN code by considering the viewing geometries, atmos-
pheric profiles, and surface temperature as the input parameters. Spectral matching based
on the MODTRAN simulations was also adopted to reduce the discrepancy caused by the
RSR in the radiometric calibration analysis. The difference between the simulated bright-
ness temperature and the satellite-based brightness temperature was less than -0.346 K
and —0.722 K for channel 24 on August 18 and 20, while it increased to —0.460 K and -1.036
K for channel 25 on August 18 and 20, respectively. The vicarious radiometric calibration
coefficients were also derived based on the deep-space view and the field experiments for
channel 24 and channel 25 of the FY3D MERSI-II; the relative deviation of the calibration
slope and bias is less than 1.43% and 1.92% for channel 24, respectively, while it increases
to 1.44% and 2.24% for channel 25, respectively. According to the validation analysis on
other stable surfaces (lake or desert), the vicarious calibration coefficients are in good
agreement with the official calibration coefficients. Therefore, our results indicate that the
FY3D MERSI-II TIR channels work well within the first two years of operation. The water
vapor and RSR mismatch have altered the calibration accuracy with 1 K and 0.6 K of BT
bias in channel 24 and channel 25, respectively, by a 1 g/m? variation in water vapor, and
the at-sensor brightness temperature is closer to the predicted brightness temperature af-
ter spectral matching.
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