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Abstract

This study cross-calibrated the brightness temperatures observed in the Arctic by using the FY-3B/MWRI L1 and
the Aqua/AMSR-E L2A. The monthly parameters of the cross-calibration were determined and evaluated using
robust linear regression. The snow depth in case of seasonal ice was calculated by using parameters of the cross-
calibration of data from the MWRI T,. The correlation coefficients of the H/V polarization among all channels Tj
of the two sensors were higher than 0.97. The parameters of the monthly cross-calibration were useful for the
snow depth retrieval using the MWRI. Data from the MWRI T, were cross-calibrated to the AMSR-E baseline.
Biases in the data of the two sensors were optimized to approximately 0 K through the cross-calibration, the
standard deviations decreased significantly in the range of 1.32 K to 2.57 K, and the correlation coefficients were
as high as 99%. An analysis of the statistical distributions of the histograms before and after cross-calibration
indicated that the FY-3B/MWRI T, data had been well calibrated. Furthermore, the results of the cross-calibration
were evaluated by data on the daily average T}, at 18.7 GHz, 23.8 GHz, and 36.5 GHz (V polarization), and at
89 GHz (H/V polarization), and were applied to the snow depths retrieval in the Arctic. The parameters of
monthly cross-calibration were found to be effective in terms of correcting the daily average T;. The results of the
snow depths were compared with those of the calibrated MWRI and AMSR-E products. Biases of 0.18 cm to 0.38 cm

were observed in the monthly snow depths, with the standard deviations ranging from 4.19 cm to 4.80 cm.
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1 Introduction

The climate system of the Arctic has changed dramatically in
recent decades, with a rapid decrease in both the coverage and
thickness of sea ice (Cavalieri et al., 2003, 2012; Cavalieri and Par-
kinson, 2012; Parkinson and Cavalieri, 2008; Comiso et al., 2008;
Maslowski et al., 2012). These changes have had significant im-
pacts on the global climate system, environmental systems and
ecosystems across the world in general. Remote sensing techno-
logy provides a convenient means of making global observations
and measurements of the ocean to research changes occurring in
high-latitude regions. Passive microwave remote sensing, in par-
ticular, has been widely used in studies on the polar regions be-
cause of its all-weather and all-day detection capabilities (Com-
iso et al., 2003; Nihashi et al., 2009; Spreen et al., 2008).

The Advanced Microwave Scanning Radiometer for the Earth
Observing System (AMSR-E) on board Aqua satellite of National
Aeronautics and Space Administration (NASA) was launched in
May 2002. Compared with the Scanning Multichannel Mi-
crowave Radiometer (SMMR), the Special Sensor Microwave Im-
ager (SSMI), the Tropical Rainfall Measuring Mission (TRMM),
and other microwave sensors, the AMSR-E has the advantages of
multiple channels, a wider range of frequencies, and higher res-
olution. The T, data of the AMSR-E have been widely used for the

inversion of the parameters of sea ice and snow in the polar re-
gion (Comiso et al., 2003; Kelly et al., 2003; Markus and Cavalieri,
2008; Nihashi et al., 2009; Spreen et al., 2008). However, in Octo-
ber 2011, NASA’s AMSR-E sensor ceased operation following in-
strument failure.

The Fengyun-3 (FY-3) is the second generation of China'’s po-
lar-orbiting meteorological satellites. Since 2008, the National
Satellite Meteorological Center has provided microwave radi-
ation imager (MWRI) data mounted on the satellites FY-3A, 3B,
3C, and 3D, which will be in use for approximately 15 years. The
settings of parameters of the FY-3B/MWRI are consistent with
those of the AMSR-E and AMSR2 (a continuation of AMSR-E),
and can complement microwave radiometer data (Yang et al.,
2011, 2012) for research on the Earth’s water cycle, climate
change, and weather forecasting. Space-borne passive mi-
crowave sensors are designed to operate with different instru-
ment-related parameters, calibration systems, bands of observa-
tion frequency, durations of observation, and observational foot-
prints, because of which deviations occur in the observed data.
Therefore, the cross-calibration and evaluation of these sensors
by using overlapping areas and similar instrument-related para-
meters is crucial for obtaining more accurate and stable long-
term radiometer observations of the Arctic.
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A number of studies have been conducted on the cross-calib-
ration of microwave radiometer data. Gao et al. (2019) studied
the inter-sensor calibration between the SMR and the AMSR2 to
broaden the application of SMR data to the Earth’s land surface.
Liu et al. (2018) inter-calibrated the brightness temperatures (7})
between the F13 SSM/I and the F17 SSMIS by using empirical re-
lationship models during their period of overlap. Hu et al. (2016)
compared the slow-speed mode L1S of the AMSR-E with values
of T, obtained by the AMSR2 at 18.7 GHz and 36.5 GHz on the
surface of land. Du et al. (2014) used the double difference to cal-
ibrate the AMSR-E and the AMSR2, and Huang et al. (2013) com-
pared the values of T} obtained by the MWRI and the AMSR-E in
the Bohai Sea and Yellow Sea in China. Das et al. (2014) evalu-
ated and compared land data from the same eight channels of
the AMSR-E and WindSat. Cavalieri and Parkinson (2012) stud-
ied cross-calibration of the values of T}, obtained from eight
channels of the SSM/I (F13) and the SSMIS (F17) to obtain more
general data on sea ice. Meier et al. (2011) cross-calibrated data
of the SSM/I (F13) and the SSMIS (F17) at V/H 19 GHz and V 37 GHz
in the Arctic and Antarctic regions. Derksen and Walker (2003)
analyzed systematic deviations in the SMMR and the SSM/I (F08)
for data on the land surface of North America. Stroeve et al.
(1998) took data from the SSM/I (F11) as comparative data and
eight typical regions in the Arctic as research area to study the
cross-calibration of five channels between the SSM/I (F8) and the
SSM/1 (F13). Abdalati et al. (1995) compared the 37-GHz data of
the SSM/I (F08) with those of SSM/I (F11), and the linear rela-
tionship between values of T} obtained by them was established.
Jezek et al. (1993) took the Antarctic ice region as research area
and the SMMR as the source of comparative data. The daily
observations of the SSM/I (F08) and SMMR were analyzed by
means of linear regression.

Statistical cross-calibration is best suited for two instruments
with collocated and near-simultaneous observations (Chander et
al., 2013). The MWRI on board the FY-3B satellite has a similar
instrument-related configuration to that of the AMSR-E sensor,
including five channel frequency settings (10.7 GHz, 18.7 GHz,
23.8 GHz, 36.5 GHz, and 89.0 GHz), dual polarization (H/V), and
nearly simultaneous satellite overpass times. This study uses the
statistical cross-calibration approach to compare observations of
the FY-3B MWRI and the Aqua AMSR-E directly, and to evaluate
the data on T}, collected by the MWRI. The cross-calibration of T,
obtained by the MWRI and AMSR-E can improve the passive mi-
crowave sensors as well as the monitoring and retrieval of the sea
ice thickness and snow depth in the Arctic. Based on brightness
temperatures measured by the AMSR-E from 2002 to 2011, an op-
erational dataset on snow depth on sea ice in the Polar Regions
has been released by NSIDC (National Snow and Ice Data Cen-
ter). The relevant algorithm was developed using brightness tem-
peratures of the SSM/I to calculate snow depth on sea ice in the

Table 1. Comparison of AMSR-E and MWRI parameters

southern ocean (Markus and Cavalieri, 1998), and then applied
to the inversion of the snow depth in the Arctic. It was applied to
AMSR-E data (Comiso et al., 2003) in 2003. Eight snow depth
products were compared (Lu et al., 2020), including satellites,
models, buoys, and the Ice Bridge project (OIB). The snow depth
product based on AMSR-E data had the highest correlation with
data on the thickness of snow obtained from OIB flight plan, and
their RMSE value was smaller than those of the others. No opera-
tional dataset of snow depth on sea ice has been provided by the
Fengyun MWRI for the Arctic. Therefore, it is important to evalu-
ate the accuracy of calibration of the FY-3B MWRI by using the
Aqua AMSR-E, a similar microwave remote sensing instrument
that has been widely used and verified, to provide operational
products on snow depth based especially on MWRI.

This paper describes the cross-calibration of data on T, from
the MWRI and AMSR-E in the Arctic. The statistical cross-calibra-
tion approach is used to study data on the monthly time-space
overlap from the two sensors at all five frequencies (10.7 GHz,
18.7 GHz, 23.8 GHz, 36.5 GHz, and 89.0 GHz), dual polarization
(H, V), and ascending and descending orbits. The parameters of
the cross-calibration are then determined and evaluated by us-
ing robust linear regression. The depths of snow on seasonal ice
were calculated using the results of the cross-calibration of data
on T, measured by the MWRI. The remainder of this paper is or-
ganized as follows: Section 2 introduces the research data, Sec-
tion 3 describes the method of cross-calibration used and the
snow depth retrieval algorithm, Section 4 analyzes the main res-
ults, and Section 5 presents our conclusions.

2 Dataset

2.1 Observations of brightness temperature

The cross-calibration dataset contained the brightness tem-
peratures observed by the FY-3B/MWRI L1 and Aqua/AMSR-E
L2A from November 18, 2010 to September 30, 2011. The spatial
coverage of these data was north of 60°N in the Arctic. The data
were downloaded from the NSMC (National Satellite Meteorolo-
gical Centre, http://www.nsmc.cma.gov.cn/NSMC/) and DAAC
(NASA Distributed Active Archive Center) at NSIDC (http://
nsidc.org/), respectively. The main techniques and instrument-
related parameters of the MWRI were consistent with those of the
AMSR-E on all channels from 10.7 GHz to 89.0 GHz. The AMSR-E
and MWRI were dual-polarized, and had equatorial transit times
0f 01:30/13:30 and 01:40/13:40 (descending/ascending), and in-
cident angles of 55.0° and 53.5°, respectively. The main configur-
ations of the two sensors are summarized in Table 1 (Du et al.,
2014; Yang et al., 2012).

2.2 Snow depth dataset
To evaluate the data on T, measured by the MWRI before and

Sensor
Parameter AMSR-E/AQUA MWRI/FY-3B
Band 1 GHz 10.7 18.7 23.8 36.5 89.0 10.65 18.7 23.8 36.5 89.0
Spatial resolution 51 kmx29 km 27 kmx16 km 32 kmx18 km 14 kmx8 km 6 kmx4 km|51 kmx85 km 30 kmx50 km 27 kmx45 km 18 kmx30 km 9 kmx15 km
Bandwidths/MHz 100 200 400 1000 3000 180 200 400 900 4600
Polarization V/H V/H
Equatorial time 13:30 (ascending) 13:40 (ascending)
01:30 (descending) 01:40 (descending)
Incident angle/(°) 55.0 53.5
Swaih width/km 11450 1400
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after cross-calibration, the use of these data to the snow depth re-
trieval on seasonal sea ice in the Arctic was examined. The data
on T, were measured by V polarization channels of the MWRI at
18.7 GHz, 23.8 GHz, and 36.5 GHz, and by the H/V polarization
channel at 89.0 GHz to calculate the snow depths (Comiso et al.,
2003). The comparison dataset consisted of the snow depths
measured by the AMSR-E Level-3 standard sea ice products
provided by the National Snow and Ice Data Center.

These snow depths products from the MWRI and AMSR-E
were projected on a standard polar stereographic grid, with an
area identical to that for which the data were being cross-calib-
rated, at a spatial resolution of 12.5 km (Cavalieri et al., 2014;
Markus and Cavalieri, 2008). The temporal coverage of the snow
depth dataset ranged from January 1 to April 30, 2011.

3 Methods

3.1 Cross-calibration method

The MWRI and AMSR-E had similar physical configurations,
overlap times, and study areas in this study. Therefore, robust
linear fitting in the statistical regression method was used to
compare and directly cross-calibrate their values of T;.

3.1.1 Preprocessing the brightness temperature

Matrix data on longitude and latitude, DN data, and scan
times from 10.7 GHz to 89.0 GHz were extracted from the HDF5
files of the MWRI and AMSR-E. The preprocessing of the values
of T} included data projection, quality control, land mask, sea ice
boundary detection, and spatial-temporal matching.

First, the DN values were converted into values of T} using a
scale factor of 0.01 and an offset of 327.68. Values of T} obtained
by the MWRI and AMSR-E (10.7 GHz, 18.7 GHz, 23.8 GHz, 36.5 GHz,
and 89.0 GHz; H and V polarization; ascending and descending
orbits) were projected onto the research region using spherical
polar projection (Markus and Cavalieri, 2008) provided by the
NSIDC. After the projection, the data resolution was 12.5 kmx
12.5 km. Second, the abnormal or erroneous data were removed
in quality control. A 3 x 3 window was used as template to scan
the data. If the standard deviation of the data on T in the tem-
plate was greater than 3 K, the data in the template were re-
moved. In addition, values of T, greater than 320 K or less than 70 K
were deleted (Li and Zhong, 2011). Third, to find the boundary
between coastal water and ice water, a 7 x 7 window was selected
to expand the land mask based on the land mask file from the
NSIDC. The data points were marked as invalid if land points
were obtained in the 7 x 7 window. In addition, using data on the
V polarization of T, at 18.7 GHz and 36.5 GHz from the MWRI,
the intensity ratios and gradients were calculated to determine
the threshold, 0.9, as edges of the sea ice (Svendsen et al., 1983;
Zhang, 2012). Finally, a matching time window was selected in
which the difference between data of the two sensors was less
than 30 min, and spatial and temporal data matching between
the MWRI and the AMSR-E was carried out.

3.1.2 Cross-calibration based on robust linear regression

After data preprocessing, the one-dimensional (1D) se-
quence datasets used for cross-calibration were obtained based
on the matrix data on spatial and temporal matching. Because of
the similar satellite-related parameters and nearly simultaneous
satellite overpass times of the two radiometers, robust linear re-
gression analysis was applied for cross-calibration according to
the followingequation:

Tvwrt — Tamsee = @ X Tamsee + b, (1

where Tyg; and T,y q ; denote data on T, obtained from the
MWRI and the AMSR-E, respectively. The parameters a and b are
the slope and offset of the relationship, in terms of T}, between
the values of the AMSR-E and the MWRI minus the AMSR-E.

Therefore, the calibrated data on T, from the MWRI were cor-
rected using the AMSR-E baseline through the following expres-
sion:

T/ :TMWRlib: 1 T, - b
MWRI a+1 at1 MR LT

@

where

! is the slope and b the offset of the equation of
1 a+1

a
the coefficient of cross-calibration between data on T, obtained
from the MWRI and AMSR-E.

3.2 Snow depth retrieval algorithm

According to the concentration of sea ice, and the proportion-
al relationship between snow depth and surface scattering, snow
depth was calculated by the AMSR-E algorithm (Kelly et al., 2003;
Comiso et al., 2003). The data on T at 36.5 GHz and 18.7 GHz
(V polarization) were used to derive the snow depths on seasonal
sea ice (Comiso et al., 2003). The relevant equations are as fol-
lows:

hs = 2.9 — 782.4 x GRV, 3)

T,(36.5V) — Tp(18.7V) — ky (1 — C)

GRY = 4 (36.5V) + 1,(18.7V) — k(1= C)’ @
ki = Tpo(36.5V) — Tyo(18.7V), ()
Ky = T10(36.5V) + T (18.7V), (6)

where his the snow depth, T, is the average value of the bright-
ness temperature on different channels for open water, and Cis
the sea ice concentration.

Using the above snow depth retrieval algorithm, the daily
snow depths obtained from the MWRI were calculated with the
daily sea ice concentrations based on the ASI algorithm (Kalesch-
ke et al., 2001; Spreen et al., 2008) and the brightness temperat-
ures of the MWRI at 18.7 GHz and 36.5 GHz (V polarization). The
snow depth retrieval algorithm is applicable to dry snow on sea-
sonal ice in the Arctic. The emissivities of 18.7 GHz and 36.5 GHz
are almost identical, because of which the snow depth cannot be
determined for wet snow. Moreover, the algorithm can calculate
only the depths greater than 50 cm because the penetration
depth of microwave signals at 18.7 GHz and 36.5 GHz is less than
50 cm.

4 Results and discussion

4.1 Analyzing results of cross-calibration

According to the robust linear regression, the data on T} from
the MWRI and AMSR-E were cross-calibrated using the AMSR-E
data as the baseline. The different periods of the matching data,
including day, week, half-week and month were compared, and
the month was finally selected as the unit of the matching period.
A randomly selected subset (two-thirds of all matching data from
all chainels; polarization, and both ascending'and descending
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T,) was used as calibration data and the remainder as test data
for validation.

By taking the data in January 2011 as an example of the cross-
calibration, scatter plots of the test ascending data on T, from the
MWRI and AMSR-E are shown in Fig. 1. The regression equa-
tions are given at the top of the figures. They show clear linear re-
lationships between the MWRI and the AMSR-E data. According
to the regression equations, the intercepts of the fitting lines for
the V polarization were greater in number than those for the H
polarization, and the slopes were at about 0.9. The results of fit-
ting of each channel of the horizontal polarization were closer to
y=x than those of the vertical polarization.

Table 2 shows the statistical parameters of cross-calibration,
including the mean deviation (bias), standard deviation (STD),
and correlation coefficient (R) of data on the ascending and des-
cending orbits of the 10.7-89.0 GHz V/H polarization.

Compared with the results before cross-calibration in Table 2,
the biases (mean of MWRI minus AMSR-E) and standard devi-
ations were all corrected. After cross-calibration, the average de-
viation of each channel was about 0 K and the values of standard
deviation had decreased significantly. The biases ranged from
-0.008 9 Kto 0.006 9 K, the standard deviations ranged from 1.316
5Kto 2.567 2 K, and R was up to 99%. The deviations in the V po-
larization of data from each channel before cross-calibration
were larger than those for the H polarization, and the former had
been significantly corrected after calibration. The analysis shows
that the MWRI data had been significantly modified.

Figure 2 shows the statistical histograms for all channels
(10.7-89.0 GHz, H and V polarizations) in steps of 1 K with the
entire ascending and descending orbits T, data. The figures on
the left are the distributions of statistical histogram of the data on
T, obtained by the MWRI and AMSR-E before cross-calibration,
and those on the right show the statistical histogram of the two
sensors after cross-calibration.

The results indicate that the data on T, obtained by the MWRI
were more consistent with those of the AMSR-E than before the
cross-calibration. Cross-calibration through robust linear regres-
sion reduced deviations among the observational data between
the MWRI and the AMSR-E. The variations in microwave
emissivity at frequencies for one-year ice, multi-year ice, and
open water for the vertical and horizontal polarizations (Svend-
sen et al., 1983) showed that the emissivity of the V polarization
was greater than that of the H polarization. The emissivity of
multi-year ice was significantly higher than that of open water.
From scatters of the distribution of T} in Fig. 1, it is clear that the
range of distribution of the H polarization of the data on T,y was

wider than that of the V polarization. The values of T, for the V
polarization were generally higher than those for the H polariza-
tion. The statistical histograms of data from the MWRI and the
AMSR-E in Fig. 2 show a bi-modal structure, except at 89.0 GHz.
In the low-frequency distributions of T, the bi-modal structures
are evident, and reflect the characteristics of open water and sea ice.

4.2 Results for snow depth

The snow depth retrieval algorithm described in Section 3.2
determined the sea ice concentration and the snow depths
mainly using the daily average values of T, at frequencies of 18.7 GHz,
23.8 GHz, and 36.5 GHz (V polarization) as well as 89.0 GHz (H/V
polarization). Based on the parameters of cross-calibration ob-
tained in this study, values of the daily average T, of the above
channels were analyzed and evaluated, and snow depths using
the channels data of the MWRI were further studied in the Arctic.

4.2.1 Assessing the cross-calibration of daily average brightness
temperature

As an example, Fig. 3 shows the distributions of the daily av-
erage values of T, at frequencies 89.0 GHz of the V polarization
on January 1, 2011. The figures on the left are the results of the MWR],
and the figures on the right are those of the AMSR-E. The data
show similar spatial distributions but there are deviations. The
white points and areas in Fig. 3 are the outliers removed by pre-
processing and areas with no observed data.

Based on the analysis in Section 4.1, the parameters of the
monthly cross-calibration were used to process daily average val-
ues of T, as obtained by the MWRI. To reduce the interference of
mixed pixels, the method described in Section 3.1.1 was applied
to the daily average T}, to remove pixels along the edges of the
land and sea, representing ice and water, respectively. Statistical
evaluations were applied to differences in the daily average T,
before and after cross-calibration from November 8, 2010 to
September 30, 2011 (317 d).

Figure 4 shows the bias, standard deviation, and RMSE of the
daily average T as obtained by the MWRI before and after cross-
calibration, with the corresponding data from channels of the
AMSR-E. It can be seen that the parameters of monthly cross-cal-
ibration were effective in terms of calibrating the daily T}, values
of the MWRI, and deviations between the MWRI and the AMSR-E
after calibration were clearly corrected.

The average bias, standard deviation, and RMSE of the daily
average data on T, for each channel are given in Table 3. The de-
viations after cross-calibration were corrected, and the biases
ranged from -0.06 K to -0.71 K. The RMSE and STD values after

Table 2. Comparison of statistical parameters before and after the cross-calibration of matching data on values of T, of the MWRI and

AMSR-E
Before cross-calibration/after cross-calibration
Channel Ascending Descending
Number Bias/K STD/K R Number Bias/K STD/K R
10.7 GHz (V) 27419394 -3.8149/0.0040 4.9654/1.7146 0.9974/0.9991 20619591 -3.7310/-0.0024 5.1985/1.6890 0.997 6/0.999 2
10.7 GHz (H) 25560857 -0.7013/0.0001 4.0813/2.3993 0.9983/0.9994 19202858 0.3223/0.0026 3.6800/2.3125 0.998 8/0.999 5
18.7 GHz (V) 27905067 -1.6467/-0.0009 4.0095/1.3521 0.9974/0.9991 21042823 -1.6441/-0.0063 4.1266/1.3165 0.997 7/0.999 2
18.7 GHz (H) 25962969 0.8583/0.0005 3.0060/1.9097 0.9988/0.9995 19544190 1.5042/-0.0049 2.8954/1.8831 0.9990/0.999 5
23.8 GHz (V) 27975385 -3.0757/0.0003 3.8440/1.6698 0.9927/0.9975 21111826 -2.7832/-0.0002 3.9733/1.6247 0.9933/0.997 7
23.8 GHz (H) 25151517 -0.1646/-0.0034 3.2781/2.1405 0.9976/0.9989 18840245 0.4946/-0.0023 3.2408/2.1675 0.997 9/0.999 0
36.5 GHz (V) 27461876 -2.9808/0.0014 5.2595/2.2467 0.9746/0.9928 20794592 -3.2778/-0.0037 5.2460/2.1279 0.976 9/0.992 7
36.5 GHz (H) 22491629 0.8699/-0.0046 3.3173/2.2198 0.9968/0.9985 16585284 1.5168/0.0005 3.3788/2.2597 0.9969/0.998 5
89.0 GHz (V) 22304 767 -1.4245/0.0069 2.6943/2.4415 0.9887/0.9904 18163675 -1.1087/0.0032 2.6265/2.3934 0.9885/0.990 3
89100GHz () 15749987 /-0.286,0/-0.080,9, 21627 6/2:531 8 2.991 2/0.993 0] 11461 719 0:082 6/-9.0089 2.7476/2/567.2,0.920.5/8.991 8
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Fig. 2. Statistical histograms of data on T, of the MWRI and AMSR-E (before and after calibration) for all channels with H/V
polarizdtion (1efe: original MWREand AMSR: Efright:corrected MWERhand AMSR-E)
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calibration were significantly reduced, except for those for the
channel at 89.0 GHz. The STD and RMSE values of the other
channels ranged from 1.59 K to 2.57 K, and 1.64 K to 2.68 K, re-
spectively. In general, the cross-calibration method used here
was effective at cross-calibrating the data on the daily average T}
of the MWRIL

Furthermore, the two corresponding jumps in the results of
calibration marked in Fig. 4 were analyzed. Observational data
from the FY-3B MWRI were adjusted on May 25, 2011, and led to
uncertainty errors between the MWRI and the AMSR-E data. In
addition, the corresponding jump positions of the data were re-

120°

260

240

220

T/K

200

180

160
60°
MWRI 89 GHz (V)

49

lated to the seasonal characteristics of the Arctic, and were af-
fected by the changes in the physical marine processes during
the periods of the formation and melting of the sea ice. As shown
in Fig. 5, the ratios of the water, ice, and ice-water mixture were
calculated based on the sea ice concentration (SIC) from the AM-
SR-E L3 data provided by the NSDIC. As described in Section
3.1.1, the edges of the sea ice detected using the T, polarization
ratios of the MWRI (Zhang, 2012) were similar to the results ob-
tained for the ice and water boundaries of the AMSR-E L3 SIC
value 15 as threshold. Massom et al. (1998) divided the ice and
water according to the SIC threshold of 75. Here, 15 and 75 were

120°
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TJK

60°
AMSR-E 89 GHz (V)

Fig. 3. Comparison of daily average values of T}, for the MWRI and AMSR-E (V polarization 89 GHz, on January 1, 2011).
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Fig. 4. Comparison of the biases, STD, and RMSE in terms of values of T, between the MWRI and the AMSR-E (channels: V18.7 GHz,
V23.8 GHz, V36.5 GHz, H/V 89.0 GHz), before and after cross calibration.

Table 3. Comparison of statistical parameters before and after
cross-calibration between the MWRI and AMSR-E in terms of
data on the daily average T,

Before cross-calibration/

Channel Fre%ugncy/ after cross-calibration
z Bias/K STD/K RMSE/K
A\ 18.7 -1.98/-0.06 3.06/1.59 4.33/1.64
A\ 23.8 -3.27/-0.07 2.68/1.87 4.82/1.96
A\ 36.5 -3.40/-0.24 3.38/2.57 5.90/2.68
\ 89.0 -1.39/-0.16 3.41/3.44 3.84/3.46
H 89.0 -0.90/-0.71 5.82/5.90 6.00/5.96
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Fig. 5. Ratios of the water, ice, and ice-water mixture in the
Arctic.

used as thresholds. The SIC values greater than 75% is ice, those
smaller than 15% is sea water, and the rest represent areas of ice-
water mixtures.

In the Arctic, the annual sea ice forms from October to
December every year, and its extent gradually increases from
January to March, reaching its maximum in March and early
April. Figure 5 shows that the ratio of sea ice on April 2 reached
71%. The trend of variation in the sea ice was opposite to that of
the sea water. December 30 marked the beginning of the growth
of sea ice, and May 25 was marked the seasonal ice melt after the
sea ice had reached its maximum extent. The distributions of bi-
as, STD, and RMSE in Fig. 4 (especially in channels V18.7 GHz,
23.8'GHz;and 36.5'GHz) stiow the tiends of changeabove two

jump points. The differences in T, between the MWRI and the
AMSR-E were affected by the seasonal changing of sea ice due to
its formation and melting. The annual and seasonal regularities
of the influence of this on the calibration data will be further
studied for other sensors in future research.

4.2.2 Snow-depth comparison

The daily snow depths based on the algorithm described in
Section 3.2 were averaged by a 5-d sliding window to reduce
noise (Li et al., 2019). From January 1 to April 30, 2011, the 5-d av-
erage values of snow depth were derived from the FY-3B/MWRI
brightness temperatures before and after the cross-calibration to
the baseline of the AMSR-E in the overlapping periods.

As an example, in Fig. 6, the distributions of snow depth de-
rived from the MWRI before and after cross-calibration show
similar spatial characteristics to those of the AMSR-E level 3
products on February 5, 2011. The areas in white indicate the
missing data and abnormal points, and those in black represent
snow depths greater than 50 cm. Multi-year sea ices, in light-
gray, represents water in the open sea areas, and the dark gray
represents land. The valid values were 0-50 cm as shown in the
figures with the colored bars.

Figure 7 is a comparison of the daily snow depths, which
shows that the relevant brightness temperatures of the MWRI
after cross-calibration were closer to those of the AMSR-E L3
products. The distribution of the histogram of the snow depth bi-
ases, and the mean absolute error (MAE) between the MWRI and
the AMSR-E L3 products before and after cross-calibration, are
shown in Figs 8-9. As shown in the histogram (Fig. 8), after cross-
calibration, the differences between the datasets were generally
symmetrically distributed around a central value of 0 cm. More
than 99% of the biases were concentrated between +20 cm. The
histogram of biases and the MAE values in Figs 8-9 show that the
results of snow depths retrieval according to values of T, of the
MWRI were more consistent with those of the AMSR-E than the
results before calibration.

Furthermore, the monthly snow depths obtained by the calib-
rated MWRI, and the differences between this and the results of
the AMSR-E L3, were studied to evaluate the effects of cross-cal-
ibration as shown in Table 4. Following cross-calibration, the bi-
ases in monthly snow depths were in the range 0.18-0.38 cm, the
standard deviation ranged from 4.19 cm to 4.80 cm, and the
RMSE ranged'from4.15 civic 481 cm.
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Fig. 6. Comparison of distributions of snow depth derived from the MWRI before and after cross-calibration, and those of the AMSR-E

level 3 in the Arctic.
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Fig. 7. Comparison of snow depth obtained by the MWRI and AMSR-E L3 from January 1 to April 30, 2011 (120 d).

5 Conclusions

This study calibrated data on the monthly Arctic brightness
temperature (7})) obtained by the MWRI and the AMSR-E from
November 18, 2010 to September 30, 2011. The method used was
shown to be useful for the cross-calibration of values of Tj, of the
MWRI as well as the subsequent measurement of snow depths on
seasonal ice in the Arctic. Some deviations were observed
between the MWRI and the AMSR-E T}, data from scatters of the
monthly T, and its daily data distributions, but a clear consist-
ency and linear relationship was noted between the sensors. Us-
ing robustlinear reglession; paraiieters'ofthe mohthly'¢cross-cal-

ibration were obtained at all five frequencies (10.7 GHz, 18.7 GHz,
23.8 GHz, 36.5 GHz, and 89.0 GHz), dual polarization (H, V), and
ascending and descending orbits for the two sensors. Statistical
analysis was carried out to evaluate the performance of the res-
ults of cross-calibration of the matching datasets. Following
cross-calibration, all channels of the MWRI and the AMSR-E data
were corrected. The MWRI T, data were optimized using the
cross-calibration method. Furthermore, the cross-calibration
parameters were applied to data of the daily T, of the channels,
including V18.7 GHz, V23.8 GHz, and V36.5 GHz as well as H/V
89.0 Gz, to calcllate'snow depths on'seasonal sed iee'in the Arc-
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Fig. 8. The histogram of snow depth biases between the MWRI
(before and after cross-calibration) and AMSR-E data from Janu-
ary 1 to April 30, 2011

tic. The parameters of monthly cross-calibration were effective in
correcting the daily data on T}, although there was a certain devi-
ation in the results for snow depth retrieval. Compared with
those of the AMSR-E L3 product, the results were significantly
closer to the AMSR-E data than those before cross-calibration,
and the bias was significantly reduced. The research in the paper
can provide parameter-related support for the application of T},
data of the MWRI from the Arctic.

The instrument-related parameters of the MWRI and AMSR-E
are similar, but there are certain differences in their ground res-
olutions and angles of incidence. The seasonal change in sea ice
during the formation and melting periods also affected the res-
ults of the cross-calibration between the sensors. These aspects
will be investigated further to reduce the differences between
their results. Future work will involve an examination of the
MWRI data of the FY-3 satellite series, seasonal characteristics of
the MWRI as yielded by cross-calibration, and the use of cross-
calibration to the inversion of the parameters of snow and ice in
the Arctic.
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Fig. 9. The Mean absolute error (MAE) of snow depths between the MWRI results and the AMSR-E L3 products from January 1 to

April 30, 2011 (120 d).

Table 4. Monthly statistical evaluation of differences in snow
depth between the MWRI and the AMSR-E L3 after cross-
calibration
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