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Abstract: Sea surface temperature (SST) is one of the important parameters of global ocean and climate research, which
can be retrieved by satellite infrared and passive microwave remote sensing instruments. While satellite infrared SST offers
high spatial resolution, it is limited by cloud cover. On the other hand, passive microwave SST provides all-weather
observation but suffers from poor spatial resolution and susceptibility to environmental factors such as rainfall, coastal
effects, and high wind speeds. To achieve high-precision, comprehensive, and high-resolution SST data, it is essential to
fuse infrared and microwave SST measurements. In this study, data from the Fengyun-3D (FY-3D) medium resolution
spectral imager I (MERSI-IT) SST and microwave imager (MWRI) SST were fused. Firstly, the accuracy of both MERSI-
IT SST and MWRI SST was verified, and the latter was bilinearly interpolated to match the Skm resolution grid of MERSI
SST. After pretreatment and quality control of MERSI SST and MWRI SST, a Piece-Wise Regression method was
employed to correct biases in MWRI SST. Subsequently, SST data were selected based on spatial resolution and accuracy
within a 3-day window of the analysis date. Finally, an optimal interpolation method was applied to fuse the FY-3D
MERSI-II SST and MWRI SST. The results demonstrated a significant improvement in spatial coverage compared to
MERSI-IT SST and MWRI SST. Furthermore, the fusion SST retained true spatial distribution details and exhibited an
accuracy of —0.12+0.74°C compared to OSTIA SST. This study has improved the accuracy of FY satellite fusion SST
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1 INTRODUCTION

Sea surface temperature (SST) is widely used in
climate change monitoring, weather and ocean forecasting,
national defense and military operations, ocean and
atmospheric models, tourism, marine fisheries, and other
fields . However, SST observation based on ships and
in situ methods is insufficient for large-scale real-time
monitoring . Satellite-based SST monitoring primarily
utilizes infrared and microwave sensors [8'10], each with
distinct advantages and limitations "', While infrared
sensors offer high spatial resolution, they cannot retrieve
SST data in the presence of cloud cover ") resulting in
limited SST coverage !, On the other hand, passive
microwave sensors enable all-weather observation but
suffer from poor spatial resolution and susceptibility to
environmental factors such as rainfall, coastal effects, and
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high wind speeds ["*. Consequently, the fusion of SST

data from both infrared and microwave sensors is essential
to achieve a high-resolution, comprehensive, and accurate
SST distribution field "*'".

Early efforts by Chinese and international scholars in
multi-satellite SST fusion have encompassed various
fusion methods, including the stepwise revision method,
mixed analysis method, OI method, three-dimensional
variation method, and statistical optimal estimation
method . These efforts mainly focus on the fusion of
foreign satellite SSTs, the main fusion products include:
the optimum interpolation SST (OISST) V2.0 [2%
developed by the National Oceanic and Atmospheric
Administration (NOAA) National Climatic Data Center
(NCDC) of the United States using the optimal
interpolation (OI) method to fuse Advanced Very High
Resolution Radiometer (AVHRR) and Advanced
Microwave Scanning Radiometer (AMSR) data, the daily
real-time global sea surface temperature-high resolution
analysis (RTG-HR) SST ! developed by the US NOAA
National Centers for Environmental Prediction (NCEP)
using the two-dimensional variational method to fuse the
AVHRR and in-situ data, the operational sea surface
temperature and sea ice analysis (OSTIA) SST %
developed by the UK Met Office using the multi-scale
OI technology to fuse the AVHRR, AMSR, Microwavelmager
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(TMI), Advanced Long Track Scanning Radiometer
(AATSR) and spinning enhanced visible and infrared
imager (SEVIRI) data, the Canadian Meteorological
Centre (CMC) SST ! developed by the Canadian
Meteorological Agency using OI technology to fuse
AVHRR, Visible Infrared Imaging Radiometer Suite
(VIIRS) and AMSR data. Some scholars have also made
positive attempts to fuse Chinese satellite SST products.
Qi and Lin ®Y used the OI method to fuse Chinese marine
satellite SST products, Miao et al. ) used NOAA’s Local
Analysis Prediction System (LAPS) to fuse Chinese
meteorological and marine satellite SST products, and
Liao % used the OI method and the Kalman filtering
method to reconstruct Chinese Fengyun-3C (FY-3C) SST
data. However, none of these fusion products was
published.

FY-3 satellites are China’s second generation of polar
orbit meteorological satellites ") FY-3A and FY-3B are
experimental application satellites, and FY-3C, FY-3D,
FY-3E, FY-3F, and FY-3G are operational satellites **.
The operational satellites have successfully launched the
morning orbit satellite FY-3C and FY-3F, the afternoon
orbit satellite FY-3D, the early morning orbit satellite FY-
3E and the inclined orbit satellite FY-3G. Medium
resolution spectral imager II (MERSI-II) and microwave
imager (MWRI) carried on the FY-3D can both realize the
retrieval of SST. This paper mainly introduces the fusion
algorithm and quality validation of FY-3D MERSI-II SST
and MWRI SST.

2 DATASETS

2.1 FY-3D/ MERSI-II SST

FY-3D/MERSI-II SST uses the same statistical
algorithm as FY-3C ") and the retrieval model is shown
in Eq. 1 and Eq. 2. The regression coefficient is obtained
byregression calculation using the matching data of
satellite observation brightness temperature and quality-
controlled in-situ SST from the in-situ quality monitor
(IQUAM) P under clear sky conditions.

T, = ay+ a1y +ayTe(h— 1) +as(Ty— Thp) (1
(secd—1)

Ii=agtah+ay Tyt az Ty tay(Ty— Tp)(secf— 1) (2)
+as(sec0—1)

where 7T, is the inverted SST, 7,, T, and T, are
respectively 3.8um, 10.8um and 12um channel
brightness temperature; a,—as are regression coefficients,
0 is the zenith angle of the satellite, and Tg is the first
guess SST. This paper selects Copernicus Climate Change
Service (C3S) V2.0 BY as the first guess SST. Eq. 1 is a
daytime algorithm, and Eq. 2 is a nighttime algorithm. The
details of retrieval methods can be found in Wang et
al. ™). MERSI-II SST includes orbit products of I1km
resolution and daily, ten-day, and monthly products of Skm
resolution with quality flags. The pixels with the best

quality flag are those whose zenith angle is less than 50
degrees, which has passed the spatial consistency test [,
and the absolute deviation is less than 2°C compared with
C3S daily SST. Pixels with the best quality flag are
selected for fusion.
2.2 FY-3D/ MWRI SST

FY-3D MWRI SST uses the same statistical algorithm
as FY-3C ¥, and the retrieval model is shown in Eq.3 (3],
The regression coefficient is obtained by regression
calculation using the matching samples of satellite
observation brightness temperature and in-situ
observation SST under non-rainfall conditions.

9
L= a0+2(aiti+biti2) 3)
i=1

where T, is the inverted SST. For 10.65, 18.7, and
36.5 GHz observed brightness temperature, ¢ =T —150, and
for 23.8 GHz observed brightness temperature, 7=-In
(290-T ), where Ty is the MWRI observed brightness
temperature at the corresponding frequency and
polarization, and a and b are the regression coefficients.
The details of the retrieval methods can be found in Zhang
et al. ¥, MWRI SST includes orbit products of 10km
resolution and daily, ten-day, and monthly products of
25km resolution with quality flags. The pixels with the
quality flag of 50 have an absolute deviation of less than
1.5°C compared with the 30-year daily mean OISST from
1982 to 2011. Pixels with a quality flag of 50 are selected
for fusion.
2.3 OSTIA SST

OSTIA SST fuses the in-situ, AVHRR, AMSR, TMI,
AATSR, and SEVIRI SST data. All satellite SST data have
been corrected using AATSR and in-situ SST P¥. It can
provide near-real-time Skm resolution SST with an error of
less than 0.3°C PB*% This study uses OSTIA SST as
validation data.

3 METHOD

3.1 Quality validation of FY-3D MERSI-II SST and
MWRI SST

The quality of the daily MERSI-II SST with the best
quality flag and the daily MWRI SST with the quality flag
of 50 are validated using the OSTIA data. MERSI-II SST
and OSTIA SST have the same spatial resolution (5km);
the difference between MERSI-II SST and OSTIA SST
can be calculated directly by selecting the same grid point.
For MWRI SST with a coarse spatial resolution (25km),
the OSTIA SST in the MWRI grid is averaged and then
calculated for error statistics.

Choose October 2020, January, April, and July 2021
to represent autumn, winter, spring, and summer,
respectively. The daily error curve is shown in Fig. 1.
The bias reflects the deviation between the retrieval and
true values. In contrast, the root mean square error
(RMSE) reflects the degree of dispersion between the
retrieval value and the true value, which can better reflect
the actual situation of the error B%. Therefore, we
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Figure 1. Daily error statistical curve of daily and nightly orbit synthesis MERSI SST and MWRI SST in October 2020, January, April,

and July 2021.

prioritize the data source with a smaller RMSE during
fusion. The error statistical results show that the accuracy
of MERSI-II nighttime SST is —0.28+0.57°C, the accuracy
of MERSI-II daytime SST is 0.02+0.72°C, the accuracy of
MWRI daytime SST is —0.10+0.87°C, and the accuracy of
MWRI nighttime SST is —0.18+0.91°C. The RMSE of
MERSI-II SST is smaller than that of MWRI SST, mainly
because the calibration accuracy of MERSI-II is better
than that of MWRI ©7**. The RMSE of infrared SST at
night is less than that in the daytime, mainly because the
3.8 um channel is not available in the daytime due to the
influence of solar reflection and scattering. Still, the
3.8 um channel is used at night, which is not sensitive to
water vapor and is beneficial to improve the retrieval
accuracy of infrared SST at night ). However, the RMSE
of microwave SST in the daytime is less than that at night,
mainly because the stability of MWRI ascending orbit (in
the daytime) is better than that of descending orbit (in the
night) P,
3.2 Bias correction of MWRI SST

The quality validation results in Section 3.1 show that
the RMSE of MWRI SST is significantly greater than that
of MERSI-II SST. Therefore, to ensure the fusion SST’s
accuracy, this paper makes a bias correction for MWRI
SST. The commonly used bias correction methods include
Poisson’s equation method, empirical orthogonal function
and empirical orthogonal function telecorrelation method,
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probability density function method, Piece-Wise
regression method, etc. 29 In this study, the SST bias is
corrected by the Piece-Wise regression method. This
method establishes a regression model to match the
associated in-situ SST with daily climatological SST, and
the optimal match-ups are selected through the error
analysis of the associated variables in the model; SSTs are
then recalculated by using these optimal match-ups in the
Piece-Wise regression model:

Ty = by+ by T+ by(T,~ T) @)
where Ty is the MWRI SST after bias correction, by—b, is
the regression coefficient calculated from the optimal
match-ups, T, is the MWRI SST before bias correction,
and T, is the 30-year daily mean OISST. The details of the
correction methods can be found in Liao ),

It can be seen from Fig. 2 that the regions of MWRI
SST with large bias after bias correction are significantly
less than those before bias correction, and the overall bias
is closer to 0°C in distribution. After bias correction, the
pixel with an absolute deviation of less than 1.5°C
compared with the 30-year daily mean OISST was also
marked as 50. The proportion of samples with the quality
flag of 50 to all ocean surfaces except sea ice before and
after bias correction was 61.14% and 67.93%, respectively,
and the proportion of samples with the quality flag of 50
after bias correction was increased by about 7%. Then, the
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Figure 2. Difference distribution between OSTIA SST and MWRI SST (a) before bias correction and (b) after bias correction on 15

July, 2021.
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quality of the MWRI SST after bias correction with the
quality flag of 50 in October 2020, January, April, and July
2021 are validated using the OSTIA data. The daily error
curve is shown in Fig. 3. The error statistical results show
that the accuracy of the MWRI daytime SST after bias
correction is 0+0.78°C, and the accuracy of MWRI
nighttime SST after bias correction is —0.04+0.79°C. The
bias after bias correction is significantly reduced compared
with that before bias correction, and the RMSE is reduced
by about 0.1K compared with that before bias correction.
3.3 Fusion algorithm

First, FY-3D/MERSI-II SST with a spatial resolution
of 25km is bilinearly interpolated to the Skm resolution
grid of MERSI-II SST. After pretreatment and quality
control of MERSI-II SST and MWRI SST, a Piece-Wise
Regression method is used for bias correction of MWRI
SST; then the SST is selected in order of priority according
to the spatial resolution and data accuracy using SST
within 3 days of analysis date as follows: MERSI-II
nighttime and daytime SST of analysis date, MERSI-II
nighttime, and daytime SST of the previous day of analysis
date, MERSI-II nighttime and daytime SST of previous
two days of analysis date, MWRI daytime and nighttime
SST of analysis date, MWRI daytime and nighttime SST of
previous day of analysis date, MWRI daytime and
nighttime SST of previous two days of analysis date.
Then, the OI method is used to fuse the SST.

Ol is an analysis method to minimize the variance of
the analysis error estimated from the observation and
background errors, assuming that the observation data and
background field are unbiased estimates. In this method,
the values on the spatial grid points are obtained by
calculating the weights of the observed data and the
background field, which makes the analysis error of the
grid point to the minimum. The analysis increment at grid
point k can be expressed as:

Tk :Zilwik% (5)
where ¢; is the observation increment at grid point i,
obtained by subtracting the background field from the
observation. N is the number of data. wy is the weight for
q;. The subscript £ is the grid point in the analysis, and the
subscripts i and j (used below) stand for the location of

observation. Using Eq. 5, the analysis increments are
calculated on the grid points; then, the SST analysis values
can be obtained by adding the background values to them.
In this study, the OSTIA SST at the previous time is
selected as the background field.

If the analysis error, observation error, and
background error of the grid point k are a;, B,, 1,
respectively, then

q;=n*p; (6)

N
ap=r =N = Wadi~ (7

Substitute Eq. 7 into Eq. 6 and solve the variance sum
of the analyzed SST field.

2 2
Z/]:,:](ak) = Z/jcvzlzljllwik(ni—’_lgi)_nk} (8)

wix can be solved by making the partial derivative of
Eq. 8 with respect to wy, (=1, 2, ..., N; k=1, 2, ..., N), and
making the partial derivative equal to zero. In this way, the
following series of linear equations can be obtained:

N

o Mywy = <77j’7k> ©)
where j=1, 2, ..., N.
M= <’7i’7./> +8,€_,-</)’ﬁ,-> (10)

In Eq. 10, <11,-77 j> is the mathematical expectation for

the correlation error of the background field, <,6’ i) j> is the

mathematical expectation for the correlation error of the
observation field, and ¢ is the noise-to-signal standard

deviation ratio; here 0.5 is used. <17,-i7j> is assumed
Gaussian, expressed as:

2 2
—(xi—x)" i —yy)
}71}7] = eXp ) 2j + 121 (11)
x y

where x; —X; and y, —y, are the zonal and meridional
distance between grid i and j; 4, and 4, are the zonal and

meridional scale parameters of correlation length; here,
150 km is used for both 4, and 4,.
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Figure 3. Daily error statistical curve of MWRI SST after bias correction in October 2020, January, April, and July 2021.
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Assuming that the data errors are not correlated, then:

(BB;) =95 (12)
For satellite data, it is assumed that the correlation
and uncorrelation between data errors account for half

respectively; then, <ﬁ,~,6‘j> = 0.5(<i1,nj> +J;) , where 9, =1
when i, and 6;; =0 when i#/.

4 RESULTS

It can be seen from Fig. 4 that MERSI-II SST has
many areas without retrieval results due to the influence of
clouds, with a space coverage rate of 44%. In contrast,
MWRI SST has many blank areas between strips due to
narrow width, with a space coverage rate of 55%, the
space coverage of the fusion SST is significantly improved
compared to MERSI-II SST and MWRI SST. Comparison
between Fig. 4(c) and Fig. 4(d) shows that the fusion SST

(2)

150°W 100°W  50°W 0° 50°E  100°E 150°E

and the OSTIA SST have good consistency, and the fusion
SST can retain the true spatial distribution details of SST.
Due to cloud coverage in the Antarctic region, the fusion
SST data mainly comes from the MWRI SST, while in the
low SST region, the detection sensitivity of MWRI is
reduced due to the lack of a 6.9 GHz channel ", resulting
in a high bias of SST 17,

The accuracy of the fusion SST on October 2020,
January, April, and July 2021 are validated using OSTIA
data. The results are shown in Fig. 5; it can be seen that the
daily error of the fusion SST is basically stable, with an
accuracy of —0.12+0.74°C (Table 1). The main reason for
seasonal differences in fusion SST is that the SST data
sources participating in the fusion have seasonal differences
in spatial coverage and accuracy. Samples where the
difference between fusion SST and OSTIA SST is less
than +1K account for more than 70% of the total, indicating
that fusion SST and OSTIA SST have good consistency.
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Figure 4. Global distribution of (a) daytime MERSI SST, (b) daytime MWRI SST, (c) fusion SST, (d) OSTIA SST, and (e) difference

between fusion SST and OSTIA SST on 3 April, 2021.
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Figure 5. Daily error statistical curve of fusion SST in October 2020, January, April, and July 2021.

Table 1. Error statistical results compared with OSTIA SST.

Bias RMSE
SO
MERSI daytime SST 0.02 0.72
MERSI nighttime SST -0.28 0.57
MWRI daytime SST before bias correction —0.10  0.87
MWRI nighttime SST before bias correction -0.18  0.91
MWRI daytime SST after bias correction 0.00 0.78
MWRI nighttime SST after bias correction —0.04  0.79
Fusion SST -0.12 0.74

5 CONCLUSION AND DISCUSSION

Chinese FY satellites are in urgent need of fusion
SST. This paper utilized the OI method to fuse FY-3D/
MERSI-IT SST and MWRI SST, and conducted quality
validation. The conclusions are as follows:

(1) The order of accuracy from high to low is
MERSI-II nighttime SST, MERSI-II daytime SST, MWRI
daytime SST, and MWRI nighttime SST;

(2) After bias correction, the RMSE of MWRI SST is
reduced by about 0.1K compared with that before bias
correction;

(3) Data fusion has proven to effectively enhance the
spatial coverage of SST, thereby better meeting the
requirements of model assimilation and business
applications when compared to using solely infrared or
microwave SST.

(4) Compared with OSTIA SST, the accuracy of
fusion SST is slightly lower than MERSI-II SST and
higher than MWRI SST.

The accuracy of fusion SST is highly dependent on
the accuracy of MERSI-IT SST and MWRI SST. Therefore,
further optimization of the retrieval and quality control
algorithms of MERSI-II and MWRI SST and optimize the
model parameters of fusion algorithms are the key to
further improving the accuracy of Chinese FY satellite
fusion SST. We will also try to apply artificial intelligence
methods to bias correction. In addition, the influence of the
diurnal variation of SST ™! is not considered in this paper,
and the diurnal variation model will be established later to
correct the diurnal variation.
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