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Abstract: The Fengyun-4A (FY-4A) satellite is a new-generation geostationary meteorological satellite
developed by China. The advanced geosynchronous radiation imager (AGRI), one of the key payloads
onboard FY-4A, can monitor sea surface temperature (SST). This paper compares FY-4A/AGRI
SST with in situ and Himawari-8/advanced Himawari imager (AHI) SST. The study area spans
30◦E–180◦E, 60◦S–60◦N, and the study period is from January 2019 to December 2021. The matching
time window of the three data is 30 min, and the space window is 0.1◦. The quality control criterion is
to select all clear sky and well-distributed matchups within the study period, removing the influence
of SST fronts. The results of the difference between FY-4A/AGRI and in situ SST show a bias of
−0.12 ◦C, median of −0.05 ◦C, standard deviation (STD) of 0.76 ◦C, robust standard deviation (RSD)
of 0.68 ◦C, and root mean square error (RMSE) of 0.77 ◦C for daytime and a bias of 0.00 ◦C, median
of 0.05 ◦C, STD of 0.78 ◦C, RSD of 0.72 ◦C, and RMSE of 0.78 ◦C for nighttime. The results of the
difference between FY-4A/AGRI SST and Himawari-8/AHI SST show a bias of 0.04 ◦C, median of
0.10 ◦C, STD of 0.78 ◦C, RSD of 0.70 ◦C, and RMSE of 0.78 ◦C for daytime and the bias of 0.30 ◦C,
median of 0.34 ◦C, STD of 0.81 ◦C, RSD of 0.76 ◦C, and RMSE of 0.86 ◦C for nighttime. The three-way
error analysis also indicates a relatively larger error of AGRI SST. Regarding timescale, the bias and
STD of FY-4A/AGRI SST show no seasonal correlation, but FY-4A/AGRI SST has a noticeable bias
jump in the study period. Regarding spatial scale, FY-4A/AGRI SST shows negative bias at the edge
of the AGRI SST coverage in the Pacific region near 160◦E longitude and positive bias in high latitudes
of the southern hemisphere. The accuracy of FY-4A/AGRI SST depends on the satellite zenith angle
and water vapor. Further research on the FY-4A/AGRI SST retrieval algorithm accounting for the
variability of water vapor will be conducted.

Keywords: sea surface temperature; FY-4A; AGRI; Himawari-8; AHI

1. Introduction

Sea surface temperature (SST) is one of the most important variables to monitor ocean
processes and climate change. The acquisition of SST with high spatial and temporal
resolution, high precision, and large range is of great significance to the study of climate
change and marine phenomena, such as ocean circulation, mesoscale vortices, upwelling,
and seawater mixing [1,2]. The Global Climate Observing System declared SST a critical
climate variable [3]. The accuracy of most satellite SST data for marine and atmospheric
applications is about 0.5 ◦C [3], and SST data for climate change monitoring is higher,
which should be less than 0.1 ◦C [3].

The SST observations in the infrared band are mostly by the geostationary orbiting
satellites and sun-synchronous polar orbiting satellites. Compared with polar-orbiting
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satellites, SST observation from geostationary orbit is characterized by higher time resolu-
tion. It can obtain a large-scale diurnal variation of SST, which has important advantages in
observing SST change. SST data from different sensors onboard satellites vary greatly in
data format and error, and data quality is uncertain. Therefore, it is necessary to carefully
evaluate the accuracy of SST data from different sources before applying SST data.

The first Geostationary Operational Environmental Satellite (GOES) was launched in
October 1975 as a joint effort of the National Oceanic and Atmospheric Administration
(NOAA) and the National Aeronautics and Space Administration (NASA). The visible,
infrared spin-scan radiometer (VISSR) onboard the GOES-1/2/3 had an infrared channel
in the 10.5–12.6 µm. Since only one infrared channel existed, the SST could not be retrieved
using the split-window atmospheric correction algorithm [4]. The VISSR atmospheric
sounding instrument (VAS) is a payload onboard GOES-5, 3.9, 11, and 12 µm channels
of VAS that can generate SSTs with an accuracy of 0.9–1.0 ◦C compared with the buoy
data, firstly demonstrating the ability to retrieve SSTs from a geostationary satellite [5,6].
The GOES Imager with five channels had flown on the GOES 8-15 satellites, 3.9, 10.7 and
11.95 µm channels of the GOES Imager onboard GOES 8/9/10/11 can be used for SST
retrieval [6]. GOES-8, launched in May 1994 for the first time, provided SST with similar
accuracy to polar orbiting satellites and improved the spatial resolution compared with
the earlier GOES [7]. GOES-12 became operational in 2003, and the subsequent GOES
13/14/15 only had 3.9 and 10.7 µm channels used to generate SSTs. The bias and STD were
−0.53 ◦C and 0.66 ◦C for daytime, and the bias and STD were −0.51 ◦C and 0.89 ◦C for
nighttime compared with drifting buoy SSTs [8]. The Advanced Baseline Imager (ABI) is a
payload onboard GOES 16/17/18, a new generation stationary satellite imager developed
by the United States [9,10]. 3.9, 8.5, 10.35, 11.2 and 12.3µm channels of ABI can be used for
SST retrieval. The ABI SST algorithms were implemented within the Advanced Clear-Sky
Processor for Oceans (ACSPO) [10,11]. Compared with in situ data, ABI had a bias of
less than 0.1 ◦C and the RMSE of 0.5 ◦C in the Tropical and Southwestern Atlantic Ocean
in 2018 [9]. Compared with M-AERIS SST from January 2018 to October 2019, ABI SST
showed bias and RSD of 0.086 ◦C and 0.220 ◦C, respectively [12].

The Japan Meteorological Agency (JMA) launched the first Japanese geostationary
meteorological satellite (GMS-1) in 1977, followed by GMS-2/3/4/5. The stretched-visible
infrared spin scan radiometer (S-VISSR) onboard GMS-5 provided the SST product with
an RMSE of 0.8 ◦C compared with buoy data [13]. The Multifunctional Transport Satellite
(MTSAT) is the second generation of the Japanese GMS series, including MTSAT-1 and
MTSAT-2. Compared with drifting and moored buoy SST, the bias of MTSAT SST was
close to 0.0 ◦C, the RMSE was 0.8 ◦C, and the RMSE was 0.7 ◦C when the satellite zenith
angle was <50◦ [14]. The SST of the MTSAT-2 imager showed a bias and an STD of 0.26 ◦C
and 0.48 ◦C, respectively, compared with in situ SST in the tropical Western Pacific from
August to October 2015 [15]. Himawari-8 [16] is the latest generation of Japanese GMS
launched on 7 October 2014, and put into operation in 2015. The advanced Himawari
imager (AHI) onboard Himawari-8 consists of 16 observation channels (three visible, three
near-infrared, and ten infrared channels). Channels of 3.9, 8.6, 10.4, 11.2, and 12.4 µm
can be used for SST retrieval [16]. Himawari-8/AHI SST product was developed by
the Japan Aerospace Exploration Agency (JAXA) using a quasi-physical algorithm [17].
The RMSE and bias of AHI SST minus buoy SST from June to September 2015 were
0.59 ◦C and −0.16 ◦C, respectively [17]. The Advanced Clear Sky Processor for Ocean
(ACSPO) Himawari-8/AHI SST product derived by the NOAA ACSPO system, showed a
bias within ±0.2 ◦C and STD of 0.4–0.6 ◦C, respectively, compared with in situ SST [18].
Himawari-8 AHI SST products also produced by the Australian Bureau of Meteorology
for Australian applications [19]. Ditri et al. compared Himawari-8/AHI SST with buoy
SST at TAO moorings and thermometers on the Great Barrier Reef in the tropical Western
Pacific, showing that ACSPO Himawari-8/AHI SST was more consistent with in situ SST
compared with MTSAT-2 SST [15]. Kusuma et al. conducted a comparative analysis of
Aqua/Terra MODIS SST and JAXA Himawari-8/9 AHI SST in Indonesian water, and the
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results showed a bias and an STD of 0.08 ◦C and 0.18 ◦C, respectively [20]. Sukresno et al.
verified JAXA Himawari-8/AHI SST, buoy SST, and multiscale ultrahigh-resolution SST
from December 2016 to July 2017, and the variances were 2.5 ◦C, 0.285 ◦C, and 1.21 ◦C,
respectively [21]. When compared with in situ skin SSTs derived from shipboard Infrared
SST Autonomous Radiometers in the Australian region from January 2016 to March 2017 by
Yang et al., JAXA Himawari-8/AHI SST showed the bias and STD of 0.09 ◦C and 0.30 ◦C,
respectively [22]. Compared with in situ SST, JAXA AHI SST had a bias and an RMSE
between −0.11 ◦C and −0.03 ◦C and between 0.58 ◦C and 0.73 ◦C, respectively, from July
2015 to June 2017 [23]. Wang Peng et al. used the nonlinear SST algorithm (NLSST) to
retrieve the Himawari-8/AHI SST under all weather conditions and verified it with buoy
SST. The results showed an RMSE and a bias of 0.872 ◦C and −0.005 ◦C, respectively [24].
The bias and RMSE of JAXA Himawari-8/AHI SST minus buoy SST from July 2015 to May
2022 were 0.10 ◦C and 0.99 ◦C, respectively [25].

The Spinning Enhanced Visible and Infrared Imager (SEVIRI) is a payload onboard
the second generation of the European stationary meteorological satellite (MSG). It has
12 channels, among which 3.92, 10.8, and 12.0 µm are suitable for SST retrieval [26,27].
In 2012, Le Borgne et al. verified 1-year SEVIRI SST with buoy SST, and the results
showed the bias and STD of 0.07 ◦C and 0.38 ◦C, respectively [28]. Compared with the
improved Argo data, SEVIRI SST showed a bias and an STD of <0.2 ◦C and <0.4 ◦C,
respectively [29]. The Indian National Satellite-3D (INSAT-3D) imager is an improved
version of the Very High-Resolution Radiometer (VHRR-2) onboard INSAT-3D, a new
generation of stationary satellites in India. The bias between INSAT-3D imager SST and in
situ, SST in the Indian Ocean was between −0.16 ◦C and −0.20 ◦C, and the bias between
the two in the Arabian Ocean was −0.27 ◦C [30]. The weather imager (MI) is a payload
onboard the Communication, Ocean, and Meteorological Satellite (COMS), Korea’s first
geostationary satellite and can retrieve SST. Woo et al. used multichannel SST (MCSST)
and NLSST algorithms to retrieve SST. The results showed that for daytime, the MCSST
algorithm had a bias and an RMSE of −0.05 ◦C and 0.65 ◦C, respectively, and the NLSST
algorithm had a bias and an RMSE of −0.02 ◦C and 0.55 ◦C, respectively. For nighttime,
the MCSST algorithm had a bias and an RMSE of −0.09 ◦C and 0.80 ◦C, respectively, and
the NLSST algorithm had a bias and an RMSE of −0.11 ◦C and 0.71 ◦C, respectively [31].

Fengyun-2 (FY-2) is the first generation of the Chinese geostationary meteorological
satellite series. VISSR is a payload onboard the FY-2C/D/E satellite. Infrared channels of
10.9 and 11.9 µm can be used for SST retrieval. When compared with MODIS/Terra data,
FY-2C/D/E/VISSR SST, which was obtained by an atmospheric transmission model, MOD-
TRAN showed a bias of −0.6 ± 1.3 ◦C, −0.2 ± 1.5 ◦C, and 0.4 ± 1.8 ◦C, respectively [32].
Fengyun-4 (FY-4) is the second generation of the Chinese geostationary meteorological
satellite series [33]. FY-4A is the first satellite of this series that was successfully launched
on 17 December 2016, and finally located at 104.7◦E, 36,500 km above the equator. FY-4A
carries an advanced geosynchronous radiation imager (AGRI), interferometric atmospheric
vertical sounding instrument, lightning imager, and space environment monitoring instru-
ment. AGRI consists of 14 observation channels (three visible and near-infrared channels,
three short-wave infrared channels, two medium-wave infrared channels, two water vapor
channels, and four long-wave infrared channels). Channels with central wavelengths of 3.7,
10.7, and 12.0 µm can be used for SST retrieval, and the resulting high temporal resolution
SST is greatly significant in studying air-sea interaction and coastal ocean modeling. The
observation frequency of the full disk is 15 min, and the observation frequency of the Chi-
nese region is 1 min. The spatial resolution ranges from 0.5 km to 1 km for visible channels
and 2 km to 4 km for near-infrared and infrared channels [33–35]. The National Satellite
Meteorology Center (NSMC) of the China Meteorological Administration (CMA) devel-
oped the FY-4A/AGRI SST product using the NLSST algorithm through the FY-4A/AGRI
10.7 and 12.0 µm channels [36]. FY-4A/AGRI SST showed an RMSE of 0.6961 ◦C in China
seas from June 2018 to May 2019 compared with in situ data [37]. He et al. verified the
2019–2021 full disk FY-4A/AGRI SST with buoy SST. The results showed a bias and an
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RMSE of −0.37 ◦C and 0.98 ◦C, respectively, and a median and an RSD of −0.30 ◦C and
0.90 ◦C, respectively [38]. Cui et al. verified full disk FY-4A/AGRI SST with in situ SST
from July 2021 to June 2022. The results showed the optimum quality SST has a bias
between −0.45 ◦C and −0.42 ◦C and an STD between 0.81 ◦C and 0.88 ◦C [36].

This paper aims to investigate the error sources of the AGRI SST products by com-
paring FY-4A/AGRI SST with the in situ SST and Himawari-8/AHI SST from January
2019 to December 2021. Section 2 introduces the materials and methods used in this study.
Section 3 shows the results. Section 4 discusses the results. Finally, Section 5 presents
the conclusion.

2. Materials and Methods
2.1. Materials
2.1.1. FY-4A/AGRI Data

This study used FY-4A/AGRI level 1 GEO data, FY-4A/AGRI level 2 SST product,
and FY-4A/AGRI level 2 atmospheric layer precipitable water (LPW) product from January
2019 to December 2021. The spatial resolution is 4 km, and the temporal resolution is 15 min.
FY-4A/AGRI GEO contains 4-km positioning information obtained by FY-4A/AGRI L0
level source package data after geolocation processing. The data is stored in hierarchical
data format (HDF) and contains datasets such as row number, column number, solar zenith
angle, and satellite zenith angle, among others. By converting the lines and columns
of FY-4A/AGRI data into latitude and longitude on the official website of the Fengyun
satellite, the lines and columns in the geographical positioning data can also be converted
into latitude and longitude. FY-4A AGRI operational SST products were retrieved using the
NLSST algorithm [36]. The following is the regression equation of the AGRI SST algorithm.

SSTR = a0 + a1 × T11 + a2 × TFG × (T11 − T12) + a3 × (T11 − T12)(secθ − 1) (1)

SSTR is the retrieved SST; T11 and T12 are the observed brightness temperature data
of 10.7 µm and 12.0 µm channels, θ is the satellite zenith angle, and TFG is the first guess
SST and ai(i = 0, 1, 2, 3) the regression coefficients of SST were calculated by regression
between in situ SST and the temperature observed by AGRI. AGRI SST data were quality
controlled according to the satellite zenith angle, spatial consistency in 3 × 3◦ data square
and comparison with the background SST. There are four quality flags. The quality level 0
represents good, 1 represents suboptimal, 2 represents bad, and 3 represents invalid. Only
the observations with a zenith angle of less than 70◦ were retrieved. The number of clear
sky ocean pixels was calculated in each 3 × 3◦ square. The retrieved SST was compared
with the background SST. When the pixels met the climatological threshold against the
background SST and all the pixels in the 3 × 3◦ square were clear sky ocean pixels, the
data quality level was 0. When the pixels only met the climatological threshold test, the
quality level was 1, and for other cases, the quality level was 2 [36]. The data is stored in
network common data form (NetCDF) and contains datasets such as SST and data quality,
among others. This study used the data of high-accuracy applications with level 0 quality.
FY-4A/AGRI LPW is an atmospheric layer precipitable water product of FY-4A/AGRI [39].
The data is stored in NetCDF4 and contains datasets such as total precipitable water and
low, middle, and high levels of precipitable water, among others [39]. The data can be
downloaded by ftp at nsmc.org.cn (accessed on 30 April 2023).

2.1.2. Himawari-8/AHI Data

Himawari-8 [16] AHI has 16 observation channels (three visible channels, three near-
infrared channels, and ten infrared channels), and channels with central wavelengths of
3.9, 8.6, 10.4, 11.2, and 12.4 µm are used for SST retrieval. The observation frequency of
the full disk is 10 min, and that of the Japanese region is 2.5 min. The spatial resolution of
Himawari-8/AHI is 0.5–1 km for visible bands and 1–2 km for near-infrared and infrared
bands. Himawari-8/AHI SST product was developed by JAXA using a quasi-physical

nsmc.org.cn
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algorithm [17], the level 2 data were used. The data is stored in NetCDF, and the data
version is 2.0. The projection mode is equal-angle projection, the spatial resolution is 0.02◦,
the time resolution is 10 min, and the data includes datasets, such as SST, longitude, latitude,
data quality, solar zenith angle, and satellite zenith angle. This study used the data of high-
accuracy applications with level 5 quality from January 2019 to December 2021. The data
can be downloaded by ftp at https://www.eorc.jaxa.jp/ptree/ (accessed on 30 April 2023).

2.1.3. In Situ SST

The in situ SST quality monitor (iQuam) version 2.10 dataset was developed at the
NOAA Center for Satellite Application and Research (STAR). The historical data is orga-
nized and stored into files by month, and the data file is in an HDF format. Datasets include
SST, data quality, latitude, longitude, time, depth, atmospheric temperature, and atmo-
spheric pressure. The three main functions of iQuam SST are quality control of SST, near
real-time online monitoring of SST, and providing reformatted SST data [40]. Considering
the accuracy of in situ measurements, the buoy data of the highest quality, level 5 quality,
from January 2019 to December 2021 were used in this study. The data can be downloaded
by ftp at https://www.star.nesdis.noaa.gov/socd/sst/iquam/ (accessed on 30 April 2023).

2.2. Method
2.2.1. Study Area

Figure 1 shows the spatial coverage of the full-disk region of FY-4A/AGRI and
Himawari-8/AHI. The blue and red areas represent FY-4A/AGRI and Himawari-8/AHI,
respectively. Figure 2 shows the distribution of FY-4A/AGRI SST and Himawari-8/AHI
SST products on 1 January 2020, respectively, while the color represents the temperature.
This paper selects the overlap area between Himawari-8/AHI and FY-4A/AGRI as the
study area.
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Figure 1. Spatial coverage of the full-disk region of FY-4A/AGRI (red) and Himawari-8/AHI (blue). Figure 1. Spatial coverage of the full-disk region of FY-4A/AGRI (red) and Himawari-8/AHI (blue).

2.2.2. Matching Method

AGRI’s spatial and temporal resolution is 4 km and 15 min [33], and AHI’s spatial
and temporal resolution is 0.02◦ and 10 min, respectively. Since the spatial and temporal
resolutions of the two data sets were different, the matching criteria of the temporal window
was 30 min, and the spatial window was 0.1◦. The highest-quality data were then selected.
The statistics for daytime were calculated from data where the solar zenith angle was ≤85◦,
while the statistics for nighttime were calculated from the data where the solar zenith
angle was >85◦. The data agreeing within 30 min was projected into a grid of 0.1◦ × 0.1◦

according to the latitude and longitude of the observations, and the SST of each data

https://www.eorc.jaxa.jp/ptree/
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source was averaged in each grid. The matchups were produced only when all 3 SST data
were available.
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The SST after data projection was the mean SST observed in the 0.1◦ × 0.1◦ grid. The
matchup data were further screened considering the inhomogeneity of the data within one
grid since the spatial resolution was different. The difference between the minimum and
maximum SST of FY-4A/AGRI SST and Himawari-8/AHI SST located in the same grid was
calculated. The matchups in which the difference between the minimum and maximum
SST was greater than 1 ◦C were removed to remove the influence of SST fronts on the
results. Since many points fell into a grid during the Himawari-8 projection, matchups
with fewer than 70 Himawari-8/AHI points in a grid were removed to reduce random
errors and ensure clear sky matchups. Finally, the matching results after the removal of
outliers were obtained.

3. Results

The statistics were derived from the matchup data. Here, the number (N), bias, median,
standard deviation (STD), robust standard deviation (RSD), and root mean square error
(RMSE) of the matchups were calculated. Table 1 presents the statistics of the SST difference
in the matchups for daytime and nighttime from January 2019 to December 2021.

Table 1. Statistics of the differences between various SST estimates in the matchups for daytime and
nighttime from January 2019 to December 2021.

N Bias (◦C) Median (◦C) STD (◦C) RSD (◦C) RMSE (◦C)

Daytime

AGRI SST-Buoy SST
176,178

−0.12 −0.05 0.76 0.68 0.77
AHI SST-Buoy SST −0.15 −0.13 0.58 0.44 0.61
AGRI SST-AHI SST 0.04 0.10 0.78 0.70 0.78

Nighttime

AGRI SST-Buoy SST
150,152

−0.00 0.05 0.78 0.72 0.78
AHI SST-Buoy SST −0.30 −0.25 0.60 0.45 0.67
AGRI SST-AHI SST 0.30 0.34 0.81 0.76 0.86

As presented in Table 1, the total number of all matchups was 176,178 and 150,152 for
daytime and nighttime, respectively. The STD, RSD and RMSE of FY-4A/AGRI SST were
higher than those of Himawari-8/AHI SST for both daytime and nighttime. The statistics
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shown in Table 1 were better than those obtained by He et al. [38] and Cui et al. [36]. The
bias of AGRI SST minus in situ, SST in this study was close to 0 ◦C, and STD, RSD, and
RMSE were also lower than He et al. and Cui et al. The quality controls in the matching
procedure to remove the influence of an inhomogeneous SST filed, and the selections of the
most clear-sky data in the spatial window led to more accurate matchups between satellite
and in situ data. Figure 3 shows the density scatterplots of matchups for daytime and
nighttime from January 2019 to December 2021. The correlation coefficients between AGRI
SST and in situ SST exceeded 0.991 for both daytime and nighttime, which exceeded 0.990
between AGRI SST and AHI SST for both daytime and nighttime, reaching the significance
level of 0.001. Figure 4 shows the relative frequencies of each difference. The red lines
show the Gaussian distributions defined using the mean and STD of the difference between
different observation types. The histogram of AGRI minus buoy SST difference shows a
slight cold tail for daytime which may be caused by some undetected clouds. AHI SST
minus in situ SST shows a more negative bias for nighttime, consistent with the results in
Table 1. FY-4A/AGRI SST is higher than Himawari-8/AHI SST for nighttime.
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Figure 3. Density scatterplots of matchups for daytime and nighttime from January 2019 to December
2021. (a) and (d) FY-4A/AGRI SST minus in situ SST; (b) and (e) Himawari-8/AHI SST minus in situ
SST; (c) and (f) FY-4A/AGRI SST minus Himawari-8/AHI SST.

The SST matchups were divided by month to observe the change in SST accuracy over
time. Figure 5a–c shows the monthly variation of SST bias and STD. The red line, blue
line, and vertical error bar represent the monthly bias for daytime, the monthly bias for
nighttime, and the monthly STD, respectively.
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Figure 4. Histograms and statistics of matchups for daytime and nighttime from January 2019 to
December 2021. (a) and (d) FY-4A/AGRI SST minus in situ SST; (b) and (e) Himawari-8/AHI SST
minus in situ SST; (c) and (f) FY-4A/AGRI SST minus Himawari-8/AHI SST.

As shown in Figure 5a, the bias and STD of FY-4A/AGRI SST showed no seasonal
correlation. But the bias of FY-4A/AGRI SST had an obvious bias jump in the study period.
The bias increased significantly in the six months after August 2020, which may be related
to the operational calibration update of FY-4A/AGRI in August 2020 [41]. The calibration
update affected the brightness temperature of satellite data, but the SST retrieval coefficients
had not been updated. Therefore, a relatively larger error was caused after the calibration
update. As shown in Figure 5b, Himawari-8/AHI SST exhibited a larger negative bias for
nighttime during the study period. It may be due to a failure to detect clouds because of
the absence of visible data [17].

A three-way error analysis, a method to empirically estimate the errors of different data
observation types, was used to estimate the errors of AGRI, AHI and buoy SST for daytime
and nighttime from January 2019 to December 2021, Equation (2) can be used [42–44].

σ1 = [ 1
2 (V12 + V31 − V23)]

1/2

σ2 = [ 1
2 (V23 + V12 − V31)]

1/2

σ3 = [ 1
2 (V31 + V23 − V12)]

1/2

(2)

where σi is the error of different observation type i (where i = 1, 2, or 3), Vij is the variance
of the difference between observation types i and j.

As shown in Table 2, the three years estimated SST errors for AGRI, AHI, and buoy
SST were 0.65, 0.43, and 0.39 ◦C for daytime and 0.67, 0.45, and 0.39 ◦C for nighttime. It
indicated that the accuracy of AHI and in situ was better than AGRI. Table 2 showed some
discrepancies compared with He et al. [38], which conducted a three-way analysis using
AGRI SST, in situ SST data and 1/4◦ daily optimum interpolation SST data. The error of
AGRI SST was 0.83 ◦C in He et al., and it was 0.65 ◦C for daytime and 0.67 ◦C for nighttime
in this study. The differences may be caused by the quality controls in matchups and the
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usage of different in situ measurement platforms. In situ data from ship measurements
were not used in our study, which had a lower accuracy [43].
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Table 2. Estimated AGRI, AHI and buoy SST errors using three-way analysis for daytime and
nighttime from January 2019 to December 2021.

σ (◦C)

Daytime Nighttime

year 2019 2020 2021 2019–2021 2019 2020 2021 2019–2021
AGRI 0.55 0.71 0.64 0.65 0.59 0.75 0.61 0.67
AHI 0.45 0.44 0.42 0.43 0.46 0.44 0.45 0.45
Buoy 0.41 0.39 0.38 0.39 0.39 0.39 0.39 0.39

4. Discussion

This section discussed the spatial distribution of SST bias and the relationship between
FY-4A/AGRI SST accuracy and satellite zenith angle and water vapor to further analyze
the factors influencing SST accuracy.

4.1. Spatial Distribution of SST Bias

We first investigated the spatial distribution of SST bias. Figures 6 and 7 show the
spatial relationship between the bias, STD, and number of matchups in the 2◦ × 2◦ grid
for daytime and nighttime from January 2019 to December 2021. Compared with the in
situ SST, a negative bias was observed in the middle and low latitudes of FY-4A/AGRI SST,
and a positive bias was observed in the high latitudes of the southern hemisphere. This
distribution may be related to one set of coefficients used in the retrieval algorithm of full-
disk AGRI SST [36]. In addition, more negative bias appears near 160◦E because the Pacific
region near 160◦E is at the edge of the AGRI SST. NLSST uses a multi-channel atmospheric
correction to estimate SST, but it may still have relatively large errors due to high water
vapor. As shown in Figures 6c and 7c, though the matchups almost covered the entire area
where the two satellites overlapped, the spatial density distribution of matchups was not
uniform because the distribution of in situ data was not uniform. The SST algorithm had
lower accuracy in the area with less in situ data. This affected the distribution of error
statistics to a certain extent. The larger AGRI errors may result from the combined influence
of high satellite zenith angle, water vapor, not uniform in situ data distribution and clouds.
Himawari-8/AHI SST showed more negative bias near the equator, and 80◦E longitude, a
failure to detect clouds may contribute to these biases [17].

4.2. Relationship between SST Accuracy and Satellite Zenith Angle

The relationship between FY-4A/AGRI SST error and satellite zenith angle was in-
vestigated. According to the satellite zenith angle, the matchups were divided into seven
segments, which were 0–10◦, 10–20◦, 20–30◦, 30–40◦, 40–50◦, 50–60◦, 60–70◦, respectively.
The bias, STD, and numbers of FY-4A/AGRI SST minus in situ SST of each segment were
calculated respectively. Figure 8 shows the relationship between FY-4A/AGRI SST accuracy
and satellite zenith angle. When the satellite zenith angle was larger than 50◦, the bias and
STD could reach −0.54 ◦C and 0.96 ◦C, respectively, during daytime, and the bias and STD
could reach −0.35 ◦C and 0.93 ◦C, respectively, during nighttime. It can be seen that when
the zenith angle of the satellite was larger than 50◦, the accuracy of FY-4A/AGRI SST was
affected for both daytime and nighttime. This is mainly because, with the increase of the
zenith angle of the satellite, the radiation needs to pass through a longer distance to the
satellite, making the radiation more susceptible to atmospheric absorption and scattering
in the transmission process.
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4.3. Relationship between SST Accuracy and Water Vapor

According to the water vapor content, the matchups were divided into seven segments,
which were 0–1 g/kg, 1–2 g/kg, 2–3 g/kg, 3–4 g/kg, 4–5 g/kg, 5–6 g/kg, 6–7 g/kg,
respectively. The bias, STD, and numbers of FY-4A/AGRI SST minus in situ SST of
each segment were calculated, respectively. Figure 9 shows the relationship between FY-
4A/AGRI SST accuracy and water vapor. The red line, blue line, and vertical error bar
represented the bias for daytime, the bias for nighttime, and the STD, respectively. The black
histogram represented the number of matchups. When the water vapor was more than
6 g/kg, the bias and STD can reach −0.54 ◦C and 0.96 ◦C, respectively, for daytime, and the
STD can reach 0.94 ◦C for nighttime. It can be seen that STD increased as the water vapor
increased, and water vapor can affect the accuracy of FY-4A/AGRI SST. Since the cloud
coverage was relatively higher in regions with high water vapor, the number of satellite
SST was reduced in the regions. The less number of matchups was one factor contributing
to the lower accuracy of the SST algorithm in the regions with high water vapor.
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In the future, we will divide the water vapor intervals according to the brightness
temperature difference of FY-4A/AGRI 10.7 and 12.0 µm channels and develop an SST
algorithm with different retrieval coefficients according to water vapor range.

5. Conclusions

This paper mainly investigated the error sources of the AGRI SST products by com-
paring FY-4A/AGRI SST with in situ SST and Himawari-8/AHI SST with the time series
from January 2019 to December 2021. The following are the main conclusions of this study:

Compared with in situ SST, FY-4A/AGRI SST had a bias of −0.12 ◦C, and the median
was −0.05 ◦C. STD was 0.76 ◦C, RSD and RMSE were 0.68 ◦C and 0.77 ◦C, respectively,
for daytime, and the bias was 0.00 ◦C, the median was 0.05 ◦C, STD was 0.78 ◦C, RSD and
RMSE were 0.72 ◦C and 0.78 ◦C, respectively, for nighttime. The results of the difference
between FY-4A/AGRI SST and Himawari-8/AHI SST showed a bias of 0.04 ◦C, median
of 0.10 ◦C, STD of 0.78 ◦C, RSD of 0.70 ◦C, and RMSE of 0.78 ◦C for daytime and the
bias of 0.30 ◦C, median of 0.34 ◦C, STD of 0.81 ◦C, RSD of 0.76 ◦C, and RMSE of 0.86 ◦C
for nighttime.

The STD, RSD and RMSE of FY-4A/AGRI SST were higher than those of Himawari-
8/AHI SST for both daytime and nighttime. One set of coefficients was used in the retrieval
algorithm of full-disk AGRI SST, which may lead to larger errors of AGRI than AHI SST.
It can be seen that FY-4A/AGRI SST accuracy needs to be improved. During the study
period, no significant correlation was found between the bias and STD of FY-4A/AGRI
SST difference and time, but there was an obvious bias jump in the study period may be
because of the operation calibration update.

The AGRI SST accuracy is dependent on the satellite zenith angle and water vapor.
Further research on the FY-4A/AGRI SST retrieval algorithm accounting for the variability
of water vapor will be conducted to improve the FY-4A/AGRI SST accuracy.
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