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Abstract

:

The measurement of sea surface temperature (SST) is of utmost importance in the realm of oceanography. The increasing utilization of satellite data in SST research has highlighted the crucial need to compare and evaluate various satellite data sources. Using iQuam2 in situ SST data, this study aims to assess the accuracy of SST datasets obtained from three polar-orbiting satellites (AVHRR, Modis-Aqua, and Modis-Terra) and one geostationary satellite (Himawari-8) in the Bohai-Yellow-East China Sea (BYECS) throughout 2019. The results showed a strong correlation between satellite and in situ data, with R correlation coefficients exceeding 0.99. However, the accuracy of the satellite datasets exhibited some variability, with Himawari-8 showing the highest deviation error and MODIS-Aqua showing the least. Subsequently, the Modis-Aqua data were used as a benchmark to evaluate the SST data of the other three satellites over the previous six years (July 2015–June 2021). The results indicate that, in addition to intricate temporal variations, the deviations of the three satellites from Modis-Aqua also show significant spatial disparities due to the effect of seawater temperature. Compared to Modis-Aqua, the deviation of Himawari-8 generally displayed a negative trend in BYECS and showed pronounced seasonal variation. The deviation of AVHRR showed a negative trend across all regions except for a substantial positive value in the coastal region, with the time variation exhibiting intricate features. The SST values obtained from MODIS-Terra exhibited only marginal disparities from MODIS-Aqua, with positive values during the day and negative values at night. All three satellites showed significantly abnormal bias values after December 2020, indicating that the MODIS-Aqua-derived SST reference dataset may contain outliers beyond this period. In conclusion, the accuracy of the four satellite datasets varies across different regions and time periods. However, they could be effectively utilized and integrated with relevant fusion algorithms to synthesize high-precision datasets in the future.
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1. Introduction


The sea surface temperature (SST) is a comprehensive parameter that can characterize solar radiation, air–sea interactions, and the dynamic processes within the ocean interior. It can help us understand, monitor, and forecast ocean parameters of air–sea interaction and provide important information on the global climate system [1]. Not only does it play a significant role in the study of water vapor and heat exchange at the sea surface, it also serves as a crucial indicator for the investigation of ocean circulation, fronts, water masses, and other dynamic processes occurring within the ocean [2]. SST plays a key role in controlling the Earth’s climate system on a global scale, which underlines the importance of having accurate measurements of SST and monitoring of SST at different times and spaces [3,4]. Multi-scale variation of SST has become a focal point in oceanographic research, as it aids in the study of the relationship between global warming and oceanic heat content. Additionally, it provides insight into the impact of global climate anomalies on both oceanic and atmospheric dynamic processes [5,6].



SST data are primarily obtained through shipborne or buoy in situ observations and satellite remote sensing. The in situ data have reliable accuracy, but their spatial resolution and coverage are relatively low. Additionally, the quality and completeness of the in situ data are not optimal because the matched database contains a small number of outliers [7]. As satellite SST data can be acquired with high spatio-temporal resolution and large area quasi-synchronization, they are increasingly used in various studies of oceanography. Satellite SST data from infrared sensors have better spatial resolution, i.e., around 1–4 km, compared to microwave radiometer data, with resolution of around 25 km [8,9], and are widely used at present to show SST spatial distribution and temporal variation. Satellite infrared data are easily affected by cloud cover, resulting in less effective observation data. Especially in coastal areas, cloud cover can cause gaps in satellite data [10]. Therefore, multi-source satellite data are also fused to improve the spatial coverage of SST products. Several infrared SST datasets are available now and have been used in various oceanographic studies. However, different SST datasets are processed with different accuracy from different sensors and inversion algorithms. Therefore, it is important and necessary to perform accuracy verification and cross-comparisons on multi-source satellite data.



Gong et al. [11] validated the accuracy of MODIS-Terra SST daytime and nighttime products by comparing them with the timing SST measurements from ships in the East China Sea (ECS) in February, May, August, and November of 2001. They found that the MODIS SST daily products demonstrated good accuracy with a mean absolute percentage error (MAPE) of below 5%. Similarly, Hao et al. [12] used in situ buoy data to examine and validate the MODIS Aqua and Terra SST products for coastal waters in the Yellow Sea. They discovered that the MODIS SST agreed well with in situ buoy SST, with squared correlation coefficients R2 of 0.989 for Terra and 0.987 for Aqua. Saleh et al. [13] employed the iQuam SST dataset to validate MODIS SSTs in the Arabian Gulf and concluded that MODIS SSTs had a slight cool nighttime bias compared to iQuam SSTs, with a mean ± SD of −0.36 ± 0.77 °C for Aqua and −0.27 ± 0.83 °C for Terra from July 2002 to May 2020. The daytime MODIS SST observations displayed a lower negative bias for both Aqua (Bias = −0.052 °C, SD = 0.93 °C) and Terra (Bias = −0.24 °C, SD = 0.90 °C). After comparing MODIS SST data with observations from an oceanographic buoy in the SE Baltic and two coastal hydrographic stations in the Curonian Lagoon, Igor et al. [14] found that the daytime SST from MODIS exhibited excellent agreement with in situ data, with a positive bias (RMSD) not exceeding 0.49 °C (1.31 °C) and R2 not lower than 0.78. Shuva, M.S.H. et al. [15] used MODIS-T to compare day and night SST in the northern Bay of Bengal; the results showed that MODIS-T exhibited a significant moderate correlation (r = 0.54) with NODC in situ data.



Chen et al. [16] conducted a comparison between AVHRR SST products and buoy SSTs in the stable operational period of each satellite in the Northwest Pacific Ocean. Their findings revealed that the SST product accuracy varied for each satellite during different periods. In the northern South China Sea (NSCS), the accuracy of AVHRR and TMI daytime and nighttime SSTs were validated using in situ SSTs from drifting buoys and well-calibrated sensors on R/V Shiyan 3. The results showed that the AVHRR SSTs had regional biases of approximately −0.4 °C against drifting buoy SSTs [17]. Another study by Xi et al. [18] assessed the accuracy of AVHRR, MODIS-Aqua, and MODIS-Terra using Argo data for the Northwest Pacific region between 2003–2009. The findings revealed that there was a bias of ±0.2 °C between infrared products and Argo products, with an RMSE within 0.8 °C and significant seasonal and diurnal cycles.



Leveraging the Advanced Himawari Imager’s (AHI) data onboard the state-of-the-art geostationary meteorological satellite Himawari-8, the Japan Aerospace Exploration Agency (JAXA) collaborated with the Japan Meteorological Agency (JMA) to unveil a new SST product in 2016. This novel product boasts observation frequencies every 10 min and an impressive spatial resolution of 2 km. In contrast to the SST products of polar-orbiting satellites, this new product offers superior temporal resolution and wider spatial coverage, making it ideal for investigating short-term dynamic oceanic processes. Several scholars have used Himawari-8 data to study and analyze many ocean dynamics elements such as upwelling [19], currents [20], fronts [21], Chl-a [22], marine heatwaves [23], and so on, indicating that this high-resolution dataset is being widely used.



The meticulous evaluation conducted by JAXA, which compared Himawari-8 SST with drifting and tropical moored buoy data, demonstrated a root-mean-square difference of approximately 0.59 K and a bias of approximately −0.16 K. Moreover, a few studies have also attested to the accuracy of Himawari-8 SST. Angela et al. [24] compared the SST of Japanese geostationary satellite MTSAT-2 and Himawari-8 with the subsurface in situ temperature measurements from the Tropical Atmosphere Ocean (TAO) array and self-recording thermometers at the depths of corals in the Great Barrier Reef. The results indicated that the Himawari-8 provides more accurate SST measurements compared to those from MTSAT-2. At various locations where in situ measurements were taken, the mean Himawari-8 SST error showed an improvement of about 0.15 K. In another study, Tu et al. [25] validated the Himawari-8 full-disk SST using iQuam2 in situ SST and found small biases, i.e., between −0.11 and −0.03 K, with a root mean square error (RMSE) of between 0.58 and 0.73 K.



In summary, while several studies have validated and cross-compared satellite infrared sea surface temperature (SST) data using different field data in various oceanic water areas, a comprehensive evaluation of commonly used SST datasets is still necessary. The differing accuracy of SST data employed by researchers can render it challenging to determine the reliability and comparability of their findings. In this paper, we evaluate the accuracy of four satellites that remote sense infrared sea surface temperature data (namely, Himawari-8, AVHRR, Modis-T, and Modis-A) in the Bohai-Yellow-East China Sea (BYECS) using iQuam2 SST in situ data from 2020. We compare the other three satellite datasets with that of MODIS-Aqua as the validation dataset and analyze the spatial and temporal distributions of sea surface temperature products, as well as the differences among the four satellite datasets, during both daytime and nighttime, to evaluate the characteristics of the four datasets. The proposed step-by-step research is illustrated in the following block diagram (Figure 1).




2. Materials and Methods


2.1. Study Area


The BYECS, encompassing the Bohai Sea, Yellow Sea, and East China Sea, is situated at 117–130° E and 24–40 ° N and is an important confluence point of China coastal water masses, shelf mixed water masses, and Kuroshio water masses (refer to Figure 2). Additionally, it is characterized by strong tidal systems and significant river inflows, making its hydrological environment exceedingly intricate. This area has been a topic of interest for oceanographers for a long time, as variations in the marine environment have a direct impact on China’s inland climate and the utilization of coastal marine resources. Given its shallow water depth and limited volume capacity, coupled with the effects of local complex dynamic processes and external variation signals, the hydrological elements in the BYECS exhibit multi-scale spatiotemporal variation characteristics, rendering it a crucial and distinct research region.




2.2. Dataset


2.2.1. Himawari-8 SST


The Himawari-8 satellite, which serves as a geostationary meteorological apparatus, was developed by the Japan Meteorological Agency to supplant the former Japanese Multifunctional Transport Satellite 2 (MTSAT-2) and was operationalized on the 7 July 2015. Positioned at 140.7°E, it captures images of the Earth between 80°E to 160°W and at latitudes ranging from 60°N to 60°S. Onboard the Himawari-8 is the Advanced Himawari Imager (AHI), an optical radiometer. AHI has a scanning frequency of 10 min for the full disk and 2.5 min for the regions adjacent to Japan. The SSTs are obtained using a novel quasi-physical SST algorithm which estimates skin SSTs by solving a parameterized IR radiative transfer equation and utilizing the 8.6μm, 10.4 μm, and 11.8 μm infrared bands to solve the inverse of the parametric infrared radiative transfer equation [26]. The spatial resolution of this dataset is 2 km, and its temporal resolution is 10 min. Hourly and monthly Himawari-8 SST data spanning six years (July 2015–June 2021) were employed in this study (Figure 3a). The dataset comes in different quality levels, and only data with quality levels greater than 4 were selected for the present research. This dataset is downloadable from the website https://www.eorc.jaxa.jp/ptree/ (accessed on 12 June 2022).




2.2.2. AVHRR SST


The AVHRR Pathfinder version 5.3 (PFV5.3) L3C SST dataset (Figure 3b) is a comprehensive and enduring climate data record, spanning from 1981 to the present day. This dataset draws upon the historical lineage of the Pathfinder SST [27]. The dataset encompasses global, twice-daily (Day and Night) 4 km SST derived from measurements obtained by Advanced-Very-High-Resolution-Radiometer (AVHRR) instruments that are affixed to the NOAA polar-orbiting satellites. This SST product is calculated using a regression-based non-linear algorithm that is founded on a contemporary system based on the NASA SeaWiFS Data Analysis System SeaDAS (version 6.4). The algorithm has been applied consistently across the complete timeline of the product (August 1981–Present) [28,29]. In this study, the along-track SST was employed to compare with in situ data for verification, and six years (July 2015–June 2021) of daily SST data were amalgamated into monthly SST data. This dataset has been categorized from 0 (low) to 7 (high) according to quality. Only data with quality flags greater than or equal to 5 have been chosen in this analysis. This dataset can be downloaded from the website (https://www.ncei.noaa.gov/products/avhrr-pathfinder-sst/, accessed on 21 June 2022).




2.2.3. MODIS SST


The Moderate Resolution Imaging Spectroradiometer (MODIS) is a crucial instrument aboard both the Terra (Figure 3c) and Aqua (Figure 3d) satellites, which have distinct orbits around the Earth. Terra’s trajectory passes from north to south across the equator in the morning, while Aqua passes from south to north over the equator in the afternoon. These satellites can capture data in 36 spectral bands, allowing them to view the entire surface of the Earth every 1 to 2 days [30]. The MODIS Sea Surface Temperature (SST) product consists of one thermal-IR SST parameter and one mid-IR SST parameter, but the mid-IR bands close to 4 µm are influenced by intense reflective sources, such as sun glint, rendering the mid-IR SST product inappropriate for daytime use. Therefore, we only validated the thermal-IR SST using non-linear SST (NLSST) algorithms in this study. The level 2 data were used to compare with in situ data to validate the accuracy, while the six years of Level 3 data from July 2015 to June 2021 were utilized for comparison with other satellite data products. This dataset can be obtained from the website (https://oceandata.sci.gsfc.nasa.gov/directdataaccess/, accessed on 6 June 2022).




2.2.4. iQuam2 SST


In situ sea surface temperature (SST) measurements are often regarded as the most reliable reference to validate the SST obtained from satellite observations. In this manuscript, the in situ SST measurements were sourced from the second version of the in situ SST Quality Monitor (iQuam2). The iQuam2 system was developed at the NOAA Center for Satellite Application and Research (STAR) and has three primary functions [31]: (1) quality control (QC) of in situ SSTs; (2) online monitoring of QCed in situ SSTs; and (3) provision of reformatted in situ SST data with appended quality level and flags. This dataset comprises a variety of data sources, including commercial ships, drifting buoys, tropical moored buoys, coastal moored buoys, Argo floats data, and drifter SST data, among others. Xu et al. [32] calculated the standard deviations (STD) for each type of iQuam2 data using triple-collocation analyses. The results show that the STD of errors in iQuam2 in situ are 0.75 K for ships, 0.21–0.22 K for drifters and Argo floats, and 0.17 K and 0.40 K for tropical and coastal moorings, respectively. The assessed error level is therefore relatively low for all types of data. The iQuam2 QC algorithm includes pre-screening, plausibility check, internal consistency check, mutual consistency check, and external consistency check steps. Besides the fundamental processing steps, the five major steps are duplicate removal (DR), platform track check (TC), SST spike check (SC), reference check (RC), and cross-platform check (XC). These steps are designed to eliminate outliers (coarse errors) while minimizing interference with the inherent statistical characteristics of the measured measurement errors. All the statistics presented on the iQuam2 webpage are based on “high accuracy” data only, i.e, quality level = 5. This measured dataset is now widely utilized [16,25,33] and can be downloaded from the website (https://www.star.nesdis.noaa.gov/socd/sst/iquam/, accessed on 5 June 2022).
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Figure 3. The mean SST distribution for the four satellites over a period of six years (July 2015–June 2021). The four datasets are: (a) Himawari-8; (b) AVHRR; (c) Modis-T; and (d) Modis-A. 
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2.3. Methods


2.3.1. Match-Up Method


For this analysis, we utilized along-track sea surface temperature (SST) data from polar-orbiting satellites (AVHRR and MODIS), as well as hourly SST data from geostationary satellites, to perform an accuracy assessment against in situ data. Due to variations in the spatial and temporal sampling characteristics between the satellite products and in situ data, it was necessary to establish appropriate spatial (Δx) and temporal (Δt) windows based on the spatial resolution of the satellite products. The matching protocol employed to generate paired, collocated observations of satellite and in situ SST is outlined below:




	(1)

	
Based on the geographic coordinates (latitude and longitude) and observation date of the in situ data, we selected the corresponding satellite products acquired on the same day as the in situ observation. Subsequently, we recorded the in situ SST value at the nearest satellite overpass time (where in situ measurements were obtained within a time window of less than 0.5 h);











    Δ t      ≤ 0.5   h   



(1)







	(2)

	
The satellite SST data were selected from the 0.5 × 0.5 pixel box centered on the in situ SST sample points. Each pixel represents the spatial resolution of the satellite data. Half the spatial resolution of the satellite data was used as the size of the box. To ensure the validity of the assessment results, negative SST values were excluded to avoid the impact of invalid data.








     Δ x     ≤    0.5     pixel    



(2)





	(3)

	
Next, the average effective satellite SST value within the spatial window (0.5 pixels) and the average effective in situ SST within the temporal window (0.5 h) were considered as pairs of matching data and subsequently included in the validation dataset.




	(4)

	
In order to mitigate the impact of anomalous data, the validation dataset’s standard deviation (STD) was computed, and subsequently, the matching points that exceeded 1.5 × STD were eliminated.







After completing the aforementioned procedures, we obtained a total of 33,658, 1481, 1886, and 1997 pairs of matching data for Himawari-8, AVHRR, MODIS Terra, and Aqua, respectively, throughout the year 2020. It is evident that the number of matching data pairs for geostationary satellites is significantly greater than that of polar orbit satellites, primarily due to the higher sampling frequency.




2.3.2. Verification and Statistics


In order to assess the accuracy and compare the differences between various satellite products, we calculated the mean deviation (Bias), standard deviation (STD), root mean square error (RMSE), and correlation coefficient (R). Bias represents the average difference between two sets of data, while STD reflects the dispersion of two sets of data relative to the average deviation; the larger the STD, the greater the degree of dispersion. RMSE reflects the degree of deviation of two sets of data and is more sensitive to outliers, making it a better indicator of the precision of the data. R reflects the degree of correlation between two sets of data. The calculation formula for each metric is as follows:


  Bias =     ∑   i = 1  n     T i  −  t i     n   



(3)






     STD =        ∑   i = 1  n         T i  −  t i    −    T ¯  −  t ¯       2   n     



(4)






   RMSE =        ∑   i = 1  n       T i  −  t i     2   n     



(5)






  R =     ∑   i = 1  n     T i  −  T ¯       t i  −  t ¯          ∑   i = 1  n       T i  −  T ¯     2  ×   ∑   i = 1  n       t i  −  t ¯     2       



(6)




where i represents the number of matching data points, while n represents the total number of matching data points. T and t denote the satellite dataset being verified and the reference dataset, respectively. The overline symbol indicates the arithmetic average.






3. Results


3.1. Results of Our Comparision with In Situ SST Data


For the purpose of verification, the annual Bias, STD, RMSE, and R of the four satellite datasets and the iQuam2 in situ data were calculated for the year 2020. The overall statistical results are presented in Figure 4 and summarized in Table 1. It can be observed that the four satellite datasets exhibit a high degree of correlation with the in situ measured data, with R correlation coefficients above 0.99. When compared with the in situ SST data, the Biases of the four satellite-derived SST datasets were nearly −0.31 °C (Himawari-8), −0.24 °C (AVHRR), 0.09 °C (Terra), and 0.04 °C (Aqua), respectively. The analysis revealed that the derivation error of Himawari-8 was the highest among the four satellites, while MODIS-Aqua exhibited the lowest error. The RMSE of the four satellites also supported this conclusion. Since the spatial and temporal resolution of Himawari-8 is higher than those of the other three satellites, it is an objective fact that its sample size is much larger than those for the data of the other three satellites in the same time period. Considering that the sample size may affect the error of satellite data, we conducted a new error analysis of the data from the four satellites in 2020. In this new analysis, we selected Himawari-8 data based on the passing time of MODIS-A and discarded all data from other times. This reduced the sample size of Himawari-8 to the same order of magnitude as the other three satellites. Under the premise of ensuring that the sample sizes of the four types of satellite data would be almost the same, the results of the error analysis (not shown in this paper) showed that the error of Himawari-8 actually increased with a decrease of sample size, and the error of MODIS-A was still the lowest among the four satellites. Furthermore, compared to the in situ measured SST, the derived SST of Himawari-8 and AVHRR were underestimated, while the derived SST of the MODIS satellites were overestimated. The STD results indicate that Himawari-8 not only had a large mean error but also exhibited a significant error fluctuation, with a value of 0.65 °C, while MODIS-Aqua had the smallest error fluctuation.



Figure 5 depicts the curves of hourly error statistic parameters for the four satellites for the year 2022. While the annual errors of the four satellites were generally small, there were some collocated points with large hourly errors. Specifically, an extreme value of hourly error was observed in Himawari-8, with the maximum values of hourly Bias and RMSE (indicated by the black and blue lines, respectively) from the in situ measured data reaching up to 6 °C. The corresponding values for the other satellites did not exceed 4 °C. Additionally, the error fluctuation of Himawari-8 was also the highest, whereas the other three satellites exhibited smaller error fluctuations, with most related hourly STD (indicated by red points in Figure 5) values being less than 2 °C. Moreover, the average values of positive/negative hourly Bias (indicated by the green dotted lines in Figure 5) reveal that the errors in Himawari-8 and AVHRR SST data were higher when they were underestimated, whereas the errors in the two MODIS satellites showed the opposite trend.




3.2. The Cross-Comparison Results with MODIS-Aqua SST Data


In this study, the iQuam2 in situ measured SST data were utilized as the “ground truth” to validate the four satellite-retrieved SST products. However, as the major in situ data types included in the iQuam2 dataset are obtained through a combination of ships, drifters, and Argo floats, the spatial distribution of the iQuam2 dataset is non-uniform and the temporal distribution is discontinuous. To further assess the various characteristics of the satellite-derived SST products in space and time, the MODIS-Aqua SST data, which exhibited the lowest degree of error when compared to the in situ data, were employed as the validation dataset in this section. Additionally, since the resolution of the geostationary satellite Himawari-8 SST data differs from that of the other three polar orbit satellites, it was necessary to downscale the data of Himawari-8 and interpolate them to the grid points of the polar-orbiting satellites.



Figure 6 illustrates the spatial difference of the average SST between three satellites and MODIS-Aqua over the past six years, from July 2015 to June 2021. Compared to MODIS-Aqua, the SST data obtained from Himawari-8 generally exhibited lower values in the BYECS region, with greater deviation during daytime as opposed to nighttime. Specifically, the overall sea area deviation was approximately −1.3 °C during daytime (Figure 6a), which generally reduced to about −0.75 °C at nighttime, except for the sea area adjacent to the Kuroshio (Figure 6d). The SST derived from AVHRR was much higher than that of MODIS-Aqua in the nearshore region (Figure 6b,e). In the sea area far from the shore, the daytime SST of AVHRR was lower than that of MODIS-Aqua, with a deviation of −0.18 °C, while the nighttime SST was generally higher than that of MODIS-Aqua in most areas, with a deviation of 0.27 °C, particularly near the Kuroshio Current (Figure 6b,e). The SST of MODIS-Terra was only slightly different from MODIS-Aqua, exhibiting slightly lower/higher values during daytime/nighttime (Figure 6c,f).



Figure 7 illustrates the distribution of SST deviation between three satellites and MODIS-Aqua at different water temperatures. The deviation of SST between Himawari-8 and MODIS-Aqua was predominantly negative and was influenced by the water temperature. The daytime SST deviation of Himawari-8 decreased with increasing water temperature (Figure 7a), indicating that the retrieval error of Himawari-8 daytime SST is lower in regions with higher temperatures than in regions with lower temperatures. This conclusion is consistent with that drawn from Figure 5a, which shows that the retrieval SST error was smaller in the south of BYECS with a higher temperature than in the north of BYECS with a lower temperature. In contrast to the daytime results, the retrieval error at night increased as the water temperature increased (Figure 7d), implying that the retrieval error of nighttime SST in areas with high temperatures, such as the Kuroshio area, is larger than in other areas (Figure 6d). The deviation of AVHRR was smaller than that of Himawari-8 and increased with increasing temperature (Figure 7b,e). AVHRR exhibited different characteristics. When the error was small (i.e., the fitting curve was close to 0), the data were relatively discrete, while when the error was large, the distribution of data points was relatively concentrated (Figure 7b,e). The deviation of MODIS-Terra was the smallest and decreased with increasing water temperature (Figure 7c,f). This indicates that the error of MODIS-Terra in high-temperature areas is smaller than that in low-temperature areas (Figure 6c,f), such as the southern vs. northern areas of BYECS and the shelf sea vs. coastal sea, among others. It is also possible that the SST deviation varied with SST, because the larger dispersion values at lower SSTs caused the positive and negative SST deviation to cancel out, so that the deviation at lower SSTs was larger than the difference at higher SSTs. This feature of AVHRR was more obvious, and its deviation dispersion value was larger than the those of the other two datasets (Figure 7b,e). The results also showed a very low correlation, which was consistent with previous studies [12,34]. Although the results showed a significant change, the correlation was low, indicating the presence of this feature, but not its dominance. In addition, the large biases were likely related to the presence of water vapor, aerosols, and cloud contamination [13,35,36].



After analyzing the spatial distribution of the difference in sea surface temperature (SST) between the three satellites and MODIS-Aqua, the variations of this difference over time were also studied. Figure 8 illustrates the variations of the four satellites’ monthly SST from July 2015 to June 2021. Figure 9, Figure 10 and Figure 11 depict the variations of monthly Bias, STD, and RMSE between the three satellites and MODIS-Aqua, respectively. The results indicate that Himawari-8’s SST product consistently yielded lower values than MODIS-Aqua throughout the day (Figure 8 and Figure 9), and the deviation between them had apparent seasonal variation (black line in Figure 9). Specifically, the monthly Bias of Himawari-8’s daytime SST was highest in late winter and lowest in late summer (black line in Figure 9a), whereas the Bias of nighttime SST was highest in mid-winter (December) and lowest in mid-summer (July) (black line in Figure 9b). It is also noteworthy that although the Bias of daytime SST was larger than that of nighttime SST, the Bias fluctuation of nighttime was greater than that of daytime. The Bias of AVHRR was also mostly negative, with a smaller value than Himawari-8, but the variation was more complex than that of Himawari-8. In contrast to Himawari-8’s daytime SST, the Bias of AVHRR’s daytime SST was lowest in winter and highest in summer (blue line in Figure 9a). The Bias of AVHRR’s nighttime SST was smaller than that of daytime SST, and there was no apparent seasonal variation (blue line in Figure 9b). Compared to Himawari-8 and AVHRR, the Bias of MODIS-Terra was the smallest and was positive during the day and negative at night (red line in Figure 9). Additionally, although the variation of MODIS-Terra Bias was relatively small, the value of Bias also exhibited the characteristic of being smaller in winter and larger in summer. It is worth noting that all three satellites had highly abnormal Bias values after December 2020. This coincidence indicates that the MODIS-Aqua-derived SST as a reference dataset may have outliers after December 2020.



Standard deviation (STD) provides insight into the level of dispersion in the bias between two sets of satellite data, with a larger STD indicating greater fluctuation around the mean bias. Figure 10 displays the monthly STD between three satellites and MODIS-Aqua from July 2015 to June 2021. It can be seen that the daytime STD of Himawari-8 was relatively low before July 2020, with an average of roughly 0.15 °C (the black line in Figure 10a), while the nighttime STD was relatively high, with an average of about 0.3 °C (the black line in Figure 10b). The STD of AVHRR was relatively high both during the day and at night, with an average value of roughly 0.3 °C and a maximum value exceeding 0.7 °C (the blue line in Figure 10). The STD of MODIS-Terra was the smallest, with an average value of less than 0.1 °C (the red line in Figure 10).



Similar to the Bias, the Root Mean Square Error (RMSE) can also reflect the difference between two satellite datasets. However, since RMSE is the square root of the average of squared errors, it is always non-negative and can be used to compare the magnitude of positive and negative deviations. Figure 11 shows that the RMSE of daytime SST was generally higher than that of nighttime SST for the three satellites, but the oscillation of the RMSE showed the opposite trend, i.e., it was smaller in the daytime than at night, indicating that the deviation of daytime SST was larger and relatively stable, while the deviation of nighttime SST was small and had significant variations. The RMSE of Himawari-8 was larger in winter and smaller in summer. The RMSE of AVHRR nighttime SST showed the same variation; however, the RMSE of AVHRR daytime SST and MODIS-Terra showed opposite variations. It was also observed that in addition to the seasonal variation, the RMSE of Himawari-8 showed a long-term increasing trend.





4. Discussion


The validation of the four satellite datasets using iQuam2 in situ measured SST data indicated that all four datasets demonstrated a good correlation (R > 0.99) with the measured data and small errors, which is in line with previous research [11,12,13,14,16,17,18,24,25,26]. However, it should be noted that the measured data points were primarily distributed in offshore sea areas, with fewer data points in coastal regions, where water depths are shallower than 30 m (as shown in Figure 1). Due to the lack of in situ data in coastal sea areas, at present, it can only be proved that the error of MODIS-A was the smallest in the sea area deeper than 30 m. Therefore, the credibility of the error analysis results for nearshore areas with 30 m depth or less is uncertain. As such, the accuracy of satellite data in coastal regions with water depths less than 30 m needs to be evaluated more comprehensively by comparing it with additional measured data in the future.



Our research found a substantial discrepancy of approximately 0.2 °C in the bias of Himawari-8 as compared to the findings of prior studies [24,25]. The spatial distribution of errors, when compared with MODIS-Aqua as a reference dataset (depicted in Figure 6a and Figure 7a), indicated that the errors in the Himawari-8 daytime SST data were proportionate to the latitude of the area. We speculate that the latitude-based variation of error was influenced by the variation of the zenith angle, which was higher at higher latitudes due to Himawari-8 being a geostationary satellite. Previous research on Himawari-8 has mainly focused on areas with lower latitudes, where the SST errors were minimal [24,37], and little attention has been paid to regions with higher latitudes. Tu et al. [25] conducted a study of the full disk area and concluded that the errors were smaller when the zenith angle was small; similarly, larger zenith angles resulted in greater errors. This is corroborated by other studies, which have also demonstrated the impact of different zenith angles on the accuracy of satellite SST observations [34,38]. As our study area is situated in the mid-latitude region, the higher zenith angle is likely to have a substantial impact on the accuracy of satellite SST monitoring, resulting in a larger error. Nevertheless, this is purely speculative, and further research is required to confirm whether the zenith angle is indeed a factor affecting the SST error.



Our accuracy validation results for AVHRR and MODIS were generally consistent with those of previous studies [11,12,16,17], though there may have been slight differences due to the varying study areas. However, the spatial distribution of errors for AVHRR exhibited different variation characteristics from previous studies, with larger errors observed in coastal regions (Figure 6b,e). These errors may have contributed significantly to the overall error. To investigate this issue, we analyzed the spatial coverage of AVHRR SST data in the coastal region for each month. For instance, the spatial coverage of AVHRR SST data in the four seasons of 2016 was examined (Figure 12), revealing poor spatial coverage in the coastal area, particularly during winter. Thus, when we used the regional average of SST for cross-comparison with measured data, the absence of coastal data may have resulted in large errors in the calculated regional average. This absence of AVHRR coastal data is due to the fact that AVHRR SST is reprocessed data and strictly excludes data from areas with more cloud coverage [18], which has a significant impact on the spatial coverage of data in coastal regions [39]. Furthermore, the large errors of AVHRR in coastal areas may have also been associated with the AVHRR SST monthly data synthesis algorithm.



In terms of temporal variation, the errors exhibited by all four datasets demonstrated seasonal variation characteristics, with Bias and RMSE varying considerably. These observations are consistent with previous studies [18,40]. However, the underlying causes of this seasonal variation are not well understood. To elucidate possible causes, we plotted the month-by-month evolution of satellite coverage for the six-year period spanning from July 2015 to June 2021 (Figure 13). Remarkably, we found that the coverage of all four datasets was closely aligned with the seasonal variation of the error, exhibiting a low during winter and a high during summer. Thus, we posit that the seasonal variation of satellite data errors may be influenced by the seasonal variation of data spatial coverage. Low spatial coverage tends to result in higher data error, whereas high spatial coverage corresponds with lower data error. We further noted that AVHRR exhibited a significant variation in error during the daytime between July 2015 and June 2017 (Figure 9a, Figure 10a and Figure 11a). Analysis of the corresponding spatial coverage curve (Figure 13) revealed that the fluctuation in AVHRR’s spatial coverage was also considerable during this period. This finding corroborates the hypothesis that poor spatial coverage of AVHRR may lead to low data quality and increased data uncertainty.



Furthermore, we observed from the statistical graphs depicting the error of the three datasets compared to Modis-A (Figure 9, Figure 10 and Figure 11) that while the error exhibited more significant fluctuations at night compared to during the day, the error magnitude itself was relatively lower and more consistent at night. Considering the complexity of the inversion algorithm and the impact of cloud coverage, it is possible that the quality of the data during nighttime may be superior to that of the daytime. Consequently, some scholars have exclusively employed nighttime data for comparisons and analyses [34]. However, a deeper investigation into whether nighttime data are genuinely superior to daytime data, and the underlying reasons for such findings, is required in the future and will not be expounded upon here.



It is worth noting that the error curves for all three datasets in comparison to Modis-A (shown in Figure 9, Figure 10 and Figure 11) displayed a significant shift after December 2020. Given that this paper utilized Modis-A as the benchmark dataset, it is possible that Modis-A exhibited a greater error during this time period. Hence, the analysis of Modis-A’s error in this study may be incomplete, and further investigation into Modis-A’s error is necessary.




5. Conclusions


This paper aimed to validate the accuracy of sea surface temperature products obtained from four satellite data sources, namely Himawari-8, AVHRR, Modis-Terra, and Modis-Aqua, in the Bohai-Yellow-East China Sea (BYECS). To achieve this goal, we analyzed the errors using iQuam2 in situ SST. After that, we selected the Modis-A data with the smallest error as the validation dataset for the last six years (July 2015–June 2021) of the other three satellite data sources. We conducted a comparative analysis of these datasets to evaluate the SST data characteristics of both polar and geostationary satellites. This included spatial and temporal comparisons. Finally, we analyzed the characteristics of space and time distribution and the proposed possible reasons for such characteristics.



The results revealed a strong correlation between satellite and in situ data, with R correlation coefficients exceeding 0.99. However, the analysis uncovered variations in the precision of the satellite datasets, with Himawari-8 exhibiting the greatest deviation error, and MODIS-Aqua displaying the smallest error. The biases, RMSE, and STD results further supported these conclusions. While annual errors were generally insignificant, some collocated points exhibited substantial hourly errors. Himawari-8 demonstrated the highest hourly error, with maximum values of bias and RMSE reaching up to 6 °C from in situ measured data. Moreover, Himawari-8 also exhibited the highest error fluctuation, while the other three satellites had lesser fluctuations. Positive/negative hourly bias indicated that the errors in Himawari-8 and AVHRR SST data were greater when underestimated, whereas the opposite was true for the two MODIS satellites.



A spatial analysis of the satellite-derived SST difference between three satellites and MODIS-Aqua over a period of six years revealed variations in the average SST values. The Himawari-8 SST data exhibited lower values in the BYECS region, with greater deviation during the day compared to the nighttime, while the AVHRR SST data were higher than those of MODIS-Aqua in the nearshore region. Additionally, the SST data from AVHRR and Himawari-8 had a lower/higher deviation during the daytime/nighttime than MODIS-Aqua in certain areas. Conversely, the SST values from MODIS-Terra were only slightly different from those in the MODIS-Aqua. Our analysis of SST deviation between three satellites and MODIS-Aqua at different water temperatures showed that the deviation was influenced by both the satellite and water temperature. The SST deviation between Himawari-8 and MODIS-Aqua was predominantly negative and decreased with increasing water temperature during the day. However, the retrieval error at night increased as the water temperature rose. The deviation of MODIS-Terra was the smallest and decreased with increasing water temperature. The temporal variations of SST differences between three satellites and MODIS-Aqua showed that the SST from Himawari-8 was consistently lower than that of MODIS-Aqua, with apparent seasonal variation. The bias of AVHRR was also negative, with a more complex variation than that of Himawari-8. Compared to Himawari-8 and AVHRR, the bias of MODIS-Terra was the smallest and exhibited positive values during the day and negative values at night. All three satellites showed highly abnormal bias values after December 2020, indicating that the MODIS-Aqua-derived SST as a reference dataset may have outliers after this time. Compared with MODIS-Aqua, the standard deviation (STD) of Himawari-8 was relatively low during the day and high at night, while the STD of AVHRR was relatively high both during the day and at night. The root mean square error (RMSE) of daytime SST was generally higher than that of nighttime SST for the three satellites, and the oscillation of the RMSE was the opposite between daytime and nighttime. Additionally, the RMSE of Himawari-8 showed a long-term increasing trend.



The four distinct types of satellite data each possess their own merits and drawbacks. Himawari-8 offers remarkable temporal and spatial resolution, as well as expansive spatial coverage, yet suffers from significant inaccuracies. Conversely, the other three satellite data types exhibit inferior resolution and coverage when compared to Himawari-8 but are characterized by smaller errors. In circumstances involving the short-term analysis of areas under geostationary satellite coverage, we observed that geostationary satellites are better suited than pole-orbiting satellites, particularly in areas featuring relatively low latitudes, where their accuracy is comparatively high. Conversely, for areas outside of geostationary satellite coverage or for long-term investigations, polar orbiting satellites are better suited. MODIS data, in particular, offer relatively greater accuracy. Moving forward, the various spatial and temporal attributes of the four types of satellite data can be expertly utilized and combined with relevant fusion algorithms to create highly precise, expansive, and detailed sea surface temperature products. This would provide a valuable data foundation for subsequent analyses and research. Additional data processing of AVHRR is also required, including interpolation of missing data and adjustment of the monthly data synthesis algorithm.
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Figure 1. Flow diagram of the research methods. 
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Figure 2. Map of the Bohai–Yellow–East China Sea Region. Points in the figure are the distribution of iQuam2 SST data points in January 2020. The orange doted lines are the boundaries of the three seas. BHS: Bohai Sea; YS: Yellow Sea; ECS: East China Sea. The black line is the isobath of 30 m. 
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Figure 4. Scatter plots of Himawari-8 (a), AVHRR (b), MODIS-Terra (c), and MODIS-Aqua (d) versus iQuam2 in situ SST. The red dotted line indicates the 1:1 line. 
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Figure 5. The curves of hourly error statistics for (a) Himawari-8, (b) AVHRR, (c) MODIS-Terra, and (d) MODIS-Aqua in the year 2020. The black/green solid line represents Bias/RMSE, respectively; the red points represent STD; the green dotted line represents the average of positive/negative bias. 
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Figure 6. The spatial distribution of SST difference between three satellites and MODIS-Aqua. (a): Himawari-8 daytime; (b): AVHRR daytime; (c): Modis-T daytime; (d): Himawari-8 nighttime; (e): AVHRR nighttime; (f): Modis-T nighttime. 
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Figure 7. Scatter plots of the SST difference between three satellite with MODIS-Aqua as a function of MODIS-Aqua SST. (a): Himawari-8 daytime; (b): AVHRR daytime; (c): Modis-T daytime; (d): Himawari-8 nighttime; (e): AVHRR nighttime; (f): Modis-T nighttime. The blue solid line represents the fitted curve, and the dotted black line represents the 0 bias. 
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Figure 8. The time series of four satellite monthly SST from July 2015 to June 2021. (a) daytime; (b) nighttime. 
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Figure 9. The time series of monthly Bias between three satellites and MODIS-Aqua from July 2015 to June 2021. (a) daytime; (b) nighttime. 
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Figure 10. Time series of monthly STD between three satellites and MODIS-Aqua from July 2015 to June 2021. (a) daytime; (b) nighttime. 
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Figure 11. Time series of monthly RMSE between three satellites and MODIS-Aqua from July 2015 to June 2021. (a) daytime; (b) nighttime. 
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Figure 12. Spatial distribution of AVHRR SST in summer and winter in 2016. The monthly daytime SST for July (a) and December (b); The monthly nighttime SST for July (c) and December (d). 
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Figure 13. Monthly variation of the four satellite data SST coverage from July 2015 to June 2021. (a) daytime; (b) nighttime. 
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Table 1. Error statistics of four satellite SST versus iQuam2 in situ SST.
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	SST
	Num
	Fitting Curve
	Bias
	STD
	RMSE
	R





	Himawari-8-iQuam2
	33,658
	y = 0.9669x + 0.9590
	−0.3052
	0.6536
	0.7214
	0.9944



	AVHRR-iQuam2
	1481
	y = 0.9735x + 0.8297
	−0.2402
	0.4537
	0.5134
	0.9973



	Modis-T-iQuam2
	1886
	y = 0.9993x − 0.0299
	0.0879
	0.4485
	0.4505
	0.9975



	Modis-A-iQuam2
	1997
	y = 0.9949x + 0.0894
	0.0429
	0.4431
	0.4431
	0.9974
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