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Validation of satellite‑based sea 
surface temperature products 
against in situ observations 
off the western coast of Sumatra
Qoosaku Moteki

This study validated the sea surface temperature (SST) datasets from the Group for High‑Resolution 
SST Multi Product Ensemble (GMPE), National Oceanic and Atmospheric Administration (NOAA) 
Optimal Interpolation (OI) SST version 2 and 2.1 (OIv2 and OIv2.1), and Estimating the Circulation and 
Climate of the Ocean, Phase II (ECCO2) in the area off the western coast of Sumatra against in situ 
observations. Furthermore, the root mean square differences (RMSDs) of OIv2, OIv2.1, and ECCO2 
were investigated with respect to GMPE, whose small RMSD < 0.2 K against in situ observations 
confirmed its suitability as a reference. Although OIv2 showed a large RMSD (1–1.5 K) with a 
significant negative bias, OIv2.1 (RMSD < 0.4 K) improved remarkably. In the average SST distributions 
for December 2017, the differences among the 4 datasets were significant in the areas off the western 
coast of Sumatra, along the southern coast of Java, and in the Indonesian inland sea. These results 
were consistent with the ensemble spread distribution obtained with GMPE. The large RMSDs of 
OIv2 corresponded to high clouds, and it was suggested that the change in the satellites used for SST 
estimation contributed to the improvement in OIv2.1.

Years of the Maritime Continent  (YMC1) is a multiyear (from 2015 to present) international program with partici-
pants from more than 15 countries. Its goal is to improve the understanding of the local oceanic and atmospheric 
multiscale variability of the Indo-Pacific maritime continent (MC), and the initial results have been  published2–9.

Gridded gap-free objective analyses of sea surface temperature (SST), which are generally called Level 4 (L4) 
data, are frequently used in such studies. In addition, L4 SST datasets are conventionally used as boundary con-
ditions in atmospheric reanalysis, climate monitoring, and weather forecasting and are widely used in studies of 
phenomena involving air-sea interactions, such as the Madden–Julian oscillation  (MJO10) and boreal summer 
intraseasonal oscillation  (BSISO11). Understanding the characteristics of and differences in the various L4 SST 
datasets in the vicinity of the MC is very important as a premise for summarizing the various results of YMC.

Many L4 SST datasets have distinct characteristics depending on the assimilation methods adopted, the 
choice of satellites, the number of in situ observations, and the temporal-spatial resolution, and the differences 
in values and distributions among datasets can be misleading in discussions summarizing many YMC results. 
In particular, the validation of L4 SST in shallow coastal sea areas is difficult because there are very few in situ 
SST observations with buoys and Argo floats, although uncertainties in satellite estimations greatly increase near 
coasts and marginal seas with small islands.

Therefore, we need to understand the characteristics of L4 SST datasets in a specific region for a specific 
period apart from the validation, which is generally performed as a global average or over a longer period by the 
dataset providers. The L4 SST Quality Monitor (L4-SQUAM) system is aimed at cross-comparisons of various 
L4 products and monitors the quality of various L4 products globally in near-real time by comparison with the 
Group for High-Resolution SST Multi Product Ensemble  (GMPE12,13). GMPE is provided on a daily basis by 
the UK Met Office, taking 16 L4 products as inputs and producing an ensemble median and standard deviation 
with a 1/4°  grid13. With respect to near-surface Argo float observations, GMPE is globally more reasonable than 
any of the contributing SST products, with a standard deviation of 0.40 K.

However, confirming the suitability of GMPE is necessary because the observation frequency of in situ SST 
by Argo is approximately once every 10 days, and the number of Argo floats is very small in shallow coastal 
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sea areas. In addition, GMPE has the disadvantages of providing a short dataset period (from 16 Sep. 2017 to 
present) and no anomaly values from the climatological mean. GMPE cannot be used in YMC studies on phe-
nomena prior to Sep. 2017, and many YMC studies require the SST anomaly dataset. To compensate for these 
disadvantages of GMPE, it is necessary to investigate how quantitatively consistent the other datasets with the 
long-term stable operation are.

This study verifies the L4 SST datasets, including GMPE, in the area off the western coast of Sumatra against 
in situ water temperature values at 10 m depth obtained from the Sumatra buoy (5° S, 100° E) during the YMC 
period and conductivity-temperature-depth (CTD) profiles obtained by the Research Vessel (R/V) Mirai (fixed 
at 4.24° S, 101.52° E for the period of 5 Dec. 2017–1 Jan. 2018) during the cruise named MR17-0814. The National 
Oceanic and Atmospheric Administration (NOAA) Optimal Interpolation (OI) SST version 2 (OIv2) is one of 
the most popular L4 datasets and has been widely used in many studies. On 1 Apr. 2020, version 2.1 of NOAA 
OI SST (OIv2.1) was published. Although there recently are many other modern SST datasets that substantially 
outperform even OIv2.1, many of the air-sea interaction researches often require the SST anomaly distribution 
from the climatological mean and analyses using the same conditions and indices as in previous studies. That is 
the primary reason for the validation of OIv2 and OIv2.1 that have the longest homogeneous record in this study.

Furthermore, we chose the Estimating the Circulation and Climate of the Ocean, Phase II (ECCO2), as a 
verification target product based on a three-dimensional (3D) ocean model. In 3D ocean objective analysis, such 
as ECCO2, SST is not only constrained by satellite and in situ observations but also affected by the dynamic 
ocean velocity field. The reason for choosing ECCO2 is that it is updated relatively more quickly and archived 
for a longer period among the ocean objective analysis datasets.

The purpose of the present study is to verify the 4 distinct L4 SST datasets (GMPE, OIv2, OIv2.1, and ECCO2) 
against the YMC in-situ observations of Sumatra buoy and CTD profiles. This study summarizes the charac-
teristics of the four L4 SST datasets, which are estimated as so-called “bulk” SST (the temperature of the mixed 
water column in the layer of 1–10 m depth) off the western coast of Sumatra during the YMC period and shows 
a premise for the previous and ongoing studies of YMC.

Results
Validation for the years 2017–2019. As in the average for the entire globe, GMPE is the most reason-
able L4 SST according to the validation against the reference of Argo floats with a standard deviation of 0.40 K. 
Through the validations in this study, RMSD less than 0.4 K, which is the global mean standard deviation of 
GMPE, is interpreted as "sufficiently small” RMSD.

First of all, we validate GMPE against the reference of Sumatra buoy and CTD from the MR17-08 cruise to 
confirm GMPE quality in the area off the western coast of Sumatra. Figure 1 shows scatter plots between SST 
datasets, and temporally averaged indices are summarized in Table 1. First, the GMPE and the Sumatra buoy for 
the period 6 Dec. 2017–30 Nov. 2018 are compared in Fig. 1a. GMPE is very consistent with the in situ observa-
tions (a temporally averaged RMSD of 0.16 K, time correlation (TC) of 0.94, regression coefficient (RC) of 1.1, 
and variance of 0.16 K). Near the shallow coastal sea (approximately 1000 m depth), short-term (within a week) 
fluctuations in the ocean current direction due to coastal tides and eddies were  observed14. As shown in Table 1, 
the TC and RC values against the Mirai CTD were smaller than those in the open ocean at the Sumatra buoy 
(more than 5500 m depth). These values show that the use of GMPE as a reference is reasonable in the area off 
the western coast of Sumatra because the RMSD of GMPE is sufficiently smaller than the global mean standard 
deviation of 0.4 K according to validation against the reference of Argo floats. The indices of OIv2 (Fig. 1b) off the 
western coast of Sumatra are the worst among the selected L4 datasets. The large RMSD is due to a large negative 
bias. Although OIv2.1 (Fig. 1c) shows a negative bias, it is significantly improved from OIv2. However, the TC 
value is relatively low, and the variance is still large in the shallow coastal sea. The RMSD of ECCO2 (Fig. 1d) 
is due to a positive bias, and ECCO2 shows an overestimation trend for low SSTs less than 29 °C. Notably, the 
variance is quite small, and the TC value is higher than that of OIv2.1.

Figure 2a shows the RMSD distribution of OIv2 with respect to GMPE averaged for the period of 16 Sep. 
2017–31 Dec. 2019. The large RMSD of OIv2 is not localized in the area off the western coast of Sumatra, and the 
RMSD of 0.5–1 K is widely distributed in the eastern Indian Ocean, especially in the Southern Hemisphere from 
0 to 30° S. Focusing on the tropics from 15° S to 15° N, areas with large RMSD are seen in the coastal regions off 
western Africa, South America, and northern Australia, which could correspond to coastal upwelling regions. 
Over the Indian Ocean, multiple areas with large RMSD are distributed in the western, central, and eastern parts. 
These areas with large RMSD would be a significant issue when summarizing various results that use different 
L4 SST datasets. For example, different SST datasets could lead to different processes, results, and theories, even 
for the same phenomenon.

Figure 2b shows the time series for the RMSDs of OIv2, OIv2.1, and ECCO2 with respect to GMPE averaged 
for the area from 3–8° S, 95–105° E, where diurnal convection originating from Sumatra  propagates15; this region 
is the main target area for air-sea interaction research related to YMC. The verification target area is selected 
because the suitability of the L4 SST datasets has a large impact as a premise for various YMC studies. Although 
OIv2 repeatedly shows peaks that exceed 1 K and last for 1 week–1 month, the RMSD of OIv2.1 is generally less 
than 0.5 K throughout the entire period. The RMSD of ECCO2 has a peak around Oct. each year associated with 
the seasonal variation in the large meridional gradient of SST from 3 to 8° S. The RMSD variation in ECCO2 
occurs because the position of the large SST gradient in ECCO2 is shifted from that in GMPE.

As for the time series of the spatial correlation (SC) against GMPE (Fig. 2c), all of OIv2, OIv2.1, and ECCO2 
show the decrease from Oct. to Jun. in the next year due to the inhomogeneity, and the increase from Jul. to Sep. 
due to the homogeneity in the targeted area of 3–8° S, 95–105° E. The homogeneity and inhomogeneity of SST 
in the targeted area are mainly generated in association with the seasonal migration of the local maximum of 
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Figure 1.  Scatter plots for (a) GMPE, (b) OIv2, (c) OIv2.1, and (d) ECCO2 at 5° S, 100° E for the period from 
6 Dec. 2017–30 Nov. 2018 with respect to the Sumatra buoy. The temporally averaged RMSD, TC, RC, and 
variance are shown in the top left corner of each panel. The regression line and the line with a slope of 1 are 
shown by the red and blue lines, respectively. The black box shows the area for averaging RSMD in Fig. 2.
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Table 1.  The root mean squared difference (RMSD), time correlation (TC), regression coefficient (RC), and 
variance of GMPE, OIv2, OIv2.1, and ECCO2 with respect to the Sumatra buoy (5° S, 100° E) averaged for 6 
Dec. 2017–30 Nov. 2018 [R/V Mirai CTD (4° S, 101° E) averaged for 6–31 Dec. 2017].

L4 SST dataset RMSD (K) TC RC Variance (K)

GMPE 0.16 [0.07] 0.94 [0.60] 1.10 [0.46] 0.16 [0.05]

OIv2 0.93 [1.43] 0.51 [0.46] 0.51 [2.16] 0.56 [0.40]

OIv2.1 0.33 [0.42] 0.83 [0.22] 0.83 [0.83] 0.29 [0.39]

ECCO2 0.37 [0.49] 0.87 [0.35] 0.75 [0.17] 0.17 [0.04]

Figure 2.  (a) RMSD of OIv2 with respect to GMPE (color) and SST with GMPE (contour) for the period from 
1 Dec. 2017–31 Dec. 2019. Time series of area-averaged (b) RMSD and (c) the spatial correlation (SC) with 
respect to GMPE for the period from 16 Sep. 2017–31 Dec. 2019. OIv2, OIv2.1, and ECCO2 are shown in green, 
red, and blue, respectively. The averaged area is shown by the black box in (a).
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the meridional SST gradient. The significant decrease of SC with ECCO2 from Oct. to Dec. in 2019 was due to 
the large shift of the position of the SST gradient maximum from that with GMPE.

Validation for Dec. 2017 during the period of the MR17‑08 cruise. Because there are a lot of ongo-
ing studies regarding the MJO passage over the Maritime continent and diurnal convection originated from 
Sumatra during the R/V Mirai cruise period of MR17-08 in the 2017 December, this study considers the factors 
that caused the difference in SST distribution. Figure 3 shows the time series of SST (a, b) at the Sumatra buoy 
and in the fixed-point R/V Mirai CTD profiles during the MR17-08 cruise from 6 Dec. to 31 Dec. 2017. The 
in situ observed SST variation is smaller than approximately 1 K because the mixed layer was well developed 
(80–120 m in depth). The mixed layer deepening could have been due to the strong westerly winds (5–10 m/s) 
that were dominant after the MJO passage. OIv2 shows a large negative bias for the entire period of the MR17-
08 cruise, and its variation is quite different from that of the in situ SST. OIv2.1 is much improved in terms of 
temporal variations, although it still has a negative bias with respect to the Sumatra buoy. In addition, OIv2.1 
still has some negative bias after 17 Dec., although it is very consistent with the R/V Mirai CTD data before 17 
Dec. ECCO2 shows a positive bias, and its variation amplitude is smaller than that of the in situ observations.

Figure 4 shows the average SST distributions of GMPE, OIv2, OIv2.1, and ECCO2 for Dec. 2017. During 
this period, which includes the MR17-08 cruise, there are remarkable differences in the SST distributions in 
the area off the western coast of Sumatra in the Southern Hemisphere. In the OIv2 distribution (Fig. 4b), low 
SSTs less than 28 °C, which are clearly different from those of GMPE, are distributed off the western coast of 
Sumatra and extend to the equator from the south. The large RMSDs of OIv2 exceeding 1 K are distributed in 
the area off the western coast of Sumatra, the southern coast of Java, and the inland sea between the islands 
of Borneo and Java. As mentioned on the website providing OIv2 and OIv2.116, the quality of the satellite data 
used in OIv2 may be degraded in such areas, for example, due to the continuous existence of deep convection. 
In the distribution of OIv2.1 (Fig. 4c), the unrealistically low SST in OIv2 is corrected in many areas, although 
the RMSD of approximately 0.4 K due to the unrealistically low SST off the western coast of Sumatra partly 
remains. Over the open ocean of the Indian Ocean, the RMSD of OIv2.1 is generally less than 0.2 K, and OIv2.1 
basically presents a distribution that is very similar to that of GMPE. Focusing on the SST front, as indicated by 
the contours of 28.4–28.8 °C, the distribution of ECCO2 (Fig. 4d) is more similar to that of GMPE than to that 
of OIv2, although a positive bias with respect to GMPE is seen in the vicinity of the MC. Although Moteki et al.4 
showed that ECCO2 data has a positive bias off the coast of western Sumatra, we found here that the explanation 

Figure 3.  Daily SST variations obtained with respect to (a) the Sumatra buoy [5° S, 100° E] and (b) R/V Mirai 
CTD data [4° S, 101° E] (black) from GMPE (purple), OIv2 (green), OIv2.1 (red), and ECCO2 SST (blue).



6

Vol:.(1234567890)

Scientific Reports |           (2022) 12:92  | https://doi.org/10.1038/s41598-021-04156-0

www.nature.com/scientificreports/

Figure 4.  (a) GMPE (color and contours every 0.2 K), (b) OIv2, (c) OIv2.1, and (d) ECCO2 for 1–31 Dec. 
2017. The RMSD with respect to GMPE is indicated with contours every 0.2 K in (b–d). Spatial correlation and 
regression values with respect to GMPE calculated for the box from 3–8° S 95–105° E are shown at the top right 
corner of each panel in (b)-(d).
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for several large RMSDs of 0.4–1.2 K with positive bias is the difference between the magnitude of the meridional 
SST gradient from 6 to 10° S and that of GMPE.

Figure 5 depicts SST, sea surface height (SSH), the sea surface geostrophic current calculated from SSH, and 
outgoing longwave radiation (OLR) on 13 Dec. 2017. The area with large RMSDs exceeding 1 K corresponds 
well to OLRs less than 240 W/m2 (indication of continuous deep convection). This fact suggests that a large-
scale convective system developing continuously over the MC is one of the factors contributing to the quality 
degradation of OIv2, as indicated by its large RMSD with respect to GMPE. OIv2 can be expected to degrade 
away from the immediate vicinity of in situ observations during the period of persistent cloud cover because 
satellite data used in OIv2 could be restricted or  degraded17,18. Note that the RMSD of OIv2 does not have a 

Figure 5.  The estimated error (colored) as the (a) GMPE ensemble standard deviation, (b) RMSD of OIv2 with 
respect to GMPE, (c) RMSD of OIv2.1 with respect to GMPE, and (d) RMSD of ECCO2 with respect to GMPE 
on 13 Dec. 2017. The black contours (every 0.5 K is indicated with thin contours, and every 1 K is indicated 
with bold contours) show SST from (a) GMPE, (b) OIv2, (c) OIv2.1, and (d) ECCO2. The white streamlines 
indicate the surface current from (a)–(c) the geostrophic current calculated from SSH and (d) ECCO2. The blue 
contours show 160, 200, and 240 W/m2 OLR. The two red circles indicate the locations of the Sumatra buoy and 
R/V Mirai CTD.
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simple proportional relationship with OLRs; thus, their variations do not correlate with each other because the 
daily updated dataset is corrected by in situ observations. The ensemble spread of the 16 datasets used in GMPE 
shows that the estimated uncertainties of 0.3–0.5 K, which are larger than those of globally averaged values shown 
in previous reports (e.g.,12,13), are distributed in the area to the north of 6° S off the western coast of Sumatra, 
although large estimated uncertainties exceeding 0.5 K are found in the area to the south of 6° S, 95–115° E. The 
large RMSD of OIv2 in the area off the western coast of Sumatra is considered to be caused by inherent problems 
in the OIv2 estimation process.

OIv2.1 is significantly improved from OIv2 over the whole tropical eastern Indian Ocean. There are several 
large RMSDs in OIv2.1 exceeding 1 K in the areas off the southern edge of Sumatra (5–8° S, 102–105° E), along 
the eastern edge of the eddy off the southern coast of Java (10–15° S, 105–110° E), and in the inland sea (0–4° 
S, 107–109° E). The improvements of OIv2.1 from OIv2 could be due to the replacement of satellite inputs to 
remove degraded satellite  data17,18 because the RMSDs of OIv2.1 are clearly decreased from that of OIv2 even in 
the area with low OLRs (less than 240 W/m2).

Because the SST of ECCO2 is estimated after dynamically considering the ECCO2-estimated ocean cur-
rent, the estimated uncertainty of the ECCO2 ocean current is one of the main factors causing the ECCO2 SST 
uncertainty. There are some shifts in position and size between the eddies obtained with ECCO2 and observed 
SSH to the south of 10° S, and these shifts are considered to be a factor causing the large RMSD of ECCO2 SST 
in the vicinity of the eddies.

Discussion
This study verifies the L4 SST datasets, including GMPE, in the area off the western coast of Sumatra against 
in situ water temperature values obtained from the Sumatra buoy (5°S, 100° E) and CTD profiles operated by 
the R/V Mirai (fixed at 4.24° S, 101.52° E). GMPE is confirmed to be the most reasonable L4 SST according to 
the validation against the reference of in situ observations. However, GMPE has the disadvantages of providing 
a short dataset period (from 16 Sep. 2017 to present) and no SST anomaly values. Because the datasets of OIv2, 
OIv2.1, and ECCO2, which are stably operated over long term, are reasonable candidates to compensate the 
disadvantages of GMPE, they are statistically validated with respect to the GMPE reference.

Analyzing the time series for 2017–2019 off the western coast of Sumatra, OIv2 continuously showed a 
significant underestimation through the years and its variation was often different from GMPE. OIv2.1 showed 
a reduction in the negative bias of OIv2 and its variation was well consistent with GMPE. ECCO2 was in good 
agreement with GMPE for increasing SST variations from Feb. to Aug., although it tended to be overestimated 
from Sep. to Jan.

Focusing on the period of Dec. in 2017 for which there are a lot of ongoing YMC studies, OIv2 has not only 
large negative bias but also unnatural variation which is not seen in in-situ observations, GMPE, OIv2.1, and 
ECCO2. The RMSD of OIv2 was found to be drastically increased after 13 Dec. in 2017 in association with the 
MJO clouds.

Among the RMSD results of the OIv2 distribution with respect to the GMPE reference, large RMSDs were 
found to be widely distributed across the eastern Indian Ocean rather than representing a local feature off the 
western coast of Sumatra. Multiple areas with large OIv2 RMSD (0.5–1 K) were distributed in the western, 
central and eastern regions of the Indian Ocean. These large RMSDs indicate a serious problem that can affect 
interpretations when conducting various analyses and numerical experiments related to YMC. Atmospheric 
simulation results can vary significantly depending on the choice of SST dataset.

In areas of the Northern Hemisphere and to the east of 115° E, the monthly averaged SST distributions of 
the 4 SST datasets were generally similar to each other. However, there were significant differences between the 
datasets in the areas off the western coast of Sumatra, the southern coast of Java, and the Indonesian inland sea. 
This feature was consistent with the ensemble spread distribution from GMPE. Although low SSTs less than 
28 °C, which were clearly different from those of GMPE, were located off the western coast of Sumatra and 
extended to the equator from the south in OIv2, this distribution was improved in OIv2.1. The area with large 
RMSDs corresponded well to the continuous occurrence of deep convection. Changes in the satellite data used 
for estimation were suggested to have contributed to the improvement in OIv2.1. Another factor contributing 
to the improvements in OIv2.1 would be increases in the number of in situ observations. However, considering 
the horizontal correlation length scales of OIv2 and OIv2.1 of 150–200 km, the wide area with large RMSDs with 
the large scale more than 1000 km would be mainly due to the change in satellite data.

Summary
In summary, YMC, a multiyear (from 2015 to present) international program with participants from more 
than 15 countries, is being conducted. Understanding the characteristics of and differences in SST datasets in 
the vicinity of the MC is very important as a premise for discussion. This study validated the L4 SST datasets 
of GMPE, OIv2, OIv2.1, and ECCO2 in the area off the western coast of Sumatra against in situ observations.

GMPE is the most reasonable L4 SST dataset according to validation with Argo floats worldwide. GMPE 
shows very small RMSD < 0.2 K according to validation with the Sumatra buoy and R/V Mirai CTD data obtained 
during the MR17-08 cruise, even in the area near the western coast of Sumatra. Although the RMSD of OIv2 
off the western coast of Sumatra is very large (1–1.5 K) and associated with a significant negative bias, that of 
OIv2.1 is improved (RMSD < 0.4 K) in many areas. The RMSD of ECCO2 is less than 0.4 K and associated with 
a positive bias. Notably, ECCO2 shows a slightly higher TC than OIv2.1.
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Methods
In situ observations. In this study, the following two in situ observation stations in the marginal sea off 
the western coast of Sumatra were used for validation. The Sumatra buoy was deployed at 5° S, 100° E (approxi-
mately 270 km from the western coast of Sumatra) as a mission of the R/V Mirai MR17-08 cruise. Hourly water 
temperature profiles were obtained from 5 Dec. 2017 to 10 Dec. 2018 (observations stopped due to communica-
tion trouble).

During the R/V Mirai MR17-08 cruise period of 6 Dec. 2017–1 Jan. 2018, CTD observations were conducted 
8 times per day, every 3 h, at the fixed point of 4.24° S, 101.52° E (approximately 100 km from the western coast 
of Sumatra). Here, we use the 1-day average water temperature from Sumatra buoy and the CTD profiles at 10 m 
depth as a reference for SST. As a result of examining the different depths between 1 and 10 m, the values of each 
index shown in this study (RMSD, TC, RC, and variance) do not change much.

For the observational errors of the Sumatra buoy and CTD, the expected measurement error is ± 0.001 °C 
according to the manufacturing  datasheet19. The time representation uncertainty within 24 h estimated from 
the variance of fluctuations is estimated to be 0.03 K on average and 0.28 K at maximum. Although the spatial 
representation uncertainty could vary depending on the current velocity, the maximum travel distance for 24 h 
assuming 0.3 m/s is approximately 26 km (0.3 m/s × 24 h × 3600 s), which almost corresponds to the horizontal 
size of the 1/4° grid. The estimated horizontal representation uncertainty of the targeted daily SST products with 
a 1/4° grid is 0.03 K on average and 0.28 K at maximum.

Validated target SST products. Although there are many L4 SST datasets, we chose the following 4 
widely used datasets with a spatial resolution of 0.25° and daily temporal resolution to be validated with the 
YMC in situ SST observations. GMPE is the ensemble median of 16 L4 SST datasets provided by the Copernicus 
Marine Environment Monitoring Service (CMEMS) for the period from 16 Sep. 2017 to  present13. OIv2, includ-
ing data from 1 Sep. 1981 to 26 Apr.  202020, is one of the most popular daily L4 SST datasets and has been widely 
used in many studies. OIv2.1 was released as an update to OIv2; data are available from 1 Sep. 1981  onward16,17. 
Major improvements from OIv2 to OIv2.1 include (1) large increases in the number of in  situ ships, buoys, 
and Argo floats used and (2) the change of satellite inputs from METOP-A and NOAA-19 to METOP-A and 
METOP-B to remove degraded satellite  data17,18. The ECCO2 dataset has 50 vertical levels at a maximum model 
depth of 6150 m with a high global ocean resolution of 0.25° × 0.25°21,22. ECCO2 is an adjoint method-based 
state estimation constrained to the available satellite (SST and SSH) and in situ (vertical temperature and salinity 
profiles) data, is available from 16 Sep. 1992, and is updated with a few months’ delay. Note that the difference in 
the correlation length scales between datasets could affect the representation of the SST distribution. The hori-
zontal correlation length scales of OIv2, OIv2.1, and ECCO2 would be approximately 150–200 km, although the 
correlation length scale of the GMPE system could be approximately 100 km in the tropics (e.g.,23).

The sea surface geostrophic current calculated from the SSH of the Data Unification and Altimeter Com-
bination System (DUACS) multimission gridded (L4) altimeter products with a spatial resolution of 0.25° and 
daily temporal  resolution24,25 was used. In addition, the daily estimates of OLR with a 2.5° resolution from polar-
orbiting  satellites26 were provided by NOAA to confirm convective activities.
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