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Abstract

A high-resolution sea surface temperature (SST) analysis called COBE-
SST3 covers daily to centennial SST variations. The SST's were constructed
by performing analyses for low-frequency components, interannual varia-
tions, and daily changes with statistical methods using in-situ and satellite
observations. The biases for each observation type were objectively esti-
mated, and the result was a reconfirmation that the types are not properly
categorized in the international database. By introducing a correction to
the global mean nighttime marine air temperature observations which is
used for the bias detection, moderate changes in global mean SSTs around
World War II were obtained in COBE-SST3. SST and land surface air
temperature (LSAT) fields were simultaneously analyzed on a monthly time
scale for consistency between SST and LSAT. The LSAT observations acted
as low-quality SST observations, and could produce SST variations to an
eye-opening degree. This is the same as in the SST observations. The simul-
taneous analysis suggested that SST and LSAT observations were comple-
mentary and of satisfactory quality. Two types of daily SST analyses on a
0.25° grid were produced: one is a blend of multiple satellite and in-situ ob-
servations, and the other is a reconstruction with in-situ observations only.
The two analyses were highly correlated with a counterpart provided by the

National Oceanic and Atmospheric Administration of the USA. Uncertain-



s ties in low-frequency components, interannual variations, daily changes were
;s separately estimated. These were used to construct daily perturbed SSTs,

30 which are random, normally distributed, and spatiotemporally continuous.
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1. Introduction

Sea surface temperatures (SSTs) and land surface air temperatures (LSATS)
are the longest known variables based on instrumental measurements over
the Earth. Many efforts have been made not only to maintain the measure-
ments but also to unearth the buried data. These observations have been
used to understand long-term past climate changes (Paltridge and Woodruff
1981; Jones et al. 1986; Barnett 1984).

Global warming signals in global mean temperatures or local SST changes
of high interest are sometimes smaller than observational biases in the past
SST record. Folland and Parker (1995) summarized the sources of SST
observation biases. For example, uninsulated bucket observations suffer
from cold biases due to exposure of the bucket to cold air for a long time
on the ship deck, and conversely, engine room intake (ERI) SSTs include
warm biases. Because many metadata on observation type are missing or
not always correctly specified in the International Comprehensive Ocean-
Atmosphere Data Set (ICOADS; Woodruff et al., 1987; Freeman et al.,
2017), a serious problem remains: how to quantify the biases of individ-

ual reports. Based on the literature and indoor experiments, Folland and
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Parker (1995) proposed time-varying bias corrections. Unknown types since
the mid-20th century are thought to be a mixture of insulated and unin-
sulated buckets and ERI. Kennedy et al. (2011) estimated the fractions of
each based on the literature. The metadata of WMO Publication No. 47
are available and can complement ICOADS (Kent et al. 2007). However,
the metadata are very limited before the 1960s. Several approaches to re-
move the biases have been proposed by Smith and Reynolds (2002), Kent
et al. (2010), Hirahara et al. (2014), and Chan and Huybers (2019), but the
uncertainties in low-frequency SST's remain large before 1980, where recent
high-precision observations such as drifting buoys and Argo floats are not
available. The Hadley Center nighttime air temperature version 2 (HadN-
MAT?2; Kent et al., 2013) has widely been used to estimate the SST biases in
the Extended Reconstruction SST version 4 (ERSST4; Huang et al., 2015)
and the Hadley Center SST version 4 (HadSST4; Kennedy et al., 2022),
which compared SSTs and NMATSs for spatiotemporal consistency between
the two variables. Despite years of effort, SSTs around World War II suffer
from large uncertainties due to the data gaps and poor metadata (Rayner
et al. 2006).

The observations on land are made at the same location over a long
period. This makes it easier to evaluate biases and detect the erroneous

records than the maritime observations made at the different locations. In
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contrast, the land surface is not thermodynamically stable due to its small
specific heat capacity. In addition, the topography is complex. Because of
long-term LSAT studies, the literature on the observations is extensive. For
example, data gaps due to station relocations and environmental changes
in the measurements have been homogeneously adjusted in neighboring ar-
eas (Osborn and Jones 2014), and various sources of LSAT uncertainties
including urbanization have been investigated (Menne et al. 2018). These
activities have led to the archiving of international databases: Global His-
torical Climatology Network version 4 (GHCN4; Menne et al., 2018) and
the International Surface Temperature Initiative (ISTI) Global Land Sur-
face Temperature Databank (Thorne et al. 2011; Noone et al. 2021).

In general, historical analyses are defined generally on monthly 1°-2°
grids without the use of satellite observations. Recently, the Hadley Center
have provided a reconstructed daily 0.25° analysis known as HadISST?2 that
was used for the Coupled Model Intercomparison Phase 6 (CMIP6). The
NOAA/USA Daily OISST version 2 (Reynolds et al. 2007) was merged
to form the high resolution HadISST (Haarsma et al. 2016). For such
high-resolution SSTs, satellite observations are needed in order to resolve
mesoscale ocean eddy activities. With multiple satellite SSTs, operational
centers produce hourly—daily global 0.01°-0.25° SST analyses (Yang et al.

2021). In many satellite analyses, both the satellite and in-situ observations
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are blended in them. These high-resolution analyses increase the variances
and the gradients, compared with low-resolution SST analyses.

The uncertainty information on SST could be useful in various climate
studies. The SST analysis includes unavoidable errors due to the data
sparseness or observational errors, and therefore, a single analysis may
sometimes overestimate or underestimate climatic signals in local or basin-
scale SST variations. Perturbed SSTs proportional to the uncertainties
varying in space and time are frequently used to obtain probabilistic re-
sponses of atmospheric models to observed SST. The climate simulation
result called database for policy decision making for future climate change
(d4PDF) was produced (Mizuta et al. 2017), and it has been widely used
for climate and impact assessment studies (Ishii and Mori 2020). A histori-
cal atmospheric reanalysis, Over-centennial Atmospheric Data Assimilation
(OCADA), used the same perturbations that expand the model spreads of
an ensemble Kalman filter (Ishii et al. 2024). In d4PDF and OCADA, the
perturbations were constructed from COBE-SST2 (Hirahara et al., 2014,
hereafter HIF14).

The subsequent sections provide a brief introduction of COBE-SST3 in
Sec. 2, descriptions of observations and methodologies used in this study in
Sections 3 and 4, and demonstrations of the new SST and LSAT analyses.

Finally, concluding remarks are given in Sec. 6.
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2. Overview of new COBE-SST

The first version of COBE-SST was a statistical daily SST analyses
based on instrumental SST observations mapped onto a 1°x 1° grid by op-
timum interpolation (OI), referred to as COBE-SST1 (Ishii et al. 2005).
The analysis was finally averaged monthly. In the subsequent analysis,
COBE-SST2, the analysis method was replaced by a reconstruction method
using empirical orthogonal functions (EOFs) that decompose the interan-
nual variations. In addition, the grid-wise low-frequency components were
estimated separately. COBE-SST2 improved the representation of secular
SST changes compared to COBE-SST1. The daily SST changes from the
previous day were also estimated from in-situ observations only. COBE-
SST2 was defined as the sum of the low-frequency components, interannual
variations, and daily changes. The basic idea of the new analysis, called
COBE-SSTS3, is the same as COBE-SST2. The reconstruction of historical
interannual SST variability since 1850 was performed by using EOFs rep-
resenting spatiotemporal satellite SST variations in COBE-SST3 as well as
done in COBE-SST2. It is noteworthy that no satellite observations were
directly used to construct the two version of the SST analyses. However,
there are several differences. The resolution of COBE-SST3 was increased
from 1° to 0.25°. While no satellite product was provided by HIF14, this

study produced a sister product called COBE-SST3H, in which the daily
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SST variations from 1982 to 2020 on the 0.25°x 0.25° grid were analyzed
by using an OI scheme blending in-situ and satellite SST observations. Us-
ing another set of EOF's representing variability of the COBE-SST3H daily
changes, the daily changes of COBE-SST3 were reconstructed using in-situ
observations only, while those were analyzed with OI in COBE-SST2. An-
other difference of COBE-SST3 from the previous analyses is an attempt to
achieve consistency with land surface air temperature (LSAT) variations on
a monthly time scale. After this attempt, an LSAT analysis was produced
as COBE-LSATS3.

The analysis errors are also included in COBE-SST3. Moreover, COBE-
SST3 includes errors in the low-frequency components that were ignored
in COBE-SST1 and COBE-SST2. HIF14 demonstrated that the analysis
errors are representative of the uncertainties in the SST analyses. Using the
analysis errors, the perturbed SSTs were produced on a daily basis following
the monthly perturbed SSTs with COBE-SST2 (Ishii and Mori 2020; Ishii
et al. 2024). In the SST and LSAT analyses, updated observational datasets
of SST and LSAT were used as introduced in the subsequent sections. Figure
1 presents the analysis procedures used to construct all of the products, and

the details of the objective analysis are presented in Appendix A.
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3. Observations and adjustments

The historical observations used in the analyses suffer from several types

of biases and errors. The following subsections present methods of bias

correction for SST, LSAT, and SIC.

3.1 Observations

The ICOADS Release 3.0 (ICOADS3; Freeman et al., 2017) is a pri-
mary dataset of in-situ SST observations used in the SST analysis, available
from the mid 17th century to 2014. From 2015 onward, the observations
were taken from an operational dataset of the Japan Meteorological Agency.
Compared with the former version of ICOADS, many SST observations have
been added to ICOADS3, improving data coverage particularly in the 1850s,
the 1910s, and the 2000s. LSAT observations were taken from GHCN ver-
sion 4 (GHCN4; Menne et al., 2018) which stores 25,000 stations around
the world. A number of LSAT stations have record lengths of more than
100 years. The monthly averaged observations of GHCN4 (version QCF)
were used in all relevant analyses of this study (Fig. 1), regardless of the
analysis interval. GHCN4 covers a period from the 18th century onward.
The data counts and coverage of SST and LSAT observations in [COADS3
and GHCN4 have grown over time, archiving newly digitized data, as the

version number increases. The coverage increases in time from 20% in the
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1950s to 80% in recent decades (Fig. 2a). Notably, the SST coverage
changes, influenced by political circumstances during the World Wars and
by newly archived data around the 1880s (Woodruff et al. 2011; Freeman
et al. 2017), similar to that of surface pressure observations (Ishii et al.
2024). The 5-degree grid box was chosen with the assumption that one or
more observations in a box represent the SST in the same box. This as-
sumption is supported by the spatial decorrelation scale of 600 km for SST
(HIF14), and a similar size of the scale can be expected for LSAT.

The majority of SST measurements were made with bucket before the
1940s, replaced by engine room intake (ERI) around World War 1T (Fig.
2b). It is highly likely that the mixture of bucket and ERI is categorized
as unknown type (Kennedy et al., 2011; HIF14; Huang et al., 2015; Chan
and Huybers, 2019). In contrast to COBE-SST2, the current analysis used
near-surface observations of the ocean subsurface measurements, such as
Argo, bottle sampling, CTD (Conductivity, Temperature, and Depth), XBT
(eXpendable Bathy Thermograph), and MBT (Mechanical Bathy Thermo-
graph). The details of subsurface temperature measurements are docu-
mented by Boyer et al. (2013) and Good et al. (2013). These observations
have improved the data coverage since the 1950s, especially the Argo float
data with the greatest coverage since the mid 2000s, which are archived in

ICOADS3. The peak of the unknown type in the 2000s is due to the lack of
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the metadata in the real-time data exchange through the Global Telecom-
munication System maintained by the World Meteorological Organization
(WMO). The ICOADS project provided the near real-time extension in
which the metadata of about 70% WMO Voluntary Observing Ships were
recovered (Freeman et al. 2017; Liu et al. 2022). This extension was not
used in the present study, but it has to be considered in the future analy-
sis. This study used satellite observations from multiple satellites equipped
with the Advanced Very High Resolution Radiometer (AVHRR) Pathfinder,
the Advanced Microwave Scanning Radiometer (AMSR) aboard the NASA
Aqua satellite, and the WindSat multi-frequency polarimetric radiometer
aboard the U.S. Navy’s Coriolis satellite.

The gridded nighttime marine air temperature observations from HadN-
MAT2 (Kent et al. 2013) were used to estimate the SST biases as described
in Sec. 3.2. The Japanese atmospheric reanalysis, JRA-55 (Kobayashi et al.
2015), was used to estimate the LSAT biases (Sec. 3.4) and to construct
COBE-LSAT3 (Sec. 4). COBE-SST3, COBE-SST3H, and COBE-LSAT3
were compared with several counterparts in Sec. 5. A major SST analysis
using the satellite data is NOAA/USA Daily OISST version 2.1 (Reynolds
et al., 2007; Huang et al., 2021; DOISST2.1, hereafter). This analysis is
available on a 0.25° grid from 1982 onward. Two major historical monthly

analyses are the Hadley Center SST version 4 (HadSST4; Kennedy et al.,
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2022) and Extended Reconstruction SST version 5 (ERSST5; Huang et al.,
2017). The resolution of these is 5° and 2°, respectively, and the former
contains data-missing grid points that change spatially in time. COBE-
SST3 are interpolated to the coarser grids by simply averaging the 0.25°
grid point values over the coarser grid, when it was compared with these
analyses. In addition to this, the comparison was made for collocated grid
data only. LSAT analyses compared with COBE-LSAT3 are the Climatic
Research Unit temperature version 4 of the University of East Anglia, UK
(CRUTEMPS5; Osborn and Jones, 2014) and the Goddard Institute for
Space Studies Surface Temperature product version 4 (GISTEMP4; Lenssen
et al., 2019). The former is defined on a 5° grid from 1850 to 2023 and the
latter on a 1° grid from 1880 to 2023. The agreement between the two
global mean temperature time series is quite high. Similar to HadSST4,
data missing grids are included in these analyses, and the comparison be-
tween the analyses was made as described above. Homogenization of the
observational qualities prior to analysis or data mapping is a critical issue
in the above individual datasets, and is addressed in their individual ways.

Two historical reanalyses: 20CR (Slivinski et al. 2019) and OCADA,
were used to support the detection of NMAT biases in Sec. 3.2. These
reanalyses were produced by assimilating only surface pressure observations

in individual atmospheric models, and they are available for more than 150
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years starting in the mid 19th century.

3.2  In-situ SSTs observations

In this study, the SST bias model proposed by HIF14 was discarded,
and a new approach was taken to identify the biases of low quality SST
observations more objectively than before. Namely, the biases of several
observational types (Table 1) were estimated using a variational minimiza-
tion approach same as the objective analysis method adopted by HIF14.
Among the types, buoy and Argo observations were regarded to be accu-
rate, and the biases of bucket, ERI, CTD. bottle, XBT, MBT, unknown,
and other types were estimated. In HIF14, the unknown type was assumed
to be a mixture of ERI and insulated and uninsulated buckets, and the
proportion of each type in all unknowns was estimated in a specific way.
This approach had three unknown parameters, but in the end a single bias
for the unknown-type observations was given for each year. Because of this,
the new approach treated the unknown type as it is. Similarly, CTD and
bottle sampling types were grouped together, and XBT and MBT as well.
In total, biases were calculated for 6 types.

First, the Folland and Parker (1995) corrections were applied to all
bucket and unknown-type observations prior to 1939 (Chan and Huybers

2019; Kennedy et al. 2022). The Kobe Collection data archived in the
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1960s (deck 118 in ICOADS3) were corrected by adding 0.5 K due to the
truncation of the tenth digit at the time of archiving (Kanda 1962; Chan
et al. 2019). Second, box averages of each type on a monthly 5° x 5° grid
were calculated and used to estimate the SST biases. The biases to be esti-
mated change from year to year, and a constant value is taken per year for
each type. For the bias estimation, all available SST differences between the
buoy and Argo float observations and those of the six types were separately
averaged over the globe with area weights. In addition to these differences,
the differences between the 6 types were used in the bias analysis. The
observations of high precision are limited to the period after the 1980s (Fig.
2b). Therefore, the global mean air-sea temperature differences (Smith and
Reynolds 2002; Huang et al. 2015) were also introduced into the bias analy-
sis, assuming that the difference are constant on a climatological time scale.
HadNMAT2 was used for this purpose, as in ERSST4 and HadSST4.

The global mean time series of HadSST4 and HadNMAT2 commonly
show a peak in the early 1940s (e.g., Parker et al., 1995). Similar peaks
are also seen in COBE-SST2 and ERSST4. This is obvious because the
SST bias corrections were obtained with reference to HadNMAT2, and may
be unavoidable because large uncertainties in the maritime variations at
timing of World War II affect the SST analyses (Kennedy et al., 2011;

HIF14; Huang et al., 2015). In contrast, there is no such peak and no such

14
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steep change in the LSAT time series of CRUTEMS5. At the point of the
thermal stability, more moderate temperature variations are expected at the
ocean surface than at the land surface. However, the differences between
CRUTEMb5 and HadNMAT?2 on decadal time scales appear to be large in
the period in question as well as in the 1900s and the 1910s, while those in
recent decades vary within £0.05 K (Fig. 3). A bandpass filter constituted
by 31-year and 5-year running averaging was applied to obtain the above
time series.

In general, LSATs are influenced by SSTs and vice versa, and these
variations on the decadal scales are expected to be spatially homogenized
to some extent. In fact, the LSAT and NMAT time series of the obser-
vations and the two reanalyses vary in phase with each other mostly over
the period, although the LSAT and NMAT are averaged over the different
regions. Such features are also seen in the CMIP6 historical experiments
(Eyring et al. 2016) with 31 coupled atmosphere-ocean models (Fig. S-1
of in the supplemental material). Interestingly, these LSAT and NMAT
variations appear to be synchronized across the models. The CMIP6 model
experiments suggest that the decadal LSAT and NMAT variations are ex-
cited by the external forcing, especially volcano aerosols which are classified
as natural forcing.

Although the exact reason is not clear, two troughs of the LSAT-NMAT

15
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differences appear in the 1910s and the 1940s. In addition, the signs of the
LSAT and NMAT anomalies in the 1910s are opposite to each other. In
this study, a correction represented by the black curve in the figure was
applied to HadNMAT?2 for the period from 1890 to 1950. The reason for
the starting year of 1890 is that the global averages of SST, NMAT, and
LSAT coincide around 1890 and the SST biases in the 1880s appear to
be close to those in the 1890s. In contrast, the global mean NMATSs are
higher than LSATSs in the 1880s as well as in the 1910s. The corresponding
time series from OCADA and 20CR follow the LSAT observations well,
and show that the amplitudes of maritime air temperatures are generally
smaller than those on land. Note that OCADA used COBE-SST2 to which
the NMAT bias corrections of this study were not applied. The above
discussion could be supported by the uncertainties in the bandpass LSATs
(yellow shading in the figure), which are much smaller than the LSAT-
NMAT differences. These uncertainties were computed, considering only
the observation sampling. Supplementary Fig. S-2 demonstrates how close
the reanalysis LSATs and NMATSs averaged over the observation-available
grid are close to those averaged over the full model grid.

A prolonged El Nino event in the early 1940s reported (Brénnimann
2006) may have little affect on the warm signal of the global mean SST and

NMAT, since such signals tend to be attenuated by the bandpass filter.
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The SST bias corrections for the six types were analyzed by the vari-
ational minimization, using the area-weighted global mean differences of
SST and NMAT minus SST introduced above (Appendix A.5). Error vari-
ances of background and the differences were set to be 1:1. In addition,
the data coverage of the available differences was taken into account in the
latter. The number of the difference samples was increased by adding the
differences between the six types which were assumed to be independent
of the differences between the six types and the high-precision observations
including NMAT. This reduced the estimation errors in the resulting biases.
Data samples for five consecutive years were used to calculate the correc-
tions for the central year of the period. The zero background was used in
the analysis. After applying the analyzed biases to the 6-type observations,
the initial differences between all pairs of the SST types and NMAT are
minimized.

The corrections for the six types in 1890 — 2018 were obtained (Fig. 4)
and were used in the current analysis. For SST observations outside this
period, the corrections of 1890 and 2018 were used respectively. As shown
in the figure, the corrections vary in time depending on observation types,
and range from -0.4 K to +0.2 K. Rather large corrections appear between
1930 and 1975 due to the insufficient metadata. The corrections during

this period undergo several steep changes. Many of them correspond to
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changes in the data coverage (Fig. 2b). The unknown type occupies a ma-
jor part of the observations around 1940, and the correction exceeds -0.2 K,
decreasing steeply after 1944. These features are in agreement with previ-
ous studies (Kennedy et al., 2011, HIF14, Huang et al., 2015). Although
the SST observations of bucket, ERI, and unknown type suffer from warm
biases in the 1960s, these have gradually decreased with time. This makes
the global mean low-frequency components of the SST analysis more pos-
itive compared to the case of biased observations. No serious SST biases
appear in recent years (see also Table 1). The observation types recorded
in ICOADS3 are not necessarily accurate, and therefore the previous re-
searches tried to compensate them by using additional literature such as
the World Meteorological Organization publication 47 (Kent et al., 2007,
Kennedy et al., 2011, HIF14). In this study, the corrections were calculated
separately for the types as are recorded in ICOADS3. The unknown type
is thought to include bucket and ERI mainly. This may be true as far as
the corrections of bucket, ERI, and unknown type from the 1940s to the
1960s area concerned. The ERI corrections largely reduce the magnitude
in the 1950s corresponding to the data coverage. Interestingly, the bucket
corrections take large negative values around 1970, although most of the
bucket observations are thought to be negatively biased. This implies that

many ERI observations are assigned to the bucket type. The unknown type
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corrections are comparable to the bucket corrections before 1920, suggest-
ing that the most of unknown type measurements were mainly made with
buckets. CTD measurements started in 1966 (Gouretski and Reseghetti
2010), and therefore bottle sampling before the 1960s occupies a most part
of the CTD-Bottle group. Many bottle sampling observations were observed
colder than the others, and the corrections were estimated to be at most
0.2 K in the end.

Prior to the objective analysis, the SST biases were subtracted using
the corrections shown in Fig. 4. Exceptionally, the ERI observations before
1965 were corrected by using larger negative corrections between ERI and

unknown types.

3.3 Satellite SSTs observations

Observations from four sun-synchronous polar-orbiting satellites: Pathfinder

AVHRR, AMSR-E, AMSR2, and WindSat, were used in this study. The
latest Pathfinder AVHRR version 5.3 level 3 data, originally defined in a
4-km resolution (Saha et al. 2018) and obtained from NOAA/USA, were
averaged on a daily 0.25°x 0.25° grid. The other satellite data on the daily
0.25°x 0.25° grid were provided by the Remote Sensing Systems (Wentz
et al. 2013, 2014a,b). The Pathfinder observations are available since Au-

gust 1981 onward and are the longest among the satellites. After June 2002,

19



391

392

393

395

396

397

398

399

400

401

402

404

405

406

407

408

409

410

411

the satellite SST analysis can use multiple satellite observations, and then
the data coverage jumps up from about 50% to 80% at that time. Data in
sea ice areas are missing commonly among the satellites.

The satellite SST observations are separated for day and night on a
daily basis, because the satellites use different sensors or frequency bands
between day and night. Therefore, the daytime and nighttime adjustments
to the bias-corrected in-situ observations were calculated prior to the analy-
sis. First, the 50-day scale adjustments of the Pathfinder observations were
estimated using a daily OI scheme with a spatial scale of 1,500 km (Reynolds
et al. 2007). The OI scheme used in-situ minus satellite observations in a 50-
day data window. These adjustments vary slowly over time on a large scale.
This is necessary to properly define the adjustments in data sparse regions
such as the southern oceans in years prior to 2000. Second, the three-day
scale adjustments for the other satellites were calculated similarly to the
above, but compared with the bias-corrected Pathfinder and in-situ SSTs.
In this adjustment, large differences in SST between the satellites are often
observed along the edges of swath. To reduce such differences, the spatial
scale was set to be 300 km. The adjustments were analyzed on a daily 1°x
1° grid, and the observational errors for “daily” in Table 1 were used by the
above two OI schemes.

As a result, positive adjustments are required on the global average for
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the Pathfinder satellite SSTs, and the magnitude is larger for nighttime
SSTs than for daytime SSTs (Fig. 6). The 1985 — 2015 global averages
are 0.49 K in nighttime and 0.32 K in daytime, which are somewhat larger
than the in-situ SST biases listed in Table 1. In contrast, the global mean
adjustments of the other satellites are in the range of -0.1 K to +0.1 K
mostly. The local adjustments of all satellites are within +£1 K in most
regions. In the case of Pathfinder, the maxima are approximately 1.5 K,
while large adjustments on the 3-day scale spottily appear, exceeding 3 K

in some areas.

3.4 LSAT observations

Monthly mean land surface observations from GHCN4 were used in the
current analysis. It was confirmed that the metadata for location and date
were well organized in the database. To homogenize the quality of the LSAT
observations, a simplified scheme was adopted for the temperature adjust-
ment, in which the time series of the observations at the all stations were
adjusted to the JRA-55 surface air temperatures. In particular, long-term
time series of LSAT generally includes a significant warming trend that must
not be removed by this adjustment. In this scheme, a single correction value
per station is calculated since no stations with large relocations or large data

gaps were detected. The corrections correspond to the adjustment of the
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altitude from the observation point to the JRA-55 land surface.

For the JRA-55 period beginning in 1958, LSATs at stations were ad-
justed to the JRA-55. If the LSAT observations were available in more
than 360 months of the period from January 1958 to June 2023, or in more
than 120 months only for stations with no observations before 1958, the
adjustments were determined as the average of the differences in LSATs be-
tween JRA-55 and the observations. Before 1958, LSAT reference fields as
proxies for JRA-55 were estimated by reconstruction (Appendix A.3) using
empirical orthogonal functions representing detrended interannual LSAT
variations of JRA-55 on a monthly 1°x 1° grid during 1961 — 2005. This re-
construction used LSAT observations whose adjustments had already been
determined. The global mean value of all available samples was unchanged
before and after the reconstruction. If samples were available in more than
360 months, including the JRA-55 period, the adjustment was calculated.
The procedure was repeated once more, where the adjustments at the re-
maining stations were defined using samples available in more than 120
months. Almost all stations had LSAT data samples in more than 120
months, and the adjustments for these were successfully computed.

There is an advantage to this approach; the adjustments can be com-
puted easily and objectively at many stations, even if the LSATs have a

significant trend. Moreover, feasible adjustments could be obtained even
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when the data length is too short to define the climatology at the station.
However, the use of a single adjustment may be imperfect if time-varying
instrumental or human errors are critical at the station, although it has
been mentioned above that the metadata were well organized. The recon-
struction was performed on the 1°x 1° grid rather than on courser grids.
This is because interpolation errors in LSAT become extremely large along

steep terrain when a course grid is used.

3.5 SIC observations and SIC-SST relationship

The previous SST analysis used a combination of satellite observations
of SIC observations and a centennial analysis over the Arctic regions based
primarily on ship reports and aerial reconnaissance (Walsh and Chapman
2001). The satellite SIC analysis was performed on a 0.25°x 0.25° grid from
November 1978 to the present (HIF14) using the bootstrap method (Comiso
et al. 1997). The current satellite SIC analysis follows COBE-SST2, and
the latest historical SIC analysis in the Arctic and the surrounding regions
from 1850 to October 1978 (Walsh et al. 2017) was used. The SIC-SST
relationship of HIF14 was used in the current analysis, which gives SSTs
over sea ice areas from the analyzed SIC values by quadratic functions
spatially different on a climatological monthly basis. It is unique in that

the relationship takes into account spatially varying freezing points as a
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function of the climatological salinity. The Walsh et al.’s SIC is partially
undefined in Sea of Okhotsk, and is completely missing in the Southern
Hemisphere. In these regions, SIC averages from 1979 to 1988 and from
1979 to 1986, respectively, were embedded in the former and the latter
regions, respectively. The averaging period for the Southern Hemisphere

was chosen to provide a smooth transition of the SIC values in 1978.

4. Objective analyses

Using the SST, LSAT, and SIC observations described in the previous
section, the new analysis shown in Fig. 1 was performed. The final product
of COBE-SST3 is a sum of low-frequency components, interannual varia-
tions, and daily changes. In the current analysis, 31-year running averages
were regarded as the low-frequency components, and the interannual vari-
ations were defined as deviations from the low-frequency components on a
monthly basis. The daily SST changes were analyzed as deviations from
interannual variations. In the current analysis, the 31-day running averages
are considered as the interannual variations. The analysis schemes were
the same as in HIF14. A unique feature of the current analysis is that the
consistency between and LSAT and SST was considered in the analyses for
low-frequency component and interannual variation. The fitting of NMAT

to LSAT on decadal time scales in the in-situ SST bias correction mentioned

24



493

494

495

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

above (Sec. 3.2) is another attempt at the consistency.

First, the climatology and standard deviation for the SST analyses were
taken from MGDSST, which is a real-time daily SST analysis on a 0.25°x
0.25° grid at the Japan Meteorological Agency. Before the climatology was
computed, MDGSST was slightly modified around the sea ice regions with
reference to COBE-SST2 for a better agreement with the SST observations.
After the completion of the high-resolution SST analysis, COBE-SST3H,
using the satellite observations were completed, the climatology and the
standard deviations were replaced by those of COBE-SST3H. The period of
the climatology was 31 years from 1985 to 2015. The same quality control
schemes as used by HIF14 were applied to the current analyses.

Sparsely sampled SST proxies given by the SIC-SST relationship were
used in the all SST analyses (Fig. 1). This ensures the continuity of the
SST analyses around the sea ice margins. Namely, to represent detailed SST
distributions in the sea ice regions, the final SST values were determined by
(1 = DTun + Ty 0y, where I, T, and Tpoyy are SIC, analyzed SST, and

SST proxy, respectively.

4.1  Low-frequency components

Previously, the low-frequency components were defined by the leading

EOF mode calculated from the 5° x 5° box-averaged SST observations
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(HIF14). In the current analysis, the low-frequency SSTs and LSATs were
defined as 31-year running means of the same month on the 1° x 1° grid.
This means that the low-frequency components include seasonality. As done
before, the low-frequency components were not provided directly from the
box averages, which include many undefined values, but from the fully filled
fields by reconstruction (Appendix A.3). Importantly, this reconstruction
of the SST and LSAT fields was conducted simultaneously, taking into ac-
count the covariance between them. The global mean values were preserved
before and after the reconstruction. In other words, the global mean SSTs
and LSATs of the final products are close to the global means of the box av-
erages. The EOF's representing the interannual variability were taken from
those of HIF14, and the JRA-55 is for the LSAT EOFs. The EOFs used
for the reconstruction explain 95% of the total variance. The reason for the
use of the 1° x 1° grid higher than that in HIF14 is that the interpolation
errors in LSAT become extremely large along steep terrain for the case of
the 5° x 5° grid. The SST values in the sea ice areas were replaced by those
given by the SIC-SST relationship after the reconstruction with the above-
mentioned scheme. The trend components were validly defined from 1860
to 2005. Before 1860, the low-frequency components take the same values
as those in 1860, because of a severe lack of data before 1845. After 2005,

the low-frequency components were tentatively given by weighted averages
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of the reconstructed SSTs and LSATs.

Errors in the low-frequency components were estimated by a nonpara-
metric approach (Ishii et al. 2017), using the above-mentioned box averages.
The low-frequency components for 2005 were calculated by reconstructing
from box averages from 1990 to 2020 selected to resemble the spatiotempo-
ral distributions before 1989. The error of the year was defined as the root
mean square difference (RMSD) between the original and the calculated
low-frequency components. One-sigma errors in the low-frequency SST's
and LSATs from 1850 to 1989 are shown in Fig. 7, which vary with the
seasons. The grid-wise errors in the low-frequency LSAT decrease by about
0.25 K from 1850 to the end of the 1980s, while the decrease for that of SST
is -0.1 K. The errors in the global means are within 0.01 K for SST and
within 0.03K for LSAT in the period except for the early years. Merits of
the simultaneous SST-LSAT reconstruction are demonstrated in Section 5.
The errors are included in the final analysis errors of COBE-SST3, which

were missing in COBE-SST2.

4.2 High resolution SST

The high resolution SST analysis was performed from 1982 to 2020 on
a daily 0.25°x 0.25° grid. In the analysis, the increments of SST on the

day from the previous day were calculated by OI blending the satellite
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and in-situ data (Appendix A.2). This approach is the same as that of
the COBE-SST1 daily analysis. However, several analysis parameters have
been changed, referring to Reynolds et al. (2007) who produced the first
version of DOISST2.1. The spatial correlation scale varies in proportion to
the standard deviations of the spatial daily changes, ranging from 50 km to
150 km. Temporal correlation scales of 15 days and 3 days were given to the
in-situ and satellite observations, respectively. Those along Kuroshio and
the Gulf Stream have local minima close to 50 km. The observational errors
used here are background errors of daily SST changes multiplied by relative
errors of individual types listed in the “Daily” column of Table 1. The
background errors for the analysis of the daily increments are given by the
standard deviations of daily and interannual SST variations multiplied by

2(1 — C}) (Ishii et al. 2005), where C; denote temporal decorrelation for
the daily analysis. The value of C; was set to 0.72, which corresponds to a
temporal decorrelation scale of 3 days. The relative errors in the table were
determined with reference to the previous study (Ishii et al. 2005; Reynolds
et al. 2007; Hirahara et al. 2014). The satellite, buoy, and Argo observations
were treated as more reliable inputs to the analysis than the others. The
daily analysis used the in-situ observations and the satellite observations
available during the day, assuming the nighttime and daytime satellite and

in-situ observations were independent of each other. The multiple satellite
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observations were merged on the 0.25° grid prior to the analysis.

After the analysis was completed, the climatology, the standard devia-
tions, and the EOFs of the interanual SSTs and daily changes used by the
subsequent analyses were replaced by those calculated from COBE-SST3H.
Thus, COBE-SST3H determines the overall quality of the SST variations

on the daily to interannual time scales.

4.3  Reconstructing interannual variations

Long-term SST and LSAT variations as the above-defined low-frequency
components plus the interannual variations were estimated by reconstruc-
tion on a 1°x 1° grid (Appendix A.3). The SST and LSAT interannual
variations were simultaneously analyzed, considering covariance between
them using the SST and LSAT observations together. Here, the reconstruc-
tion analysis scheme was extended for multiple variables as described in
Appendix A.3. The ocean and land surface grids used in the analysis are
not complementary. That is, some grid points near islands or along the
coast overlap between the two grids.

The analysis aims at producing interannual variations equivalent to the
31-day running averages used to construct the interannual variations of
COBE-SST3, as well as to produce the monthly COBE-LSAT3. Accord-

ingly, the analysis was performed on the daily basis with a 31-day data
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window. Although the LSAT observations are monthly mean, the observa-
tions for the consecutive 3 months were used. The relative observational
error of LSAT was set to 1.5 (Table 1).

Prior to the analysis, EOF's representing monthly interannual SST vari-
ations from 1961 to 2005 were calculated using combined COBE-SST?2 from
1961 to 1981 and COBE-SST3H from 1982 to 2005. Monthly COBE-SST?2
used here was provisionally updated with the newly-defined observational
bias corrections and the new climatology, and the monthly interannual vari-
ations of COBE-SST3H defined on the 0.25°x 0.25° grid was interpolated to
the 1°x 1° grid. As for the interannual LSAT analysis, the monthly JRA-55
surface air temperatures were used for the EOF computation. The low-
frequency components in the two fields were subtracted prior to the EOF
computation. The correlation matrix used for reconstruction were calcu-
lated from normalized time series of the EOF scores of SST and LSAT from
1961 to 2005. The non-diagonal components in the correlation matrix were
0.5 at most. Using the 45-year time series of the combined COBE-SST2
and COBE-SST3H, some EOF's can represent decadal to multidecadal SST
variability.

The reconstruction scheme of HIF14 was extended to perform the si-
multaneous analysis of SST and LSAT. In this scheme, the SST fields are

objectively analyzed using both SST and LSAT observations, and the LSAT
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fields are also analyzed, as well. How the SST (LSAT) analysis is hetero-
geneously reproduced from LSAT (SST) observations only was tested as
reported in Sec. 5.2, compared with the homogeneous analysis where the
analysis and the observations are identical. The reconstruction used 364
and 324 EOFs modes of SST and LSAT, respectively, explaining 98% of the
total variance. Some of the higher EOF modes represent SST variations in
closed seas or local areas. One of the purposes of the reconstruction is to
obtain SST fields with sufficient variability at global grid points. Therefore,
more than 300 EOFs were used. The analysis errors in the interannual vari-

ations were calculated based on the theory of objective analysis (Appendix

A.3).

4.4 Reconstructing historical daily variations

The final step in the completion of COBE-SST3 is the reconstruction
of the historical daily SST fields that were added to the 31-day running
mean SST's presented in the previous section. The daily changes, i.e., the
deviations from the 31-day running means, were reconstructed using only
in-situ observations on the 0.25°x 0.25° grid (Appendix A.3). Prior to this
analysis, another set of EOFs were calculated from time series of the daily
differences between COBE-SST3H and the 31-day averages described in

Sec. 4.3, the latter of which were interpolated to the 0.25°x 0.25° grid.
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Note that the daily changes of COBE-SST3H were not used for the daily
EOF computation because a part of the interannual variations of COBE-
SST3H is missing in the 31-day running means defined on the low resolution.
As a result, several leading EOFs represented SST variations on month to
seasonal time scales. In fact, numerous EOF modes were needed to represent
the high resolution variance of the daily changes: 987 modes were used in
the current analysis, explaining 85% of the total variance.

Reconstruction can produce substantial variances of SST variations from
sparsely distributed observations. However, this is a double-edged sword;
sometimes unrealistic daily SST changes are reconstructed from somewhat
erroneous observations. In order to minimize such SST changes, a 31-day
observation window was chosen this time. Accordingly, the temporal corre-
lation scale of 7.5 days was used.

Similar to the case of interannual variations, the analysis errors were
calculated. Finally, the uncertainties in the analyzed SST's were estimated at
every grid point and time step as the sum of the errors in the low-frequency
components (Fig. 7) and the analysis errors of the interannual variations
and the daily changes. These three error components were assumed to
be independent of each other. HIF14 demonstrated that the theoretically
calculated errors were in agreement with uncertainties nonparameterically

estimated errors.
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4.5 Perturbations

A set of perturbed COBE-SST3 was constructed, based on the anal-
ysis errors calculated above. The methodology developed by Ishii and
Mori (2020) and Ishii et al. (2024) was used with a slight modification
(Appendix A.4). The perturbations have several useful properties: ran-
domly configured but spatiotemporally continuous changes in each mem-
ber, ensemble spreads equivalent to the analysis errors, any ensemble size of
perturbations, and SIC perturbations consistently accompanied to the SST
perturbations.

The SST perturbations are a sum of low-frequency, interannual, and
daily perturbations whose spreads are equivalent to the uncertainties in the
SST analysis. The perturbed SIC was also calculated using the SIC-SST
relationship from the precalculated SST perturbation. In this study, the

ensemble size was set to 300.

5. Results

This section presents the results of the SST and LSAT analyses (Fig.
1). An analysis sample shows the daily SSTs in the seas around Japan on
March 15, 2005 (Fig. 8). There are unique and complicated oceanic struc-
tures below the sea surface around Japan; the Kuroshio warm and Oyashio

cold currents, which are key factors in climate and ecosystem variations
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meet around 35°N east of Japan (Yasuda 2003), and the Japan Sea con-
tains subtropical and subarctic waters, and the Yellow and East China Seas
are affected by a bathymetric effect across the continental shelf (Xie et al.
2002). The March SSTs are reflected by ocean structures below the sea
surface. The new analyses, COBE-SST3H and COBE-SST3, show fairly
large spatial variability influenced by Kuroshio, Oyashio, and subtropical
and subpolar fronts, compared with the low resolution COBE-SST2. At
that time, the southward shift of Oyashio appeared with cold SST anoma-
lies around (140°E, 37°N). In addition, the Kuroshio meandering event had
been occurred since July 2004, and was on its way to the final stage at this

time. These features are similar to those observed in DOISST2.1.

5.1 Global means

The time series of global mean SST and LSAT anomalies are basi-
cally determined by their low-frequency components after removing possible
amounts of bias in the observations (Sec. 3.2). This is understandable from
the fact that the low-frequency components are equivalent to the secular
changes in the final SST and LSAT analyses (Fig. 9). Furthermore, COBE-
SST3 and COBE-LSAT3 are overall in good agreement with the analyses
of the other centers.

Differences between COBE-SST3, HadSST4, and ERSST5 are small in
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the base period from 1991 to 2020, while those outside of the base period
exceed the 95% confidence intervals of the present analysis. The uncer-
tainty in the global mean COBE-SST3 is 0.1 K in the 1850s, decreasing to
0.03 K in the 2010s. The temporal change in data coverage mainly deter-
mines the magnitude of the uncertainties, and the estimated uncertainties
were approximately equivalent to those computed by HIF14. The result
in the figure suggests that the global mean SST analyses suffer from the
uncertainties in the in-situ SST biases identified by the individual centers
especially before World War II. In contrast, there is a good agreement in
the global mean LSAT anomalies among the analyses, although CRUTEMS5
is higher than the other two analyses before 1950, locating the margin of
the confidence interval.

The global SST anomalies of COBE-SST3 increase from 1910 to 1940
and turn to decrease toward the 1970s. These changes are moderate like
those of LSAT. In contrast, both HadSST4 and ERSST5 show rather steep
changes in the 1940s as also seen in COBE-SST2. In fact, the subtraction of
the decadal-scale NMAT-LSAT differences from HadNMAT2, used for the
SST bias calculation (Sec. 3.2), contributed to the reduction of the peak
anomalies of COBE-SST3 in the 1940s. Moreover, the amplitude of the
COBE-SST3 variability on interdecadal scales is generally smaller compared

to COBE-LSATS3 in contrast to HatSST and ERSST around 1940 (Fig.
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9¢c). The SST cooling around 1910 appears significant, although the SST
and LSAT vary with the comparable amplitudes on the decadal time scales.
This signal seems unrelated to external variations induced by anthropogenic
aerosols or solar activity or volcanic eruption, as the observed SST anomalies
are near the bottom of the CMIP model ensembles (Olonscheck et al. 2020).

Future studies may be needed to understand what caused this signal.

5.2 SST-LSAT consistent interannual variations

The interannual variations of SST and LSAT were analyzed simulta-
neously by using the reconstruction technique with the covariance between
SST and LSAT (Sec. 4.3). By introducing this approach, the analysis errors
were reduced by about 5% and about 20% for SST and LSAT, respectively.
This is theoretically obvious because the simultaneous analysis reduces the
errors by using more observations than in the separate analyses. The large
reduction in the LSAT errors is due to the number of SST observations
being larger than that of LSAT.

To understand the advantage of the simultaneous analysis, two addi-
tional experiments were performed for years from 1985 to 2015, as sum-
marized in Table 2: the simultaneous analysis with SST observations only
(experiment B) and the analysis with LSAT observations only (experiment

C). Experiment A in the table is the standard analysis in which the SST
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and LSAT observations were combined. The SST (LSAT) analysis with
LSAT (SST) observation only is referred to as the heterogeneous analy-
sis, hereafter. In contrast, the SST (LSAT) analysis were made using SST
(LSAT) observations in case of the homogeneous analysis. The results of the
standard analyses are mostly equivalent to the corresponding homogeneous
analyses.

Figure 10 shows RMSDs and correlation coefficients (CCs) of the monthly
mean SST and LSAT between the homogeneous and the heterogeneous anal-
yses. The differences were normalized by the interannual standard devia-
tions used in the simultaneous analysis. The RMSDs less than 1 and high
CCs indicate that the heterogeneous analysis can produce SST and LSAT
anomalies close to the homogeneous analysis. More interestingly, observa-
tions near islands and along the coasts are expected to act as homogeneous
observations in the heterogeneous analysis. Therefore, the simultaneous
analysis is expected to improve the SST and LSAT analyses over the globe,
especially in low latitudes and coastal areas. In contrast, many low cor-
relation coefficients are seen in mountainous regions of Asia and Africa.
This result suggests an intrinsically low correlation of JRA-55 LSATs with
observed SSTs.

Figure 11 shows detrended time series of SST analyses over the Nino3 re-

gion (150°W- 90°W, 5°S— 5°N) and LSAT analysis over the South America.

37



759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

74

775

776

e

Irrespective of the homogeneous or heterogeneous analyses, the simultane-
ous analyses reproduce interannual variations of the area-averaged SST's
and LSATSs, which are highly correlated with each other, as Fig. 10 sup-
ports. In data sparse periods before the 1870s for SST and before the 1890s
for LSAT, the interannual variations greatly reduced. The reason why the
heterogeneous analysis can produce the SST and LSAT variations of the
homogeneous analysis is not so simple. The simultaneous analysis scheme
produces the heterogeneous deviations from the background through the
prescribed covariance between SST and LSAT, maximizing the amplitudes
of the deviations as much as those of EOFs used in the analysis. The
heterogeneous observations are used in the analysis as observations of low
quality, 7.e., with large observational errors, and many observations are lo-
cated far from the grid points of the analysis. In fact, the figure shows good
agreement between the homogeneous and heterogeneous analyses through-
out the period. This suggests that the SST and LSAT observations used in
the analysis are consistent with each other over the period, and that EOFs
used for the reconstruction work well even in the independent period, i.e.,
the outer part of 1961-2005. Additional LSAT time series for the African

continent are shown in Supplementary Fig. S-3.
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5.8  Daily variations

Compared to COBE-SST2, the new SST analyses show spatiotemporally
higher daily variability on the 0.25°x 0.25° grid in both COBE-SST3H and
COBE-SST3. The daily SST anomalies agree with DOISST2.1 (Fig. 12) in
the global oceans, with RMSDs less than 1 K and anomaly correlation coef-
ficients (ACCs) greater than 0.8. However, the agreement is worse than the
low resolution monthly COBE-SST2 (Fig. 10 of HIY14). RMSDs exceed 0.5
K along Kuroshio, the Gulf Stream, and sea ice margins, and in areas of high
eddy activity. Differences in SIC and the SST proxy estimated from SIC
between COBE-SST and DOISST2.1 caused some part of the large RMSDs,
while the corresponding ACCs are high or not serious. Table 3 shows statis-
tics comparing the daily SSTs directly with the buoy and Argo observations.
The biases, ACCs, and RMSDs of COBE-SST3H are very similar to those
of DOISST2.1. The analysis scheme of COBE-SST3, which did not use the
satellite observations, lost some amounts of signal in buoys and Argo ob-
servations as a result of balancing the background and observational errors.
There are no notable differences in the statistics between the Northern and
Southern Hemispheres, except that the biases and RMSDs for the Southern
Hemisphere are slightly smaller than those for the Northern Hemisphere,
probably because the buoy and Argo observations are relatively dominant

there, compared in the Northern Hemisphere. Note that this confirms that
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how well the analyses matched the buoys and Argo observations used in
the analyses. COBE-SST3H using the satellite observations incorporates
the signals from the in-situ observations more than COBE-SST3. Or, the
satellite biases were sufficiently removed. The daily changes are well corre-
lated between COBE-SST3H and DOISST2.1, but rather poorly correlated
at lower and higher latitudes (Fig. 12e). In the case of COBE-SST3 (panel
f), ACCs are very low, while the RMSDs and ACCs are close to COBE-
SST3H with respect to the daily anomalies (panels ¢ and d). The satellite
observations determine the quality of the daily SST changes.

Figure 13 shows snapshots of the SST gradient calculated from three
analyses in the western North Pacific. The winter SST gradients are influ-
enced by the complicated oceanic structures as already shown in Fig. 8. In
areas east of Japan, large zonally elongated gradients appear along subarc-
tic fronts and several branches of the Kuroshio extension. The maps dis-
play a similarity of SST gradients between COBE-SST3H and DOISST2.1,
although there are some local differences between them. COBE-SST3 also

captures similar structures with slightly weaker amplitudes of the gradients.

5.4 Perturbations

The daily SST perturbations are a part of the COBE-SST3 product.

The perturbations represent uncertainties in the SST analysis, and are ex-
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pected to be useful in many climate applications. In practice, uncertainties
in variables relevant to the SST analysis, such as area averages and local
trends, are easily calculated nonparametrically from the ensemble of the
SST perturbations. Figure 14 shows histograms of the linear trends in the
global and hemispheric averages and daily Nino3 SST anomalies. The his-
tograms are close to normal distributions as the Kolmogorov-Smirnov test
passed at the level of the 1% significance level. Exceptionally, the daily
Nino3 SST perturbations sometimes do not conform to normality.

The trends of COBE-SST3 are compared with those of HadSST4 and
ERSST5 in Fig. 14a, and show rather systematic differences: larger than
COBE-SST2, comparable to ERSST5, smaller than HadSST4. The trends
are widely spread from —40 to 460, while the estimated uncertainties of
COBE-SST3 are too small to cover this range. Or, the uncertainties in the
bias corrections between the centers may be large, and are not included
in the COBE-SST3 analysis errors. A clear reason for the global averages
is shown in Fig. 9a. Namely, most of the differences come from the dif-
ferences between the pre-1940 SST analyses. The HadSST4 anomalies are
significantly cooler than the others during the period. This implies that
the SST bias correction before World War II should be standardized. The
perturbations of the daily Nino3 SST anomaly vary from -1 K to +1 K (Fig.

14b) . The ensemble spreads seasonally change between 0.25 K and 0.35 K,
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corresponding to magnitudes of the analysis errors.

6. Concluding remarks

The manuscript reports the new SST analyses, COBE-SST3 and COBE-
SST3H. The former was constructed consistently with the long-term LSAT
variations, and the monthly LSAT analysis was produced as COBE-LSATS3.
The resolution of COBE-SST3 was increased from 1° of the previous analysis
to 0.25°, and the daily SST's were reconstructed as the sum of low-frequency
components, interannual variations, and daily changes from 1850 to 2020.
The analysis errors and the perturbations were accompanied by COBE-
SST3. Although no satellite observations were used in COBE-SST3, the
analysis contains more variances than in COBE-SST2, because the satellite
observation variances were indirectly introduced into the COBE-SST3 by
reconstruction of the daily changes with EOF's defined from COBE-SST3H.

The SST bias corrections were computed separately for six instrument
types as recorded in ICOADS3. The mixture of the types, particularly in-
sulated and uninsulated buckets and engine-room intake (ERI), is expected
in the records of not only the unknown type but also the bucket types.
The corrections of ERI, bucket, and unknown type were estimated to be
negative, and the magnitudes gradually decrease in time from the 1960s.

Consequently, the warm SST trends were strengthened.
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Compared to LSAT, the SST variations are expected to be moderate due
to the thermodynamic stability of the oceans. The unusual gaps between
NMAT and LSAT on 5-30 year time scales before the 1950s were subtracted
from HadNMAT?2, which was used for the SST bias correction in this study.
In this way, the global mean SST changes around the 1940s become mod-
erate in COBE-SST3. Even after the bias correction, the cold global mean
SSTs around the 1910s look suspicious compared with the CMIP6-model
SST responses to the greenhouse gases and aerosols. Similar anomalies were
also confirmed in the previous analysis and those of the other centers. While
the method used this time reduced the global mean biases of each year, local
biases are expected to remain large. The same methodology can be used
to detect the local biases. However this is not easy because the sources
of SST biases are diverse, depending on countries, seasons, locations, and
many unexpected errors. Moreover, many observations are needed to dis-
tinguish the biases from the observed signals and random noise. It is ideal
that the biases of individual countries or instrument types can be removed
on the basis of the clear evidences like the Kobe Collection (Sec. 3.2). In
the mean time, because the data coverage of NMAT during the 1940s was
improved in ICOADS3 (Freeman et al. 2017), the uncertainties in SST are
expected to decrease through the incorporation of these data into newer

NMAT datasets such as CLASSnmat (Cornes et al. 2020) or UAHNMAT
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(Junod and Christy 2020) or similar. The above issues should be addressed
in future studies.

In the simultaneous analyses of LSAT and SST for interannual anoma-
lies, the both SST and LSAT observations helped to reduce uncertainties
in the resulting analyses. The simultaneous analysis is expected to produce
consistent SST-LSAT secular changes and fields in local domains around
Japan and along the east coast of North America (Fig. 15). The addi-
tional analysis experiments showed that LSAT and SST observations were
complementary in the simultaneous reconstruction analysis. In fact, in the
reconstruction, the heterogeneous observations are used as less reliable in-
puts, and the variability to be analyzed is maximized. Furthermore, the
quality of the used observations was found to high, since the heterogeneous
analysis agree with the homogeneous analysis as far as the comparison of
the anomalies over the Nino3 region and the South American Continent is
concerned. The Nino3 SST anomalies can be estimated with high accuracy
only from the LSAT observations. The above result suggests that the both
SST and LSAT analyses during early decades will be more reliable if ei-
ther SST or LSAT observations are more available than ever. The current
worldwide data rescue efforts will certainly contribute to this.

The satellite observations introduce significant variances of ocean eddy

activity into the SST analyses, and the spatiotemporal characteristics of
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COBE-SST3H are very different from COBE-SST3 without the satellite
observations. The use of multiple satellite observations improves the SST
analysis simply because of the high spatial data coverage. In the meantime,
the homogenization of the data quality is crucial for the accuracy of the
analysis. The local gaps between the satellites are substantially large and
this lead to uncertainties in the daily SST changes. Figure 16 shows the
ratio of daily to monthly standard deviations in September. Roughly speak-
ing, the areas of high ratios at low latitudes correspond to high convective
activity, which varies seasonally and moving meridionally. These features
are also seen in DOISST2.1. The diurnal variability is large in the tropical
and subtropical oceans, especially around the Philippine and in the tropical
Atlantic and Indian Oceans. In these regions, the uncertainties between the
daily SST analyses appear to be large, shown as locally low ACC in Fig.
12. There also appear ratios greater than one near Antarctica probably due
to ocean eddy activity (Meredith and Hogg 2006) and observational noise
caused by data sparseness of satellite observations (Reynolds and Chelton
2010). The agreement of the daily changes between COBE-SST3H and
DOISST2.1, as deviations from the 31-day running means, are somewhat
poor, but the weekly averages are slightly better (not shown). The same sit-
uation is expected among the other counterparts listed in Yang et al. (2021).

The robustness of daily SST variability should be achieved in spatiotempo-
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o3 rally high resolution SST analyses. Fig. 16
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Appendix

A. Objective analysis

The appendix presents the theoretical background of the methods used

in the current SST analysis.

A.1  Variational minimization

On several occasions in this study, the following types of the cost func-
tion J (Eq. 1) are introduced, and is minimized to obtain the multiple
solutions, vector x, using all available observations, vector y. The solutions
are estimated by considering the error magnitudes of the background and
the observations, which are denoted by the covariance matrices E and R,
respectively. The former contains the spatial correlation structures, and the
latter is diagonal. Matrix H is called the observation matrix that generally
transform physics variables x into observations y. In the SST analysis, H
denotes a bilinear interpolation operator. The solutions are computed by
summing the observations multiplied by optimal weights K (Eq. 2 and 3).
Matrix K contains the weights necessary for at all grid points. If x has
a small dimension, the cost function can be minimized directly. However,
the dimension size is usually O(10°) or more, and sometimes the solutions

are iteratively evaluated by the preconditioned conjugate gradient method
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o6 (Derber and Rosati 1989; Ishii et al. 2003). The latter is referred to in
o7 the text as variational minimization. In this approach, all solutions are

as computed at once, taking into account all available observations.

J = xX'E'x+ (y - Hx)'R'(y — Hx) (1)
x = Ky (2)
K = EH'HEH'+R)™! (3)

oo Suffix ¢ indicates matrix transpose.
980 The analysis error, matrix P, is theoretically defined by Eq. (4) (Ghil
o1 and Malanotte-Rizzoli 1991; Ide et al. 1997). Its direct computation is

sz unrealistic in most cases because the dimension size is too large.

P=(E'+HR 'H)! (4)

983 A . 2 O[

084 Although the optimum interpolation (Gandin 1963) is old-fashioned,
s this and its variants are still used in several SST analyses (Kaplan et al.
s 1998; Rayner et al. 2003; Reynolds et al. 2007; Hirahara et al. 2014), in-

7 cluding the current analysis, COBE-SST3H. In OI, climatological anomalies

9

<]

ss or daily changes z; at a grid point ¢ are computed as the sum of weighted ob-
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servations vy, (m = 1,--- , N) spatiotemporally close to the grid point and
the analysis date (Eq. 5). The optimal weights k,,,(< 1) are computed in the
least squares sense with the N-dimensional simultaneous linear equations
(Eq. 6), in which the spatiotemporal covariance of the background errors
E,., and the observational errors R,, are considered. x,, is the background
SST interpolated to the observational position of ¥,,. The method requires
a low computational memory because the optimization is performed in a low
dimension determined by the number of observations available around the
grid point. The equation (8) provides the analysis errors which are stored

in the COBE-SST3H archive.

N
ZEmnkn+Rmkm:Eim7m:17"‘ , N (6)

n=1

P=3 (1 kB, (7)

m=1
—5x?m —5t?m
Eim = exp( T2 ) exp( 2 ) (8)
x t

The background covariance errors are given by a combination of exponential-
type spatiotemporal decorrelation structures (Eq. 8). Variables dx and 6t
are the spatial and temporal distances between the model grid and the ob-

servation location, respectively. The spatial decorrelation scales for SST,
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D, vary in space, depending on the dominant SST variations. The tempo-

ral decorrelation scale D, is set to be invariant in space.

A.3 Reconstruction

In the reconstruction analysis, the SST field is decomposed by empir-
ical orthogonal functions (EOFSs) representing detrended interannual SST
variations or daily SST changes. In this case, E for the interannual varia-
tion and the daily change can be expressed as FAF!, where A and F are
eigenvalue and eigenvalue matrices, respectively. A is diagonal. In practice,
all EOFs are not used, and E is truncated by a limited number of EOFs.
This number is usually much smaller than the number of grid points. With
this EOF-truncated background error covariance, the minimization of the
cost function (Eq. 1) can be implemented with a low computational cost.
In essence, the spatial variability of analyzed SST is homogenized, and the
observational noise is reduced by the prescribed EOF patterns, especially
in data-sparse years (Smith and Reynolds 2003).

The analysis error of Eq. (4) is rewritten as Eq. (9), and they can be
directly calculated with a fairly low computational cost. Only the diagonal
components of P are computed and stored in COBE-SST3. As reported
by HIF14, the analysis errors of reconstruction suggested that the recon-

structed SSTs reduced their uncertainties particularly around the periods
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of the two World Wars and in the 19th century, compared with the OI

analysis.

P=FA '+ FHR'HF) 'F. (9)

In the current study, the reconstruction analysis is used to obtain the
spatial patterns of low-frequency component, internal variation, and daily
change. In the analysis of the low-frequency fields, the observation vector y
contains box-averages from which the global mean was subtracted. In the

simultaneous SST-LSAT analysis, E is extended to

FAF! C
(10)
C' GIG,
where I' and G are the truncated eigenvalue and eigenvector matrices, re-
spectively, computed from the LSAT time series. Matrix C contains the

covariance of the EOF-projected (or score) time series between SST and

LSAT. The other matrices and vectors in Eq. (1) are extended accordingly.

A.4  Perturbation

The set of SST perturbations represents the uncertainty of COBE-SST3,

which is the sum of the errors in the low-frequency components (Fig. 7)

53



1037 and the analysis errors in the interannual variations and daily changes (Eq.
s 9). Here, we assumed that the sources of the uncertainty are independent
w9 among the three components. Uncertainties are large in areas with sparse
wo data or of large background errors. Assuming that the EOFs used in the
e analysis can represent the truth with sufficient accuracy, the perturbations
02 can be decomposed by the EOFs. The SST perturbation vector 6™ (k) for

13 ensemble member m = (1,2,--- , M) at the k-th time step is given by

8™(k) = a(k) {bm

tre

(K)Fiye + b (KB PindFins + B, (0)Z4 2Pty Pty (1)

int day

—

i where b is the normalized EOF score vector, and the E and P are the
s eigenvalue and eigenvector matrices of (A~ + F'H'R'HF)~! in Eq. (9).
e = is diagonal. Suffixes “tre”, “int”, and “day” stand for low-frequency com-
e ponent, interannual variation, daily change, respectively. Equation (11)
1w provides a set of perturbations proportional to the analysis errors. For
w9 each perturbation component, the spreads of the perturbations and the
wso corresponding analysis errors are comparable with each other. However,
st the spreads of ™ (k) become smaller than the analysis errors, because the
02 three components are independently given. Therefore, scalar a(k) was intro-
ws3  duced to make the spread equivalent to the analysis error, which took values
wsa around 1.3. In Eq. 11, the error in the low-frequency components is given

wss in a different style from the others, because the theoretical analysis errors
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for the low-frequency components were not available. Since the most part
of the variance of the low-frequency components is explained by a couple of
leading EOF modes, Fy,., the spread of b}", (k)F,,. was adjusted to the er-
ror at each time step. Six EOF modes explaining 95% of the low-frequency
variability were used in this study.

The time series of m-th score vector b is given by a first order autore-

gressive model:
b™(k) = '™ (k — 1) + €™ (k). (12)

where cf" is the weight, and €™ contains white noise. ¢ is estimated from
the score time series of detrended SST anomalies in the least squares sense.
The value is less than and close to 1, which ensures that the b™(k) time
series are not divergent. The independence between the perturbations relies
on the randomness of €”, and therefore any ensemble size is possible.

The perturbed SSTs are finally provided by adding 6™ (k) to COBE-
SST3. The perturbations of sea ice concentration (SIC) are computed con-
sistently with the SST perturbations. The same SIC-SST relationship (Sec.

3.5) is used here.

A.5 SST bias computation

To obtain the SST observation biases as a function of the observation

instruments, the variational minimization method (Sec. 3.2; Eq. 1) is used
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to compute the biases on an annual basis. The computed biases are spa-
tially invariant. The bias corrections (x) for six methods are analyzed using
the global mean differences in SSTs between unbiased and biased instru-
ments and differences between biased SST observations and HadNMAT?2 as
observations (y). The error variances of the bias corrections, E, are set to
(0.15K)?, where E is diagonal. The error variances for y, i.e., F, are given
by aE, where « is the inverse of the fractional spatial coverage based on the
5°x 5° grid. In Sec. 3.2, two types of the differences are used: one is the
difference between biased and unbiased observations, and the other is the
difference between biased observations. The observation matrix H is simply
1 for the former case, while it becomes an operator that gives a difference
in the corrections between the methods. y is constituted by the samples of

these differences in consecutive five years centered at the year of the bias.
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Fig. 1. Schematic of the procedures for the SST and LSAT products. Each
procedure is performed serially downward. The numbers in brackets
denote the section in which each procedure is described.
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Fig.

a) Monthly Number of Reports and Data Coverage
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2. a) Monthly data counts (line) and spatial coverage (shade) of in-situ
SST and LSAT. Coverage is estimated from data distributions on the 5°
x 5° grid, and 100% coverage means that SST and LSAT observations
perfectly cover the globe. b) Time series of the data coverage separately
shown for each instrument type by colored lines.
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band—passed global mean NMAT and LSAT
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Fig. 3. Time series of global mean HadNMAT2, CRUTEM5, CRUTEMb5 mi-
nus HadNMAT?2 (LSAT-NMAT in the legend; black) on decadal scales.
A 5-year running averaging is applied to the all time series after sub-
tracting the individual 31-year running averages. Additionally, corre-
sponding reanalyses of OCADA (thin solid), 20CR (dot-dot dashed),
and JAR-55 (dotted) are shown by light-blue and orange lines for mar-
itime and land surface air temperatures, respectively. These time series
are averages of temperatures on the full model grid, and the maritime
averages include daytime and nighttime temperatures. Yellow shading
indicates the uncertainties in the decadal-scale LSATs, which were cal-
culated from the data used for the low-frequency LSAT uncertainties
(see Sec. 4.1 for detail).
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Fig. 4. Time series of SST corrections [K]| for six instrument types.
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SATELLITE SST Coverage
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Fig. 5. Spatial coverage of satellite SST observations estimated on a 0.25°
x 0.25° grid. The gray and black lines show daily coverage and the
31-day running averages, respectively. The available periods for each
satellite are denoted by gray box arrows. The Pathfinder observations
are available from August 1981 onward, AMSR-E from June 2002 to
October 2011, WindSat from February 2003 to December 2018, and
AMSR2 from July 2012 onward.
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Global Mean Satellite SST Adjustments
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Fig. 6. Time series of daily satellite SST adjustments. Nighttime and day-
time adjustments are plotted separately for four satellite: Pathfinder
(black and gray, respectively), AMSE-E/AMSR2 (blue and light blue),
and WindSat (red and orange). The time series are smoothed by 7-day
and 3-day running averaging for Pathfinder and the other satellites,
respectively.
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Mean 1-Sigma Error in Low—Frequency Components
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Fig. 7. Time series of the error standard deviations (K) of the grid-wise
low-frequency SST (light blue) and LSAT (orange) errors from 1850 to
1989 averaged over the globe. Those for the global mean low-frequency
SSTs (blue) and LSATs (red) are also shown.
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March 15, 2005
q) COBE-SST3H b) COBE-=SST3
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d) COBE-SST2
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Fig. 8. SST (contour) and SST anomalies (shade, K) of a) COBE-SST3H
and b) COBE-SST3 compared with ¢) DOISST2.1 and d) COBE-SST2.
The contour interval of SST is 2 K.
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a) Global Mean SSTa [K] 5-yr running mean
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b) Global Mean LSATa [K] 5—yr running mean
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Fig. 9. Time series of global mean a) COBE-SST3 (K), b) COBE-LSAT3

(K) shown by black curves, and c¢) decadal-scale global mean SSTs
(K; solid) and LSATs (K; dot). HadSST4 (red) and ERSST5 (blue)
are superimposed in a), and CRUTEMS5 (red) and GISTEMP4 in b).
Five-year running averaging was applied to these time series, while
the seasonality in the low-frequency components are filtered out by
applying 13-month running averaging to them. The shaded bands along
the COBE-SST3 and COBE-LSAT3 denote the 2-sigma errors. The
global means averaged at the grid points collocated with HadSST4 and
CRUTEMS5 were compared. I&), decadal-scale monthly SSTs and
LSATs are shown after subtracting the 31-year averages and applying
5-year running averaging. Those for HadSST4 and ERSST5 are also
shown by red and blue curves, respectively. The base period is from
1991 to 2020 in panels a) and b).



Hetero. vs Homo analyses
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Fig. 10. a) RMSDs relative to the interannual standard deviations and b)
correlation coefficients between the homogeneous and heterogeneous
analyses. The period of the statistics is from 1985 to 2015.
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Fig. 11. a) Detrended five-month running mean time series of the Nino3
SST anomaly and (b) those averaged over the South American LSAT
analysis. Analyses with SST and LSAT observations (black), with SST
observations only (light blue), and with LSAT observations only (or-
ange) are shown. ¢ and CC in the legend denote the standard deviation
and correlation coefficient, respectively, against the simultaneous SST-
LSAT analysis using the both SST and LSAT observations.
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COBE-SST3H vs DOISST2.1 COBE-SST3 vs DOISST2.1
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Fig. 12. RMSDs (top) and ACCs (middle) of the COBE-SST3H (left) and
COBE-SST3 (right) anomalies compared with the NCEP DOISST2.1
on the daily basis. The bottom panels show ACCs with respect to the
daily SST changes.
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Meridional SST Gradients [K/deg.]
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Fig. 13. Absolute meridional SST gradients (K/deg.) in the western North
Pacific of a) COBE-SST3H, b) COBE-SST3, and ¢) DOISST2.1 on
March 1, 2005. Contours for SST are shown every 3 K.
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Fig. 14. Histogram of a) linear trends from 1890 to 2020 of global (black),
northern hemispheric (light blue), and southern hemispheric (orange)
SST averages, and b) perturbations of Nino3 SST anomaly. In a),
the trends are normalized, and the legend contains the mean trends
(the first values) and the standard deviations (second values). Marks
indicate corresponding normalized trends of COBE-SST2 (solid circle),
HadSST4 (diamond), and ERSST (square). In b), the histogram of the
perturbations for each day is shown by gray lines. Black and colored
lines indicate histograms for annual and seasonal means, respectively.
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SSTa & LSATa Mar 2003
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Fig. 15. SST and LSAT anomalies around Japan (top) and along the east
coast of North America (bottom). The time series of SST (black) and
LSAT (orange; a, ¢) are averaged in areas shown by blue and red rect-
angles, respectively, and they are compared with ERSST5 (blue) and
GISTEMP4 (red), respectively. In b) and d), monthly mean SST and
LSAT anomalies in March 2003 are shown by color shading.
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Ratio of daily to monthly STD Sep
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Fig. 16. Ratios of standard deviations between daily changes and inter-
annual variations in September averaged over 1985 — 2015. A ratio
greater than 1 denotes a greater variability of the daily change than
the interannual variability. Note that the low-frequency components
are not included in the interannual standard deviation.
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Table 1. Prescribed errors of each observation type relative to those of the
backgrounds of the monthly and daily analyses. Column of “vs Buoy”
gives the mean difference [K] for each type from the buoy observations
during 1985-2015. Both drifting and moored buoys are assigned to the
Buoy group.

relative error

Type Monthly Daily vs Buoy [K]
Buoy 1 0.5 0
Argo 1 0.5 -0.00
Bucket 2 1 -0.02
ERI 2 1 0.11
CTD, Bottle 2 1 -0.10
XBT, MBT 2 1 0.10
Unknown 2 1 0.09
Others 2 1 0.05
Satellite e 0.5

LSAT 1.5
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Table 2. Variants of the SST-LSAT analysis depending on whether to use
the SST and LSAT observations, and relationships between the ob-
servations and the analysis products. Experiment A is the standard
analysis of this study, in which the SST and LSAT observations are
combined or used together in the SST and LSAT analyses.

Experiment Observations used SST Analysis LSAT Analysis

A SST and LSAT combined combined
B SST homogeneous  heterogeneous
C LSAT heterogeneous  homogeneous
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Table 3. Comparison of the daily SST analyses with buoy and Argo obser-
vations in the Northern and Southern Hemispheres. The unit of bias
and RMSD is Kelvin.

Northern Hem. Southern Hem.
Analysis bias ACC RMSD bias ACC RMSD

COBE-SST3H 0.05 0.93 0.48 0.02  0.93 0.34
COBE-SST3 0.04 0.88 0.60 0.02  0.86 0.48
DOISST2.1 0.05 091 0.53 0.00  0.90 0.40
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