
CLIMATE RESEARCH
Clim Res

Vol. 73: 217–231, 2017
https://doi.org/10.3354/cr01471

Published online August 28

1.  INTRODUCTION

Sea surface temperature (SST) is among the most
fundamental and important variables used to quan-
tify climate change. A number of research groups
have developed several SST products which are
mainly based on observations. Detailed information
about SST data sets used for previous climate studies
is provided by Deser et al. (2010, their Table 1). Sev-
eral historical SST reconstructions begin in the late
19th century: the Hadley Centre Sea Ice and SST
data set (1° × 1°) (HadISST1; Rayner et al. 2003), the
National Oceanic and Atmospheric Administration

(NOAA) Extended Reconstructed SST data set (2° ×
2°) (ERSST v3b, Smith et al. 2008; ERSST v4, Huang
et al. 2015, Liu et al. 2015), and Centennial in situ
Observation Based Estimates of the SST data sets
from the Japan Meteorological Agency (1° × 1°)
(COBE SST; Ishii et al. 2005; COBE SST2; Hirahara et
al. 2014). However, there are some uncertainties in
the long-term trends of these historical SST data sets
in certain regions. For example, the SST changes for
the tropical Pacific are, at present, still subject to
debate because the temporal pattern varies depend-
ing on the analyzed data set and the investigated
study period (Bunge & Clarke 2009, Karnauskas et al.
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2009, Deser et al. 2010, Tokinaga et al. 2012). The
SST gradient in the Pacific equatorial zone is intensi-
fied from the 19th to 20th centuries in HadISST1, but
weakened in ERSST (Vecchi & Soden 2007). The
International Comprehensive Atmosphere-Ocean
Data Set (ICOADS) (Woodruff et al. 2011) is another
widely used digital collection of quality controlled
surface weather observations (including SST). How-
ever, the data coverage is poor for certain regions
and for certain periods because of factors such as the
uneven distribution of commercial shipping routes
and the changes in these routes that occur over time
(Deser et al. 2010).

In recent decades, the SST variability in the Pacific,
Indian, and Atlantic Oceans has been investigated
extensively, but insufficient attention has been
directed toward the studies of SST variability in mar-
ginal seas. The China Seas, consisting of the Bohai
Sea, the Yellow Sea, the East China Sea (ECS), and
the South China Sea (SCS), are important marginal
seas located on the largest continental shelf of the
world. Although affected by large-scale oceanic and
climatic variability, marginal seas are characterized
by their own unique features, depending on the local
physical, chemical, biological, and environmental
characteristics. Investigations of the SST variability
over the China Seas, especially the offshore areas,
are important for the study of regional climate
change (X. Zhang et al. 2005, L. Zhang et al. 2010,
Xie et al. 2010, Wu et al. 2012, Liu & Zhang 2013). 

Despite their importance, reliable projections of
regional climate change face ongoing challenges.
Previous studies of SST variations over the offshore
seas of China have mainly focused on a very limited
area or on seasonal or interannual time scales be -
cause of the lack of long-term observations for this
region. Therefore, reconstruction of a high-quality
and long-term regional SST data set is still the main
task for studies of environmental variation in the
China Seas. In fact, an accurate representation of
SST variations in the China Seas requires numerous
historical marine observations. Notably, the State
Ocean Administration (SOA) has accumulated a
large number of historical marine observations from
the marine observation system of China over the
China Seas, including SST data sets obtained from
coastal hydrological stations, buoys, voluntary ob -
serving ships, routine transect investigations and
comprehensive marine investigations of China, inter-
national and regional cooperative investigation pro-
jects, and others. These in situ observations provide
reliable long-term SST records for the China Seas,
and they were used to reconstruct a more reliable

SST product in our study. Furthermore, a careful
analysis of the variability and long-term trends of
SST over the China Seas was conducted based on
this new regional SST data set.

2.  BACKGROUND OF THREE INTERNATIONAL
SST DATA SETS IN STUDIES OF SST

 VARIABILITY OVER THE CHINA SEAS

The Kaplan Extended v2 SST anomaly data (5° ×
5°) and the ERSST v4 data (2° × 2°) are not consid-
ered in this paper because of their lower spatial reso-
lutions. In this section, we focus on the ICOADS SST
and HadISST1, which are widely used SST data sets. 

The observational archive and monthly summary
products of ICOADS were first made available 25
years ago. Each subsequent ICOADS release has
been regularly maintained as an international collec-
tion of global observational data for oceans, and has
been commonly utilized in research geared towards
the understanding of earth systems. Each ICOADS is
based on in situ marine meteorological observations,
mainly from ships, buoys, automated platform types,
moored buoys, drifting buoys, and near-surface
measurements from hydrographic profiling studies.
The new Release 2.5 (R2.5) data of ICOADS was
completed in July 2009. ICOADS R2.5 is a major
update (covering the period 1662−2007) of the
world’s most extensive surface marine meteorologi-
cal data collection. At present, no satellite SST data
have been combined in ICOADS (Woodruff 2007,
Woodruff et al. 2011). The data density and coverage
of this data set spatially vary in ICOADS because of
the uneven distribution of ship routes and the exis-
tence of several data-sparse regions (Woodruff et al.
2011). To understand the data density and coverage
of the observations over the China Seas and their
adjacent waters, the numbers of SST observations
from ICOADS R2.5 (which are in the International
Maritime Meteorological Archive format covering
1960−2012) are counted up for each 1° grid over this
region (Fig. 1). The numbers of SST observations
from ICOADS R2.5 are not well distributed over the
China Seas, especially in the Bohai Sea and the Yel-
low Sea (white areas in Fig. 1). The data density is
sparse in these areas, and the limited data coverage
over the China Seas can lead to high uncertainties in
the estimate of SST variability in this region.

HadISST1 data were developed at the Met Office
Hadley Centre in the UK. The primary purpose of
HadISST1 is to force atmospheric models in the
simula tion of recent climate and evaluate coupled
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atmosphere−ocean models. Also, HadISST1 has
been used to supply information on the ocean sur-
face. To fulfill these aims, the HadISST1 data set is
composed of SST data from the Marine Data Bank
in the UK (mainly ship tracks) and the ICOADS;
from 1982 onward, HadISST1 also consists of
adjusted satellite-derived SST data from the
Advanced Very High  Resolution Radiometer.
Although data gaps in HadISST1 have been inter-
polated, the performance of HadISST1 in describing
SST variability in the China Seas, particularly in the
offshore areas, is still questionable, because of the
data sparseness and limitations of the interpolation
techniques (Sheppard & Rayner 2002, Rayner et al.
2003, Zhang et al. 2005, Cai et al. 2011, 2012, Liu &
Zhang 2013).

The oceanic thermal dynamics of the China Seas
are complicated. The regional SST variability is affec -

ted by many factors. In order to reflect the ‘real’ SST
climate change, a high-quality SST data set which
includes a great number of observations is needed.

3.  METHODS AND DATA PROCESSING 
TO PRODUCE THE NEW RECONSTRUCTED

DATA SET

In this study, we constructed a new SST data set
which can be used in regional climate studies of the
China Seas. The historical observational SST data
sets over the China Seas from the SOA of China were
merged with SST observations from ICOADS R2.5 to
obtain the newly reconstructed SST data set. SST
observations from ICOADS R2.5 were used as the
primary data source because the SST observations
are recorded by similar instruments as those in the
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Fig. 1. Numbers of observations over
the China Seas and adjacent waters
from ICOADS R2.5 enhanced monthly
summaries for (a) the annual mean, (b)
February, and (c) August in each grid
cell (1° × 1°) from 1960−2012. The num-
bers of observations in white grid cells
are ≤400. A–D and Xiao Changshan
(triangle) are hydrological stations used 

in the study
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marine observation system of the SOA in the China
Seas. The newly reconstructed SST data set was pro-
duced as follows.

3.1.  Data and processing

Our study is primarily based on 2 sources of data:
(1) historical SST observational data accumulated by
the SOA, including SST data from 70 coastal hydro-
logical stations located along the coast of China, the
China National Marine Comprehensive Investiga-
tion, routine transect investigation in the China Seas,
and data from international cooperation and data
exchanges (from 1960−2012). A large part of the SOA
observations was initially used to construct the grid-
ded SST data set over the China Seas; (2) SST ob -
servations from ICOADS R2.5 from January 1960 to
December 2012, which are obtained from the NCAR
website (http://rda.ucar.edu/datasets/ds540.0/). In
our study, we focus on the time period from 1960−
2012 due to the fact that the SOA has developed an
integrated marine observation system, and thus more
SST ob servations have been obtained since 1960.
Consequently, the data gaps and missing grid boxes
in the ICOADS can be filled well with the historical
observations accumulated by the SOA. The numbers
of SST observations in each grid cell are summed and
shown in Fig. 2.

The measurement depths of SST sensors vary be -
cause there is an abundance of data sources. For

example, bulk carriers, vehicle carriers, gas tankers,
and livestock carriers typically measure SST at 7 m
depth or deeper (Kent & Taylor 2006). Research ves-
sels, fishing vessels, trawlers, support vessels, the
Coast Guard, and sailing vessels all typically meas-
ure SST at 4 m depth or shallower (Kent et al. 2007).
Thus, it is very difficult to address all of the issues
related to variations in observation systems, changes
in measurements, and anomalies that can lead to
potential errors (Kent & Taylor 2006, Woodruff et al.
2011). It is known that the types of ship, instruments
used, and depths of measurement have changed in
the past decades. All of the information has been
documented in the World Meteorological Organiza-
tion (WMO) Publication No. 47 (hereinafter referred
as WMO Pub.47) since 1955. The statistics of the
mean SST measurement depth on a 10° area grid for
all SST observations with known measurement
depth were calculated based on the information from
WMO Pub.47 by Kent et al. (2007; see their Fig. 12 for
detailed information). According to their results, 6 m
was determined to be the mean SST measurement
depth over the China Seas. Thus, SST observations
from SOA were selected if the SST instrument depth
was ≤6 m; the biases caused by variation in instru-
ment depth were not considered in this study. All of
the observations were subjected to quality control
(QC) procedures (including on-land testing, range
checking, gradient testing, spike checking, etc.) and
duplicate data were removed from the multi-source
SST data (see the Appendix). 
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Fig. 2. Numbers of SST observations over the China Seas and adjacent waters from January 1960 to December 2012 contained
in (a) the ICOADS R2.5 in each grid cell and (b) the new regional SST data set for the China Seas (hereafter SST-CS) in each
grid cell, i.e. after combination of the SST observations from ICOADS R2.5 with the SST observations from the State Oceanic 

Administration of China. The numbers of observations are ≤3000 in the white grid cells
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In addition, SST data from 70 coastal hydrological
stations of China were homogenized to ensure that
the time series are homogenous in terms of statistical
methods and metadata. Long-term time series from
stations are often affected by non-climatic factors
(such as station relocation, changes of instruments,
observing practices, environment, etc.) which can
lead to inhomogeneity (Heino 1996). Thus, we used
the penalized maximal F (PMF) test, which was de -
veloped by Wang (2008). Our analysis revealed that
the majority of discontinuities are caused by station
relocations and instrument changes — both factors
account for approximately 30 and 45% of total dis-
continuities, respectively. In the paper, we take the
Xiao Changshan station located on the coast of the
Bohai Sea as an example (marked by a triangle in
Fig. 1). Fig. 3 shows the curves of the PMF test of the
monthly mean SST of the Xiao Changshan station.
Three discontinuous change points exist in the SST
time series. From the station history file as indicated
in the metadata (Table 1), the 3 discontinuous points

are due to the changes in instruments, and need to be
adjusted.

Finally, we obtained the SST warming rates of the
un adjusted and adjusted SST time series of all 70 sta-
tions along the coasts of the China Seas. The rate of the
adjusted SST time series is 0.182°C per 10 yr, which is
larger than the raw warming rate (0.148°C per 10 yr).
This result shows that the inhomogeneous time series
appears to underestimate the warming trend during
the last 53 yr. This result is similar to previous results
from homogenization of a surface air temperature time
series in mainland China (Yan et al. 2011, Cao et al.
2013, Xu et al. 2013).

3.2.  Data gridding

In order to obtain the newly merged SST data set,
the China Seas and their adjacent waters (100−
150° E, 0−50° N) were gridded into a standard 1° × 1°
resolution. Here, the monthly averaged data were
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Tested discontinuity          Metadata record

November 1965                 Changes in instruments and observing practices occurred in January 1965, i.e. transformation
from an artificial to an automatic observing system, and the instrument was changed from an
Analytic Jena 16 Mercury Thermometer to an SWY1-1 Thermometer

April 2002                          Changes in instruments occurred in January 2002, i.e. from the SWY1-1 Thermometer to a
YZY4-1 Thermohaline Sensor

July 2004                            A third change in instruments occurred in July 2004, i.e. from the YZY4-1 Thermohaline Sensor
to an SWL1-1 Thermometer

Table 1. Main discontinuities identified by metadata records from Xiao Changshan station
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obtained as follows: (1) All daily mean SST observa-
tions in each grid cell were allocated to three 10 d
periods in 1 mo according to the observational time.
(2) Three means of the three 10 d periods were ob -
tained. (3) Subsequently, all monthly mean data in
each grid cell were derived from the arithmetical
mean of the 3 values mentioned above in every cal-
endar month from 1960−2012. However, if in each
period there were fewer than 5 d with observations,
the value of this grid cell was considered a missing
value. (4) Furthermore, to reconstruct gridded month -
ly SST data, objective analysis was required to fill in
the missing values. The analysis scheme was devel-
oped by Cressman (1959). The formula is as follows:

(1)

where T is SST; Ti is the value in grid i; (m), (m+1) is
the number of iterations; Tk is the observation SST;
Tk

(m) is the interpolation to the observation point k by
the m iteration; n is the total number of observations;
and ωk is the weight, which is also from Cressman
(1959):

(2)

where R is the radius and rk is the distance between
the observation location and grid point.

In summary, the monthly observations in each 1°
grid box were averaged to get 1 value for each 1° grid
box. Some missing grid box values were interpolated
using data from surrounding grid boxes by objective
analysis. A newly merged SST data set was then con-
structed for the China Seas and their adjacent waters
(hereafter referred to as SST-CS). The SST-CS data
set has a monthly temporal resolution and a spatial
resolution of 1° latitude by 1° longitude for the period
January 1960 to December 2012.

4.  IMPROVED ANALYSIS OF THE NEWLY
RECONSTRUCTED DATA

4.1.  Trend analysis

In this section, the SST-CS data set is discussed and
compared with 3 widely used SST data sets which
have the same spatial resolution and temporal reso-
lution: ICOADS R2.5 SST, HadISST1, and COBE
SST2. The annual mean SST anomalies (SSTA) time
series from SST-CS, ICOADS R2.5 SST, and
HadISST1 of the China Seas (105−130° E, 15−45° N)
are shown in Fig. 4. The values of these anomalies

from the different sources are similar. The correlation
coefficient between the SST-CS data and the
HadISST1 data is 0.971 and that between the SST-CS
data and ICOADS SST data is 0.962, which is the
same as the correlation coefficient between the SST-
CS data and the COBE SST2 data. All of the 3 time
series reflect the same interannual variability. How-
ever, there are still discrepancies in the amplitudes of
the SSTA. The differences are most noticeable before
1990, when the ICOADS R2.5 SST data exhibit a
slightly weaker anomaly and the HadISST1 data
exhibit a slightly stronger anomaly, compared with
the SST-CS data. From 1960− 2012, the annual mean
SSTA of the SST-CS over the China Seas is character-
ized by a warming trend, at a rate of 0.153°C per
10 yr (Fig. 4). The warming rates calculated from
ICOADS R2.5 SST and COBE SST2 are 0.129 and
0.101°C per 10 yr, which are both much slower than
that of SST-CS. The SST warming trends of ocean
waters are generally weaker than those on mainland
China (Tang & Ren 2005, Cao et al. 2013). SST obser-
vations in ICOADS R2.5 are not well distributed over
the coastal areas and offshore areas of the China
Seas, and ICOADS R2.5 has not been reconstructed.
Therefore, some grids in the China Seas, especially
the offshore areas, are empty (Fig. 1). The lack of
observations over the offshore areas in ICOADS may
contribute to the weaker warming trend in the China
Seas. Although the COBE SST2 includes some extra
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observations around Japan besides ICOADS R2.5
SST (Liu et al. 2015), the observations over the off-
shore areas of China Seas in COBE SST2 are still
deficient. In contrast, the warming rate calculated by
HadISST1 is 0.185°C per 10 yr, which is much more
rapid than that of SST-CS. This difference may be
attributed to the values for the cooler period from
1960−1990 in HadISST1. The warming trend in the
China Seas from SST-CS is an intermediate warming
trend between the HadISST1 and ICOADS R2.5 SST
trends.

To extract the spatial variability of SST, empirical
orthogonal function (EOF) analyses of SST-CS are
performed over the China Seas. The spatial variabil-
ity and time coefficients of the first EOF mode of

SSTA are shown in Figs. 5a & 6a. Accounting for 31%
of the total SSTA variance, the first mode reflects the
warming trend in the China Seas. The second EOF
mode accounts for 9.7% of the total SSTA variance
and indicates an out-of-phase change on either side
of 29° N (Fig. 5b). The EOF analyses of SST from
ICOADS R2.5 are also performed over the China
Seas (not shown). Because SST-CS was merged from
historical SST observations from the SOA and
ICOADS R2.5 SST, there is close agreement between
ICOADS SST and SST-CS, with a high correlation
coefficient (0.81) between their principal compo-
nents. However, differences in the spatial distribu-
tions still exist. For instance, the most important
warm center is mainly located in the northern ECS
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and the Yellow Sea in Fig. 5a, whereas the most
important warm center occurs in the Yellow Sea
based on ICOADS R2.5 SST. From the comparison of
the explained variances for the first 10 modes in the
EOF analysis (Table 2), the explained variances of
the first 2 modes of ICOADS R2.5 SST are clearly
lower than those of SST-CS. For example, the
explained variance of the first mode of ICOADS R2.5
SST is only 10%, whereas that of SST-CS is 31%. The
first 10 modes of SST-CS explain approximately 19%
more of the variance than that explained by the cor-
responding EOF modes of ICOADS SST.

4.2.  Comparison with SST observations

Our present SST-CS data and several international
SST data sets (including COBE SST2 and HadISST1)
are compared with observation SST data in China on
a monthly basis. The observation SST data are from 4
coastal hydrological stations (Stns A to D), which are
randomly selected (Fig. 1). The discrepancies are
also evaluated between the SST-CS (as well as COBE
SST2 and HadISST1) and the observations from rou-
tine transect investigations in the Bohai Sea (loca-
tions A1 and B1) and the Yellow Sea (locations C1
and D1; Fig. 7). Note that the observational SST of
the above 8 points have not been merged into the
SST-CS. These observations are used to examine the
effect of merging and gridding procedure of the SST-
CS and to validate the consistency of the SST-CS
with observations.

The yearly mean SST time series from 1960−2012
of the 4 coastal hydrological stations are compared
with those of SST-CS, COBE SST2, and HadISST1
data sets (Fig. 8). Firstly, the correlation coefficients

between the SST-CS (also COBE SST2, HadISST1)
and observations at 4 stations are calculated
(Table 3). It is clear that the time series from SST-CS
is highly consistent with the observations from the
stations. The correlation coefficients for the 4 stations
are 0.771, 0.979, 0.715, and 0.947, respectively
(>99% confidence level for all). The correlation coef-
ficients between COBE SST2 (or HadISST1) and
observations are much smaller than those in SST-CS,
slightly exceeding the 95% confidence level. Mean-
while, the root mean square errors (RMSEs) of the
HadISST1 from these 4 coastal hydrological stations
are 1.05, 1.11, 1.65, and 1.97°C, all of which exceed
1°C. However, the RMSEs of SST-CS from the 4 sta-
tions are significantly reduced to 0.73, 0.22, 0.69, and
0.41°C, which are considerably lower than those of
the HadISST1 as well as those of COBE SST2. Fur-
thermore, the difference between the corresponding
HadISST1 data and the SST observations in these
stations is very large (e.g. a range of 1.5 to 4°C at
points C and D).

Comparisons of the observation SST time series
from routine transect locations A1 and B1 in the
Bohai Sea and C1 and D1 in the Yellow Sea to SST-
CS, COBE SST2, and HadISST 1 time series are
shown in Fig. 9, for August in the period 1978− 2008.
For the Bohai Sea and the Yellow Sea transects, the
correlation coefficients between COBE SST2 and
observations at A1, B1, C1, D1 are 0.281, 0.264,
0.368, 0.659 (where the first 3 values exceed the 90%
confidence level, and 0.659 exceeds the 99% confi-
dence level); between HadISST1 and observations
at A1, B1, C1, D1 are −0.243, −0.177, 0.277, 0.577
(−0.243, −0.177 are below 90% confidence level,
0.277 exceeds 90%, and 0.577 exceeds the 99% con-
fidence level) (Table 4), respectively. In contrast, the
correlation coefficients between SST-CS and obser-
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Mode number SST-CS ICOADS R2.5 SST 
mode (%) mode (%)

1 31.1 10.38
2 9.7 6.06
3 4.8 5.4
4 4.4 5.8
5 3.7 4.2
6 3.2 4
7 2.8 3.7
8 2.6 3.5
9 2.4 3.1
10 2.3 2.9

Total 67.05 48.01

Table 2. Variance explained by the first 10 modes derived
from ICOADS R2.5 SST and the new regional SST data set 

for the China Seas (hereafter SST-CS)

Fig. 7. Routine transect locations (black dots; red dots are
chosen for comparison, and labelled A1, B1, C1 and D1) in 

(a) the Bohai Sea and (b) the Yellow Sea
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vations at locations A1, B1, C1, D1 are 0.821, 0.795,
0.797, 0.835 (all exceed the 99% confidence level).
The RMSEs between the COBE SST2 and observa-
tions at A1, B1, C1, D1 are 0.93, 0.96, 1.18, and
1.13°C; and the RMSEs between HadISST1 and
observations at A1, B1, C1, D1 are 1.8 , 1.93, 1.42,
and 1.17°C, res pectively. The RMSEs between SST-
CS and observations at locations A1 and B1 in the
Bohai Sea routine transect are 0.75, 0.89, 1.29, and
0.85°C.

Results indicate that the HadISST1 data have the
largest differences compared with observations in
open oceans over the China Seas. There are also
some considerable discrepancies between COBE
SST2 data and observations along the coast of China.

These discrepancies indicate that some uncertainties
may be involved when HadISST1 is used for studies
of climatic variability for coastal areas in the China
Seas. Consequently, the SST-CS shows the best con-
sistency with observations among the 3 data sets, fol-
lowed by COBE SST2 and HadISST1. Thus SST-CS
represents a significant improvement along the coast
of the China Seas.

5.  VARIABILITY AND LONG-TERM SST TREND
OVER THE CHINA SEAS DERIVED FROM SST-CS

The annual mean SST for the period 1981−2010
and the standard deviation (SD) distributions of the
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SST-CS are displayed in Fig. 10. Annual mean SST
decreases with increasing latitude, from 28°C in the
SCS to 12°C in the north of the Bohai Sea. This
 pattern is closely related to the solar radiation distri-
bution in the offshore region. The isotherm is north-
east−southwest oriented and the SST gradient
increases with proximity to the mainland coastal line.
It is clear that SST over the ECS exhibits the largest
temperature gradient. However, SST over the SCS
shows the lowest temperature gradient. The SD of
SST is shown in Fig. 10b. There is a band of relatively
larger SD oriented primarily in a south−north direc-
tion in the Yellow Sea and ECS, showing significant
annual variation of SST. The smaller mean SD of SST
in the SCS means that SST is much more stationary
in the SCS.

From 1960−2012, the annual mean SST of SST-CS
for the China Seas shows a warming trend at a rate of
0.153°C per 10 yr (Fig. 4). Interestingly, after the
highest annual mean SSTA of SST-CS occurred in
1998, the SST data decreased suddenly in the China
Seas at a cooling rate of 0.263°C per 10 yr, although
the SSTA was positive after 1999. Liu & Zhang (2013)
and Bao & Ren (2014) also reported the sudden
decrease after 1998 in the China Seas.

The spatial variability in the linear trends of SSTA
over the China Seas is shown in Fig. 11. The most sig-
nificant warming appears in the southern Yellow
Sea, and the weakest warming occurs in the SCS and
the Bohai Sea (Fig. 11). Similar findings have been
reported in other recent studies (Liu & Zhang 2013,
Bao & Ren 2014). The maximum warming trend is ap -
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proximately 0.203°C per 10 yr in the southern Yellow
Sea, and the minimum warming trend is about
0.041°C per 10 yr in the SCS. The seasonal mean SST
time series of the China Seas are shown in Fig. 12.
Regarding seasonal variation, the wintertime SST
warming trend is the most rapid (0.181°C per 10 yr),
and the slowest warming trend occurs in summer
(0.102°C per 10 yr). Similar seasonal trends have
been reported in other climate studies of the China
Seas (Yeh & Kim 2010, Meng et al. 2011, Bao & Ren
2014). The characteristics of seasonal changes in SST
are also similar to that of the surface air temperature
over mainland China (Ren et al. 2005, Li & Li 2007).

The 10 yr averaged SSTA relative to the climate
period of 1981−2010 is calculated for the annual,
boreal spring, summer, autumn, and winter periods
(Table 5) to further evaluate the SST variations. The
1960s, 1970s, and 1980s are relatively cool, while the
1990s and 2000s are relatively warm. Our results
demonstrate that the warmest de cade in the past half
century was the 2000s.

6.  SUMMARY AND CONCLUSIONS

The ICOADS SST and HadISST1 data set are
wide ly used in studies of SST variation in the
China Seas. However, we found some uncertainties
in studies of SST variation in this region related to
the poor data coverage in ICOADS R2.5 SST over
the China Seas, and to large discrepancies between
the HadISST1 and SST observations in offshore

areas of China. Hence, a high-qual-
ity and long-term regional SST data
set is necessary to obtain accurate
SST variations over the China Seas.
For this purpose, we generated a
new regional SST data set for the
China Seas and adjacent seas dur-
ing 1960−2012 (named SST-CS) by
merging the SST observations from
the SOA of China with SST obser-
vations from ICOADS R2.5 under a
quality control procedure and a
duplicate data elimination proce-
dure. SST-CS has a monthly tempo-
ral and a spatial resolution of 1° lat-
itude by 1° longitude. The SST-CS
data are compared with the
ICOADS R2.5 SST, COBE SST2,
and HadISST1 data. Compared with
ICOADS R2.5 SST, almost all data
gaps over offshore areas of China in

the ICOADS are filled in the SST-CS. Compared
with COBE SST2 and HadISST1, SST-CS is more
consistent with observations and better de scribes
SST variation over the China Seas.

The variability and long-term trends of SST over
the China Seas were analyzed by SST-CS. In the
past 53 yr, the annual mean SST in the China Seas
shows a warming trend. The warming rate esti-
mated from SST-CS is 0.153°C per 10 yr, which is
much higher than that of the ICOADS R2.5 SST
(0.129°C per 10 yr) and that of COBE SST2 (0.101°C
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Fig. 10. (a) Annual mean SST distribution and (b) standard deviations of 
annual mean SST during 1981−2010 in the China Seas (°C)

Fig. 11. Spatial variability of the linear trends of SST anom-
alies (SSTA) over the China Seas from 1960−2012 by SST-

CS (°C per 10 yr)
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per 10 yr). In contrast, the warming rate by
HadISST1 is 0.185°C per 10 yr, which is much more
rapid than that of SST-CS. Thus the warming trend
in the China Seas from SST-CS is
an intermediate warming trend
between those calculated from
HadISST1 and ICOADS R2.5 SST.
With regard to seasonal variation,
the SST trend varies in different
seasons, and the most significant
warming occurs in winter. These
results are similar to those of ear-
lier studies on SST variation over
the China Seas; however, our
results appear much more reli-

able and accurate than previous studies, as we used
more observations, especially a large number of
observations over the offshore China Seas from the
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Data CC RMSEs (°C)
set SST-CS COBE SST2 HadISST 1 SST-CS COBE SST2 HadISST 1

A 0.771 0.449 0.338 0.73 0.50 1.05
B 0.979 0.584 0.588 0.22 0.49 1.11
C 0.715 0.718 0.378 0.69 1.76 1.65
D 0.947 0.568 0.361 0.41 0.43 1.97

Table 3. Correlation coefficients (CC) and root mean square errors (RMSEs) of
SST time series between the SST-CS, COBE SST2, HadISST1, and observations 

from 4 hydrological stations in China (see Fig. 1)
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SOA of China. Most of the observations from the
SOA are first merged to gain the long-term and
gridded SST data set in the China Seas. SST-CS is
freely available to researchers worldwide, which
will help to improve regional climate studies in the
China Seas.
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Appendix. Quality control

Following the Specifications of Near-shore Observations of China (GB/T14914-2006, China), quality control included
2 parts: automatic computer quality control and artificial review quality control. The quality control methods used in this
study are described below.

Automatic computer quality control

Firstly, all SST data sets were subject to automatic computer quality control, including a position on land test, range test,
statistical test, spike test and gradient test. The methods and parameters could be adjusted according to different profiles
or sources.
(1) Position on land test. We compared the observation position and global land position; if the observation location was not
in an ocean, it was considered incorrect.
(2) Range test. Data were checked according to the elements’ characteristics and range. If the data were beyond the normal
range, they were regarded as abnormal.
(3) Statistical test: In theory, marine observation data are often subject to certain probability statistical properties. The ran-
dom variables and corresponding random process data are independent and follow a certain distribution, and the corre-
sponding random process time series data are also stable or cyclical. According to these data features, we established a dis-
tribution fitting function and carried out a chi-squared fitting test (whether the probability density of the sampling data is
consistent with that of the hypothetical theory function density). Finally, a run test method was conducted to determine
whether observation data were independent. The independent data tend to be abnormal.
(4) Spike test: When performing a spike test for observation elements, if there is an obvious large value which may exceed
the normal 2 SD, the measurement is flagged as abnormal data that require further analysis. The test value which is used
to judge the large value reasonable or not is calculated as follows. Assuming a current observation value of V(t), the first
correct temperature values to the left and right of this value are V(t − 1), V(t + 1), and then the test value =

(A1)

(5) Gradient test: When performing a gradient test for observation elements, if the difference between vertically adjacent
measurements is too steep, they should be flagged as abnormal and will require further analysis. The specific parameters
depend on the observed elements, and the check value is calculated as follows. Assuming a current observation value of
V(t), the first correct observed values to the left and right of this value are V(t − 1), V(t + 1), and then the check value =

(A2)

Artificial review quality control

Secondly, human−computer interaction and visualization mode are used to further analyze suspicious data in order to dis-
card unreasonable values. After comprehensive processing, the data are subject to artificial review, including a cruise tra-
jectory test, a sea area characteristics test, and a graphics test.
(1) Cruise trajectory test: We checked whether the observation trajectory was reasonable or not using a cruise route map,
which can also be used to check the results of speed tests and position on land tests.
(2) Sea area characteristics test: We obtained the same type of co-located data at the time when measurements were taken
according to the observation time and latitude and longitude of the current station/profile data. A comparison with the cur-
rent data was then made to check the correctness of the automatic computer quality control and to identify undetected
errors or suspicious data.
(3) Graphics test: This test involves drawing data profiles, sectional diagrams, station maps, 3-dimensional terrain maps,
and other graphics or maps to identify abnormal data. Combined with the results of the automatic computer quality control,
the sources of suspicious or erroneous data can be traced, and the correctness of the data can ultimately be decided
through manual inspection.
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