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Abstract Temperature in the Eastern China Seas (ECS), including the Bohai, Yellow, and East China
seas, is crucially important with regard to weather forecasting and fishery activities of adjacent countries.
Although sea surface temperature (SST) in the ECS has demonstrated a dramatically accelerated trend of
warming after a regime shift (1976-1996), trends beneath the surface remain poorly understood because of
the sparsity of observations. This study used in situ hydrographic data from 1976 to 1996 to examine upper-
ocean temperature trends in the ECS. It was found that the multilevel trends show consistency with that
of the surface water; i.e., warming is faster in winter than summer. However, the magnitudes of the trends
weaken with increasing depth. Furthermore, the seasonal difference in the upper ocean is mainly associated
with the warm currents in the ECS, which implies an essential contribution from horizontal advection. These
phenomena could also be detected from data acquired from the routinely observed PN and 34°N sections.
The spatiotemporal patterns of temperature trends in the upper ECS extend our understanding beyond the
SST, especially highlighting the role of ocean dynamics in forming temperature patterns beneath the surface
in comparison with atmospheric effects.
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1 INTRODUCTION

The Eastern China Seas (ECS), including the
Bohai, Yellow, and East China seas, are marginal seas
that interact with the western Pacific Ocean. The
spatiotemporal variations of temperature in the upper-
ocean layer of the ECS play an important role in the
coastal climate and ecological environment, especially
with regard to fishery and weather forecasting
activities of surrounding countries (Lin et al., 2001,
2005; Cai et al., 2006). Previous studies have detected
a significant trend of sea surface temperature (SST)
warming in the ECS during the past several decades
(Lin et al., 2001; Chen and Ho, 2002; Wu et al., 2005;
Zhang et al., 2005). This warming has been attributed
to many intricate factors, such as the monsoon,
oceanic advection, vertical mixing, and bathymetry
(Xie et al., 2002; Liu et al., 2005; Feng and Lin, 2009;
Tang et al., 2009; Zhang et al., 2010; Liu and Zhang,
2013). However, because of the lack of adequate
observations throughout the ECS, the warming

patterns cannot be identified clearly and debate
continues regarding their controlling mechanisms.
Using reconstructed SST data and reanalysis
products, attempts have been made to elucidate the
mechanism behind the enhanced warming in the ECS.
Based on century-long oceanic and atmospheric
reanalysis products, a “hot spot” phenomenon has
been identified (Wu et al., 2012); i.e., the trend of SST
warming in the region of the western boundary
currents is two to three times faster than the global
mean. It has been suggested that this enhanced
warming is associated with intensification of
subtropical western boundary currents, although there
is no observational evidence to verify this. Similarly,
using reconstructed SST products, significant SST
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Fig.1 Spatial distribution of observational temperature
data in the ECS

Blue dots denote in situ observations and the routine sections (34°N
and PN) are depicted by red bold lines.

warming has been detected for the period 1945-2006
(Feng and Lin, 2009), highlighting the leading
contribution from oceanic advection, despite the
damping effect from surface heat flux. Progress on
this topic could be advanced through the accumulation
of samples both on spatial and on temporal scales.
Using historical data, Wang et al. (2013) identified
robust warming trends and complex spatial structures
of SST in the ECS and they attributed the winter
warming to horizontal advection. Earlier, using the
same database, Tang et al. (2009) had considered the
atmospheric contribution to winter warming after
1976, which produced results that were not confirmed
by the later study.

Variations in upper-ocean temperature have been
investigated widely in many previous works (Levitus
et al., 1994; Smith, 1995; White, 1995), and it has
been suggested that subsurface ocean dynamics are
important for low-frequency SST variations in the
open ocean (Latif and Barnett, 1994; Tomita et al.,
2002). The prominent “hot spot” lies along the major
path of the Kuroshio Current in the ECS region, where
subsurface observations are of crucial importance but
accessibility is difficult. Given the insufficient
quantity of long-term observations in the ECS,
reconstructed datasets and reanalysis products might
have biases in capturing the changes of oceanic
processes, resulting in inaccurate conclusions (Zhang
et al., 2010). Furthermore, although satellite-derived
products can provide accurate SST observations with
high resolution both temporally and spatially, they are
restricted to the surface and they do not provide
adequate cover of the period of rapid warming after
the regime shift (1976-1996). In addition, analyses
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based on surface observations have been unable to
produce consensus on the mechanisms of warming in
the ECS because of the neglect of the role of
subsurface oceanic processes.

This study collected in situ hydrographic data from
the ECS (Fig.1) that were obtained during large-scale
marine hydrological surveys undertaken by many
research institutes both in China and in adjacent
countries. We constructed the spatial patterns of the
linear trends of annual mean and seasonal upper-
ocean temperature during the period of rapid warming
period (1976-1996). Our analysis was not limited to
the surface butitalso considered several representative
layers below the surface. Furthermore, temperature
variations detected on routine sections along the paths
of major warm currents were examined to assess the
role of horizontal advection in the warming trends. To
verify our results, the upper-ocean temperature of the
latest Ishii dataset was also investigated, which
realized consistent conclusions. Our results reveal the
relative contributions of oceanic and atmospheric
dynamics in forming the seasonal differences in the
patterns of SST trend.

The remainder of this paper is organized as follows.
Descriptions of both the data and the methods used
are given in Section 2. Section 3 presents the results
based on the hydrographic observational data,
depicting the spatial patterns of the trends derived
from the annual and the seasonal mean upper-layer
temperatures in the ECS. Then, the temperature trends
on two long-standing routine sections (PN and 34°N)
are investigated. Finally, a brief discussion and our
conclusions are presented in Section 4.

2 DATA AND METHOD

2.1 Data

Historical temperature data used in this study were
derived mainly from the Ocean Science Database of
the Institute of Oceanology, Chinese Academy of
Sciences, with supplementary observations from
other Chinese research institutes. This database has
been compiled from data obtained during various
Chinese investigations and from shared international
datasets including the World Ocean Database 2001 of
the National Ocean Data Center (Levitus et al., 2002).
The primary quality control followed the methods
reported by Boyer and Levitus et al. (2002). The data
comprised 963 635 profiles obtained during 1976—
1996, including temperature and salinity data at
standard depths (0, 5, 10, 20, 30, 50, 75, 100, 125, and
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150 m) and at the bottom. The spatial distribution of
the temperature data and the extent of the study area
(23.5°-41.5°N, 117.5°-143.5°E) are presented in
Fig.1. According to preliminary statistics, the data
coverage was sparse before the 1970s but
comparatively denser after the 1970s.

For validation and supplementary support, we also
used objectively analyzed monthly data (1945-2003)
prepared by Ishii et al. (2003, 2006) covering
subsurface temperature and salinity at 24 levels in the
upper 1 500 m. The analysis was based on the World
Ocean Database and Atlas (ds285.0), global
temperature-salinity in the tropical Pacific Ocean
from L’Institut de Recherche pour le Développement
(France, ds279.1), and Centennial in situ Observation-
Based Estimates of SST.

2.2 Data processing

To reduce bias caused by cruise-dependent spatial
resolution and maximum observation depth, grid-
consistent temperature fields were reconstructed
using the Cressman (1959) interpolation. Restricted
by bathymetry and inadequate sampling in deeper
layers, the observed temperature was gridded to
render spatial resolution of 1°x1° for the monthly
time series at standard depths from the surface to
100 m (all layers not shown). This inferred the
temperature ¢,; at grid point (i, j) based on the
surrounding observed temperature ¢*;, at point k as

N
4, =Z Wl;_,-(/’fbs ’ (1)
k=1

where N is the total number of observed data, W, ; is
the weight for the gridded data at (i, j) and observed
data at k, which is generally calculated using the

Cressman (1959) method. Weight W, ; is expressed as
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where r; ; is the spatial distance between grid point (7,
) and observation point &, and R is the search radius,
which was set at 1° in this study.

The relation that exists between temperature x; and
time y; can be described using unary linear regression

and reconstructing the time series of the estimator y;*
that satisfies the following formula:

yi*=yotkx;, (5)
where £ and y, can be computed using the least squares
approach, and where slope k represents the linear
trend of the time series.

It is believed that an abrupt regime shift after 1976
accelerated the warming trends of sea temperature in
the ECS (Tian et al., 2003; Cai et al., 2006), although
a warming hiatus has been detected during 1998—
2012 (Easterling and Wehner, 2009; Chen et al., 2014;
Lin et al., 2016). This study focused on the variations
of sea temperature during the period of rapid warming
(1976-1996) when observational coverage was
considered reasonable. Furthermore, temperature
trends of the routine sections (PN and 34°N) were
obtained from interpolated field observational data,
following methods for data gridding similar to Wei et
al. (2013), as well as from analysis of the Ishii dataset.
We calculate the linear trends on the PN section for
the area 31°-27°N, 123°-129°E. The vertical structure
of temperature variation on the 34°N section extended
from 121° to 126°E (Fig.1, red bold line).

3 RESULT

3.1 Area-averaged temperature trends

Using monthly upper-ocean observations, we
constructed time series of annual mean temperature
anomalies for the entire ECS at each representative
layer, which were then separated into summer and
winter seasons (Fig.2). For SST (0 m), the annual
mean shows a significant warming trend, which can
also be identified in winter and summer. The
subsurface trends display consistency with the
surface, although the magnitude of the warming
decreases with increasing depth. For example, the
annual mean trend is 0.06°C/a at the surface, which
decreases gradually to 0.01°C/a at the depth of 100 m
(Fig.2a). Furthermore, the trends show obvious
seasonal difference; i.e., the rate of warming in winter
is two to three times greater than in summer from the
surface to 100 m. For example, values of 0.09 and
0.03°C/a at the surface weaken to about 0.03 and
0.01°C/a at 100 m in winter and summer, respectively
(Fig.2b, c). In addition, plots of the regional mean
time series indicate interannual variations during
1976-1996, as reported in earlier studies (Park and
Oh, 2000; Wu et al., 2005). Although these trends are
based on historical observations, similar results were
detected following analysis of the Ishii dataset,
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Fig.2 Time series of the ECS upper-ocean temperature anomalies (°C) and associated linear trends (°C/a) during 1976-1996

a. time series (solid lines with filled circles) and associated linear regression lines (bold lines) of the annual mean at the depths of 0, 10, 30, 50, 75, and 100 m
(from top to bottom), with corresponding slopes and confidence intervals shown in the bottom-right corner; b and c. as in (a) but for summer and winter,
respectively. Blue, red, and black colors in each column highlight the slopes that reach statistical significance above the 90% confidence level using a two-
tailed Student ¢-test. Unit length of the graphical scale in the lower left denotes 1.5°C.

highlighting the validity of our results (Supplementary
Fig.S1).

3.2 Spatial patterns of annual mean temperature
trends

According to the observations, we plotted the
spatial patterns of the linear trends in annual mean
temperature at the different layers during 1976-1996
(Fig.3). We considered the accumulated temperature
increment during the entire period as the trend in each
grid to make the results clearer. Over the entire ECS,
the SST pattern displays a consistent warming trend
(Fig.3a), and the warming is prominent along the paths
of the major warm current systems, including the
Taiwan Warm Current, Kuroshio Current, Yellow Sea
Warm Current (YSWC), and Tsushima Current. The
warmest area is located to the north of Taiwan Island
(maximum: >5°C within the depth of 30 m), coinciding
with the “hot-spot” phenomenon (Wu et al., 2012).
Moreover, the warming trend declines gradually with
increasing depth, and it becomes confined to the areas
of the major warm currents at the deeper layers

(Fig.3b—f). It is interesting to note a prominent cooling
trend with magnitude >5°C in the southeast of Bohai
Bay and the northern Yellow Sea (Fig.3c), which
extends to the Changjiang Estuary below the surface,
although it also weakens with increasing depth. Other
areas of moderate cooling are evident in the southern
parts of the Japan/East Sea and to the southeast of the
Ryukyu Islands at deeper layers.

3.3 Spatial patterns of seasonal temperature trends

Considering the strong influence of the East Asian
monsoon on the ECS, and the resultant seasonal
differences between summer and winter in terms of
the temperature gradient and amount of solar
radiation, it is worthwhile discussing the seasonal
spatial patterns of subsurface temperature trends
using observational data. Here, we focused on the
summer (June—-August) and winter (December—
February) seasons.

The spatial pattern of summer SST trend
demonstrates moderate warming with magnitude no
larger than 2°C during 1976-1996 (Fig.4a). The
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Fig.3 Spatial patterns of linear trends in annual mean upper-ocean temperature

a. spatial pattern of annual mean SST trend during 1976-1996. The accumulated temperature increment (°C) during the entire period is taken as the trend in each
grid; b—f. as in (a) but for 10, 30, 50, 75, and 100 m, respectively. Stippling denotes where linear trends are statistically significant above the 90% confidence level.
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Fig.4 Spatial patterns of linear trends in summer upper-ocean temperature

a. spatial pattern of summer SST trend during 1976-1996. The accumulated temperature increment (°C) during the entire period is taken as the trend in each grid;
b-f. as in (a) but for 10, 30, 50, 75, and100 m, respectively. Stippling denotes where linear trends are statistically significant above the 90% confidence level.
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Fig.5 Spatial patterns of linear trends in winter upper-ocean temperature

a. spatial pattern of winter SST trend during 1976-1996. The accumulated temperature increment (°C) during the entire period is taken as the trends in each
grid; b—f. as in (a) but for 10, 30, 50, 75, and100 m, respectively. Stippling denotes where linear trends are statistically significant above the 90% confidence

level.

warming covers almost the entire region of the ECS.
Just below the surface, remarkable warming is evident
at the 10-m layer throughout the entire Bohai Sea and
in the northwestern Yellow Sea (Fig.4b). The
temperature increment in this region exceeds 5°C
during the period. This pronounced warming, which
is presumed attributable to heating by the atmosphere,
reflects the shallow bathymetry (Xie et al., 2002).
However, the warming trends decline with depth. In
addition to pronounced warming of the shallow
coastal waters of China, warming trends are evident
along the main warm currents in deeper layers. Areas
of cooling are apparent off the coast of China, i.e.,
southern parts of the Japan Sea and the region to the
southeast of the Kuroshio Current.

In winter, the warming trends in the upper ocean
are more significant along the warm currents and they
extend over wider areas than in summer (Fig.5). In
particular, robust “hot spots” are located to the
northeast of Taiwan Island, where the Kuroshio
Current and the Taiwan Warm Current enter the ECS,
and in the northeast of the Japan Sea with warming in
the upper layers of >6°C (Fig.5a—c). Although winter
warming weakens gradually with increasing depth, it
does cover broader areas compared with summer. The

Bohai Sea presents cooling trends in winter (Fig.5b,
¢), opposite to the robust trends of warming detected
in summer. Resembling the annual mean pattern, an
area of cooling with magnitude no greater than 3°C
extends to the Changjiang Estuary and it weakens
with increasing depth. In winter, the intensified
northward YSWC (Lin etal., 2011) promotes warming
along the warm current in the central ECS. To
compensate the increased Y SWC transport, southward
coastal cold currents along the Chinese shelf are
reinforced, resulting in cooling of the coastal waters,
which is distinctly different from summer.

Comparison of the patterns of annual mean,
summer, and winter trends reveals that the annual
mean temperature patterns are most similar to those in
winter from the perspective of warming/cooling areas
and magnitude; thus, winter is dominant in the
patterns of upper-ocean temperature variations in the
ECS. Moreover, warming/cooling trends are
prominent along the paths of warm/cold currents in
winter, which is a feature related closely to the
dominant role of the circulations in winter. In addition,
similar results obtained from analysis of the Ishii
dataset validate and support the above conclusions
(Supplementary Figs.S2—S4).
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Fig.6 Vertical patterns of temperature trend across the PN section

a. the linear trend (°C) of winter temperature in the vertical profile across the PN section obtained from observational data. Color shading denotes the
temperature trend and the gray area denotes the bottom shelf and regions lacking observations; b—d. as in (a) but for summer from the observations, and for
winter and summer from the Ishii dataset, respectively. Stippling denotes where linear trends are statistically significant above the 90% confidence level.

3.4 Temperature trends in routine sections

As the upper-ocean winter warming trends in the
ECS are confined mainly to the areas of the major
warm currents, and because winter accounts for the
largest part of the annual mean trends, we examined
the temperature trends of the two routine sections (PN
and 34°N) based on observations that are more
reliable and uniform in distribution.

The Kuroshio Current is a robust western boundary
current of the North Pacific subtropical gyre. It
transports huge amounts of nutrients and heat
poleward and it exerts important dynamic and thermal
effects on the ECS (Guan, 1988). It enters the ECS to
the east of Taiwan Island and it exits from the area to
the south of the island of Yakushima, Japan (30.5°N,
130.5°E). The Kuroshio Current crosses the PN
section in the central ECS (Fig.1, red bold line). The
hydrographic data along this section are sufficiently
dense that the vertical structure of the temperature
variation of the Kuroshio axis can be detected. We

constructed seasonal temperature linear trends of the
PN section for the period 1976-1996. Trends for
winter and summer derived from the hydrographic
observations are shown in the upper panels of Fig.6
and those based on analysis of the Ishii dataset are
shown in the lower panels. The observational data
show robust warming along the PN section at 124.5°—
125.5°E in winter with magnitude >2°C (Fig.6a), and
at 123.5°-124.0°E in summer with magnitude no
greater than 1.5°C (Fig.6b). These significant
warming trends generally cross the main stream of the
Kuroshio Current and extend to the depth of 125 m. In
addition to the stream of the Kuroshio Current,
moderate warming occurs over most of the remainder
of the entire profile in winter, whereas some cooling
areas appear in summer.

In summary, the vertical structure of temperature
variation is consistent with the structure of the core of
the Kuroshio Current (Wei et al., 2013); i.e., the
warming is restricted to the current stream, and it is
more robust in winter than in summer. Furthermore,
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Fig.7 Vertical patterns of temperature trend across the 34°N section

a. the linear trend (°C) of winter temperature in the vertical profile across the 34°N section obtained from observational data. Color shading denotes the
temperature trend and gray areas denote the bottom shelf and regions lacking observations; b—d. as in (a) but for summer from the observations, and for winter

and summer from the Ishii dataset, respectively. Stippling denotes where linear trends are statistically significant above the 90% confidence level.

since the 1980s, an increase in heat advection across
the PN section via the Kuroshio Current has been
observed by the Japan Meteorological Agency (Weng
etal., 1996). This might support the view that horizontal
heat advection accelerates the rapid warming of the
ECS (Feng and Lin, 2009; Zhang et al., 2010).

The existence of the YSWC is presented based on
observations of earlier studies (Lin et al., 2011; Lin
and Yang, 2011) and the mechanism of its westward
shift is analyzed. It is elucidated that the YSWC
originates from the Kuroshio Current, and that
variations in the Taiwan Warm Current, Kuroshio
Current, and Tsushima Warm Current inevitably
influence the YSWC (Xu et al., 2009). Given that the
main axis of the YSWC crosses the routine 34°N
section (Fig.1; red bold line), the vertical structure of
the temperature trends in this section depict the
variations along the axis of the YSWC. The warming
trend along the 34°N section in winter is strong in
most parts of the profile, and the warm axis is located
at about 123°E with a warming trend >2°C, which

coincides with the high-temperature core of the
YSWC (Lin et al., 2011). In addition, cooling trends
are detected west of 122°E below the surface, which
are related to the southward coastal cold currents
along the Chinese shelf. In summer, a notable warm
core lies at around 122°E in the upper layers, which
corresponds to the remarkable warming of the
nearshore shallow waters, and it declines gradually
with increasing depth. Furthermore, some areas of
cooling are located to the east of 125°E.

According to the trends along the routine PN and
34°N sections, the warming/cooling trends in winter
are confined mainly to the realms of the warm/cold
currents, implying a dominant role of horizontal
advection in relation to the temperature variations.
However, warming in summer is forced primarily by
the atmosphere and the effect of oceanic circulation
plays a secondary role. In addition, analysis of the
Ishii dataset illustrates similar yet relatively weaker
warming trends (Fig.7c, d) that support our
observational results.
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4 CONCLUSION

This study investigated the regional mean and
spatial patterns of upper-ocean sea temperature
trends in the ECS during the period of rapid warming
(1976-1996) based on hydrographic observational
data.

Over the entire ECS, significant warming trends
were identified following a regime shift in 1976, and
the warming trends in winter were found to be of
greater magnitude and to extend across wider areas
than in summer. In other words, the prominent “hot
spot” identified in earlier studies was found to occur
mainly in winter. Although the magnitudes of the
trends in winter were found to weaken gradually with
increasing depth, the warming was concentrated
along the major warm currents, highlighting the
leading role of horizontal advection in winter. It was
found that the warming in summer was influenced
primarily by both the atmosphere and the bathymetry.
Furthermore, the spatial patterns of the annual mean
trends were shown to resemble those of winter from
the perspective of the locations of the areas of
warming/cooling and their magnitudes, reflecting the
dominance of winter on the pattern of temperature
variations. In addition, the vertical structures of the
temperature trends of the routine PN and 34°N
sections confirmed that warming in winter is
attributable mainly to the circulation.

Analysis of the Ishii dataset revealed similar but
relatively weaker warming trends as found from the
observational data, validating and supporting our
findings. However, analysis of the Ishii dataset failed
to capture either the prominent “hot spot” to the north
of Taiwan Island or the cold core in Bohai Bay. The
difference between the two datasets could perhaps be
attributed to the analysis technique or to the methods
of incorporation and smoothing of the analyzed data.
Thus, the observational data could be better for
reliable and sensitive interpretation of the oceanic
processes in the ECS.

The preliminary results of this study suggest that
horizontal advection plays a dominant role in
temperature variation within the ECS in winter,
whereas atmospheric forcing and bathymetry are
important in summer. However, it is recognized that
temperature variations within the ECS are also
influenced by other factors, e.g., the mixed-layer
depth and vertical entrainment; thus, the effects of
these and other factors will be investigated in future
research.
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