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ABSTRACT

Robust surface warming with distinct interdecadal variations has been observed in the offshore area of
China and adjacent seas (hereafter, offshore China) during winter and summer of the period 1958-2014.
Acceleration of this warming during 1980-99 at rates greater than the global mean warming rate was ac-
companied by a weakening of the East Asian monsoon (EAM) and a strengthening of the west Pacific
subtropical high (WPSH). It was determined that the sea surface temperature (SST) variation in offshore
China correlates very well with changes in the EAM wind on interdecadal time scales. It was also established
that the enhanced oceanic lateral heat transfer, mainly attributed to the leading empirical orthogonal function
(EOF1), weakening EAM wind mode, has a central role in robust interdecadal winter surface warming in
offshore China. However, except for the effect of oceanic lateral heat transfer, the increased surface heat flux
through radiative heating related to the third EOF (EOF3) strengthening EAM anticyclone wind mode
(WPSH) in summer appears to have a greater contribution to interdecadal summer surface warming in off-
shore China. These results help clarify the relationship between interdecadal SST variations, EAM, oceanic
currents, and sea surface flux in offshore China.

1. Introduction The observed rapid warming in offshore China has been
robust and persistent on interdecadal time scales since
the late 1970s, although its characteristics have varied
with location. For example, areas of obvious warming
have appeared in the East China Sea (ECS) and adja-
cent seas in winter [December—February (DJF)], and in
the northern ECS, Yellow Sea (YS), and Japan-East
Sea in summer [June-August (JJA)] (Cai et al. 2011).
Rates of SST increase in offshore China and adjacent
seas [e.g., 0.279°Cdecade ' in the YS, 0.4°C decade ™!
during winter in the YS-ECS, and 0.16°C decade ' in
the central South China Sea (SCS)] (Cai et al. 2009;
Sherman et al. 2009; Yeh and Kim 2010), are higher than
global and large-scale regional warming trends (Rhein
Corresponding author: Rongshuo Cai, rscai@163.com et al. 2013).

Warming of the upper ocean over recent decades has
been firmly established for almost all latitudes and
oceans, including the Pacific and its marginal seas, al-
though estimates of the warming rate vary (Trenberth
et al. 2007; Rhein et al. 2013; Hoegh-Guldberg et al.
2014; Cai et al. 2016). Sea surface temperature (SST) has
increased synchronously with ocean warming in the
offshore area of China and adjacent waters of the mar-
ginal seas in the northwestern Pacific Ocean, especially
in shallow areas (hereafter referred to as offshore
China) (Hoegh-Guldberg et al. 2014; Cai et al. 2016).
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Since the late 1970s, persistent surface warming in off-
shore China has been accompanied by a weakening of the
East Asian monsoon (EAM) wind (Cai et al. 2011; Yeh
and Kim 2010). Zhang et al. (2012) indicated that wind
anomalies over the Kuroshio (KC) area were responsible
for decadal KC heat transport variations and contributed
to interdecadal SST variations in the ECS (Qi et al. 2010).
Oey et al. (2013) observed that coastal wintertime
[January-March (JFM)] warming in eastern offshore
China since 1998 was accompanied by a stronger north-
easterly monsoon wind. These observations seem to in-
dicate the existence of different mechanisms connecting
SSTs and wind anomalies. Therefore, we are trying to
better understand whether there are different relation-
ships between long-term SST variations and EAM wind
across offshore China, and if so, what mechanisms are
involved in these relationships. According to Bjerknes
(1964), most short-term SST variability over the mid-
latitude North Atlantic is driven directly by the atmo-
sphere on interannual time scales. Moreover, the Atlantic
Ocean itself contributes to multidecadal control of surface
heat fluxes (Gulev et al. 2013). Until now, however, there
has been no investigation of long-term interdecadal vari-
ations of SST in offshore China and its relationship to
atmospheric and oceanic forcing, nor whether these long-
term SST changes in recent decades have been driven
mainly by lateral oceanic heat transfer or are affected
directly by atmospheric wind and radiative forcing.

Summer surface warming in eastern offshore China can
be attributed to solar shortwave heating that preferen-
tially affects the upper-ocean layer above the seasonal
pycnocline (Belkin 2009). Atmospheric radiation over
offshore China is closely linked to changes in the west
Pacific subtropical high (WPSH) and concentrations of
marine aerosols and greenhouse gases. The WPSH,
which is the primary subtropical anticyclone over the
North Pacific and offshore China, can greatly influence
the interannual relationship between SST and the mon-
soon (Chang et al. 2000). Cai et al. (2009) suggested that
sea surface warming in the SCS on interannual time scales
is linked to westward extension of the WPSH, which has
persisted since the 1980s (Zhou et al. 2009). The changes
in EAM wind and WPSH, and the increase in aerosols
and other air pollutants can profoundly impact SST by
altering atmospheric radiative heating, water vapor con-
vergence, and rainfall patterns in eastern China (Zhu
et al. 2012). Nevertheless, the relationship between long-
term interdecadal SST changes in offshore China and
surface heat flux (which is related to changes in EAM
wind, the WPSH, and atmospheric radiation) remains
poorly understood. Long-term variations of sea surface
heat flux, including longwave radiation (LW), shortwave
radiation (SW), sensible heat (SH), and latent heat (LH),
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and their roles in coastal warming at interdecadal time
scales also remain unclear.

The objective of this study is to investigate the inter-
decadal SST variation in offshore China and its response to
long-term atmospheric and oceanic forcing mechanisms,
including changes in EAM wind, ocean currents, surface
heat flux, and their interrelationships. The remainder of
the paper is organized as follows. First, we examine
interdecadal variability of SST in offshore China and
EAM wind in winter and summer for 1958-2014, which is a
much longer period than considered in earlier studies (Cai
et al. 2011; Yeh and Kim 2010; Oey et al. 2013). Second, we
investigate the relationships and mechanisms between in-
terdecadal SST changes in offshore China, EAM lower
atmospheric circulations, and ocean currents. Third, we
examine the interdecadal variability of the WPSH and sea
surface heat flux, oceanic advection, and their relationship
to SST and EAM wind changes in offshore China. Finally,
the interdecadal SST variations related to EAM wind and
oceanic forcing in that region are summarized.

2. Data and methods

The 1° X 1° Hadley Centre Sea Ice and Sea Surface
Temperature monthly dataset (HadISST) for 1958-2014
(Rayner et al. 2003) is used to investigate linear trends and
interdecadal variations of SST. The 1.25° X 1.25° Japanese
S55-year Reanalysis Project (JRA-55) monthly dataset for
1958-2014 (Ebita et al. 2011) is used to examine inter-
decadal variations of EAM wind in winter and summer.
The Simple Ocean Data Assimilation (SODA, version
2.1.6) dataset of monthly current velocities on a 0.5° X 0.5°
grid (Carton and Giese 2008) is also used, from which flows
at depths of 5, 15, 25, 35, and 45m are considered for
1958-2008 (period of data availability) to derive long-term
variations in upper mean ocean currents. The 1° X 1° ob-
jectively analyzed air-sea fluxes (OAFlux; http:/oaflux.
whoi.edu/data.html) monthly dataset for 1958-2014, in-
cluding SH and LH and the 1° X 1° International Satellite
Cloud Climatology Project (ISCCP) monthly dataset
(http://isccp.giss.nasa.gov/projects/flux.html) for net sur-
face SW radiation (positive downward) and net surface
LW radiation (positive upward) from July 1983 to De-
cember 2009 (period of data availability), are used to es-
timate changes of sea surface heat flux during 1984-20009.
The net atmospheric radiation is referred to as the net
surface SW minus the net surface LW over offshore China.

Several WPSH indices such as area, intensity, and
westward extension during 1958-2014, released by the
Chinese National Climate Center and widely used in
previous studies (e.g., Mu et al. 2001), along with net
shortwave solar radiation (Wm™?) data from the Na-
tional Centers for Environmental Prediction-National
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Center for Atmospheric Research (NCEP-NCAR) for
1958-2014, with a horizontal resolution of 2.5° X 2.5°
(Kalnay et al. 1996), are used to describe WPSH activity
and its relationship with shortwave solar radiation for
1958-2014. The three WPSH indices are defined as fol-
lows: 1) the area index is represented by the area-
weighted sum of the number of grid points in the
region enclosed by the 588-dgpm contour at 500 hPa;
2) the intensity index is defined using geopotential
height values at grid points inside the same area; and
3) the westward extension index is the most westerly
longitude reached by the 588-dgpm contour, representing
the longitude of the western edge of the WPSH ridge.

Statistical methods such as linear trend analysis,
conventional empirical orthogonal function (EOF) and
multivariate EOF (MV-EOF) (e.g., Wang 1992), mul-
tiple linear regression, and correlation analysis are per-
formed. Long-term spatiotemporal variations of SST
and EAM wind (velocity in zonal and meridional com-
ponents at 925 hPa) over offshore China are investigated
using conventional EOF and MV-EOF analyses, re-
spectively. To identify interdecadal variation features of
SST and EAM wind during 1958-2014, their respective
time series were first decomposed into long-term inter-
decadal and secular components by 8-yr low-pass fil-
tering, using the appropriate Lanczos filters (Duchon
1979). However, we mainly consider interdecadal vari-
ability of the 8-yr low-pass-filtered records, in which the
contained secular components are removed.

Unless otherwise indicated, the presented EOF and
MYV-EOF analysis results refer to those EOFs that account
for >15% of the total variance, while the absolute values
of the correlation coefficients between EOF time co-
efficients [principal components (PCs)] of the corre-
sponding EAM and SST are >0.45, and their correlations
are based on the 95% confidence level. The statistical
confidence level is estimated using the Student’s ¢ test with
(N — 2) degrees of freedom. However, because we use the
8-yr low-pass-filtered time series, the actual “effective”
degrees of freedom (N.g) used are estimated by Neg = (r1/r2)
(N — 2), where rq and r, are autocorrelation coefficients of
two filtered variables (Trenberth 1984). Hereafter, the
significance testing of the filtered data follows the newly
established N, unless otherwise stated.

3. Results and discussion
a. Variation of SST in offshore China

Figure 1 shows the magnitudes of long-term, spatial lin-
ear SST changes for the global ocean, including offshore
China (0°—45°N, 100°-140°E), during 1958-2014. Winter
SSTs during 1958-2014 in the ECS (23°-40°N, 120°-130°E,
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including the Bohai Sea, YS, and ECS) and SCS (2°-23°N,
110°-120°E) regions increased by 1.71° £ 0.23°C (at arate
of 0.3° + 0.04°C decade ') and 1.02° + 0.17°C (at a rate of
0.18° * 0.03°Cdecade '), respectively (Figs. 1a and 1c).
Corresponding increases in summer were 0.86° = 0.17°C
(at a rate of 0.15° + 0.03°Cdecade ') and 0.74° + 0.11°C
(at arate of 0.13° + 0.02°C decade ') (Figs. 1b and 1d) for
1958-2014. Figures le and 1f present the time series of
average SST anomalies for the global ocean, Northern
Hemisphere oceans, and ECS and SCS regions during
winter and summer 1958-2014. The acceleration of off-
shore China warming since the late 1970s is greater than
both the total value and rate of global upper 75-m ocean
warming of 0.11° + 0.02°C decade ' for 1971-2010 (Rhein
et al. 2013).

The analyzed magnitude of SST increase for off-
shore China (Fig. 1) [i.e., 0.83° = 0.02°C at a rate of
0.15°Cdecade ! for 1958-2014; Cai et al. (2016)], is sim-
ilar to the increase of 1.2°C reported for the annual
mean SST in the northeastern ECS and Japan Sea during
1900-2002 (Tian et al. 2012), and Korean waters over the
past 40 years (Jung et al. 2014). The magnitude of surface
warming in offshore China is greater than the 1.1°C in-
crease during 1950-2008 observed in the KC area, at-
tributed to the intensification of meridional heat transport
from the tropical Pacific Ocean (Wu et al. 2012). The KC
usually intrudes into the ECS from both sides of the
Taiwan Island and the northern SCS through the Luzon
Strait (Chao 1991). It is plausible that accelerated surface
warming in offshore China could result from the influence
of the KC, in addition to long-term changes in atmo-
spheric circulation such as the EAM wind, WPSH, and
related atmospheric forcings, which impact the ocean on
time scales of >10yr (Cai et al. 2009, 2011; Zhang et al.
2012; Oey et al. 2013). Aside from the KC branch, SST in
offshore China can be affected by the Taiwan Warm
Current (TWC), the Yellow Sea Warm Current (YSWC),
the Yellow Sea Coastal Current (YSCC), and the
Zhejiang-Fujian Coastal Current (ZFCC), which are
southward coastal cold flows from the YS to the southern
ECS and the Taiwan Strait (Zheng et al. 2006).

Figures 2a and 2b show the climatological mean SST
in offshore China during winter and summer 1981-2010,
which is superimposed on the climatological mean EAM
wind during the same period. The leading EOFs (EOF1s)
of SST anomalies for winter and summer during 1958
2014 are shown in Figs. 2c—f together with their PCls. The
EOF1 SST anomalies explain 54.4% and 47.1% of the
total variance during winter and summer, respectively.
The SST in offshore China exhibits a spatial in-phase
warming, which is stronger from the ECS to south of the
Taiwan Strait during winter (Figs. 2c and 2e) and stronger
in the YS, northern ECS, and Japan-East Sea during
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FI1G. 1. Spatial patterns of linear sea surface temperature (SST, °C) changes in (a),(b) the global ocean and (c),(d) the offshore area of
China and adjacent seas in (a),(c) winter and (b),(d) summer during 1958-2014, along with (e),(f) the time series of average SST anomalies
in the global ocean (brown dot-dashed line), Northern Hemisphere oceans (blue dotted line), East China Sea (black solid line), and South
China Sea (red dashed line) in (e) winter and (f) summer for the same period. Data are from HadISST reanalysis datasets.

summer (Figs. 2d and 2f). The PCls (SST) show sub- b. Relationships of interdecadal SST variations in
stantial interannual and interdecadal SST variations, offshore China to EAM wind and upper-ocean
with a warming regime shift around the late 1970s and a currents

hiatus after 1999. Therefore, the relevant variations and

relationships of SST and EAM wind are analyzed, with a 1) WINTER

focus on interdecadal time scales after appropriate low-

pass filtering of SST and EAM wind time series using The EOF1s of the interdecadal winter SST variations
Lanczos filters (Duchon 1979). in offshore China and of the East Asian winter monsoon
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FIG. 2. Climatological mean wind fields [black vectors, reference vector in the top right corner of (a),(b) in ms™~!] at 925 hPa and mean
SST (color shading, °C) for (a) winter and (b) summer during 1981-2010 along with spatial patterns of (c),(d) SSTAs and (e),(f) time
coefficients (PCls) for the leading empirical orthogonal function mode (EOF1) during (c),(e) winter and (d),(f) summer for 1958-2014.
Data are from HadISST and JRA-55.
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FI1G. 3. (a) Spatial patterns and (b) time coefficients (PCs) of the leading empirical orthogonal function mode (EOF1) for the 8-yr, low-
pass-filtered winter SST anomaly (color shading) and East Asian winter monsoon (EAWM) wind field at 925 hPa [black vectors, reference
vector in the top right corner of (a) in ms '] along with the time series (c) of EAWM wind velocity indices (red) and SST (black) over the
East China Sea. The thin (thick) line in (c) indicates the time series of indices in seasonal mean (5-yr running mean). The solid (dashed)
line in (b) represents the time series of the principal component (PC1) for the SST anomaly (wind field). The white dashed contours in
(a) represent the spatial pattern of regressed SST against the PC1 of the wind field; values range from —0.4 to —0.9 at intervals of 0.1 (only
shown at 95% confidence level). Data are from HadISST and JRA-55.

(EAWM) wind (Figs. 3a and 3b) explain 74.8% and Robust interdecadal surface warming has occurred in
30.8% of the total SST and wind variance, respectively. the region from the ECS shelf to the southern Taiwan
The EOF1s of SST and EAWM mainly display variation  Strait (Figs. 3a,b), where the coefficients of the SST re-
patterns of in-phase SST and southward meridional gression against the PC1 of the EOF1 EAWM wind
winds (Fig. 3a), whereas the correlation coefficient (CC) range from —0.4 to —0.9 at the 95% confidence level
of the PC1 (SST) and PC1 (EAWM) is —0.78 (Fig. 3b).  (Fig. 3a).
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TABLE 1. Correlation coefficients between PCs of SST and EAWM
for 1958-2014.

Epoch 8-yr low-pass filtering  Detrended PC1 time series
1958-79 -0.85 —-0.61
1980-98 —0.85 —0.69
1999-2014 —0.64 -0.85

However, there is a question as to whether the large
CC of PC1 (SST) and PC1 (EAWM) (Fig. 3b) may be
elevated because of a secular trend or different time
scales. After both time series of PCls for 1958-2014
were detrended, the CC declined from —0.78 to —0.1,
which indicates that the high correlation between SST-
PC1 and EAWM-PC1 is linked to the secular trend
during 1958-2014. After a steady period during the
middle twentieth century, SST in offshore China in-
creased rapidly during 1980-99, followed by a hiatus
after 1999 (Figs. le,f and 3c), with a slightly reamplified
EAWM in the mid-2000s, which is similar to the results
of Wang and Chen (2014). For this reason, the entire
1958-2014 period was divided into three epochs (1958
79,1980-98, and 1999-2014), and the corresponding CCs
were estimated after removing trends (Table 1). The
results indicate that the large CC of the PC1s of SST and
EAWM (Table 1) is also closely linked to decadal and
bidecadal changes. Therefore, the role that EAM plays

(a) Clim 1958-2008
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30°N

20°N

10°N
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in the robust interdecadal warming will be investigated
in the following sections.

Our findings suggest that there is a link between inter-
decadal warming of the winter SST in offshore China and
weakening of the northerly EAWM wind. In our case, the
dominant winter wind direction appearing in the EOF1
(Fig. 3a) is mostly from the northwest, while in the Taiwan
Strait it is from the northeast. These are the same wind
directions found by Cai et al. (2011) and are consistent with
the results of Oey et al. (2013), who reported an increase in
northeasterly wind over the Taiwan Strait after 1997-98,
which favors heat transport from the KC into the coastal
China Sea. Oey et al. (2013) also reported a parallel
weakening of the EAWM over central and eastern China.
However, both studies are in near-qualitative agreement
with respect to favoring intrusion of the KC and TWC into
the southern ECS shelf area. Oey et al. (2013, 2014) sug-
gested that strong northeasterly monsoon relaxation since
1998 would favor more frequent across-shelf intrusions
and cross-strait currents from the warm KC and TWC.

The following describes a possible mechanism for the
observed link between winter SST and EAWM. Because
of wind-driven Ekman advection (Chang et al. 2010;
Chao 1991), the southward upper Ekman drift current
associated with weakening northwesterly winds occurs
in a direction close to that of the wind (nearly 90°), and
favors northward advection of the KC and its cross-shelf

(b) Reg. UV on -1*PCA
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FIG. 4. (a) Distributions of winter climatological mean upper 30-m ocean currents in offshore China for 1958-2008. (b) Spatial patterns
of the 8-yr, low-pass-filtered winter upper-ocean current regression with —1 X PC1 of the East Asian winter monsoon (EAWM) wind field

at 925 hPa for 1958-2008 (shaded areas exceed 95% confidence level). Reference vectors are in the top right corner of (a),(b) in ms™ .

Data are from SODA dataset and JRA-55.
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FIG. 5. As in Fig. 3, but for summer and with white contours in (a) ranging from —0.2 to —0.5 at intervals of 0.05 and with data from
HadISST and JRA-55.

currents into the ECS. On the other hand, strengthening
northwesterly winds after 1999 shown in Figs. 3a and 3b
would weaken northward advection of the KC and
its cross-shelf currents into the ECS due to strong
southward upper Ekman drift. Moreover, weakening
(strengthening) northeasterly winds over the Taiwan
Strait before (after) 1999 would favor (not favor)
poleward flow of the warm TWC into the ECS (Chao
1991; Oey et al. 2014).

Brought to you by NATIONAL TAIWAN UNIV | Unauthenticated | Downloaded 01/30/23 03:38 AM UTC

Figure 4a shows the climatological winter mean ocean
current in the upper 30-m layer of offshore China (e.g.,
Zheng et al. 2006). The spatial pattern of the upper 30-m
current velocity regression against the PC1 (EAWM) is
shown in Fig. 4b, in which the shaded areas correspond
to significant negative correlations (e.g., surrounding the
current in the YS, the northern and offshore ECS, the
KC area, and west of the Luzon Strait). This indicates
that a weakening (strengthening) of the southward
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FIG. 6. (a),(b) As in Fig. 3, but for the third EOF (EOF3) of the EASM wind field at 925 hPa and with the solid (dashed) line in
(b) representing the time series of the principal component PC1 (PC3) for the SST (EASM) anomaly and the white contours in (a) showing
the spatial pattern of the regressed SST with PC3 of the wind field, ranging from 0.25 to 0.65 at intervals of 0.05.

YSCC from the YS and northern ECS and a strength-
ening (weakening) warm KC flowing toward the ECS
and Taiwan Strait and into the SCS through the Luzon
Strait passively responds to an interdecadal weakening
(strengthening) EOF1 EAWM wind, which was also
demonstrated by Cai et al. (2015, see their Fig. 6a).
Qualitatively, this ocean heating process driven by
ocean dynamics on interdecadal time scales is similar to
that of the midlatitude Atlantic Ocean on longer time
scales shown by Gulev et al. (2013).

2) SUMMER

EOF1’s in-phase spatial structures of the summer SST
and East Asian summer monsoon (EASM) wind are
shown in Figs. 5a and 5b, together with their PC1 time
series. They explain 72.0% and 43.3% of the total
summer SST and EASM variance, respectively. The
correlation of PCls of the SST and EASM wind is —0.48
(Fig. 5b). This indicates that significant surface warming
occurs in the ECS, YS, and Japan-East Sea with a
weakening EASM after the 1980s (Fig. 5b), as well as a
similar decadal shift of EASM to that observed by
Zhang (2015). Superimposed on Fig. Sa are the white
dashed contours of the summer SST regression against
the PC1 of the EOF1 EASM wind. The negative
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correlation areas indicate that the weakening EOF1
EASM wind, which occurred after the 1980s (Fig. 5),
corresponds to surface coastal warming, particularly
from south of the Taiwan Strait to the Japan—East Sea.
A summer hiatus in surface warming occurs after 1999,
in parallel with relaxation of the EASM wind (Fig. 5c).

In contrast to the wind EOF variance decomposition
in winter, there are two dominant EOF EASM wind
modes—those of the EOF1 northward meridional wind
and EOF3 anticyclonic circulation—which closely cor-
relate with SSTs on interdecadal time scales (Fig. 6). The
EOF3 EASM wind explains 16.0% of the total summer
wind variance. The PC1 (SST) correlates positively with
the PC3 (EASM), with a CC of 0.63 (Fig. 6b). The EOF3
EASM depicts a large-scale anticyclone that stretches
across the northwest Pacific and offshore China, which
reflects the typical pattern of the WPSH. This anticy-
clone has been extending westward with some oscilla-
tions since the mid-1980s (Fig. 6b), which is similar to the
findings of Zhou et al. (2009).

Figure 6a displays the spatial pattern of summer SST
regression against the PC3 (EASM). The regression
coefficients are positive and range from 0.25 to 0.65. This
indicates that changes in SST over the ECS, YS, and
Japan-East Sea show a greater response to the EOF3
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FIG. 7. As in Fig. 4, but for summer.

EASM. The positive regression relationship of SST and
PC3 (EASM) implies that sea surface warming in the
region was closely associated with a strengthening an-
ticyclone after the mid-1980s.

To identify the relationship between the EOF1 SST
and EOF3 EASM modes, CCs of the PC1 (SST) and
PC3 (EASM) are examined. The results indicate that
the maximum CCis 0.72, with the PC3 (EASM) leading
the PC1 (SST) by 2-3 yr for 1984-2014, during which the
anticyclone anomaly (WPSH) intensified. Moreover,
the maximum CC (0.75) of the PC3 (EASM) leading the
PC1 (SST) is much larger than that (—0.45) of the PC1
(SST) leading the PC3 (EASM) for 1958-83. This sug-
gests that the strengthening EOF3 EASM anticyclone
wind mode (WPSH) since the mid-1980s has contributed
to summer warming in offshore China.

Because of the Ekman effect, strong (weak) eastward
and northeastward upper Ekman drift associated with
strong (weak) southwesterly and southerly winds over
the ECS (Figs. 5a,b) would not (would) favor a KC
cross-shelf intrusion into the southern ECS. However,
the strong (weak) anticyclone circulation anomalies
shown in the EOF3 EASM wind field (Figs. 6a,b) can
favor (not favor) the flow of poleward currents in the
Taiwan Strait into the southern ECS.

Figure 7a shows the climatological summer upper
30-m ocean currents in offshore China. Figure 7b depicts
the spatial pattern of the summer upper 30-m currents
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regression against the PC1 of the EOF1 EASM. The
shading corresponds to the statistically significant cor-
relation between the currents and the PC1 (EASM).
The westward branches of the KC into the SCS via the
Luzon Strait show a good negative correlation with the
PC1 (EASM). In the SCS, the summer cyclonic ocean
current structure to the west of the Luzon Strait, char-
acterized by southward flow near the coast of China
and a change in direction to the east of the strait, is
correlated with the PC1 (EASM). This indicates a cy-
clonic oceanic flow to the west of the Luzon Strait in
response to the weakening EOF1 EASM since the
1980s, and is favorable for westward transport of heat
into the northern SCS via the Luzon Strait by the KC.
The YSWC in the southern YS and northeastern ECS
increases in cyclonic form with the weakening EASM
wind (Fig. 7b), which was also demonstrated by Cai et al.
(2015, their Fig. 5a). The change in YSWC occurs be-
cause the westward shift of the YSWC is driven by
northerly winds, which are generated by the combina-
tion of a sea level trough off the China coast and a sea
level ridge over the YS (Yuan and Hsueh 2010). This
implies that strengthening (weakening) northerly
(southerly) winds are favorable for YSWC strengthen-
ing, because a weakening EASM northward-directed
wind is equivalent to a strengthening anomalous
northerly wind. Hence, an increased YSWC, together
with a weakening EASM northward-directed wind, can
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FIG. 8. Spatial pattern of the 8-yr, low-pass-filtered summer upper 30-m ocean current
regression with PC3 of the EASM wind field at 925-hPa for 1958-2008. Shaded areas indicate
>95% confidence level. Data are from SODA and JRA-55.

favor summer surface warming in the northern ECS and
YS (Fig. 6a).

Figure 8 shows the spatial pattern of the summer up-
per 30-m current regression against the PC3 (EASM).
There are three cyclonic currents in the YS, southern
ECS, the west Luzon Strait, and northern SCS. These
are positively correlated with the EOF3 EASM anticy-
clone mode. This indicates that the enhanced WPSH is
accompanied by an augmentation of both the KC and its
inflow branches into the YS, southern ECS, and north-
ern SCS. Similarly, EASM effects on SST can be ex-
plained by changes in warm currents such as the YSWC
and KC, which are agents of upper-ocean heat transfer.

¢. Relationships between variations of WPSH, surface
heat flux, and SST in offshore China

The WPSH that appears as the EOF3 EASM anti-
cyclone (Fig. 6) can drive ocean heating and support
sea surface warming through the downward flux of
solar shortwave (SW) radiation. This is generally at-
tributed to reduced cloud coverage within the WPSH
area, allowing SW radiation to reach the ocean surface
more easily because of the suppression of convective
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activities (Hu 1997). In contrast, increasing air pol-
lutants and marine aerosols over offshore China can
affect SST via changes in SW and LW. Hence, long-
term changes of the WPSH and its relationship to SST
and SW are examined.
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FI1G. 9. Long-term changes of summer mean (thin lines) and 8-yr
running mean (thick lines) indices of the west Pacific subtropical
high (WPSH): area (red), intensity (black), and westward exten-
sion (blue) in summer. Data are from the Chinese National Climate
Center (CNCC).
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HadISST, and NCEP-NCAR.

Figure 9 indicates that WPSH indices of area and in-
tensity have increased since the late 1970s, in contrast to
the westward extension index, which has decreased
(owing to the decreasing longitude of the western edge
of the WPSH ridge). In fact, the WPSH has strength-
ened and extended westward since the late 1970s, which
is consistent with changes of the anticyclone in summer
over the same period (Fig. 6).

Figures 10a—c show the spatial distribution of CCs
between the WPSH indices and summer SSTs, while
Figs. 10d—f illustrate the significant CCs among the
WPSH indices, and summer SW for 1958-2014. The
strengthening and westward extension of the WPSH
could have contributed considerably to the surface
warming in offshore China, which is a similar result to
that of Cai et al. (2009). The large CCs of SST and SW
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for the three WPSH indices, especially in the Bohai Sea,
YS, Japan—East Sea, eastern ECS, and northern SCS,
indicate that SW heating of the sea surface in offshore
China has increased since the 1980s, in parallel with
WPSH strengthening.

Given its close proximity to eastern China, the ECS
differs from the SCS in its climatological wind fields
(Fig.2) and air—sea exchange. Changes in sea surface heat
flux in offshore China are considered separately for the
ECS and SCS. Figures 11 and 12 show the time series of
net SW, net LW, SH, LH, and total net sea surface heat
flux (Qpey) during winter and summer for the ECS and
SCS during 1984-2009. Positive (negative) values of SW,
LW, SH, LH, total net surface heat flux, and net radiation
flux (SW — LW) are defined as the ocean receiving
(losing) heat from (to) the atmosphere. Therefore, a
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FIG. 11. Time series of (a),(b) net surface heat flux (black), net shortwave radiation (SW, blue), net longwave
radiation (LW, orange), sensible heat (SH, red), and latent heat (LH, green) flux; (c),(d) net radiation during
(a),(c) winter and (b),(d) summer over the East China Sea during 1984-2009. Positive (negative) values of SW, LW,
SH, LH, total net surface heat flux, and net radiation flux (SW — LW) are defined as the ocean receiving (losing)
heat from (to) the atmosphere. The red (blue) arrows in (c) and (d) indicate schematically the increase (decrease) of
the net radiation flux. Data are from the ISCCP and OAFIux.

positive (negative) Q. (Figs. 11 and 12) indicates that
the ocean receives (loses) heat from (to) the atmosphere.

Figures 11a and 11b show that O, over the ECS is
negative (positive) in winter (summer) during 1984—
2009. Net radiative fluxes (RF) between net SW and net
LW in winter and summer are positive, and, although
they decreased slightly after 2001 and 2002 (Figs. 11c,d),
they still contribute to SST increases in the ECS. As for
the ECS, Fig. 12 presents the time series of yearly net
SW, net LW, SH, LH, and Q. during winter and
summer for the SCS during 1984-2009. The Q¢ and its
changes are smaller than those for the ECS, but RF
values for the SCS in both seasons are larger than those
for the ECS, and contribute to SST increases. In addi-
tion, the change in LH has been mainly responsible for
the changes in Q¢ over the ECS since 1990 (Fig. 11).
However, the changes in O, for the SCS are not as
obvious as those for the ECS (Fig. 12).
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It has been suggested that positive SST anomalies,
particularly in extratropical regions such as the western
boundary current of the North Pacific, favor vigorous
turbulent heat release from the ocean to the atmosphere;
specifically, decadal-scale SST anomalies (SSTAs) can
force the overlying atmosphere (Tanimoto et al. 2003;
Sugimoto and Hanawa 2011). For this reason, the re-
lationship between SST and turbulent heat fluxes such as
LH and SH is investigated and discussed for interdecadal
time scales.

In a comparison of the changes in Q. and its com-
ponents, such as LH (Fig. 11), the positive relationship
between SST and LH (figure not shown) indicates that
increasing SST is responsible for the increase in Q¢ from
the ocean to the atmosphere due to an increase in upward
LH flux since 1984. This implies that robust coastal
warming has been forcing warming upon the atmosphere
via the surface heat flux since the mid-1980s, similar to the
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FIG. 12. As in Fig. 11, but for the South China Sea during 1984-2009. Data are from ISCCP and OAFlux.

results of Gulev et al. (2013), Sugimoto and Hanawa
(2011), and Tanimoto et al. (2003). Therefore, it is sug-
gested that the increase in absolute values of Q¢ from
the ocean to the atmosphere has a cooling feedback effect
on SST. In summer, the positive correlation between SST
and LH is similar to that in winter (figure not shown).
However, summer LH and SH over the ECS are less than
those in winter, and the RF in summer is much greater
than in winter. This may explain why summer Q. is
positive and winter Q. is negative, which have warming
and cooling effects on SST, respectively.

d. Relative contributions of oceanic heat transport
and surface heat flux to surface warming

Surface processes related to oceanic lateral advection,
vertical entrainment, and surface heat flux can affect SST
variability on interannual to interdecadal time scales. The
previous analysis indicates that Q. from the ocean to the
atmosphere has increased since 1984 and has had a cooling
effect on the sea surface in winter, despite the net radiative
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flux contribution to surface warming. In the following,
therefore, we investigate the proportion of warming in
offshore China during a weakening EAM period (i.e., for
1984-2008) (e.g., shown in Figs. 3a and 3b) based on
available data, that is caused by oceanic lateral heat
transport, vertical entrainment, and sea surface heat flux.

1) WINTER

To assess the relative importance of different pro-
cesses on the seawater temperature anomaly tendency,
the seawater temperature budget equation by Kang
et al. (2001) and Foltz et al. (2003) is introduced:

T’ T-T_,

o V.YV - "-h
o V-V 7 w,

g JO oTd +LQ’ R 1)
ne )l U T pe gt

p

where 7" is the anomaly of the vertically averaged sea-
water temperature (7) in the upper mixed layer of
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FIG. 13. Time series for the period 1984-2008 of the S5-yr running-mean winter values of the
vertically integrated upper mixed layer temperature anomaly (black solid line) in °C; and tem-
perature anomaly tendency (green solid line), vertical mixing entrainment (blue dotted line),
vertical temperature-velocity covariance (red dotted line), net surface heat flux anomaly (blue solid
line), and residual term (black dotted line) in °C month ™’ Data are from ISCCP and SODA.

varying depth (k); h is referred to as the depth at which
the seasonal mean seawater temperature difference
from the near-surface temperature (at 5m in SODA) is
0.5°C for a given summer or winter; ¢ is time; V is the
horizontal velocity vector; w, is the entrainment veloc-
ity, which can be written as w, = 9h/ot + V - hV; T_, is
the temperature at the base of the variable depth mixed
layer (h); v and T are the deviations from the vertically
averaged horizontal velocity (v) and temperature (7),
respectively (Stevenson and Niiler 1983); and R is a
residual term. According to Eq. (1), the 7’ tendency
(0T/at) is affected by horizontal advection, vertical mixing
entrainment, vertical temperature—velocity covariance,
net surface heat flux anomaly (Q.,,), and residual terms
(R). Here, Q). = Onet — O—p, wWhere Oy, is the same as
that (Qpey) in Figs. 11 and 12, and Q_, is the diffusive heat
flux at the mixed layer depth (%), which is not estimated.

Figure 13 shows the 5-yr running mean wintertime
series of all terms in Eq. (1), along with the temperature
anomaly (7") for the period 1984-2008. We observe that
the T’ tendency term (green solid line) remains positive
in most of the years, but the horizontal advection (red
solid line) and net surface heat flux (Q),,) (blue solid
line) terms change from negative to positive and positive
to negative, respectively, around 1994-95. In addition,
the vertical entrainment term is weak, which seems to
agree with the results obtained by Liu et al. (2014). This
indicates that the oceanic lateral advection and net
surface heat flux anomaly (Q/.) terms have positive
effects on the seawater temperature anomaly rising trend
during different epochs, the former during the period
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after 1995 and the latter during the period 1988-95. It is
also worth noting that the contribution of the oceanic
lateral advection term to the positive 7’ trend gradually
increased after 1995. The total contributions of ocean
heat advection and net surface flux processes (O,
to the robust warming over the ECS (22°-33°N, 120°-
130°E) in winter for 1984-2000 are investigated by
computing the time integral of the respective terms in
Eq. (1). Here, the time integral of 7’ tendency values in
the ECS shows that 7" increased steadily by 1.75°C over
that period. The total contributions of zonal and merid-
ional ocean heat advection and Q| to T’ are ~1.74°
and ~0.42°C, respectively, for the entire period of 1984—
2008 despite that the contribution of Q! to 7" is basi-
cally negative since 1995 (Fig. 13). Hence, based on an
observed persistent weakening of EAWM over the ECS
since the late 1980, especially after 1995 (Figs. 3a and 3b)
and associated change in ocean current (Fig. 4b), it is
inferred that winter surface warming in the ECS during a
weakening EAWM is mainly driven by oceanic lateral heat
transport, with a secondary contribution from the Q.
Figure 14 shows the zonal, meridional, and total heat
advection regressed against the PC1 (EAWM) for 1958-
2008. Oceanic lateral transport, especially meridional
advection of the KC and its cross-shelf current toward
the southern ECS and northern SCS, passively responds
to a weakening EAWM (Figs. 14a and 14b), in which
meridional advection is much more intense [by a factor
of ~(2-3)] than zonal advection (Fig. 15). This may have
contributed greatly to surface warming in the ECS
and northern SCS during 1984-2008, which could be
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FI1G. 14. Distributions of winter oceanic (a) zonal heat advection, (b) meridional heat advection, and (c) total horizontal heat advection
regressed against the negative of the PC1 of the EAWM wind for 1958-2008. Data are from SODA and JRA-55.

explained by the regression pattern of currents against
the PC1 (EAWM) in Figs. 3a and 4b. Moreover, a
weakening southward YSCC from the YS caused by the
weakening EAWM wind favors surface warming in the
ECS (Fig. 4b).

2) SUMMER

Figure 15 indicates the 5-yr running mean summer-
time series for all terms in Eq. (1), along with the
temperature anomaly (7”) for the period 1984-2008.
Summer 7’ in the ECS increased until 2002, when it
declined notably. The total change in 7’ in the ECS,
obtained by the time integral of the 7’ tendency values,

was an increase of ~0.83°C during 1984-2002, with total
contributions of oceanic lateral advection and Q.
of —0.28° and 2.2°C, respectively, despite the positive
to negative Q! changes in the early 2000s (Fig. 15).
This indicates that the total contribution of summer

"o changes had a warming effect on the ECS during
this period. However, the 7’ tendency, oceanic heat
advection, and Q) terms all show a clear decreasing
trend after 2002, with magnitudes of —0.72°, —0.21°,
and —1.0°C, respectively. This may explain why sum-
mer 7’ had a sharper decline than that in winter (Figs. 13
and 15), which is similar to the results shown in Figs. 3¢
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FIG. 15. As in Fig. 13, but for summer.
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FIG. 16. As in Fig.

In addition, the regressed results of zonal and merid-
ional heat advection against the PC1 (EASM) for 1958-
2008 suggest that the interdecadal weakening of EOF1
EASM favors northward warming advection, with me-
ridional advection being significantly larger than zonal
advection, as in winter (Fig. 16). Strong meridional
transport mainly results from the KC east of Taiwan
Island and coastal currents in the northern SCS as well as
on both sides of Taiwan. Enhanced northward heat
contributes to surface warming in the ECS. It should be
noted that our estimates of the principal drivers of
coastal warming are preliminary and need further
exploration.

4. Summary and conclusions

Over the past decades, robust surface warming with
distinct interdecadal variations has been observed in
offshore China during both winter and summer. The
SST in offshore China (e.g., in the ECS region) during
winter increased by ~1.71°C at a rate of 0.3° =
0.04°Cdecade ', and by ~0.86°C at a rate of 0.15° +
0.03°C decade ! during summer. This indicates that SST
warming rates have been greater than the mean warm-
ing rates of the global ocean since the 1980s.

On interdecadal time scales, robust surface warming
in offshore China since the 1980s is negatively correlated
with the weakening EOF1 EAM in winter and summer,
but positively correlated with the strengthening EOF3
EASM anticyclone. The surface warming hiatus in off-
shore China after 1999 accompanied a slight rebound of
the EOF1 EAM wind and the EOF3 EASM anticyclone.
These results suggest that a weakening EOF1 EAWM
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contributed to winter surface warming in offshore
China, particularly in the ECS region. This process
proceeded via a strengthening of the intrusion of the KC
branch and TWC into the ECS and a weakening of the
cold YSCC. In the same period, a weakening EOF1
EASM enhanced the YSWC, contributing to summer
surface warming in the northern ECS and YS, albeit
not as strongly as in winter. Both the weakening EOF1s
of EAWM and EASM could enhance KC flow into
the SCS through the Luzon Strait, contributing to sur-
face warming in the northern SCS. Additionally, the
strengthening EOF3 EASM anticyclone (WPSH) in
summer since the 1980s is responsible for increasing the
flow of the KC branches into the ECS and SCS, and the
TWC into the ECS, contributing to surface warming in
the ECS and northern SCS by transporting heat from
the KC.

An estimate of the contributions of oceanic heat ad-
vection, vertical entrainment, and surface heat flux
suggests that the interdecadal variations of EAM forcing
on SST are manifested by KC’s lateral heat transfer,
which can be attributed to Ekman advection effects. In
addition to the effects of the EAM on SST through heat
transfer by the KC, increasing atmospheric radiation,
especially solar SW heat flux linked to the strengthening
westward extension of the WPSH and consistent with
the strengthening EOF3 EASM anticyclone since the
1980s, impacts surface warming in offshore China. Fur-
thermore, the robust winter surface warming during
1984-2000 in the ECS can be largely attributed to in-
creasing oceanic advection caused by weakening
EAWM winds, although the increasing surface heat flux
from the ocean to the atmosphere during winter has a
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cooling feedback effect on offshore China. However,
because of limited available data, it remains quantita-
tively unclear how much of the interdecadal SST varia-
tions in offshore China are influenced by a strengthening
EAM, and how interdecadal changes in surface heat flux
in turn alter SST. Therefore, additional research is re-
quired to explore the contributions of these various
processes.

In addition, the datasets used in our study were
compared to other datasets such as the ERA-40, the
ERA-Interim, the NCEP-NCAR reanalysis, the China
Ocean Reanalysis (CORA), and the Global Ocean Data
Assimilation System (GODAS). However, the atmo-
spheric and ocean reanalysis data, including wind, ocean
currents, and surface heat fluxes used in this study still
have uncertainties that should be reduced in future
versions of these reanalysis datasets by taking advantage
of future developments in measurement and reanalysis
technologies.
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