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advection appears important for the SST warming in the 
Yellow Sea.
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1  Introduction

The intraseasonal oscillation (ISO) is an important compo-
nent of climate variability over the tropical Indo-western 
Pacific region. It is closely related to the active and break 
phases of the summer monsoon. There is indication for a 
coupled intraseasonal variation in sea surface temperature 
(SST) and atmospheric ISO in the tropical Indo-western 
Pacific region (e.g., Waliser et al. 1999, 2004; Woolnough 
et  al. 2000; Maloney and Sobel 2004; Duvel and Vialard 
2007; Ye and Wu 2015), which may affect the characteris-
tics and propagations of atmospheric ISOs (e.g., Kemball-
Cook and Wang 2001; Fu et al. 2003; Wu 2010; Roxy and 
Tanimoto 2007, 2011; Roxy et al. 2013). Thus, it is impor-
tant to understand the coupled processes between variations 
of SST and atmospheric variables on intraseasonal time 
scales and their impacts for the purpose of improving the 
understanding and prediction of intraseasonal variability.

While studies have been conducted about the atmos-
phere–ocean coupling in intraseasonal variations in the 
South China Sea (SCS) and western North Pacific region 
(Xie et al. 2007; Wu et al. 2008; Wu 2010; Roxy and Tan-
imoto 2011; Ye and Wu 2015), most previous studies are 
concerned with intraseasonal variations during boreal sum-
mer. Little has been done about intraseasonal variations in 
the SCS and western North Pacific region during boreal 
winter. This appears to relate to the fact that convection 

Abstract  The sea surface temperature (SST) in the South 
China Sea (SCS) displays prominent intraseasonal vari-
ations during boreal winter with a spectrum peak in the 
10–30-day time period. These intraseasonal SST variations 
are closely associated with intraseasonal variations of the 
East Asian winter monsoon (EAWM). A weak EAWM is 
preceded by cooler SST and followed by warmer SST in 
the SCS and subtropical western North Pacific. A coherent 
southward propagation is seen in the SCS in SST, surface 
wind, and latent heat flux anomalies. This southward prop-
agation is attributed to the wind-evaporation-SST effect 
under climatological northerly winds in winter, which dif-
fers from summer when climatological winds are westerly. 
The SST-induced wind speed anomalies are larger to the 
north side of SST anomalies. This induces larger surface 
evaporation anomalies to the north side, leading to a south-
ward displacement of large SST anomalies. In turn, wind 
and evaporation anomalies move southward. There appears 
to be a positive feedback between circulation and precipita-
tion that leads to amplification of meridional wind anoma-
lies when the SST anomalies are weak. Surface latent heat 
flux is a dominant factor for the SST change in the SCS 
and the Yellow Sea. Shortwave radiation has a complemen-
tary contribution to the SST change in the SCS, but has a 
negative effect in the Yellow Sea. The wind-induced Ekman 
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is weak over the Northern Hemisphere in boreal winter. 
Nevertheless, due to the influence of the East Asian win-
ter monsoon (EAWM) variability, large wind variabil-
ity may occur in winter over the SCS region. As the wind 
changes may affect surface evaporation, oceanic upwelling 
and advection, large SST fluctuations may be induced by 
EAWM-related wind changes (Wu and Chen 2015). Zeng 
and Wang (2009) obtained larger intraseasonal variance of 
latent heat flux over the South China Sea in winter than in 
summer. Based on analysis of pentad mean data, Gao and 
Zhou (2002) noted that the 30–90  day intraseasonal SST 
variations in the South China Sea display different char-
acteristics in winter from those in summer. In summer, 
the intraseasonal SST perturbations feature a zonal distri-
bution, a northeastward propagation, and a close relation 
to zonal wind and convection variations. In contrast, they 
appear to be localized in the SCS region without any propa-
gating signal and are primarily associated with meridional 
wind variations in winter. Yet, it is not clear how intrasea-
sonal SST and wind variations in winter are coupled to 
each other over the SCS and western North Pacific region. 
One purpose of the present study is to investigate the cou-
pled SST and wind variations associated with the EAWM 
on the intraseasonal time scales in the above region.

In boreal summer, the ISOs display northward or north-
eastward propagation over the Indian summer monsoon 
region (Yasunari 1979; Jiang et al. 2004; Chou and Hsueh 
2010) and northward or northwestward propagation over the 
western North Pacific region (Wang and Wu 1997; Anna-
malai and Slingo 2001; Hsu and Weng 2001; Kemball-Cook 
and Wang 2001; Kajikawa and Yasunari 2005) in conjunc-
tion with the eastward propagation along the equator. In 
boreal winter, the prevailing direction of propagation of 
ISOs is eastward along the equator, accompanied by pole-
ward propagation over off-equatorial regions of tropical 
Indo-western Pacific Ocean (Wheeler and Kiladis 1999; 
Lawrence and Webster 2002; Zhang 2005; Wang et  al. 
2006).

Our analysis detects a southward propagation in intra-
seasonal signals of both SST and meridional wind over the 
SCS and subtropical western North Pacific in boreal winter. 
Figure 1 displays diagrams of SST and 10 m merional wind 
variations on the 9–31-day time period along 110°–120°E 
during November through March for years 2002/2003, 
2003/2004, 2005/2006, and 2007/2008. These 4 years are 
selected for purpose of illustration. Southward propaga-
tion of meridional wind anomalies is a robust phenomenon 
over the subtropics. Prominent southward propagation to 
the tropics can be observed in both SST and meridional 
wind anomalies in some periods, for example, during mid-
December of 2002 through late January of 2003, during late 
February through early March of 2003, during early Janu-
ary through early March of 2004, during mid-November 

through mid-December of 2005, around mid-January of 
2006, and during early to mid-January of 2008. During 
these periods, southerly or northerly wind anomalies appear 
first over southern China and move southward to central 
and southern SCS. These are followed by southward propa-
gation of positive or negative SST anomalies from northern 
to central or southern SCS. The phase relationship appears 
to suggest a coupled intraseasonal propagation in SST and 
surface wind anomalies. Thus, another purpose of the pre-
sent study is to understand this unique southward propaga-
tion and the relevant processes.

The southward propagation of SST anomalies in the 
SCS was pointed out by Wu and Chen (2015) on the 7–61-
day time scale. Different from Wu and Chen (2015), this 
study focuses on the 9–31-day time scale on which SCS 
SST and EAWM display common spectral peak, as will be 
shown later. Wu and Chen (2015) documented the feature 
of southward propagation of different variables in the SCS 
region, but did not address whether and how they are cou-
pled with each other. Distinct from Wu and Chen (2015), 
the present study address the coupled processes in the 
southward propagation of SST, surface wind, and surface 
heat fluxes. Another different from Wu and Chen (2015) is 
that the present study extends the region of analysis to the 
western North Pacific.

The organization of the text is as follows. Section  2 
describes the datasets and methods used in the present 
study. Section 3 provides evidence for intraseasonal signals 
in SCS SST and EAWM variations. The spatial–temporal 
evolution of intraseasonal anomalies associated with the 
EAWM is presented in Sect. 4. Section 5 analyzes the con-
nection of southward propagation in different variables to 
understand the physical processes. Summary and discus-
sions are given in Sect. 6.

2 � Datasets and methods

Present study uses daily SST, rain rate, cloud liquid water 
(CLD), surface wind speed at 37  GHz from the Tropical 
Rainfall Measuring Mission (TRMM) Microwave Imager 
(TMI) (Wentz et  al. 2000) for the period 1998–2013. The 
TMI data are available on 0.25° × 0.25° grids. We have con-
verted the original data to 1° × 1° grids to reduce the missing 
data. Further, 3-day running mean is used in the present study. 
The TMI data are obtained from http://www.remss.com/
missions/tmi. The Global Precipitation Climatology Project 
(GPCP) version 2 (Adler et al. 2003) daily precipitation on 
1° × 1° grids for the period October 1996—present is used 
to get information of precipitation variations over land where 
TMI is unavailable. The GPCP precipitation is obtained from 
https://climatedataguide.ucar.edu/climate-data/gpcp-daily- 
global-precipitation-climatology-project.

http://www.remss.com/missions/tmi
http://www.remss.com/missions/tmi
https://climatedataguide.ucar.edu/climate-data/gpcp-daily-global-precipitation-climatology-project
https://climatedataguide.ucar.edu/climate-data/gpcp-daily-global-precipitation-climatology-project
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We use daily surface winds at 10 m, surface latent heat 
flux (LHF), surface sensible heat flux (SHF), surface net 
shortwave radiation (SWR), and surface net longwave radi-
ation (LWR) from the National Centers for Environmen-
tal Prediction (NCEP)-Department of Energy reanalysis 2 
(Kanamitsu et  al. 2002) for the period 1979–2013. These 
reanalysis variables are available on T62 Gaussian grids. 
The reanalysis data are obtained from ftp://cdc.noaa.gov/. 
The convention for surface heat flux is positive for down-
ward shortwave radiation, but for upward longwave radia-
tion, latent and sensible heat flux.

As this study is concerned with intraseasonal variations 
in the tropical and subtropical regions associated with the 

EAWM, we use an EAWM index (EAWMI) defined using 
area-mean meridional wind at 10  m averaged over the 
region of 10°–25°N, 105°–135°E. According to Chen et al. 
(2014), the above index represents the southern component 
of the EAWM variability. A positive (negative) EAWMI 
denotes a weak (strong) EAWM under this definition. Area-
mean SCS SST in this study refers to SST averaged in the 
region of 5°–20°N, 105°–120°E.

Intraseasonal variations in this study refer to the compo-
nent on the 9–31-day time period. The reason for focusing 
on this component will be illustrated later. We use 9-day 
running mean minus 31-day running mean to obtain the 
intraseasonal variations on the above time period. Use of 

Fig. 1   Hovmöller diagrams of 
SST (shading, unit:  °C) and 
10 m meridional wind (contour, 
interval: 1 m/s) anomalies 
at the 9–31-day band along 
110°–120°E during Novem-
ber 1 through March 31 of a 
2002/2003, b 2003/2004, c 
2005/2006, and d 2007/2008

(a)

(b)

(c)

(d)

ftp://cdc.noaa.gov/


2042 R. Wu

1 3

a band pass filter on the same time period leads to simi-
lar results but with smoother temporal evolution. Present 
study focuses on boreal winter, that is, December to Febru-
ary (DJF), which is the peak EAWM season. The analysis 
period is from 1998/1999 to 2012/2013 when all the vari-
ables are available.

3 � Signals of intraseasonal variations in EAWM 
and SCS SST

The EAWMI and SCS SST display notable intraseasonal 
variations during boreal winter. Figure  2 shows EAWMI 
and SCS SST anomalies during November through March 

(a)

(b)

(c)

(d)

Fig. 2   Time series of SCS SST anomalies (solid lines with scale at left, unit:  °C) and EAWMI (dashed lines with sale at right, unit: m/s) during 
November 1 through March 31 of a 2002/2003, b 2003/2004, c 2005/2006, and d 2007/2008
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for years (a) 2002/2003, (b) 2003/2004, (c) 2005/2006, and 
(d) 2007/2008 for purpose of illustration. Obviously, there 
are alternative peaks and valleys in both EAWMI and SCS 
SST variations. The magnitude of area-mean SST anoma-
lies reaches 1  °C in some cases and that of the EAWMI 
reaches 5  m/s or more, indicating a large intraseasonal 
signal. The time interval between peaks (valleys) varies 
from case to case, but with a dominant interval of about 
10 days to 1 month between major peaks (valleys). Another 

feature to note on Fig. 2 is that there is a temporal phase 
shift between the SCS SST and EAWMI intraseasonal 
variations. EAWMI peaks tend to lead SCS SST peaks and 
EAWMI valleys tend to occur before SCS SST valleys. 
This phase relation signifies a coupled intraseasonal varia-
tion between the SCS SST and EAWM. This will be elabo-
rated later.

The intraseasonal variations in EAWMI and SCS SST 
are confirmed by their spectrum. Figure  3 displays the 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3   Spectrum of SCS SST (left) and EAWMI (right) for the period December 1 through February 28 of a, b 2000/2001, c, d 2002/2003, e, f 
2003/2004, and g, h 2005/2006. Dashed lines denote the 95 % confidence level based on red noise spectrum
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spectrum of the SCS SST and EAWMI during Novem-
ber through March for the years 2000/2001, 2002/2003, 
2003/2004, and 2005/2006. The SCS SST spectrum dis-
plays a peak in the 10–30-day band and another peak with 
period longer than 40 days. The former peak is significant 
at the 95 % confidence level based on the red noise spec-
trum. The latter peak is insignificant likely due to the short 
time period. The EAWMI spectrum shows a prominent 
peak in the 10–30-day band as well. The peak with periods 
longer than 40 days is visible but much weaker compared 
to SST. There are peaks with periods shorter than 10 days, 
suggestive of synoptic activity. The present study focuses 
on the intraseasonal variations on the 10–30-day time scale 
on which both SCS SST and EAWMI display prominent 
spectrum peaks, which differs from Wu and Chen (2015) 
that analyzed the intraseasonal variations on the broad 
7–61-day band.

The SST and surface wind variations on the 9–31-day 
time scale account for about 40–60 % of the total intrase-
asonal variations in the SCS region during boreal winter. 
Figure 4 shows the standard deviation of SST, 10 m meridi-
onal wind, and surface wind speed anomalies on the 9–31-
day band and the explained percent variance with respect 

to the total intraseasonal variations for December through 
February. The SCS displays a relatively large 9–31-day var-
iability in SST and surface wind speed (Fig. 4a, c). Larger 
standard deviation of meridional wind is seen over northern 
SCS and subtropical western North Pacific (Fig. 4b), likely 
related to large mean winds in these regions during win-
ter. The percent variance accounted for by variations in the 
9–31-day band in the SCS region is about 40–50 % for SST 
(Fig. 4d), 45–55 % for 10 m meridional wind (Fig. 4e), and 
50–60 % for surface wind speed (Fig. 4f), respectively.

The time lag relation between intraseasonal variations 
of SCS SST and EAWMI is further demonstrated by a lag-
lead correlation analysis. Figure 5 shows the correlation of 
SCS SST with respect to EAWMI on the 9–31-day time 
scale calculated for the period of December through Febru-
ary for the 4 years. Clearly, high SST appears at a few days 
after the peak EAWMI and low SST is seen about 1 week 
before the EAWMI peak. This suggests a coupled intrasea-
sonal variation between SCS SST and EAWM. The time 
lead or lag of maximum correlation varies from year to 
year, so is the magnitude of the maximum lead or lag corre-
lation. This suggests a year-to-year change in the coupling 
strength and the phase relation. Nevertheless, the coupled 

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4   Standard deviation of anomalies of SST (°C) (a), 10 m meridional wind (m/s) (b), and surface wind speed (m/s) (c) on 9-31-day time 
scale and the explained percent variance of total intraseasonal variance (d–f) during December through February
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variability is robust. The specific processes of coupling the 
intraseasonal variations of SST and EAWM will be investi-
gated in the next two sections.

4 � Spatial–temporal evolution of intraseasonal 
anomalies associated with EAWM

To understand the coupled variations, we examine the spa-
tial–temporal evolution of intraseasonal anomalies of SST, 

rain, surface wind, and surface heat fluxes on the 9–31-day 
time period. We take the normalized EAWMI as a reference 
to construct the anomalies through lag-lead regression. The 
results are shown in Fig. 6 for SST, rain, and 10 m winds, 
in Fig. 8 for surface wind speed and latent heat flux, and 
in Fig. 9 for cloud liquid water and surface net shortwave 
radiation for DJF. The anomalies shown in these figures 
start from 8  days before (lead −8) to 6  days after (lead 
+6) the peak EAWMI. Lead 0 denotes the time of peak 
EAWMI.  

Fig. 5   Lead-lag correlation 
of SCS SST anomalies with 
respect to EAWMI at the 9–31-
day band during December 
1 through February 28 of a 
2000/2001, b 2002/2003, c 
2003/2004, and d 2005/2006

(a)

(b)

(c)

(d)



2046 R. Wu

1 3

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6   Anomalies of SST (shading, unit:  °C), rain rate (contour with 
zero contour suppressed, interval: 0.2 mm/day), and 10 m wind (vec-
tor with scale at bottom, unit: m/s) from 8 days before (lead −8) to 

6 days after (lag +6) obtained by regression with respect to the nor-
malized EAWMI for the period December 1 through February 28

(a) (b)

Fig. 7   Time (day) when the SST anomalies reach the maximum (a) and minimum (b) values with respect to the EAWMI for the period Decem-
ber 1 through February 28. Negative and positive time denotes before and after the peak EAWMI, respectively
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The largest intraseasonal SST anomalies are observed in 
the SCS region (Fig. 6). The SST anomalies are particularly 
large to west of the Luzon Strait and in the region extend-
ing southward from central Vietnam coast, consistent with 
Wu and Chen (2015). Negative SST anomalies extend from 
the SCS northeastward to the western North Pacific at leads 
−8 and −6 (Fig. 6a, b). They weaken first in northern part 
at lead −4 (Fig. 6c) and then in southern part of the SCS 
at lead −2 (Fig.  6d). Positive SST anomalies appear and 
intensify first in northern part (Fig. 6e) and then in south-
ern part of the SCS (Fig. 6f, g). Thus, the SST anomalies 
display a southward migration in the SCS region. Another 
region of negative SST anomalies is the Yellow Sea. In this 

region, SST anomalies are negative during leads −8 to −0 
(Fig. 6a–e) and positive during leads +4 to +6 (Fig. 6g, h).

The SST anomalies display some localized features, 
which somewhat masks the southward propagation feature. 
To further demonstrate the southward propagation of SST 
anomalies, we extract the times when the SST anomalies 
reach maximum and minimum values at each grid point 
and plot these times in one map (Fig. 7). The time of posi-
tive SST anomalies displays a clear southward increase 
in the SCS and most of the tropical western North Pacific 
(Fig.  7a). The difference between northern and southern 
SCS is about 2 days. The time of negative SST anomalies 
shows a southward increase as well in most of the SCS and 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 8   Anomalies of surface wind speed (shading, unit: m/s) and 
surface latent heat flux (contour with zero contour suppressed, inter-
val: 20 W/m2) from 8 days before (lead −8) to 6 days after (lag +6) 

obtained by regression with respect to the normalized EAWMI for the 
period December 1 through February 28
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tropical western North Pacific except for coastal regions 
(Fig. 7b).

Opposite surface wind anomalies are seen between the 
SCS and mid-latitude East Asia at lead −8 (Fig. 6a). Cor-
respondingly, anomalous divergence is expected over 
southern China and subtropical western North Pacific, 
accompanied by less rain. Southerly wind anomalies move 
southward to southern China at lead −6 (Fig.  6b), to the 
coast of southern China and northern SCS at leads −4 and 
−2 (Fig. 6c, d), and to the SCS at leads −0 to +4 (Fig. 6e–
g). At the same time, anomalous divergence region moves 
southward and rain is reduced over southern SCS starting 
from lead −4. Anomalous convergence develops in the 
subtropical region starting from lead −4, accompanied by 
more rain after lead −2. Anomalous easterly winds appear 
over the Yellow Sea and the Japan Sea at leads −0 to +4 
(Fig. 6e–g). After lead +2, the wind anomalies weaken in 
most regions (Fig. 6g, h). A north–south dipole pattern of 
rain anomalies is visible with more rain in subtropics and 
less rain in tropics starting from lead −0 (Fig. 6e–h).

The surface wind speed anomalies display an evolution 
consistent with the surface wind anomalies. As climato-
logical winds are northeasterly in winter over the SCS and 
subtropical western North Pacific, southerly wind anoma-
lies are accompanied by weaker surface wind speed. The 
surface wind speed is enhanced over the SCS at leads −8 
and −6 (Fig.  8a, b) as anomalous winds are in the same 
direction as climatological winds. Over the subtropics, sur-
face wind speed is reduced due to the opposite direction 
between anomalous and climatological winds. The positive 
wind speed anomalies in the south weaken and the nega-
tive wind speed anomalies in the north intensify and move 
southward in the following days (Fig.  8b–d). At leads 0 
and +2, negative wind speed anomalies extend from the 
SCS northeastward to subtropical western North Pacific 
(Fig. 8e, f). At the subsequent days, wind speed anomalies 
weaken and move southward (Fig. 8g, h). At lead +6, wind 
speed is enhanced over the Yellow Sea and the East China 
Sea (Fig. 8h), following the appearance of northerly wind 
anomalies (Fig. 6h). The distribution and evolution of sur-
face latent heat flux anomalies follow closely those of sur-
face wind speed anomalies during the course. This suggests 
that the wind speed may be a dominant factor for surface 
evaporation change.

The cloud liquid water and surface net shortwave radia-
tion changes are in tandem with the rain anomalies. A 
north–south contrast pattern of cloud liquid water and 
shortwave radiation anomalies is prominent between trop-
ics and subtropics (Fig.  9). At 6–8  days before the peak 
EAWMI, a band of less liquid water and more shortwave 
radiation extends from southern China to Japan and a band 
of more liquid water and less shortwave radiation extends 
from southern SCS to the Philippine Sea (Fig. 9a, b). After 

the peak EAMI, the contrast pattern reverses its polarity, 
with less liquid water and more shortwave radiation in the 
south and more liquid water and less shortwave radiation in 
the north, respectively (Fig. 9e–h). This reversal appears to 
be accomplished in a few days (Fig. 9c, d). Thus, compared 
to surface wind speed and latent heat flux anomalies, the 
southward propagation appears not so obvious in cloud liq-
uid water and shortwave radiation anomalies.

The southward move of surface wind and latent heat flux 
anomalies is obvious. The southward move of SST anoma-
lies is also visible though not as obvious as surface wind 
and latent heat flux anomalies. The negative latent heat flux 
anomalies lead positive SST anomalies, indicative of an 
important contribution of surface heat flux to SST change. 
Negative SST anomalies in southern SCS lead negative rain 
anomalies, suggestive of an impact of SST on atmosphere. 
The SST impact may include both the thermal contrast 
between the SCS and the surrounding regions in association 
with the SST anomalies in the SCS and the regional SST 
anomaly gradient in the SCS region. For example, the pres-
ence of large SST anomalies in the SCS leads to a thermal 
contrast with the land to the north, which is favorable to the 
development of meridional wind anomalies over southern 
China and northern SCS (Fig. 6). Over southern SCS, large 
positive SST anomalies are located to west, whereas large 
negative rain anomalies appear over east in the SCS dur-
ing lead −0 to +6 (Fig. 6e–h). This appears to support the 
role of the SST anomaly gradient in the formation of rain 
anomalies (Lindzen and Nigam 1987). These imply a cou-
pled variation between SST and surface wind and surface 
heat flux, which will be elaborated in the next section.

5 � Southward propagation of intraseasonal 
anomalies and their relationship

Analysis in the previous section shows a coherent south-
ward propagation in SST, surface wind, and latent heat flux 
anomalies. To further understand the southward propaga-
tion of these anomalies and the relation between different 
variables, we display in Figs. 10, 11 Hovmöller diagrams 
of anomalies of different variables along 107.5°–120°E and 
120°–135°E, respectively, on the 9–31-day time period. 
The former represents the South China Sea region and the 
latter the western North Pacific region.

Along 107.5°–120°E, the SST anomalies take about 
2 days to move from the coast of South China to the equa-
torial region (Fig.  10a). Negative SST anomalies appear 
about 6–10  days before and positive SST anomalies 
occur about 2–6  days after the peak EAWMI. The wind 
anomalies display southward propagation from subtrop-
ics to equatorial SCS. Over the SCS, southerly (northerly) 
anomalies lead positive (negative) SST anomalies. The 
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surface wind speed anomalies display an obvious south-
ward propagation with weaker wind speed leading higher 
SST by about 2  days (Fig.  10e). Southward propagation 
from southern China is obvious in latent heat flux anoma-
lies as well (Fig. 10f). The latent heat flux anomalies tend 
to be in phase with wind speed anomalies. The latent heat 
flux anomalies are apparently larger in northern SCS than 
in southern SCS. This feature is likely due to the depend-
ence of latent heat flux anomalies on climatological mean 
sea–air humidity difference, which is larger in northern 
SCS than in southern SCS (figure not shown).

The propagation feature is not clear in rain, cloud liq-
uid water, and shortwave radiation anomalies. The rain 

anomalies show an opposite pattern north and south of 
approximately 15°N, with the magnitude larger in the 
tropics than in the subtropics (Fig. 10b). The GPCP rain 
anomalies display a northward extension to 30°–35°N 
(figure not shown). The reversal of rain anomalies occurs 
a few days earlier in southern SCS than in northern SCS. 
Compared to wind anomalies, less (more) rain occurs in 
regions of wind divergence (convergence) (Fig.  10a, b). 
The phase relation between rain and SST anomalies is 
very different in northern and southern SCS. In south-
ern SCS, less rain leads positive SST anomalies, whereas 
in northern SCS rain and SST tend to vary in phase 
(Fig. 10a, b). This suggests a difference in the SST-rain 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 9   Anomalies of cloud liquid water (shading, unit: mm) and sur-
face net shortwave radiation (contour with zero contour suppressed, 
interval: 5 W/m2) from 8 days before (lead −8) to 6 days after (lag 

+6) obtained by regression with respect to the normalized EAWMI 
for the period December 1 through February 28
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relationship between northern and southern SCS. Such 
a difference was noted for monthly mean anomalies in 
winter (He and Wu 2013). Less cloud liquid water occurs 
before higher SST in the SCS, but with the time lead 
longer near the coast of South China (Fig.  10c). Short-
wave radiation anomalies display opposite signs in sub-
tropics and tropics (Fig.  10d). A reversal of shortwave 

radiation anomalies is observed about 4 days before peak 
EAWMI. The magnitude of shortwave radiation anoma-
lies is much smaller than that of latent heat flux anoma-
lies (Figs. 9f, 10d).

Overall, along the SCS longitude, SST, surface wind, 
and latent heat flux anomalies show coherent southward 
propagation, with weaker winds and less latent heat flux 

(a) (b)

(c) (d)

(e) (f)

Fig. 10   Hovemöller diagrams of anomalies along 107.5°–120°E of 
SST (shading, unit: °C) and 10  m wind (m/s, scale at bottom) (a), 
rain rate (interval: 0.1  mm/day) (b), cloud liquid water (interval: 
0.1 mm) (c), surface net shortwave radiation (interval: 4 W/m2) (d), 

surface wind speed (interval: 0.3  m/s) (e), and surface latent heat 
flux (interval: 10  W/m2) (f) from 16  days before to 16  days after 
the EAWMI obtained by regression with respect to the normalized 
EAWMI
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leading higher SST. This indicates that the wind-evapora-
tion effect is an important factor for the SST change. As 
the wind anomalies start over subtropics, it suggests that 
they may originate from the mid-latitude region. The rain, 
cloud, and shortwave radiation are dominated by stationary 
variations with opposite anomalies in tropics and subtrop-
ics. The shortwave radiation contributes to the SST change 
in the tropics, supplementary to the effect of latent heat 
flux.

Along 120°–135°E, SST anomalies are observed in two 
regions. One is the Yellow Sea and the other is to the east 
of the Luzon Strait (Fig. 11a). The latter one is an exten-
sion from the SCS. The magnitude of SST anomalies 
in the above regions is smaller compared to those in the 
SCS. This is likely because the mean mixed-layer depth 
is larger in subtropical western North Pacific than in the 
SCS (de Boyer Montégut et al. 2004). The SST anomalies 
show southward propagation in these regions, but with a 

(a) (b)

(c) (d)

(e) (f)

Fig. 11   The same as Fig. 10 except along 120°–135°E
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limited meridional extent. Surface wind anomalies display 
southward propagation from the mid-latitude to the tropics 
(Fig. 11a). Prominent southward propagation is observed in 
surface wind speed and latent heat flux anomalies as well 
(Fig.  11e, f). The latent heat flux anomalies are larger in 
subtropics. Negative latent heat flux anomalies are seen 
before higher SST in both subtropics and the mid-latitude, 
but with a longer time lead in the mid-latitude than in the 
subtropics.

The rain anomalies display a clear southward propaga-
tion from subtropics to tropics (Fig. 11b). The phase rela-
tion between rain and SST anomalies tend to be opposite 
in subtropics and the mid-latitude. In subtropics, negative 
rain anomalies lead positive SST anomalies, whereas in the 
mid-latitude, positive rain anomalies are observed before 
positive SST anomalies. The cloud liquid water anomalies 
display feature similar to the rain anomalies (Fig. 11c), so 
are shortwave radiation anomalies (Fig.  11d). The phase 
relation between SST and shortwave radiation anomalies 
indicates a contribution of shortwave radiation to the SST 
change in the subtropics, but not in the mid-latitude. In 
comparison, the magnitude of shortwave radiation anoma-
lies is much smaller than that of latent heat flux anomalies 
(Figs. 10f, 11d).

Overall, along the western North Pacific longitude, 
SST anomalies are weaker and limited in the meridional 
propagation with two separate regions. The SST change is 

about 2 days later in the mid-latitude than in the subtrop-
ics. All the atmospheric variables and surface heat fluxes 
display southward propagation from the mid-latitude to the 
subtropics. Surface latent heat flux contributes to the SST 
change in both the subtropics and the mid-latitude. Short-
wave radiation has a complementary contribution to the 
SST change in the subtropics, but has an opposite effect 
in the mid-latitude. The time lag between surface latent 
heat flux and SST is longer in the mid-latitude than in the 
subtropics.

To further compare the relation between SST and surface 
heat flux changes in the SCS and the Yellow Sea, we show 
in Fig.  12 area-mean anomalies averaged over the region 
of 7.5°–17.5°N, 110°–120°E and 27.5°–37.5°N, 120°–
130°E. In the SCS, reduced latent heat flux and enhanced 
shortwave radiation both contribute to the SST warming 
(Fig. 12a). The latent heat flux change tends to follow the 
surface wind speed change and the shortwave radiation 
change is consistent with the cloud liquid water change. 
The magnitude of latent heat flux anomalies is about three 
times of that of shortwave radiation anomalies. Assuming 
a mixed layer depth of 30 m, a heat flux of 30 Wm−2 can 
induce an SST increase of 0.2  °C in about 10  days. This 
value is close to the magnitude of the SST tendency, indica-
tive of an important contribution of surface heat flux to 
the SST change. In the Yellow Sea, latent heat flux is still 
an important factor for the weakening of negative SST 

Fig. 12   Area-mean anomalies 
of SST (°C, red line), surface 
latent heat flux (W/m2, green-
solid line), surface wind speed 
(m/s, green-dashed line), sur-
face net shortwave radiation (W/
m2, blue-solid line) and cloud 
liquid water (mm, blue-dashed 
line) averaged over the region of 
a 7.5°–17.5°N, 110°–120°E and 
b 27.5°–37.5°N, 120°–130°E 
from 16 days before to 16 days 
after the EAWMI obtained by 
regression with respect to the 
normalized EAWMI

(a)

(b)
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anomalies (Fig.  12b). Shortwave radiation effect is nega-
tive, opposing the effect of latent heat flux from lead −4 
to lead +4. Again, latent heat flux and shortwave radiation 
changes are consistent with surface wind speed and cloud 
changes, respectively. The surface heat flux cannot explain 
the increase of positive SST anomalies around lead +4. 
As such, other processes need to be considered to explain 
the SST warming. As seen from Fig.  11a, there are large 
easterly anomalies over the Yellow Sea during leads 0 to 
+8 days. The corresponding Ekman currents are expected 
to flow northward, transporting warmer ocean water from 
the subtropics. Climatologically, a large SST gradient 
is seen in the Yellow Sea (figure not shown). Hence, it is 
inferred that the wind-induced anomalous Ekman advec-
tion may contribute to the SST warming in the Yellow Sea.

For a quantitative demonstration of roles of surface heat 
flux in the SST change, we estimate the contribution of sur-
face net heat flux (the sum of surface net shortwave radia-
tion, surface net longwave radiation, surface latent and sen-
sible heat fluxes) to the SST tendency. The SST tendency at 
a specific day is calculated as the difference of SST 1 day 
after minus SST 1 day before divided by 2 (days). The sur-
face net heat flux anomalies are converted to the SST ten-
dency assuming a constant mixed layer depth of 30 and 
50 m for the SCS and Yellow Sea, respectively, based on de 
Boyer Montégut et al. (2004). Figure 13 compares the SST 
tendency and surface net heat flux anomalies in the SCS 

and Yellow Sea regions. In the SCS region, the surface net 
heat flux anomalies are of the same magnitude as the SST 
tendency (Fig. 13a), indicative of an important contribution 
of surface heat flux to the SST change. There is a phase 
shift between surface net heat flux and the SST tendency. 
This phase shift may suggest a contribution of oceanic pro-
cesses. The discrepancy may also be contributed by incon-
sistency between SST and surface heat flux datasets of dif-
ferent sources. The surface heat flux contributes largely to 
the SST tendency in the Yellow Sea region from lead −4 
to lag +2, but not from lag +3 to lag +6 (Fig. 13b). The 
phase shift between surface net heat flux and the SST ten-
dency is larger compared to the SCS region. This may sug-
gest a larger effect of oceanic processes on the SST change 
in the Yellow Sea region. Further analysis with reliable oce-
anic data with daily temporal resolution is needed to inves-
tigate the contribution of various oceanic processes to the 
SST change.

Distinguishing from boreal summer when northward 
propagation of intraseasonal signals dominates, south-
ward propagation is prominent in boreal winter over the 
SCS and the western North Pacific. This difference may be 
interpreted based on climatological mean winds. In boreal 
winter, negative SST anomalies in the SCS induce lower-
level divergence (Lindzen and Nigam 1987) with south-
erly anomalies over northern SCS (Figs. 6c, d, 10a). This 
reduces surface wind speed and upward latent heat flux 

Fig. 13   Area-mean anoma-
lies of SST tendency (°C/
day, red line) and surface net 
heat flux converted to the SST 
tendency (°C/day, green line) 
averaged over the region of a 
7.5°–17.5°N, 110°–120°E and 
b 27.5°–37.5°N, 120°–130°E 
from 16 days before to 16 days 
after the EAWMI obtained by 
regression with respect to the 
normalized EAWMI

(a)

(b)
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over northern SCS (Figs. 8d, e, 10e–f). The decreased latent 
heat flux leads to a weakening of negative SST anomalies 
in northern SCS (Fig.  10a). As such, the region of nega-
tive SST anomalies shifts southward. In turn, the region 
of southerly wind anomalies with reduced latent heat flux 
displaces southward. Thus, the mechanism for southward 
propagation includes an impact of SST anomalies on lower-
level winds and a feedback of wind-induced surface latent 
heat flux on SST. We note, however, that internal dynamics 
contributes to surface wind intensification, which will be 
discussed later.

To examine the SST impact on atmosphere, we com-
pare in Fig.  14 the temporal evolution of SST, lower-
level convergence, and rain anomalies in the SCS and 
the Yellow Sea regions. As the SST-rain relationship dis-
plays difference between northern and southern parts, 

we construct area-mean anomalies separately for north-
ern and southern SCS. In the northern SCS region, nega-
tive (positive) SST anomalies tend to be followed by less 
(more) rain and anomalous lower-level divergence (con-
vergence) (Fig.  14a). This suggests an impact of SST 
on atmosphere. The rain anomalies, however, are small. 
In the southern SCS region, positive SST anomalies are 
preceded by less rain rate and anomalous surface diver-
gence, but followed by more rain rate and anomalous sur-
face convergence (Fig.  14b). This appears to indicate a 
feedback of the SST anomalies on the atmosphere after 
they are induced by atmospheric changes. The area-mean 
anomalies, however, may not be able to show the impact 
of regional SST anomaly gradient in the SCS region. In 
contrast, in the Yellow Sea region, anomalous surface 
convergence and more rain occur before positive SST 

Fig. 14   Area-mean anomalies 
of SST (°C, red line), surface 
wind divergence (10−6 s−1, 
green line), and rain rate (mm/
day, blue line) averaged over 
the region of (a) 15°–22.5°N, 
110°–122.5°E, b 5°–12.5°N, 
107.5°–117.5°E, and c 
27.5°–37.5°N, 120°–130°E 
from 16 days before to 16 days 
after the EAWMI obtained by 
regression with respect to the 
normalized EAWMI

(a)

(b)

(c)
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anomalies (Fig.  14c). As such, local SST impact on the 
atmosphere is not clear. As noted above, the SST change 
appears as a response to the atmospheric wind changes 
through surface latent heat flux and Ekman advection in 
this region.

The southerly wind anomalies over northern SCS expe-
rience an obvious intensification during leads −4 to 0 days 
when the SST anomalies are small (Fig. 10a). This feature 
appears to be related to an interaction between circulation 
and precipitation. Accompanying southerly wind anoma-
lies, anomalous surface divergence and convergence occur 
in south and north parts of southerly wind anomalies, 
respectively. This leads to a north–south contrast of rain 
anomalies. This further enhances southerly wind anoma-
lies by a positive feedback. This is demonstrated in Fig. 15 
that compares the temporal evolution of surface meridional 
wind anomalies in the SCS and divergence and rain anom-
alies to the north and south. An obvious intensification is 
seen in southerly wind anomalies over the SCS and sur-
face divergence and rain anomalies to the north and south 
around lead −2 (Fig. 15) when the SCS SST anomalies are 
weak (Fig.  14a). As the lower boundary forcing is small, 
the amplification may be attributed to internal atmospheric 
processes.

6 � Summary and discussions

Present analysis reveals prominent intraseasonal variations 
during boreal winter in both the SCS SST and EAWM. A 
spectrum peak is detected in the 9–31-day band for varia-
tions of both the SCS SST and EAWMI. The intraseasonal 
variations in the SCS SST and EAWM display obvious 
phase relationship. A weak (strong) EAWM leads warmer 

(cooler) SST and is preceded by cooler (warmer) SST in 
the SCS and subtropical western North Pacific.

The SST, surface wind, and latent heat flux anomalies 
displaycoherent southward propagation in the SCS longi-
tude. The southward propagation is related to the wind-
evaporation-SST effect under climatological northeasterly 
winds. Negative SST anomalies in the SCS and the related 
SST gradient induce southerly wind anomalies to the north, 
reducing surface wind speed and latent heat flux. In turn, 
the reduced surface latent heat flux weakens negative SST 
anomalies, first in northern SCS. This leads to a southward 
displacement of negative SST anomaly region along with 
reduced surface wind speed and latent heat flux region. Due 
to the effect of surface heat fluxes, SST anomalies change 
to positive, first in northern SCS. With the reversal of 
SST anomalies, surface wind anomalies turn to northerly, 
enhancing surface wind speed and latent heat flux, which, 
in turn, reducing positive SST anomalies in northern SCS. 
Consequently, this leads to the southward shift of positive 
SST anomalies.

The surface wind anomalies over southern China and 
northern SCS experience amplification during the period 
when the SST anomalies are weak. This intensification 
appears to be due to a positive feedback between circula-
tion and precipitation. After meridional wind anomalies are 
initiated, a north–south dipole pattern of rain anomalies is 
induced due to a contrast of anomalous surface divergence. 
In turn, the rain anomaly pattern intensifies the meridional 
wind anomalies.

There are differences in the effect of surface heat flux in 
the SST change between the SCS and the Yellow Sea. In the 
SCS region, surface latent heat flux plays a dominant role 
in the intraseasonal variations of SST, with a complemen-
tary contribution from surface shortwave radiation. In the 

Fig. 15   Area-mean anomalies of 10  m meridional wind (m/s, red 
line) over the region of 12.5°–22.5°N, 107.5°–120°E, divergence 
(10−6  s−1, green-solid) and rain rate (mm/day, blue-solid) over the 
region of 22.5°–32.5°N, 107.5°–120°E, divergence (10−6  s−1, blue-

solid line) and rain rate (10−6 s−1, blue-dashed line) over the region 
of 2.5°–12.5°N, 107.5°–120°E from 16 days before to 16 days after 
the EAWMI obtained by regression with respect to the normalized 
EAWMI
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Yellow Sea, surface latent heat flux is a main factor for the 
SST variation during the weakening period of SST anoma-
lies. Surface shortwave radiation has a negative effect to the 
SST change. Wind-induced Ekman advection appears to be 
important for the SST change during the warming period 
after the peak EAWMI.

In boreal summer, active convection occurs frequently 
over the South China Sea and western North Pacific 
regions. The convective activity generates intraseasonal 
atmospheric variations that propagate northward or north-
westward through different mechanisms (Hsu and Weng 
2001; Chou and Hsueh 2010). Thus, northward propaga-
tion is a prominent feature of intraseasonal oscillations 
in boreal summer over the South China Sea and western 
North Pacific regions. In boreal winter, convective activity 
over northern Tropics becomes less frequent and its role in 
the generation of intraseasonal oscillations over the South 
China Sea and the western North Pacific is not as impor-
tant as in boreal summer. Yet, the present study detected a 
distinct southward propagation of intraseasonal signals in 
wind and SST over the South China Sea and subtropical 
western North Pacific after they were initiated over sub-
tropics. The mechanism for this southward propagation 
appears to be related to the wind-evaporation-SST effect 
under mean northerly winds. Further studies are needed to 
understand this mechanism and the roles of mean winds.
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