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on the 10–20-day time scale. The wind–evaporation effect 
makes a larger contribution to the SST propagation than 
the cloud–radiation effect on both time scales in the SCS–
WNP region.
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1  Introduction

The intraseasonal oscillation (ISO) is one of the most sig-
nificant signals over the tropical Indian Ocean, the South 
China Sea (SCS), and the tropical western North Pacific 
(WNP) regions. The pioneering work by Madden and 
Julian (1971) first detected the ISO signal in the zonal wind 
field. Large intraseasonal variability in the SST field has 
also been detected in the above regions via buoy observa-
tions and satellite retrievals (Lau and Sui 1997; Sengupta 
et  al. 2001; Vecchi and Harrison 2002; Xie et  al. 2007; 
Wu 2010). The connection between intraseasonal sea sur-
face temperature (SST) variations and atmospheric ISOs 
has been confirmed by previous studies (Woolnough et al. 
2000; Kemball-Cook and Wang 2001; Fu et al. 2003; Wu 
et al. 2008; Roxy and Tanimoto 2012; Wu 2016).

The eastward propagation of the atmospheric ISOs 
along the equator is a prominent feature (e.g., Wang and 
Rui 1990). During boreal summer, the atmospheric ISOs 
display northward or northeastward propagation over 
the Indian Ocean region (e.g., Yasunari 1981; Jiang et  al. 
2004; Chou and Hsueh 2010) and northward or northwest-
ward propagation over the WNP region (e.g., Wang and 
Wu 1997; Hsu and Weng 2001; Hsu et al. 2004; Kajikawa 
and Yasunari 2005). During boreal winter, the prevailing 

Abstract  This study documents the structure and propa-
gation of intraseasonal sea surface temperature (SST) vari-
ations and relative contribution of surface latent heat flux 
and shortwave radiation to the SST propagation in the 
South China Sea (SCS) and western North Pacific (WNP) 
regions. The emphasis is on the contrast of intraseasonal 
SST propagation between summer and winter and between 
10–20-day and 30–60-day time scales. The dominant SST 
pattern during summer displays a tilted southwest–north-
east band from the SCS to the subtropical WNP on both 
time scales, but with a larger value in the subtropical 
WNP on the 10–20-day time scale and in the SCS on the 
30–60-day time scale. The dominant SST pattern during 
winter resembles that during summer, but with a larger 
value in the SCS. In summer, the SST anomalies show 
obvious northwestward and northward propagations in the 
SCS–WNP region on the 10–20-day and 30–60-day time 
scales, respectively. The cloud–radiation effect is a domi-
nant factor for the SST propagation on both time scales in 
the SCS–WNP region, with a supplementary effect from 
the wind–evaporation effect on the 10–20-day time scale. 
In winter, the SST anomalies show southward propagation 
on both time scales in the SCS, while the southward propa-
gation in the WNP is weak and confined to the subtropics 
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eastward propagation is accompanied by poleward propa-
gation over the off-equatorial regions of the tropical Indo–
western Pacific Ocean (e.g., Hsu 1996; Wheeler and Kiladis 
1999; Zhang 2005). Although large intraseasonal SST vari-
ations have been revealed, the propagation of intraseasonal 
SST variations is not yet well understood. It is important to 
understand the formation and propagation of intraseasonal 
SST variations and their interaction with atmospheric ISOs, 
which will help improve our understanding of the propaga-
tion and prediction of ISOs in the atmosphere.

Studies indicated that the intraseasonal SST variations in 
the SCS are associated with atmospheric wind and surface 
heat flux changes (Gao and Zhou 2002; Xie et al. 2007; Wu 
et al. 2008; Wu and Chen 2015; Wu et al. 2015; Wu 2016). 
Most previous studies are concerned with intraseasonal 
SST variations during boreal summer, with relatively few 
studies about intraseasonal SST variations during boreal 
winter. Gao and Zhou (2002) noted different characteristics 
of the 30–90-day intraseasonal SST variations in the SCS 
between summer and winter. In boreal summer, the intrase-
asonal SST perturbations display a zonal distribution and a 
northeastward propagation, which are related to zonal wind 
and convection variations. By contrast, in boreal winter, the 
intraseasonal SST perturbations are localized in the SCS, 
which is primarily associated with meridional wind varia-
tions. Wu and Chen (2015) detected a southward propaga-
tion of the East Asian winter monsoon-related surface wind 
speed and latent heat flux anomalies on the 10–60-day 
time scale in the SCS, followed by a similar propagation of 
intraseasonal SST anomalies. Wu (2016) indicated that the 
southward propagation of SST anomalies on the 10–30-day 
time scale is coupled with surface wind and latent heat flux 
anomalies. One issue is whether there are important differ-
ences in the SST propagation during boreal summer and 
winter in the SCS and the WNP regions.

As demonstrated by previous studies (e.g., Fukutomi and 
Yasunari 1999; Annamalai and Slingo 2001; Kikuchi and 
Wang 2009), there are two prominent atmospheric ISOs. 
One is on the 10–20-day time scale and the other is on the 
30–60-day time scale. Some differences have been docu-
mented in the structure between the two ISOs (Kajikawa 
and Yasunari 2005; Mao and Chan 2005). One question is 
how the distribution and evolution of intraseasonal SST 
perturbations are affected differently by the atmospheric 
ISOs on the two time scales. A difference in the distribu-
tion of high correlation between SST and surface heat flux 
variations in summer was identified by Ye and Wu (2015). 
On the 10–20-day time scale, the SST and surface heat flux 
variations tend to be highly correlated along a southwest–
northeast band extending from the SCS to the subtropical 
WNP. In comparison, on the 30–60-day time scale, the high 
correlation region features a broad eastward extension from 

the SCS to the tropical WNP. The purpose of the present 
study is to compare the intraseasonal SST propagation on 
the 10–20-day and 30–60-day time scales and its relation 
to surface heat flux variations during summer and winter 
over the SCS and the WNP. Understanding this issue will 
improve our knowledge regarding the factors for the propa-
gation of intraseasonal SST signals and air–sea coupling on 
the intraseasonal time scales.

The relationship between intraseasonal SST and surface 
heat flux variations in the SCS and WNP regions has been 
addressed by a few previous studies (Duvel and Vialard 
2007; Wu et al. 2008; Wu 2010; Roxy and Tanimoto 2012; 
Wu and Chen 2015; Ye and Wu 2015). These previous stud-
ies either focused on intraseasonal variations in a specific 
season or did not distinguish specifically the time scales of 
intraseasonal variations. The present study distinguishes 
from these previous studies in the separation of two intra-
seasonal time scales and/or the comparison between sum-
mer and winter. Recently, Wu et  al. (2015) compared the 
co-variations of SST and surface heat flux between the two 
intraseasonal time scales and between summer and winter. 
Their analyses are limited to local relationship. The present 
study contrasts the propagation of intraseasonal SST anom-
alies and the effects of surface heat fluxes between summer 
and winter and between the 10–20-day and 30–60-day time 
scales. Moreover, the present study compares the relative 
contributions of surface latent heat flux and shortwave radi-
ation to the propagation of intraseasonal SST anomalies.

In the following, we describe the data and methods in 
Sect.  2. Section  3 presents the dominant pattern of intra-
seasonal SST variations and associated variations of sur-
face heat flux, wind, and rain over the SCS and the WNP. In 
Sect. 4, we compare the propagation of intraseasonal SST 
anomalies and the relative contributions of surface latent 
heat flux and shortwave radiation. A summary and discus-
sion are presented in Sect. 5.

2 � Data and methods

The SST, rain rate, and cloud liquid water used in the pre-
sent study are derived from data gathered using the Tropical 
Rainfall Measuring Mission (TRMM) Microwave Imager 
(TMI) (Wentz et  al. 2000). The TMI data set is available 
on 0.25° × 0.25° grids starting from January 1998, which 
can be downloaded from http://www.remss.com/missions/
tmi. The original TMI data have missing values and have 
been converted to 1° × 1° grids. The present analysis uses 
a 3-day running mean.

The present study uses the TropFlux that provides daily 
surface latent heat flux, shortwave radiation, and surface 
wind speed at 10 m (Kumar et al. 2012). This data set is on 

http://www.remss.com/missions/tmi
http://www.remss.com/missions/tmi
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1° × 1° grids and available from 1979. The TropFlux data 
are downloaded from http://www.incois.gov.in/tropflux/
overview.html. Note that positive value of latent heat flux 
and shortwave radiation means that the energy transfers 
from the atmosphere to ocean.

The daily surface zonal and meridional winds used in the 
present analysis are derived from the National Centers for 
Environmental Prediction (NCEP)-Department of Energy 
reanalysis 2 (Kanamitsu et al. 2002). They are available on 
T62 Gaussian grids from 1979 and obtained by anonymous 
ftp at ftp://ftp.cdc.noaa.gov/.

The present study separates the intraseasonal varia-
tions on the 10–20-day and 30–60-day time scales. Fol-
lowing the method of Wu (2010) and Wu et al. (2015), the 
ISO on the 10–20-day time scale is obtained by a 9-day 
running mean minus a 21-day running mean, and that on 
the 30–60-day time scale is obtained by a 29-day run-
ning mean minus a 61-day running mean. We analyze the 
variations and relationship in boreal summer and win-
ter separately. In this study, the boreal summer refers to 
the months from May to September (MJJAS for brevity), 
and the boreal winter refers to the months from Novem-
ber to the following March (NDJFM for brevity). The 
analysis period is from 1998 to 2012 for MJJAS and from 
1998/1999 to 2011/2012 for NDJFM when all the vari-
ables are available.

This study is concerned with intraseasonal SST 
variations in the SCS and WNP regions. An empirical 
orthogonal function (EOF) analysis is applied to get the 
dominant spatial and temporal structures of the 10–20-
day and 30–60-day intraseasonal SST variations dur-
ing boreal summer and winter, respectively. To detect 
the propagating feature of intraseasonal SST variations, 
a lead and lag regression analysis is performed with 
respect to the principle component (PC) of the leading 
EOF modes.

The statistical significance of correlation is assessed 
using the two-sided Student’s t test. Following Ye and Wu 
(2015), the effective degree of freedom (DOF) is estimated 
by DOF =  TND/MD  *  YD −  2, where TND is the total 
number of days during MJJAS (153-day) or during NDJFM 
(151-day or 152-day), MD is the medium value of the ISO 
time period (15-day for the 10–20-day ISO and 45-day 
for 30–60-day ISO) and YD is the total number of years 
(15-year for MJJAS and 14-year for NDJFM). The equa-
tion above gives a DOF of 151 and 49 for 10–20-day and 
30–60-day ISOs during MJJAS, respectively. And it gives 
a DOF of 139 and 45 for 10–20-day and 30–60-day ISOs 
during NDJFM, respectively. Based on the above DOFs, 
we determine the correlation significant at the 95 % confi-
dence level.

3 � The dominant mode of intraseasonal SST 
variations

The dominant spatial patterns of 10–20-day and 30–60-day 
intraseasonal SST variations during summer and winter are 
obtained by the EOF analysis over the region of 0°–25°N 
and 100°–140°E. Note that SST anomalies in the EOF 
analysis are weighted to account for the decrease of area 
toward the pole (North et  al. 1982a). In summer, the first 
mode of intraseasonal SST variations explains 22.9 and 
34.1  % of the variance on the 10–20-day and 30–60-day 
time scales, respectively. In winter, the percent variance 
accounted for by the first mode is 25.6 and 31.9 %, respec-
tively. In comparison, the second mode accounts for 11.5 
and 15.4 % of the variance on the 10–20-day and 30–60-
day time scale, respectively, during summer and 8.7 and 
9.5  % of the variance on the 10–20-day and 30–60-day 
time scale, respectively, during winter. A lead–lag correla-
tion analysis of the first and second PC time series shows 
that the first two modes are better correlated with about a 
quadrature phase difference in summer than in winter (fig-
ure not shown). This indicates that the propagating mode 
accounts for a larger part in summer than in winter.

The first modes of intraseasonal SST variations on the 
10–20-day and 30–60-day time scales are well distinct 
from the second modes according to the method of North 
et al. (1982b). For brevity, the PCs on the 10–20-day and 
30–60-day time scales in summer are denoted as SUM1 
and SUM3, respectively, while those in winter are denoted 
as WIN1 and WIN3, respectively. Figures  1 and 2 show 
the 10–20-day and 30–60-day anomalies of SST, rain rate, 
10-m zonal and meridional winds, surface wind speed, 
latent heat flux, cloud liquid water, and shortwave radia-
tion in boreal summer and winter, respectively. These are 
obtained by regression on the respective normalized SUM1 
and SUM3 or WIN1 and WIN3 time series during the 
period 1998–2012. The anomalies of sensible heat flux and 
longwave radiation are smaller than those of latent heat flux 
and shortwave radiation and thus they are not shown.

In MJJAS, the distribution of intraseasonal SST varia-
tions extends northeastward from the SCS to the subtropi-
cal WNP on both 10–20-day and 30–60-day time scales, 
with a maximum in the subtropical WNP and the SCS, 
respectively (Fig. 1a, e). However, the regressed anomalies 
of winds, rain rate, latent heat flux, shortwave radiation, 
and cloud liquid water display a notable difference between 
the 10–20-day and 30–60-day time scales. The large anom-
alies of the abovementioned variables extend northeastward 
from the SCS to the subtropical WNP on the 10–20-day 
time scale (Fig.  1b–d), but eastward from the SCS to the 
Philippine Sea on the 30–60-day time scale (Fig.  1f–h). 

http://www.incois.gov.in/tropflux/overview.html
http://www.incois.gov.in/tropflux/overview.html
ftp://ftp.cdc.noaa.gov/


1236 X. Cao et al.

1 3

These results are generally consistent with the findings of 
Ye and Wu (2015).

The above differences between the 10–20-day and 
30–60-day time scales may be related to the horizon-
tal structure of wind anomalies associated with the ISOs. 
During summer, the wind anomalies associated with the 

10–20-day ISOs feature a southwest–northeast oriented 
structure as shown in Fig.  1b, consistent with Mao and 
Chan (2005). These wind anomalies feature a Rossby-
wave-like response to anomalous heating associated with 
more rain. Because the mean wind is southwesterly, sur-
face wind speed is enhanced when anomalous winds are 

Fig. 1   The 10–20-day anoma-
lies of a SST (shaded, unit: °C), 
b rain rate (shaded, unit: mm/
day) and 10-m winds (vector, 
unit: m/s), c surface wind speed 
(shaded, unit: m/s) and latent 
heat flux (contour, interval: 
1 W/m2), and d cloud liquid 
water (shaded, unit: mm) and 
shortwave radiation (contour, 
interval: 1 W/m2) obtained by 
regression on normalized SUM1 
time series based on all MJJAS 
during the period 1998–2012. 
e–h are the same as (a–d) 
but for 30–60-day anomalies 
obtained by regression on nor-
malized SUM3 time series

(a) (e)

(b) (f)

(c) (g)

(d) (h)
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southwesterly (Fig. 1b). In this case, the wind speed-related 
upward latent heat flux anomalies are enhanced along a 
southwest–northeast orientation, which contributes to the 
SST cooling (Fig. 1a, c). Meanwhile, the southwest–north-
east oriented cyclonic wind anomalies are accompanied by 
an increase in rain and cloud liquid water along a south-
west–northeast orientation (Fig. 1b, d) and a decrease in the 

shortwave radiation into the ocean (Fig. 1d), thus adding to 
the SST cooling (Fig. 1a). In comparison, the wind anoma-
lies associated with the 30–60-day ISOs feature a zonal 
elongated structure as shown in Fig. 1f, which is consistent 
with Mao and Chan (2005) and Chou and Hsueh (2010). 
These wind anomalies feature a Rossby-wave-like response 
to anomalous heating as well. Under mean westerly winds, 

Fig. 2   The same as Fig. 1 but 
for a–d 10–20-day anomalies 
obtained by regression on 
normalized WIN1 time series 
and e–h 30–60-day anomalies 
obtained by regression on nor-
malized WIN3 time series based 
on all NDJFM

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)
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the induced latent heat flux and shortwave radiation anom-
alies feature a west–east distribution, leading to a zonal 
extension of the high-anomaly region (Fig.  1g, h), which 
differs from that on the 10–20-day time scale.

While the latent heat flux and shortwave radiation anom-
alies are larger over the tropical than the subtropical WNP 
on the 30–60-day time scale (Fig. 1g, h), the corresponding 
SST anomalies are larger in the subtropical than the tropical 
WNP (Fig. 1e). This structure difference between the SST 
and the surface heat flux variations on the 30–60-day time 
scale (Fig. 1e, g, h) may be related to the mixed-layer depth 
change. In MJJAS, the mixed-layer depth is smaller in the 
subtropics than in the tropics. A tilted band with a relatively 
small value of <20 m lies along 20°–30°N over the WNP 
[see Fig. 1b of Wu et al. (2015)]. Given a shallower mixed 
layer in the subtropical regions than in the tropical regions, 
surface heat flux is expected to be more effective in induc-
ing SST variations in the subtropical regions. This relation-
ship could lead to a stronger coherence of SST variation 
with surface heat flux variation. Thus, the SST variation 
in the subtropical regions between 20° and 30°N is greater 
than that in the tropical regions, leading to a tilted structure 
of SST anomalies (Fig. 1e). Note that the regressed short-
wave radiation flux anomalies are larger than surface latent 
heat flux anomalies on both time scales. It indicates that 
the cloud-related shortwave radiation plays a larger role in 
the formation of intraseasonal SST anomalies in summer. 
Wu et al. (2015) showed that the latent heat flux provides 
a larger contribution than shortwave radiation to intrasea-
sonal SST variations on the 10–20-day time scale. This 
inconsistence may be due to the different datasets of sur-
face heat fluxes. Wu et al. (2015) used surface heat fluxes 
from the NCEP reanalysis and surface heat fluxes in the 
present study are based on the TropFlux data set.

In NDJFM, the distribution of both 10–20-day and 
30–60-day intraseasonal SST variations extend north-
eastward from the SCS to the subtropical WNP, with the 
main regions in the SCS (Fig. 2a, e). This may be due to a 
shallower mixed layer in the SCS than in the WNP during 
winter [see Fig. 1a of Wu et al. (2015)]. In particular, the 
largest SST anomalies of about 0.2 °C are observed in the 
northern SCS on the 10–20-day time scale (Fig. 2a) and in 
the northern and southwestern SCS on the 30–60-day time 
scale (Fig. 2e). This feature is consistent with Wu and Chen 
(2015) that showed there are two regions in the SCS with 
large 10–60-day SST standard deviation during December–
February, one in the northeastern part extending westward 
from the Luzon Strait and the other in the southwestern 
part extending southward from the coast of central Viet-
nam. Note that the SST anomalies are relatively larger on 
the 30–60-day time scale than on the 10–20-day time scale.

The structure of SST anomalies is associated with 
the wind perturbation. During winter, the northerly or 

northeasterly wind perturbations feature a southwest–
northeast distribution over the SCS and WNP (Fig. 2b, f), 
which is consistent with Wu and Chen (2015). Under mean 
northeasterly winds, large latent heat flux and shortwave 
radiation anomalies tend to be oriented along a southwest–
northeast direction (Fig.  2c, d, g, h), leading to a similar 
distribution of SST anomalies. In addition, the regressed 
latent heat flux anomalies are larger than shortwave radia-
tion anomalies on both the 10–20-day and 30–60-day time-
scales. This is different from that in MJJAS (Fig.  2c, d, 
g, h). This appears to relate to the fact that the convective 
rain is weak over the Northern Hemisphere in boreal win-
ter. Note that less rain is overlaid by anticyclonic divergent 
wind anomalies and more rain is overlaid by cyclonic con-
vergent wind anomalies over the SCS and WNP (Fig. 2b, 
f). This indicates a role of atmospheric circulation in induc-
ing rain anomalies in winter.

The spatial phase relationship between SST and latent 
heat flux anomalies and between SST and shortwave 
radiation anomalies (Figs.  1, 2) shows a large difference 
between summer and winter. In MJJAS, negative surface 
heat flux anomalies are located to north side of negative 
SST anomalies, whereas in NDJFM, negative surface heat 
flux anomalies are located to the south side of negative 
SST anomalies. This difference in phase relationship indi-
cates a different direction of propagation of SST anoma-
lies between summer and winter. This will be discussed in 
detail in the next section.

4 � Propagation of intraseasonal SST anomalies 
and contribution of surface heat flux

To understand the propagation of SST anomalies, we 
examine the spatial–temporal evolution of intraseasonal 
SST anomalies and associated surface heat flux anoma-
lies. The normalized SUM1/SUM3 and WIN1/WIN3 are 
regarded as a reference to construct the evolving anomalies 
through the lag–lead regression for summer and winter, 
respectively. For example, in Figs. 3 and 7, the anomalies 
are shown starting from 6 days before (lead − 6) to 6 days 
after (lag + 6) the SUM1 and WIN1 on the 10–20-day time 
scale, while on the 30–60-day time scale they start from 
16 days before (lead − 16) to 16 days after (lag + 16) the 
SUM3 and WIN3. Note that only the anomalies with the 
corresponding correlations significant at the 95  % confi-
dence level are shown. We will analyze the relationship in 
summer first, and then that in winter.

4.1 � Boreal summer

In MJJAS, southwest–northeast tilted SST anomalies 
propagate northwestward on the 10–20-day time scale in 
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Fig. 3   a–e The 10–20-day 
SST anomalies (unit: °C) from 
6 days before (lead − 6) to 
6 days after (lag + 6) obtained 
by regression on normalized 
SUM1 time series based on 
all MJJAS during the period 
1998–2012. f–j The same as 
Fig. 3a–e, but for the 30–60-day 
SST anomalies from 16 days 
before (lead − 16) to 16 days 
after (lag + 16) obtained by 
regression on normalized SUM3 
time series. The red dashed 
lines denote the cross section, 
which will be used in Fig. 5. 
Only the anomalies with the 
corresponding correlations sig-
nificant at the 95 % confidence 
level are shown

(a) (f)

(g)

(h)

(i)

(j)

(b)

(c)

(d)

(e)
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the SCS and the WNP (Fig. 3a–e). At lead-6 day, negative 
SST anomalies appear in the southern SCS and the tropical 
WNP (Fig. 3a). At lead-3 day, a southwest–northeast tilted 
band of negative SST anomalies develop in the central 
part of the SCS and the subtropical WNP (Fig. 3b). Three 
days later, the negative SST anomalies intensify and move 
northwestward (Fig. 3c). At lag + 3 day, the negative SST 
anomalies weaken in the SCS and the WNP and continue to 
move northwestward and positive SST anomalies develop 
in the equatorial western Pacific (Fig. 3d). At lag + 6 day, 
the negative SST anomalies are gradually replaced by the 
positive anomalies in the southern SCS and tropical WNP 
(Fig. 3e). On the 30–60-day time scale, the SST anomalies 
display obvious northward propagation over the SCS. Neg-
ative SST anomalies appear in the southern SCS (Fig. 3f), 
intensify and move northward (Fig. 3g, h), weaken (Fig. 3i, 
j). The propagation is not clear in the WNP except for the 
low latitude region (Fig. 3f, j).

In order to illustrate more clearly the direction of propa-
gation of SST anomalies, we extract the days correspond-
ing to minimum SST anomalies based on a lead–lag regres-
sion and plot them in one figure. First, we calculate the 
SST anomalies at each grid point regressed with respect to 
the normalized SUM1 on the 10–20-day time scale within 
the time window of −10 to 10 day and with respect to the 
normalized SUM3 on the 30–60-day time scale within the 
time window of −30 to 30  day, respectively. Then, the 
time corresponding to the minimum value is determined 
at each grid point based on the temporal evolution of the 
SST anomalies. The results are displayed in Fig. 4a for the 
10–20-day time scale and in Fig. 4b for the 30–60-day time 
scale. The direction of time increase indicates the direction 
of propagation of SST anomalies. On the 10–20-day time 
scale, the days of minimum SST anomalies are tilted along 
a southwest–northeast band and increase northwestward in 
the SCS and the WNP (Fig. 4a). This indicates a northwest-
ward propagation of 10–20-day SST anomalies. On the 
30–60-day time scale, the days of minimum SST anomalies 

display a west–east distribution in the SCS and the tropical 
WNP (Fig.  4b). This denotes a northward propagation of 
30–60-day SST anomalies.

To further understand the propagation of SST anoma-
lies and the relationship between SST and surface heat flux 
variations, we display Hovmöller diagrams of anomalies of 
different variables. For the 10–20-day time scale, we select 
two southeast–northwest cross sections as shown in Fig. 3c. 
The results are displayed in Fig. 5. For the 30–60-day time 
scale, we show two cross-sections, one along 105°–120°E 
and the other along 120°–140°E. The former represents the 
SCS region and the latter represents the WNP region. The 
results are displayed in Fig. 6.

On the 10–20-day time scale, the SST anomalies take 
about 4  days to move from the southeastern SCS to the 
coast of South China (Fig.  5a, b). It takes about 8  days 
for the SST anomalies to move from the equatorial west-
ern Pacific to the coast of eastern China (Fig. 5c, d). The 
maximum SST anomalies are located south of 15°N in the 
SCS (Fig. 5a, b), while they occur near 24°N in the WNP 
(Fig.  5c, d). The surface latent heat flux and shortwave 
radiation anomalies also display a northwestward propa-
gation from the equatorial region to the subtropics. Mean-
while, both negative surface latent heat flux and shortwave 
radiation anomalies lead negative SST anomalies in both 
the SCS and the WNP regions by about 4 days. The mag-
nitude of shortwave radiation anomalies are larger than that 
of latent heat flux anomalies at the low latitudes, but the 
two are comparable in the subtropics (Fig.  5). This indi-
cates that the cloud–radiation effect is a more important 
factor for the SST propagation, and the wind–evaporation 
effect is supplementary on the 10–20-day time scale over 
the SCS and WNP regions.

On the 30–60-day time scale, the SST anoma-
lies in the SCS show an obvious northward propaga-
tion (Fig.  6a, b). The northward propagation feature is 
observed only south of 18°N in the WNP (Fig.  6c, d). 
Both negative latent heat flux and shortwave radiation 

Fig. 4   The corresponding days 
of minimum SST anomalies 
leading/lagging a SUM1 on 
the 10–20-day time scale and b 
SUM3 on the 30–60-day time 
scale. The direction of time 
increase indicates the direc-
tion of propagation of SST 
anomalies

(a) (b)
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anomalies lead negative SST anomalies in the SCS and 
the WNP by about 10 days. Meanwhile, shortwave radia-
tion anomalies display an obvious northward propa-
gation in both the SCS and the WNP regions (Fig.  6b, 
d). However, surface latent heat flux anomalies tend to 
be simultaneous over the SCS (Fig.  6a). This indicates 
that the cloud–radiation effect is an important factor 
for the northward propagation of SST anomalies in the 
SCS. In comparison, over the WNP, surface latent heat 
flux anomalies tend to appear earlier over the subtropics 
(Fig.  6c). South of 20°N over the WNP, the magnitude 
of shortwave radiation anomalies is two times greater 
than that of surface latent heat flux anomalies (Fig.  6c, 
d). This indicates that the shortwave radiation plays a 
larger role in the SST propagation compared to surface 
latent heat flux. North of 20°N over the WNP, the time 
lag between SST and shortwave radiation anomalies 
is small. This indicates that surface latent heat flux or 
other oceanic processes may be responsible for the SST 
changes.

4.2 � Boreal winter

In NDJFM, the intraseasonal SST anomalies display south-
ward propagation on both the 10–20-day and 30–60-day 
time scales, which is opposite to that in MJJAS. On the 
10–20-day time scale, at lead-6 day, the SST anomalies are 
positive over the SCS and most of the WNP (Fig. 7a). At 
lead-3  day, a center of negative SST anomaly appears in 
the northeastern part of the SCS (Fig. 7b). Three days later, 
the negative SST anomalies intensify and move south-
ward (Fig. 7c). At lag +  3 day, the negative SST anoma-
lies weaken in the SCS with the largest anomalies near the 
coast of central Vietnam (Fig. 7d). Positive SST anomalies 
appear at lag +  6  day (Fig.  7e), with the largest anoma-
lies in the northern SCS. On the 30–60-day time scale, 
the SST anomalies display changes similar to those on the 
10–20-day time scale, but with relatively larger anomalies 
(Fig. 7f–j) compared to the 10–20-day time scale.

The propagation of SST anomalies is more clearly 
depicted by the spatial change in the time of minimum 

(a)

(b) (d)

(c)

Fig. 5   Hovmöller diagrams of 10–20-day a SST (shaded, unit: °C) 
and latent heat flux anomalies (contour, interval: 1  W/m2) and b 
SST (shaded, unit: °C) and shortwave radiation anomalies (contour, 
interval: 1 W/m2) along the dashed line over the SCS in Fig. 3c from 

10  days before to 10  days after the SUM1 time series obtained by 
regression with respect to the normalized SUM1 time series based on 
all MJJAS during the period 1998–2012. c, d The same as Fig. 5a, b, 
but along the dashed line over the WNP in Fig. 3c
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SST anomalies with respect to the WIN1 on the 10–20-day 
time scale and WIN3 on the 30–60-day time scale shown in 
Fig. 8a, b, respectively. The time for the appearance of min-
imum SST anomalies shows a southward increase in the 
SCS on both time scales (Fig. 8). In the subtropical WNP, 
the southward increase is also observed on the 10–20-day 
time scale (Fig. 8a). This supports the southward propaga-
tion of both 10–20-day and 30–60-day SST anomalies in 
the SCS and the 10–20-day SST anomalies in the subtropi-
cal WNP. The time of minimum SST anomalies shows a 
northward increase in the tropical WNP on the 10–20-day 
time scale (Fig. 8a) and in the WNP on the 30–60-day time 
scale (Fig. 8b).

Similar to those in MJJAS, the Hovmöller diagrams of 
anomalies of different variables along 105°–120°E and 
120°–140°E are shown in Figs. 9 and 10 on the two time 
scales for further illustration of the propagation feature. On 

the 10–20-day time scale, the SST anomalies take about 
2 days to move from the coast of South China to the equa-
torial region over the SCS (Fig.  9a, b). The maximum of 
SST anomalies is located in the northern SCS. The latent 
heat flux anomalies display an obvious southward propa-
gation over the whole SCS (Fig. 9a), while the shortwave 
radiation anomalies show a southward propagation only in 
the subtropics over the SCS (Fig. 9b). In the main region 
of SST propagation, surface latent heat flux anomalies are 
much larger than shortwave radiation anomalies over the 
SCS (Fig.  9a, b). This strongly indicates that the wind–
evaporation effect is more important than the cloud–radia-
tion effect for the southward propagation of SST anoma-
lies. In comparison, the SST anomalies over the WNP are 
much weaker than those over the SCS with the maximum 
near 20°N, and southward propagation of SST anomalies is 
not clear (Fig. 9c, d). Surface latent heat flux and shortwave 

(a) (c)

(b) (d)

Fig. 6   The same as Fig. 5 but for the 30–60-day anomalies averaged 
between a, b 105°E and 120°E and between c, d 120°E and 140°E 
from 30 days before to 30 days after the SUM3 time series obtained 

by regression with respect to the normalized SUM3 time series based 
on all MJJAS during the period 1998–2012, respectively
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Fig. 7   The same as Fig. 3 but 
for a–e 10–20-day SST anoma-
lies obtained by regression on 
normalized WIN1 time series 
and f–j 30–60-day SST anoma-
lies obtained by regression on 
normalized WIN3 time series 
based on all NDJFM

(a) (f)

(g)

(h)

(i)

(b)

(c)

(d)

(e) (j)
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radiation anomalies display an obvious southward propaga-
tion north of 15°N, with a larger magnitude in the former 
than in the latter. It indicates that other oceanic processes 
may be important for the SST change in the WNP.

On the 30–60-day time scale, the propagation of SST 
anomalies and associated surface heat flux anomalies dis-
plays features similar to those on the 10–20-day time 
scale (Figs.  9, 10). The magnitude of the SST anomalies 

Fig. 8   The corresponding days 
of minimum SST anomalies 
leading/lagging a WIN1 on the 
10–20-day time scale and b 
WIN3 on the 30–60-day time 
scale. The direction of time 
increase indicates the direc-
tion of propagation of SST 
anomalies

(a) (b)

(d)(b)

(a) (c)

Fig. 9   The same as Fig. 5 but for the anomalies averaged between a, 
b 105°E and 120°E and between c, d 120°E and 140°E from 6 days 
before to 6  days after the WIN1 time series obtained by regression 

with respect to the normalized WIN1 time series based on all NDJFM 
during the period 1998–2012
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in the SCS and the WNP are relatively larger than that on 
the 10–20-day time scale. In addition, two centers of SST 
anomalies are observed over the northern and southern 
SCS (Fig. 10a, b). In comparison, the magnitude of surface 
latent heat flux anomalies is larger than that of shortwave 
radiation anomalies. The above features indicate that sur-
face latent heat flux plays a leading role in the southward 
propagation of SST anomalies over the whole SCS on the 
30–60-day time scale. The southward propagation of SST 
anomalies is not clear in the WNP (Fig.  10c, d). Further-
more, the relationship between SST and latent heat flux is 
more coherent over the SCS than over the WNP, which may 
be due to the relatively small mixed-layer depth in the SCS.

5 � Summary and discussions

The present study contrasts the structure and propagation 
of intraseasonal SST perturbations and effects of surface 

heat flux variations on the 10–20-day and 30–60-day time 
scales during boreal summer and winter in the SCS and 
the WNP regions. Notable differences have been detected 
in the propagation of intraseasonal SST perturbations and 
relative contributions of surface latent heat flux and short-
wave radiation to the SST propagation between summer 
and winter.

In summer, the spatial distributions of the leading SST 
modes on the 10–20-day and 30–60-day time scales fea-
ture a tilted southwest–northeast band from the SCS to the 
subtropical WNP, but with a larger value in the subtropi-
cal WNP on the 10–20-day time scale and in the SCS on 
the 30–60-day time scale. However, there is a clear dif-
ference in the distribution of the associated anomalies of 
surface heat flux, surface wind speed, and cloud liquid 
water between the 10–20-day and 30–60-day time scales. 
The large anomalies are observed along a tilted south-
west–northeast band from the SCS to the subtropics on the 
10–20-day time scale and along a zonal elongated band 

(c)(a)

(b) (d)

Fig. 10   The same as Fig. 6 but for the anomalies from 20 days before to 20 days after the WIN3 time series obtained by regression with respect 
to the normalized WIN3 time series based on all NDJFM during the period 1998–2012
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over the SCS and the Philippine Sea on the 30–60-day time 
scale. This difference is mainly associated with the hori-
zontal structure of the wind anomalies associated with the 
ISOs. During summer, the wind anomalies associated with 
the ISOs display a southwest–northeast oriented structure 
on the 10–20-day time scale, but a zonal elongated struc-
ture on the 30–60-day time scale (Mao and Chan 2005). 
This indicates the importance of the structure of atmos-
pheric ISOs in determining the distribution of large surface 
heat flux variations. In addition, the inconsistence between 
horizontal structures of SST and the atmospheric variables 
on the 30–60-day time scale may be associated with the 
mixed-layer depth change.

In winter, the dominant spatial structures of 10–20-day 
and 30–60-day intraseasonal SST variations both extend 
northeastward from the SCS to the subtropical WNP, with 
the maximums in the SCS. This is due to the shallower 
mixed layer in the SCS than in the WNP. A similar spa-
tial structure is observed in surface wind and surface heat 
flux anomalies on both the 10–20-day and 30–60-day time 
scales.

In summer, the SST anomalies show obvious north-
westward and northward propagations, respectively, on 
the 10–20-day and 30–60-day time scales in the SCS. The 
northwestward propagation is also obvious in the WNP 
on the 10–20-day time scale, while it is mainly confined 
to south of 20°N in the WNP. The shortwave radiation 
contribution to the SST propagation appears to be more 
important on the 30–60-day time scale over the SCS–WNP 
region, while the shortwave radiation contribution is com-
parable to the latent heat flux contribution on the 10–20-
day time scale in the SCS–WNP region. This indicates that 
the cloud–radiation effect is an important factor for the SST 
propagation on both 10–20-day and 30–60-day time scales 

in the SCS and the WNP, and wind–evaporation effect is 
supplementary on the 10–20-day time scale.

In winter, the SST anomalies show southward propaga-
tion on the 10–20-day and 30–60-day time scales in the 
whole SCS, while the southward propagation feature of 
SST anomalies is weak and not obvious in the WNP. The 
latent heat flux anomalies show a larger contribution to the 
SST propagation compared to shortwave radiation anoma-
lies on both time scales in the SCS. This indicates that the 
latent heat flux is a leading factor in the southward propa-
gation of intraseasonal SST signals in the SCS. Although 
the SST anomalies are weak in the WNP on both time 
scales, the latent heat flux and shortwave radiation anom-
alies show an obvious southward propagation in the sub-
tropical WNP, with the larger magnitude in the former than 
in the latter. Meanwhile, the SST and latent heat flux varia-
tions have a higher coherence in the SCS than in the WNP 
on both time scales due to the relatively small mixed-layer 
depth in winter.

The northward propagation of the intraseasonal vari-
ations of SST and associated atmospheric winds in the 
SCS and the WNP has been shown by previous studies. In 
this study and Wu (2016), the southward propagations in 
intraseasonal SST and surface latent heat flux and short-
wave radiation variations in winter have been illustrated 
through the observational data. Figure 11 further displays 
Hovmöller diagrams of 10-m wind speed anomalies along 
105°–120°E on the 10–20-day and 30–60-day time scales 
during winter in two selected cases. Obvious southward 
propagation is observed from the coast of South China to 
the equatorial region in both cases. Examination of other 
times in winter reveals that northward propagation of 
wind speed anomalies also occurs over the SCS. Previ-
ous studies have shown that the northward propagation of 

(a) (b)

Fig. 11   a Hovmöller diagrams of wind speed anomalies (con-
tour, interval: 0.4  m/s) at 10  m on the 10–20-day time scale along 
105°–120°E during March 1 through March 31 of 2003. b The same 

as Fig.  11a but on the 30–60-day time scale during December 15 
of 2000 through February 13 of 2001. The shadings denote that the 
value is more than zero
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atmospheric ISOs in summer is associated with the vertical 
shear, moisture–convection feedback, and vorticity advec-
tion mechanisms (Jiang et al. 2004; Chou and Hsueh 2010). 
The southward propagation of atmospheric ISOs in winter, 
however, is not yet examined. The southward propagation 
of atmospheric ISOs in winter may imply that some dif-
ferent mechanisms could be at work over the SCS region. 
What are the specific mechanisms for such southward 
propagation of atmospheric ISOs remains to be investi-
gated. The coherence in the southward propagation of SST 
and surface wind perturbations identified by Wu (2016) and 
this study appears to suggest a role of air–sea coupling. In 
the future, efforts will be made to contrast the mechanisms 
of northward and southward propagations of atmospheric 
ISOs over the SCS in winter.
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