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Abstract

The present study analyzes the leading interannual variability modes of Southeast Asian surface air temperature (SAT) dur-
ing boreal winter. The first Empirical Orthogonal Function (EOF1) mode displays same-sign SAT anomalies over Southeast
Asia, with a center around the north Indo-China Peninsula and south China. The second EOF (EOF2) shows a dipole SAT
anomaly pattern between the Indo-China Peninsula and south China. Surface heat flux change may not be able to explain
SAT variation related to the EOF1, but explain partly the SAT change associated with the EOF2. Atmospheric anomalies
play a crucial role in the SAT variations via wind-induced temperature advection. Specifically, for the EOF1, marked north-
erly anomalies appear over the Southeast Asia, which bring colder air from higher latitude and contribute to negative SAT
anomalies. Change in the intensity of Arctic Oscillation, Siberian High and La Niiia like sea surface temperature (SST)
anomalies over the tropical central-eastern Pacific play a key role in forming the northerly anomalies related to the EOF1.
For the EOF2, at the lower troposphere, a pair of anomalous cyclones appears over the tropical north and south Indian
Ocean, together with southwesterly wind anomalies extending from the Indian Ocean to the Indo-China Peninsula, which
favor positive SAT anomalies there. Formation of the twin cyclones is likely to be a Gill type Rossby wave response of the
tropical Indian Ocean SST warming. At the upper troposphere, two wave trains, one originated from the Arctic region and
another from the Mediterranean Sea, contribute collectively to the atmospheric circulation anomalies over Southeast Asia
related to the EOF2.
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1 Introduction

Changes in the surface air temperature (SAT) can exert sub-
stantial influences on the natural systems, socioeconomic
development, and people’s daily activity (e.g., Kunkel et al.
1999; Keellings and Waylen 2012; IPCC 2013; Guan et al.
2015; Caloiero 2017). Many environmental aspects were
impacted by SAT changes, including crop growth, food

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00382-018-4406-x) contains
supplementary material, which is available to authorized users.

> Shangfeng Chen
chenshangfeng @mail.iap.ac.cn

Center for Monsoon System Research, Institute
of Atmospheric Physics, Chinese Academy of Sciences,
Beijing 100029, China

Institute of Urban Meteorology, China Meteorological
Administration, Beijing, China

safety assessment, and agro-ecological zoning (Yao 1995;
Ye et al. 2013). The extremely high SAT in summer of 2003
resulted in broad wildfires and large economic loss over
many European countries (e.g., Beniston 2004; Stott et al.
2004; Feudale and Shukla 2010). The abnormally hot tem-
perature in eastern China in July and August of 2013 exerts
notable impacts on the local agricultural yields and people’s
daily lives (e.g., Sun et al. 2014; Xia et al. 2016). In addition,
the freezing rain and the associated extremely low SAT in
the early of 2008 bring huge damage to the agriculture, elec-
tricity, and transportation systems over south China (e.g.,
Bao et al. 2010; Zuo et al. 2016a). Studies found that SAT
variations are able to influence the evapotranspiration rates
and soil moisture, which further lead to change in the water
and energy exchange between the lower atmosphere and sur-
face land (e.g., Henderson-Sellers 1996; Labat et al. 2004).
Eurasian SAT variations also influence the temperature dif-
ferences between the surrounding oceans and the continent,
which further lead to change in the Asian monsoon activity

@ Springer


http://orcid.org/0000-0003-4347-8592
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-018-4406-x&domain=pdf
https://doi.org/10.1007/s00382-018-4406-x

4716

S. Chen, L. Song

(Liu and Yanai 2001; D’Arrigo et al. 2006). Thereby, it is
crucial to investigate the SAT variability.

Several studies have examined the dominant modes of
the SAT variations over different regions of Eurasia (e.g.,
Miyazaki and Yasunari 2008; Zveryaev and Gulev 2009;
Chen et al. 20164, b). Miyazaki and Yasunari (2008) showed
that the first Empirical orthogonal Function (EOF) mode of
winter SAT variation over Asia and the surrounding oceans
displays a north—south dipole anomaly pattern between high
latitude of Asia and the tropical Ocean, which is closely
connected with the Arctic Oscillation (AO) and cold surge
variability. The second EOF mode displays an inner-Asian
mode with a center of action to the north of the Tibetan Pla-
teau. The second EOF mode is related to the Siberian High
and the Icelandic Low. Chen et al. (2016b) found that the
first EOF mode of summertime northeast Asian SAT inter-
annual variation is featured by same-sign SAT change and
it is related to an eastward propagating atmospheric wave
train over the Eurasia. The second EOF mode displays a
north—south dipole anomaly pattern, which is associated
with the East Asian Pacific teleconnection pattern (also
called Pacific-Japan teleconnection pattern) (Nitta 1987;
Huang and Sun 1992). Furthermore, Chen et al. (2016a)
have investigated the leading interannual variability modes
of the spring SAT over the mid-high latitudes of Eurasia.
Their results show that spring AO-related atmospheric cir-
culation changes play a key role for the formation of the SAT
anomalies related to the first EOF mode mainly via wind-
induced temperature advection. SAT anomalies related to the
second EOF mode were closely associated with an anoma-
lous atmospheric wave train over North Atlantic through
Eurasia, which may be trigged by the North Atlantic tripole
sea surface temperature (SST) anomaly pattern.

Several studies have investigated the SAT variability over
Southeast Asian region, but mainly focus on the long-term
change and on sub-regions of Southeast Asia (e.g., Nguyen
et al. 2014; Cinco et al. 2014; Chooprateep and McNeil
2016). For instance, Nguyen et al. (2014) showed that the
surface temperature averaged in Vietnam has increased at
arate of 0.26+0.10 °C per decade during 1971-2010. The
increasing rate is larger in winter than in summer (Nguyen
et al. 2014). Chooprateep and McNeil (2016) have examined
the SAT long-term change from 1909 to 2008 over Southeast
Asia via the factor analysis method. They showed that SAT
was increasing in most of the Southeast Asian region during
1909-1944 with a rate ranging from 0.005 to 0.148 °C per
decade. While during 1973-2008, the increasing rate ranges
from 0.082 to 0.222 °C per decade for the SAT change.

At present, it is still unclear regarding the spatial struc-
tures of the dominant modes of boreal winter SAT varia-
tions on the interannual timescale over the Southeast Asian
region. It is also unclear about the factors responsible for
the SAT anomalies related to the dominant interannual
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variability of the winter Southeast Asian SAT variations. It
is noted that abnormal SAT variations over Southeast Asia
can exert large impacts on regional socioeconomic develop-
ment and people’s daily lives. For example, the extremely
cold SAT anomaly in February 2008 resulted in substantial
fishery and agriculture losses in the Southeast Asian regions
(Hong and Li 2009). In addition, the record-breaking warm
SAT in April 2016 led to significant impacts on crop produc-
tion, energy consumption and people’s lives (Nirmal 2016;
Thirumalai et al. 2017). Hence, it is important to improve
our understanding about the SAT variability over the South-
east Asia and the related factors. The goal of the present
study is to examine the leading patterns of winter Southeast
Asian SAT anomalies on the interannual time scale. We also
investigate the possible factors contributing to the Southeast
Asian SAT changes related to the dominant modes. The rest
of this paper is organized as follows: Sect. 2 describes the
data and methods employed in this study. Section 3 ana-
lyzes the dominant modes of interannual variation of winter
SAT over Southeast Asia. Section 4 investigates the factors
responsible for Southeast Asian SAT interannual variations,
including atmospheric circulation, SST, and Arctic sea ice
changes. Section 5 provides a summary.

2 Data and methods

Monthly SST data employed in the present study were
derived from the National Oceanic and Atmospheric Admin-
istration (NOAA) Extended Reconstructed SST, version 5
(ERSSTvS) dataset (Huang et al. 2017; Available online
https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.
ersst.v5.html). We also used the SST data derived from
the ERSSTv3b (Smith et al. 2008; https://www.esrl.noaa.
gov/psd/data/gridded/data.noaa.ersst.v3.html) and from the
Hadley Centre Sea Ice and Sea Surface Temperature dataset
(HadISST; Rayner et al. 2003; http://www.metoffice.gov.uk/
hadobs/hadisst). The SST data derived from the ERSSTv5
and ERSSTv3b both have a horizontal resolution of 2° X 2°
and are available from 1854 to the present. The SST data
derived from the HadISST has a horizontal resolution of
1°x 1° and are available from 1870 to the present. The
results obtained in this paper are highly similar among the
three SST datasets (i.e., ERSSTv5, ERSSTv3b and Had-
ISST). Thus, we only show the results obtained from the
ERSSTVS. It is noted that the results based on the ERSSTv3b
and HadISST are shown in the supporting materials.
Monthly precipitation data were obtained from the Global
Precipitation Climatology Project (GPCP) from 1979 to the
present, which has a horizontal resolution of 2.5°x2.5°
(Adler et al. 2003; http://www.esrl.noaa.gov/psd/data/gridd
ed/data.gpcp.html). We also use the monthly sea ice concen-
tration (SIC) data from the Hadley Centre Sea Ice and Sea
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Surface Temperature dataset (HadISST) since 1870 with a
horizontal resolution of 1°x 1° (Rayner et al. 2003; http://
www.metoffice.gov.uk/hadobs/hadisst). Monthly sea level
pressure (SLP), winds at 1000 hPa, geopotential height, total
cloud cover, and surface heat fluxes (including surface sen-
sible and latent heat fluxes, surface longwave and shortwave
radiation fluxes) were extracted from the National Centers
for Environmental Prediction (NCEP)-National Center for
Atmospheric Research (NCAR) reanalysis dataset from 1948
to the present (Kalnay et al. 1996; ftp://ftp.cdc.noaa.gov/
Datasets/). The atmospheric fields from NCEP-NCAR data-
set have a horizontal resolution of 2.5°%2.5° and the surface
heat fluxes data are on T62 Gaussian grids. This study also
uses the monthly mean SAT data provided by the University
of Delaware (Matsuura and Willmott 2009; https://www.esrl.
noaa.gov/psd/data/). This SAT dataset is on a regular 0.5°
latitude—longitude grid from 1901 to 2014.

Statistical significances of the regression and correlation
coefficients are estimated based on the two-tailed Student’s ¢
test. The present study focuses on the variations on the inter-
annual timescale. Hence, all the variables are subjected to
a 9-year high pass Lanczos filter to obtain their interannual
components (Duchon 1979), unless otherwise stated. The
number of weights is nine for the 9-year high pass Lanc-
zos filter. In addition, the reflective (symmetric) conditions
are utilized in processing the start and end points of a time
series. The results obtained in this study are similar when
using the 7- or 11-year high pass Lanczos filter (not shown).

Wave activity flux proposed by Takaya and Nakamura
(1997, 2001) was employed to examine propagation of the
stationary Rossby waves. The wave activity flux is parallel to
the local group velocity corresponding to a stationary wave
train in the Wentzel-Kramers—Brillouin approximation and
is independent of the wave phase (Takaya and Nakamura
1997, 2001). Equation of the wave activity flux is as follows:

U2 =gV + V=V +y'u)
p JUUY +y'u) + VW + w'uy)
&[U(V'T’ —y'T)+ V(=T —y'T))]
N°H, x y
(H

where H,, p, T', R,, N, and f, represent the scale height,
pressure standardized by 1000 hPa, perturbed air tempera-
ture, gas constant related to dry air, and the Brunt—Vaisala
frequency, and the Coriolis parameter at 45°N, respectively.
U= (U,V),y’', and V= (u’, V') represent the mean winds,
perturbed geostrophic stream function, and perturbed geo-
strophic winds, respectively. The subscripts x and y repre-
sents the derivatives in the zonal and meridional directions,
respectively. In this study, climatological mean flow is cal-
culated according to the period 1979-2014.

According to Holton (1992), in the spherical coordinate
the horizontal surface temperature advection (7,;,) can be
written as follows:

oT oT
Tagy = —Um———rs =V )

7 Ccos pdA B roQ

where A, @, r, T, u and v denote longitude, latitude, the radius
of Earth, surface temperature, surface zonal and meridional
winds, respectively. In Eq. (2), the terms on the right rep-
resent horizontal zonal and meridional advections, respec-
tively, from left to right. To further investigate the dominant
horizontal advection processes, according to the linear per-
turbation theory, the horizontal zonal and meridional surface
temperature advection anomalies could be decomposed as
follows:

—u oT -3 oT’ _ or y; oT’
rcos pdi 7 Ccos oA 7 COS oA 7 COS oA
(3)

/ ’ T '
—vi = —\_;i — V/E — Vli )
roQ roQ roQ roQ

here, ()’ represents the anomalies. 7, v/, and #’ indicate
anomalies of surface temperature, surface meridional and
zonal winds, respectively. T, v, and u denote climatology of
surface temperature, meridional and zonal winds, respec-
tively. In Eq. (3), the left represents zonal temperature
advection anomalies. The terms on the right indicate the
zonal temperature advection anomalies induced by the zonal

gradient of the temperature perturbation (—EL ), zonal
rcos pdi

oT
rcos oA

wind perturbation (—u’ ), and the higher-order zonal

i 9 ; :
perturbations ( U s oo ), respectively, from left to right.

In Eq. (4), the left is meridional temperature advection. The
terms on the right denote the meridional temperature advec-
tion anomalies contributed by meridional gradient of the
. —oT’ . .
temperature perturbation (—v% ), meridional wind pertur-

bation (—v’ % >, and the higher-order meridional perturba-

tions (—v’ Z—Tq; > respectively, from left to right.

3 Leading modes of winter Southeast Asian
SAT variations

We first examine climatology and standard deviation of the
Southeast Asian original SAT during boreal winter (DJF-
averaged). Following Zveryaev and Aleksandrova (2004),
the region for Southeast Asia we choose for analysis extends
from 8° to 32°N and from 94° to 123°E. The results obtained
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in this study are not sensitive to the reasonable change of the
selected region. Figure 1a, b displays the climatology and
standard deviation of winter original SAT over Southeast
Asian region during 1979-2014, respectively. High clima-
tological winter mean SAT appears over the south part of
Indo-China Peninsula and the Luzon island, and gradually
decreases northward (Fig. 1a). Large standard deviation of
winter SAT occurs over northeast part of Indo-China Penin-
sula and the south China (Fig. 1b). Small standard deviation
of SAT occurs over the Luzon island and the south coast of
Indo-China Peninsula (Fig. 1b). As this study analyzes the
SAT variation on the interannual timescale, the percent SAT
variance explained by its interannual component over South-
east Asian region is examined in Fig. lc. It is found that the
interannual component of SAT anomalies can explain above
70% of original SAT anomalies over most parts of the South-
east Asia. In particular, SAT interannual anomalies over the
Luzon Island and the regions extending from central Indo-
China Peninsula northward to south China explain around
85% of the original SAT variations (Fig. 1¢).

We further extract the dominant modes of winter SAT
interannual variations over Southeast Asia for the period
1979-2014 via using an EOF method. To account for the
change in the area in different latitude, SAT interannual
anomalies were weighted by cosine of the latitude before
EOF analysis (North et al. 1982a). Figure 2a, b display spa-
tial distribution of SAT anomalies related to the first and
second EOF modes (EOF1 and EOF2), respectively. EOF1
and EOF2 explain 53.5 and 23.9% of the total SAT variance,
respectively. According to the criterion proposed by North
et al. (1982b), the first two EOF modes are well separated
from each other and from the remainder of the EOF modes.
EOF1 is featured by a consistent cooling (warming) pattern
over Southeast Asia, with relatively large loading over the
northeast part of Indo-China Peninsula and the south China
(Fig. 2a). Spatial distribution of the EOF1 is similar to the
spatial pattern of the standard deviation of SAT variation
(Figs. 1b, 2a). The EOF2 displays a dipole pattern, with
opposite SAT variation between the Indo-China Peninsula
and the south China (Fig. 2b). The principal component (PC)
time series corresponding to EOF1 and EOF2 show obvious
interannual variations (Fig. 2c, d).

We have checked the first two EOF modes of the south-
east Asian SAT interannual variations based on reason-
able changes of the selected domains (e.g., 5°-35°N and
96°-122°E, 8°-30°N and 95°-120°E, and 10°-33°N and
97°-121°E). It is found that the SAT anomalies over the
Southeast Asia related to the EOF1 and EOF2 are very
similar (not shown). In addition, the correlation coefficients
among the PC time series of the EOF1 (EOF2) based on
different domains are larger than 0.99 (0.96), significant at
the 99.9% confidence level based on the two-tailed Student’s
t test. This implies that the results obtained in this study
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Fig. 1 a Climatology (unit: °C) and b standard deviation (unit: °C)
of boreal winter (DJF-averaged) surface air temperature (SAT) over
Southeast Asian region during 1979-2013. ¢ Percentage of variance
(unit: %) of winter SAT variations over Southeast Asia during 1979—
2014 explained by its interannual component

are not sensitive to the reasonable changes of the selected
regions. In addition, we have also examined the EOF results
based on the original SAT data (not shown). It is found that
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Fig.2 Winter SAT (°C) anomalies obtained by regression upon the
normalized PC times series corresponding to a EOF1 and b EOF2
of Southeast Asian winter SAT interannual anomalies during 1979-
2014. ¢, d The normalized PC time series corresponding to EOF1 and

spatial structures of the first two EOF modes of the origi-
nal SAT variations over the Southeast Asia are similar to
those based on the 9-year high pass filtered SAT anomalies.
This implies that the SAT anomaly patterns in EOF1 and
EOF2 are common to both interannual variation and long-
term trends. However, the corresponding PC time series of
the first two EOF modes based on the original data both
display notable long-term linear trends (significant at the
95% confidence level). As the factors responsible for the
SAT anomalies over the Southeast Asia on different time-
scale (e.g., interannual, interdecadal and long-term trend)
may be different, this study only focuses on investigating the
SAT variations on the interannual timescale. Interdecadal
variation and long-term trend of the Southeast Asian SAT
anomalies and the related factors would be investigated in
the future.

Power spectra of the PC time series corresponding
to EOF1 and EOF2 are shown in Fig. 3 to examine their
dominant frequencies. The 95% upper confidence limit
of the white noise spectrum is also shown to examine the

1980 1990 2000 2010

EOF?2 of Southeast Asian SAT, respectively. Stippling in a, b denotes
SAT anomalies that are significantly different from zero at the 95%
confidence level according to the two-tailed Student’s t test

significance of the spectrum (represented by the blue line in
Fig. 3). The 95% upper confidence limit of white noise spec-
trum is calculated from the white noise spectrum according
to the Chi square ( y?) distribution at the 95% confidence
level (Huang 2004). The PC1 time series shows a signifi-
cant spectral peak around 4 year (Fig. 3a). In contrast, the
PC2 time series captures two notable spectral peaks around
2.5 year and 3.6 year (Fig. 3b).

4 Factors for the Southeast Asian SAT
variations related EOF1 and EOF2

4.1 Surface heat flux changes

To understand formation of SAT anomalies related to the
first two EOF modes of winter Southeast Asian SAT, we
first check change in the surface heat fluxes. In the following
analysis, values of surface heat fluxes are negative (positive)
when they are upward (downward), acting to cool (warm) the
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Fig.3 Power spectrum (black line) of the normalized PC time series
corresponding to EOF1 and EOF2 of Southeast Asian winter SAT
anomalies. Red and blue lines in a, b represent the white noises spec-
tra and the corresponding 95% confidence upper limit, respectively

surface. Figures 4 and 5 shows anomalies of winter surface
net heat flux, surface shortwave and longwave radiations,
surface sensible and latent heat fluxes obtained by regres-
sion upon the normalized PC time series corresponding to
the EOF1 and EOF2, respectively.

For the EOF]1, surface net heat flux anomalies are insig-
nificant over Southeast Asian region (Fig. 4a). This indi-
cates that SAT anomalies related to EOF1 over Southeast
Asia cannot be explained by the surface heat flux change
(Figs. 2a, 4a). Insignificant change in the surface net heat
flux is due to the opposite changes of surface shortwave radi-
ation and latent heat flux with the surface longwave radiation
and sensible heat flux (Fig. 4b—e). In particular, increases
in the surface shortwave radiation and latent heat flux are
apparent in the south China and the Indo-China Peninsula
(Fig. 4b, e). By contrast, the surface longwave radiation and
sensible heat flux anomalies display significant decrease
in the above regions (Fig. 4c, d). Increase in the surface
shortwave radiation and decrease in the surface longwave
radiation in the south China and the Indo-China Peninsula
may be partly related to the decrease in the total cloud cover
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(Figs. 4b, c, 6a). As demonstrated by previous study (Chen
et al. 2016a; Chen and Wu 2017), less cloud cover tends to
lead to more (less) shortwave (longwave) radiation reaching
the surface.

For the EOF2 of winter Southeast Asian SAT, spatial dis-
tribution of surface net heat flux anomalies (Fig. 5a) bears
some resemblances to that of SAT changes (Fig. 2b), with
significant positive anomalies over the Indo-China Peninsula
and pronounced negative anomalies over the south China.
This indicates that formation of the SAT anomalies related
to EOF2 can be partly attributed to the change in the surface
net heat flux. Over the south China region, decrease in the
surface shortwave radiation is the primary contributor to
the net surface heat flux change (Fig. 5a, b). Surface latent
heat flux change also has a positive contribution to the net
surface heat flux decrease (Fig. 5a, e). By contrast, change in
the surface longwave radiation has a negative contribution to
the net surface heat flux change (Fig. 5a, c). Surface sensible
heat flux anomalies over the south China are relatively weak
and cannot pass the 95% confidence level according to the
two-tailed Student’s ¢ test (Fig. 5d). Over the Indo-China
Peninsula, increase in the net surface heat flux is mainly
attributed to increase in the surface longwave radiation
(Fig. 5a, c). In comparison, change in the surface shortwave
radiation contributes negatively to the net heat flux change
(Fig. 5a, ¢). In addition, surface sensible and latent heat flux
changes are weak and insignificant in the Indo-China Penin-
sula (Fig. 5d, e). Again, it seems that change in the surface
shortwave and longwave radiation related to the EOF2 may
be related to the changes in the total cloud cover (Figs. 5b,
¢, 6b). In particular, increase in the total cloud cover would
reflect more downward shortwave radiation, resulting in
less downward shortwave radiation reaching the surface and
hence a smaller surface shortwave radiation. By contrast,
more upward longwave radiations would be reflected back
into the surface when more total cloud cover appears. Hence,
this leads to an increase in the surface longwave radiation
(Chen et al. 2016a; Chen and Wu 2017). The reverse condi-
tions are true for decrease in the total cloud cover.

4.2 Atmospheric circulation anomalies related
to EOF1 and EOF2

Above analysis shows that change in the SAT over South-
east Asia related to EOF1 cannot be explained by the sur-
face net heat flux change. In addition, surface net heat flux
anomalies only partly explain the SAT anomalies related to
EOF?2. These evidences suggest that atmospheric circulation
changes may play an important role in the SAT anomalies. In
the following, we further check the atmospheric circulation
anomalies related to EOF1 and EOF2 of Southeast Asian
SAT variation.
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Fig.4 Anomalies (unit: W m™2)
of winter surface a net heat
flux, b shortwave radiation, ¢
longwave radiation, d sensible
heat flux, and e latent heat flux
regressed upon the normalized
PC time series corresponding to
EOF1 of winter Southeast Asian
SAT variations. Stippling in
a—e denotes anomalies that are
significantly different from zero
at the 95% confidence level
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Figure 7a, b display winter 1000 hPa winds and stream
function anomalies obtained by regression upon the nor-
malized PC time series corresponding to EOF1 and EOF2,
respectively. It is found that spatial distributions of 1000 hPa
winds anomalies correspond well to the patterns of SAT
changes related to EOF1 and EOF2 (Figs. 2a, b, 7a, b).
For the EOF1, an anomalous cyclone (related to a center
of negative stream function anomaly) occurs around the
South China Sea and the Philippines, accompanied with
pronounced northerly wind anomalies over East China
extending southward to Southeast Asia (Fig. 7a). These
significant anomalous northerly winds may explain gen-
eration of the negative SAT anomalies over Southeast Asia
via carrying colder air from higher latitudes (Figs. 2a, 7a).
For the EOF2, significant northerly wind anomalies appear
over the south China (Fig. 7b), which may be associated
with a large-scale anomalous anticyclone over mid-latitude
Eurasia. These anomalous northerly winds may explain for-
mation of the negative SAT anomalies via wind induced

-06 -02 02 06 1 1.4 18 22 26

temperature advection (Figs. 2b, 7b). In addition, a pair of
cyclonic anomaly is observed over the tropical north and
south Indian Ocean, leading to significant southerly wind
anomalies observed over the Indo-China Peninsula, which
contribute to positive SAT anomalies there (Figs. 2b, 7b).
Formation of these two cyclonic anomalies over the tropical
north and south Indian Ocean may be related to the Gill-type
atmospheric response to the positive SST anomalies over the
tropical Indian Ocean, which would be further analyzed in
Sect. 4.3. Note that formation of the southerly wind anoma-
lies over the Indo-China Peninsula may also be attributed to
the cross-equatorial flow over the South China Sea (Fig. 7b).

Above analysis suggests that formations of the SAT
anomalies over the Southeast Asia related to EOF1 and
EOF2 may be mainly via temperature advection induced
by the atmospheric circulation changes. To confirm this
assertion, the horizontal zonal and meridional surface tem-
perature advections are calculated (Eq. (2)). Figure 8 dis-
plays anomalies of winter zonal and meridional temperature
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Fig.5 As in Fig. 4, but for
surface heat flux anomalies
regressed upon the normalized
PC time series corresponding to
EOF2 of winter Southeast Asian
SAT variations
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advections obtained by regression upon the normalized PC
time series of the first two EOFs of winter Southeast Asian
SAT variations. For the EOF1, the significant negative SAT
anomalies over the Indo-China Peninsula and the south
China are mainly attributed to the cold meridional tempera-
ture advection (Figs. 2a, 8c). Formations of the negative
SAT anomalies over the Indo-China Peninsula related to the
EOFT1 are also partly attributed to the cold zonal tempera-
ture advection (Figs. 2a, 8a). By contrast, the warm zonal
temperature advection contributes negatively to the negative
SAT anomalies over the south China related to the EOF1
(Figs. 2a, 8a). For the EOF2, the meridional temperature
advection anomalies display a dipole anomaly pattern, with
positive anomalies over the Indo-China Peninsula and nega-
tive anomalies over the south China, similar to the hori-
zontal structure of the SAT anomalies related to the EOF2
(Figs. 2b, 8d). In addition, it is noted that the warm (cold)
zonal temperature advection anomalies over the south China
(Indo-China Peninsula) contribute negatively to the negative
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SAT anomalies there related to the EOF2 (Figs. 2b, 8b).
Above results indicates that formation of the SAT anomalies
over the south China and the Indo-China Peninsula related to
the first two EOF modes are mainly attributed to the meridi-
onal temperature advection.

To examine which components of the horizontal tempera-
ture advection is crucial in contributing to the SAT anoma-
lies, we further check different components of the horizon-
tal temperature advections (Egs. (3) and (4)) related to the
EOF1 in Fig. 9 and those related to the EOF2 in Fig. 10. For
the EOF1, regarding the meridional temperature advection,
it is obviously that the meridional temperature advection
induced by the meridional wind anomalies is the dominant
factor in contributing to the formation of the negative SAT
anomalies over the south China and the Indo-China Penin-
sula (Figs. 2a, 9d). It is noted that the anomalous wind-gen-
erated meridional temperature advection is resulted from the
significant northerly wind anomalies over the Southeast Asia
as shown in Fig. 7a. In addition, the anomalous meridional
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Fig.6 Anomalies (unit: %) of winter total cloud cover regressed upon
the normalized PC time series corresponding to a EOF1 and b EOF2
of winter Southeast Asian SAT variations. Stippling in a, b denotes
anomalies that are significantly different from zero at the 95% confi-
dence level

temperature advection due to the meridional gradient of
the surface temperature also partly positively contribute to
the negative SAT anomalies over the Indo-China Peninsula
and south coast of south China (Fig. 9¢). The higher-order
meridional perturbations have a weak contribution to the
SAT anomalies over the Southeast Asia related to the EOF1
(Fig. 9e). Regarding the zonal temperature advection, the
advection induced by the zonal gradient of the surface tem-
perature contribute negatively (positively) to the SAT anom-
alies over the south China (Indo-China Peninsula) (Fig. 9b).
In addition, the zonal temperature advection induced by the
zonal wind perturbation (Fig. 9a) and higher-order zonal
wind perturbation (Fig. 9c) are relatively weak and less
insignificant. Above evidences indicates that the horizon-
tal temperature advection induced by the meridional wind
perturbation plays a dominant role in the formation of the
SAT anomalies over the Southeast Asia related to the EOF1.

For the EOF2, regarding the meridional temperature
advection, again, it is clear that the advection induced by

60E 90E

150E

Fig.7 Anomalies of 1000 hPa winter winds (vector, unit: m s}
and stream function (contours, unit: 10° m? s~') regressed upon the
normalized PC time series corresponding to a EOF1 and b EOF2 of
winter Southeast Asian SAT variations. The shading in a, b denotes
regions where either component of the wind anomalies that is signifi-
cantly different from zero at the 95% confidence level. Contour inter-
vals are 0.5% 10° m? s™! and zero lines are in bold in a and b. Nega-
tive (positive) values of stream function are indicated by blue dashed
(solid) lines in a, b

the meridional wind perturbation plays a crucial role in
contributing to the formation of the dipole SAT anomalies
over the southeast Asia (Fig. 10d). The meridional advection
induced by the meridional gradient of surface temperature
also positively contributes to the negative SAT anomalies
over the south China (Fig. 10e). The meridional advection
due to the high-order meridional perturbations is relatively
weak (Fig. 10f). Regarding the zonal temperature advec-
tion, the advection induced by the zonal wind perturbation
is less organized and less significant over the south China
and Indo-China Peninsula (Fig. 10a). The zonal advection
resulted from the zonal gradient of the surface temperature
also displays a dipole structure, but with signs opposite to
the SAT anomalies (Fig. 10b), contributing negatively to the
SAT anomalies related to the EOF2 over the south China
and the Indo-China Peninsula (Fig. 10b). The higher-order
zonal perturbations are weak (Fig. 10c). Hence, similar to
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Fig.8 Anomalies (unit: °C 3 month™!) of winter surface air temper-
ature a, b zonal advection and ¢, d meridional advection regressed
upon the normalized PC time series corresponding to (left column)

EOF1, the horizontal advection induced by the meridional
wind anomalies plays a key role in the formation of the SAT
anomalies related to the EOF2. These results also further
confirm the important role of the atmospheric circulation
changes for the formations of the SAT anomalies related to
EOF1 and EOF?2 of the winter Southeast Asian SAT interan-
nual variations.

In the following, we further examine the possible factors
responsible for the generations of the atmospheric circula-
tion changes related to the EOF1 and EOF2 of the South-
east Asian winter SAT variations. From Fig. 7, it seems
that atmospheric circulation anomalies associated with the
EOF1 and EOF2 are originated from the regions beyond
Southeast Asia. Figure 11 displays winter SLP and 200 hPa
geopotential height anomalies obtained by regression upon
the normalized PC time series of the first two EOF modes,
respectively. For the EOF1, significant negative SLP and
200 hPa geopotential height anomalies are seen over large
parts of the tropical Ocean regions (Fig. 11a, b). These may
be induced by the La Nifa-like SST anomalies over the

@ Springer

-udT/(acos®d\) (EOF2)

‘. o -
30N
20N
| ééi
10N P
T — T
110E 120E
vaT/(ad®) (EOF2)
30N

20N

10N

110E 120E
[
05 1 2 3 4 5 6

EOF1 and (right column) EOF2 of winter Southeast Asian SAT vari-
ations. Stippling in a—d denotes anomalies that are significantly dif-
ferent from zero at the 95% confidence level

tropical central-eastern Pacific, which would be discussed
in Sect. 4.3. Over the mid-high latitudes of Northern Hemi-
sphere, SLP and geopotential height anomalies show a clear
meridional dipole anomaly pattern, with significant negative
anomalies over high latitudes and positive anomalies over
mid-latitudes (Fig. 11a, b). The spatial distribution of atmos-
pheric circulation anomalies over the mid-high latitudes
bear a resemblance to that related to the positive phase of
the AO (Thompson and Wallace 1998, 2000; Cheung et al.
2012; Chen et al. 2014a, b, 2015). Specifically, the correla-
tion coefficient between PC1 of winter Southeast Asia SAT
and the winter AO index reaches —0.42, significant at the
95% confidence level according to the Student’s 7 test. Here,
following previous studies (Thompson and Wallace 1998;
Chen et al. 2014a, b), the AO index is defined as the PC
time series corresponding to EOF1 of SLP anomalies north
of 20°N. This implies that the winter AO may have a close
connection with the EOF1 of the winter Southeast Asian
SAT variations. To further confirm role of the winter AO in
influencing the SAT anomalies over the Southeast Asia, we
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display 1000 hPa wind anomalies obtained by regression
upon the winter AO index in Fig. 12a. It is found that sig-
nificant northerly wind anomalies are observed around the
Southeast Asia. The northerly wind anomalies induced by
the winter AO may contribute to the formation of the nega-
tive SAT anomalies there. The detailed physical process for
the formation of the northerly wind anomalies around the
Southeast Asia induced by the winter AO remains unclear at
present, which would be further investigated. It is noted that
previous studies have demonstrated that SAT anomalies are
positive (negative) over many parts of the mid-high latitudes
of Eurasia (including East Asia) during the positive (nega-
tive) phase of the winter AO (Thompson and Wallace 1998,
2000; Gong et al. 2001; Jeong and Ho 2005; He and Wang
2016). However, in this study we found that SAT anomalies
over Southeast Asia were positive (negative) during negative

(positive) phase of the wintertime AO. This indicates that
impacts of the winter AO on the Southeast Asian SAT are
different to those on the mid-high latitudes of Eurasia. Fur-
ther analyses are needed to identify the factors responsible
for the differences.

Furthermore, it is showed that significant positive SLP
anomalies are observed over the Siberian High region. Sibe-
rian high is an important component of the East Asian winter
monsoon (EAWM). The EAWM intensity would be stronger
when the Siberian High enhanced. In addition, Ding (1987)
indicated that occurrence of cold surge over East Asia was
closely related to the Siberian High intensity. Zhang et al.
(1997) showed that a certain intensity of the Siberian High
is a crucial condition for the occurrence of East Asian
cold surge. These suggest that generation of the significant
northerly wind anomalies over East Asia and Southeast
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Asia (Fig. 7a) may be related to change in the Siberian High
intensity. We have calculated the correlation coefficient
between the Siberian High intensity index and the PC1 time
series of winter Southeast Asian SAT, with the correlation
coefficient being 0.5, which is significant at the 95% confi-
dence level. Note that the Siberian High intensity index is
defined as the area-averaged SLP anomalies over the region
of 40°-60°N and 80°-120°E following the method proposed
by Wu and Wang (2002). In addition, Fig. 12b displays win-
tertime 1000 hPa wind anomalies obtained by regression
upon the normalized Siberian high intensity index. It is clear
that significant northerly wind anomalies are found around
the East Asia and extend southward to the Southeast Asia
when the Siberian high strengthened (Fig. 12b). Spatial dis-
tribution of the 1000 hPa wind anomalies shown in Fig. 12b
bear a close resemblance to that related to a stronger EAWM
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(Chen et al. 2000). Hence, this implies that variation of the
Siberian high can impact the southeast Asian SAT anomalies
via modulating the EAWM intensity.

It is noted that previous studies have demonstrated that
the wintertime AO may impact the East Asian SAT via mod-
ulating the Siberian high (e.g., Gong et al. 2001; Wu and
Wang 2002). However, in the present study, we found that
the correlation coefficient between the winter Siberian High
intensity index and the winter AO index is only 0.13 during
1979-2013, which is weak and insignificant. This suggests
that interannual variation of winter Siberian High intensity
is independent of the winter AO during 1979-2014. Actu-
ally, a recent study showed that the connection between the
Siberian high and the winter AO is unstable (Huang et al.
2016). The reason for the change in the connection of the
Siberian high and the winter AO remains to be explored.
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Fig. 11 Anomalies of winter a, b SLP (unit: hPa) and ¢, d 200 hPa
geopotential height (unit: gpm) regressed upon the normalized PC
time series corresponding to (left column) EOF1 and (right column)

Corresponding to the EOF2 mode, significant and posi-
tive SLP anomalies appear over the north part of Eurasian
continent and pronounced negative SLP anomalies occur
over the tropical Northern Indian Ocean (Fig. 11c). Forma-
tion of the negative SLP anomalies over the tropical North-
ern Indian Ocean may be due to the underlying SST warming
anomalies, which will be discussed in the following sub-sec-
tion. At 200 hPa, significant and negative geopotential height
anomalies are observed over the Europe and around the Lake
Baikal extending eastward to East Asia-North Pacific region
(Fig. 11d). In addition, pronounced positive geopotential
anomalies are seen over the north coast of Eurasia, North
Africa, and Southeast Asia (Fig. 11d). Specifically, the sig-
nificant positive 200 hPa geopotential height and associated
anticyclonic circulation anomalies in the upper troposphere
(not shown) may be related to the increase in the total cloud
cover (Figs. 6b, 11d).

To help understand genesis of the significant positive geo-
potential height anomalies over Southeast Asia, we display
winter 200 hPa wave activity flux and stream function anom-
alies obtained by regression upon the normalized PC time
series corresponding to EOF2 of winter Southeast Asian
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EOF2 of winter Southeast Asian SAT variations. Stippling in a—d
denotes anomalies that are significantly different from zero at the 95%
confidence level

SAT variation in Fig. 13. Two atmospheric wave trains can
be clearly observed (Fig. 13). A wave train extends around
the Mediterranean Sea southeastward to the Middle East and
then turns eastward to Southeast Asia (Fig. 13). This atmos-
pheric wave train bear a close resemblance to that identi-
fied in Watanabe (2004), and Hu et al. (2017). Watanabe
(2004) and Hu et al. (2017) showed that formation of this
wave train is closely related to the upper-level convergence
anomalies around the Mediterranean, and it can propagate
firstly southeastward, and then eastward to East Asia along
the wintertime Asian jet (Watanabe 2004; Hu et al. 2017).
Furthermore, the atmospheric circulation anomalies related
to this wave train have a large impact on the weather and
climate anomalies over many parts of the East Asia (Hu et al.
2017). This study shows that SAT anomalies related to EOF2
of winter Southeast Asian SAT interannual variations may
also be impacted by this atmospheric wave train.

Another wave train is observed around the Arctic Kara
Sea extending southeastward to the Southeast Asia (Fig. 13).
Formation of this wave train seems to be related to the Arctic
sea ice change (SIC). Previous studies have demonstrated
that change in the Arctic SIC can exert an influence on the
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Fig. 13 Anomalies of winter wave activity flux (vectors, unit: m?s7?)
and stream function (contour, unit: 10° m) at 200 hPa regressed upon
the normalized PC time series corresponding to EOF2 of winter
Southeast Asian SAT variations
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weather and climate anomalies over many parts of the north-
ern Hemisphere, especially Eurasia and North America (e.g.,
Inoue et al. 2012; Wu et al. 2011, 2016; Chen et al. 2014b;
Sun et al. 2016; Chen and Wu 2018). To confirm the pos-
sible role of the Arctic SIC in the atmospheric circulation
anomalies, we display winter Arctic sea ice concentration
anomalies obtained by regression upon the PC2 of winter
Southeast Asian SAT variation in Fig. 14a. It is found that
large negative anomalies of SIC are found around the Bar-
ents-Kara sea. Then, we define a SIC index as the region
averaged SIC anomalies over 70°-84°N and 55°-80°E. The
domain used for the definition of the above SIC index is
selected based on the significant negative SIC anomaly over
the Arctic in Fig. 14a. It is noted that results are generally
similar for the reasonable changes of the selected domains
employed to define the SIC index (not shown).

(a) SIC-EOF2

80N

70N -

60N
60E 90E 120E
>
3 25 -2 15 -1 0505 1 15 2 25 3

90N

(b) HGT wrt SICI

0 T T 1 1
30E 60E 90E 120E 150E
<= g
20109 7 5 3 113 5 7 10 20

Fig. 14 a Anomalies of winter Arctic sea ice concentration (SIC)
(unit: %) regressed upon the normalized PC time series correspond-
ing to EOF2 of winter Southeast Asian SAT variations. b 200 hPa
geopotential height anomalies (unit: gpm) regressed upon the SIC
index. SIC index is defined as area-averaged SIC anomalies over the
black box region in (a). Stippling in a, b denotes anomalies that are
significantly different from zero at the 95% confidence level
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Figure 14b presents 200 hPa geopotential height anoma-
lies regressed upon the defined SIC index. It shows that an
apparent atmospheric wave train is observed extending from
Eurasian Arctic southeastward to Southeast Asia (Fig. 14b),
which is similar to the atmospheric wave train pattern origi-
nated from Arctic in Fig. 13. This implies that change in the
SIC over the Arctic SIC around the Kara sea may contrib-
ute partly to the formation of the atmospheric circulation
anomalies over the Southeast Asia via triggering a Rossby
wave train. Detailed physical process for the influence of
Arctic SIC on the Southeast Asian atmospheric circulation
changes is beyond the scope of this study, and remains to
be explored. In addition, from Table 1, it is noted that the
EOF2 has a close connection with the Siberian high index,
with the correlation coefficient being 0.55, significant at the
95% confidence level. The significant connection between
the Siberian High and the EOF2 may be partly attributed
to the impact of the Arctic SIC. As demonstrated by previ-
ous studies, change in the Arctic SIC can exert pronounced
impacts on the East Asian winter SAT anomalies via modu-
lating the Siberian High (Wu et al. 2011). It is noted that sev-
eral studies have demonstrated a significant delayed impact
of the Arctic sea ice change on the following East Asian
climate (e.g., Sun et al. 2016; Zuo et al. 2016b; Chen and
Wu 2018). By contrast, our present study shows that Arctic
sea ice change over the Arctic Kara Sea during boreal winter
has an impact on the simultaneous winter SAT anomalies
over the southeast Asia. Differences in the response times
of East Asian climate anomalies to the Arctic sea ice change
may be partly attributed to the different analyzed regions,
and due to the different physical processes induced by the
Arctic sea ice. For example, several studies showed that
Arctic sea ice change impacts the Eurasian climate via the
stratospheric process (e.g., Kim et al. 2014; King et al. 2016;
Chen and Wu 2018). By contrast, the present study indicated
that winter Arctic Kara sea ice change could exert impact
on the southeast Asian winter SAT anomalies via triggering
a Rossby wave train. Besides the above mentioned factors,
other factors may also be important in contributing to the
differences which remain to be explored.

Table 1 Correlation coefficients of the winter Siberian high (SH)
index, Arctic Oscillation (AO) index, Nifio3 index, Nifio4 index, and
Nifio3.4 index with the PC1 and PC2 time series of southeast Asian
SAT interannual anomalies

SHI AOI Nifio3 Nifio4 Nifio3.4
PC1 0.50%%* —0.42%* -0.26 -0.37* —0.30%*
PC2 0.55%** 0.23 -0.03 —-0.08 -0.05

Definitions of the SH index (SHI), AO index (AOI), Nifio3, Nifio4,
and Nifio3.4 indices are provided in the text

ek ok sk Correlation coefficients significant at the 90% 95%,
and 99% confidence level based on the two-tailed Student’s t test

4.3 SST changes related to EOF1 and EOF2

Atmospheric circulation anomalies related to EOF1 and
EOF2 of the winter Southeast Asian SAT variation may be
related to the SST changes. Winter SST and precipitation
anomalies regressed upon the normalized PC time series
corresponding to EOF1 and EOF2 of winter Southeast
Asian SAT variations are presented in Fig. 15. Results are
very similar when using the SST data from the ERSSTv3b
and HadISST (Figures S1 and S2 in the supporting materi-
als). For the EOF1, significant SST cooling anomalies are
observed over the tropical central-eastern Pacific, Indian
Ocean, and South China Sea, accompanied with SST warm-
ing over the subtropical western North Pacific and mid-lat-
itudes North Pacific (Fig. 14a). This SST anomaly pattern
bears a close resemblance to that related to a central Pacific
type La Nifia event (Wang et al. 2000; Alexander et al. 2002;
Huang et al. 2004; Zhang et al. 2015; Song et al. 2017). The
correlation coefficient between the PC1 time series of the
southeast Asian SAT variation with the Nifio3.4 (Nifio4)
SST indices reaches — 0.3 (—0.36), significant at the 90%
(95%) confidence level. By contrast, correlation of the PC1
with the Nifio3 index cannot pass the 90% confidence level
(Table 1). This indicates that EOF1 of the winter South-
east Asian SAT variation has a more close connection with
the central Pacific than eastern Pacific type ENSO events.
Marked negative precipitation anomalies are seen over the
tropical central-eastern Pacific and positive precipitation
anomalies appear over the subtropical western North Pacific
(Fig. 15c¢). In particular, the positive precipitation anomalies
over the western North Pacific may contribute to formation
of the anomalous cyclone around the South China Sea and
the Philippines via a Gill-type Rossby wave atmospheric
response (Figs. 7a, 15¢) (Zhang et al. 1996; Wang et al.
2000). The northerly wind anomalies to the west flank of the
anomalous cyclone further partly contribute to negative SAT
anomalies related to the EOF1 of winter Southeast Asian
SAT variations (Figs. 2a, 7a). To further conform role of the
La Nifia-like SST anomalies over the tropical central-eastern
Pacific in influencing the southeast Asian SAT anomalies via
inducing an anomalous cyclone around the South China Sea
and the Philippines, we display precipitation and 1000 hPa
wind anomalies obtained by regression upon the normal-
ized minus one Nifio4 index in Fig. 16. It is noted that in
response to the significant negative SST anomalies over
the tropical central-eastern Pacific (not shown), significant
negative precipitation anomalies are found over the tropical
central Pacific (Fig. 16a). In addition, pronounced positive
precipitation anomalies are seen around the tropical western
North Pacific (Fig. 16a). Previous studies have demonstrated
that formation of the positive precipitation anomalies around
the tropical western North Pacific could be attributed to the
anomalous Walker circulation induced by the negative SST
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Fig. 15 Anomalies of winter a, b SST (unit: °C) and ¢, d precipita-
tion (unit: mm day~!) regressed upon the normalized PC time series
corresponding to (left column) EOF1 and (right column) EOF2 of

anomalies over the tropical central Pacific related to the La
Nifia event (Klein et al. 1999; Wang et al. 2000; Alexan-
der et al. 2002). Then, the positive precipitation anomalies
related to the La Nifia further result in a significant cyclonic
anomaly around the Philippine sea via a Gill-type atmos-
pheric response (Fig. 16b) (Gill 1980). This result is con-
sistent with previous findings (Wang et al. 2000; Alexander
et al. 2002). The northerly wind anomalies over the south-
east Asia related the anomalous cyclone further contribute
to the formation of the negative SAT anomalies via carrying
colder air from higher latitudes. Hence, this confirms that
La Nifa-like SST anomaly pattern plays a role in the forma-
tion of the SAT anomalies associated with EOF1 of winter
Southeast Asian SAT.

For the EOF2, SST anomalies over the tropical Pacific are
insignificant, indicating weak impact of the ENSO on the
dipole SAT anomaly pattern over Southeast Asia (Figs. 2b,
15b). Pronounced SST warming anomalies are apparent over
the tropical northern Indian Ocean (Fig. 15b). Correspond-
ingly, significant positive precipitation anomalies tend to
be observed over the tropical Northern Indian Ocean, indi-
cating increase in the convection. Hence, formation of the
pair of the anomalous cyclones over the tropical north and
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winter Southeast Asian SAT variations. Stippling in a-d denotes
anomalies that are significantly different from zero at the 95% confi-
dence level

south Indian Ocean is likely to be a Gill-type atmospheric
response of the positive precipitation anomalies over the
tropical Northern Indian Ocean induced by the SST warm-
ing there (Gill 1980) (Figs. 7b, 15d). The southwesterly
wind anomalies related to these anomalous cyclones may
be favorable for generation of positive SAT anomalies over
the Indo-China Peninsula (Figs. 2b, 7b). To further confirm
role of the North Indian Ocean SST anomalies for the gen-
eration of the atmospheric circulation anomalies related to
the EOF2 of the southeast Asian SAT variations, we show
precipitation and 1000 hPa wind anomalies obtained by
regression upon the North Indian Ocean (NIO) SST index in
Fig. 17. The NIO SST index is defined as the SST anomalies
averaged over 5°—150°N and 80°-100°E. The region used
for the definition of the NIO SST index is selected accord-
ing to the significant positive SST anomaly over the Indian
Ocean in Fig. 15b. From Fig. 17, it is noted that significant
and large positive precipitation anomalies are found over
the North Indian Ocean around 5°-15°N and 80°-100°E
related to the positive SST anomalies there. Accordingly,
a pair of cyclonic anomaly was observed over the tropical
north and south Indian Ocean, which is likely a Gill-type
atmospheric response to the atmospheric heating, leading
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Fig. 16 Anomalies of winter a precipitation (unit: mm day™') and b
1000 hPa winds (m s~') obtained by regression upon the normalized
Nifio4 index. Stippling in a denotes anomalies that are significantly
different from zero at the 95% confidence level. The shading in b
denotes regions where either component of the wind anomalies that is
significantly different from zero at the 95% confidence level

to significant southwesterly wind anomalies over the tropi-
cal Indian Ocean extending eastward to the Southeast Asia
(Fig. 17b). This confirms that the positive SST anomalies
over the North Indian Ocean may partly contribute to the
formation of the southwesterly wind anomalies around the
Indo-China peninsula. Hence, above results implies that
Indian Ocean SST anomalies may play a role for the SAT
anomalies related to the EOF2 of the winter Southeast Asian
SAT anomalies. It should be mentioned that there may exist
positive interaction between the southwesterly wind anoma-
lies and the SST warming over the tropical North Indian
Ocean. In particular, the anomalous southwesterly winds
induced by the SST warming would reduce the climatologi-
cal northeasterly wind (Please see Figure S3 in the support-
ing materials). Decrease in the climatological wind speed
would, in turn, maintain SST warming over the tropical
North Indian Ocean via reduction of surface evaporation
(Xie and Philander 1994).

(a) Precipitation
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O —
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60E 80E 100E 120E
—ln I
04 03 -02 -01 01 02 03 04
Winds(850hPa)

5

120E

Fig. 17 As in Fig. 16, but for a precipitation (unit: mm day~') and
b 1000 hPa winds (unit: m s™!) and stream function (contours, unit:
10> m? s~!) anomalies obtained by regression upon the normalized
Indian Ocean SST index. Definition of the Indian Ocean SST index
was provided in the text. Contour interval is 0.5 x 10° m? s™! and zero
line is in bold in (b)

5 Summary

Using the atmospheric data from NCEP-NCAR reanalysis,
ERSSTv3b SST, GPCP precipitation and sea ice concentra-
tion data from the HadISST and the SAT data provided by
the University of Delaware, the leading interannual variation
modes of winter Southeast Asian SAT during 1979-2014
were investigated. It is showed that SAT interannual vari-
ations are able to explain above 70% of the original SAT
variations over most part of the Southeast Asian regions
during 1979-2014. An EOF technique is further performed
to obtain the first two dominant modes of the Southeast
Asian SAT interannual variations. The first EOF mode
shows same-sign SAT variations over the Southeast Asian
region, with a center of action around the north part of Indo-
China Peninsula and the south China. The second EOF mode
displays a dipole oscillation in SAT variation between the
Indo-China Peninsula and the south China. In addition, the
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PC time series corresponding to the EOF1 has a significant
spectral peak around 4 years. The PC2 time series shows two
marked spectral peaks around 2.5 and 3.6 years, respectively.

Analysis of surface heat flux indicates that SAT anoma-
lies over Southeast Asia related to the EOF1 cannot be
explained by the surface net heat flux change. Weak surface
heat flux change associated with EOF1 is attributed to the
fact that increases in the surface shortwave radiation and
latent heat flux are nearly cancelled by the decreases in the
surface longwave radiation and sensible heat flux. For the
EOF2, surface heat flux changes may partly contribute to
formation of the dipole SAT variations between the Indo-
China Peninsula and the south China. Decrease in the sur-
face net heat flux over south China is mainly contributed by
the surface shortwave radiation variation, while increase in
the surface net heat flux over the Indo-China Peninsula is
primarily attributed to change in the surface longwave radia-
tion. Variations of surface shortwave and longwave radia-
tions related to EOF1 and EOF2 may be related to change
in the total cloud cover.

Atmospheric circulation anomalies play an important role
for the SAT variations both for EOF1 and EOF2. For the
EOF1, a pronounced anomalous cyclone appears over the
South China Sea and around the Philippine Sea, together
with significant northerly wind anomalies extending from
north China southward to the Southeast Asia. These signifi-
cant northerly wind anomalies bring colder air from higher
latitudes and result in notable negative SAT anomalies over
the Southeast Asian region. For the EOF2, a pair of sig-
nificant cyclonic anomaly appears over the tropical North-
ern and Southern Indian Ocean, together with pronounced
southerly wind or southwesterly wind anomalies over the
tropical North Indian Ocean and the south part of South
China Sea extending northward to the Indo-China Peninsula.
These anomalous southerly or southwesterly winds carry
warmer and moister air from the tropical Indian Ocean and
South China Sea to the Indo-China Peninsula and contrib-
ute to significant positive SAT anomalies there. In addition,
significant northeasterly wind anomalies are observed over
south China, which contribute to significant negative SAT
anomalies there via wind-induced temperature advection.

Further analysis shows that change in the Arctic Oscil-
lation, Siberian High intensity, and SST anomalies over the
tropical central-eastern Pacific may have a contribution to
the formation of the atmospheric circulations over South-
east Asia related to the EOF1. In particular, the significant
La Nifa-like SST cooling over the tropical central east-
ern Pacific may contribute to formation of the anomalous
cyclone over the South China Sea and the Philippine via
Rossby wave type atmospheric response (Wang et al. 2000).
Then, the northerly wind anomalies to the west side of the
anomalous cycle contribute to negative SAT anomalies over
the Southeast Asia. In addition, increase in the intensity

@ Springer

of the Siberian High may also result in northerly wind
anomalies over Southeast Asia via intrusion of the Asian
cold surge. Positive winter AO also partly contributes to
negative SAT anomalies over southeast Asia via inducing
anomalous northerly winds. The process for the impact of
the winter AO on the southeast Asian atmospheric circu-
lation and related SAT anomalies remains to be explored.
For the EOF2, at the lower troposphere, two anomalous
anticyclones appear over the tropical northern and southern
Indian Ocean, respectively, together with significant south-
westerly wind anomalies over tropical Indian Ocean extend-
ing northeastward to Indo-China Peninsula, which explain
positive SAT anomalies there via wind-induced temperature
advection. Generation of the anomalous cyclones over the
tropical Indian Ocean may be a Rossby wave atmospheric
response to the positive SST and associated enhancement of
the convection over the tropical Northern Indian Ocean. In
addition, the cross-equatorial flow over the South China Sea
may also contribute to the southerly wind anomalies over
the Indo-China Peninsula. Process for the occurrence of the
cross-equatorial flow over the South China Sea is unclear
and remains to be explored. At the upper troposphere, the
atmospheric circulation anomalies display two clear wave
trains. In particular, one wave train originates from the Med-
iterranean Sea propagating southeastward to North Africa
and then eastward to Southeast Asia. This wave train may be
excited by the upper-level convergence anomalies as identi-
fied by previous study (Watanabe 2004; Hu et al. 2017).
Another wave train propagates from the Arctic Kara Sea
southeastward to Southeast Asia, which may be related to
the Arctic SIC variation over the Kara Sea. The physical
process for the influence of the Arctic Sea ice change over
the Kara Sea on the formation of the atmospheric wave train
would be further pursued in the future.
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