Clim Dyn (2015) 45:1617-1634
DOI 10.1007/s00382-014-2417-9

@ CrossMark

Interannual variability of the spring atmospheric heat source
over the Tibetan Plateau forced by the North Atlantic SSTA

Yangfan Cui - Anmin Duan * Yimin Liu - Guoxiong Wu

Received: 14 October 2014 / Accepted: 13 November 2014 / Published online: 2 December 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Data analysis indicates that the interannual
variability of the spring atmospheric heat source over the
Tibetan Plateau (TP) depends largely on the intensity of the
overlying subtropical westerly jet (WJ), which is closely
related to the early spring (February—March—April) sea sur-
face temperature anomaly (SSTA) tripole pattern over the
North Atlantic, i.e., the SSTA tripole pattern with a warm
core to the southeast of Newfoundland and two cold cores
to the south of Iceland and southeast of Bermuda, respec-
tively. Such an SSTA pattern can be regarded as a response
to the atmospheric forcing of the preceding January—Feb-
ruary—March North Atlantic Oscillation. Numerical experi-
ment results from both linear baroclinic model with an ide-
alized diabatic heating profile and an atmospheric general
circulation model with prescribed SSTA forcing demon-
strate that the warm core alone of the tripole pattern can
stimulate a steady downstream Rossby wave train, which
further intensifies the spring WJ over the TP. As a result,
a positive anomaly of surface sensible heating occurs over
most parts of the TP, whereas the precipitation and corre-
sponding latent heating is characterized by a seesaw pattern
with a positive/negative anomaly over the northern/south-
ern TP. Meanwhile, the air column radiation cooling effect
is enhanced to a certain degree over the plateau. Further
analysis suggests that the early spring SSTA over the North
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Atlantic may exert a seasonal-lagged impact upon the East
Asian summer monsoon by modulating the thermal forcing
over the TP.
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1 Introduction

The Tibetan Plateau (TP) is located in the subtropical central
and eastern Eurasian continent, acting as a huge, elevated
atmospheric heat source (AHS) in summer but a heat sink in
winter (Flohn 1957; Yeh et al. 1957; Yeh and Gao 1979; Wu
et al. 2012). With seasonal evolution, the air column over
the TP changes from an atmospheric heat sink to a source
in boreal spring (March—April-May), with the dominant
contribution from surface sensible heating (SH) before the
monsoon onset (e.g., Yeh and Gao 1979; Shen et al. 1986;
Yanai and Li 1994; Zhao and Chen 2001). Moreover, the
air pump driven by SH over the TP can regulate the Asian
summer monsoon onset and intensity because the heat-
ing effect along the sloping surface converges the air in the
lower layer from the surrounding areas with ascending air
flows that penetrate the isentropic surfaces and compensate
for the surface SH (Wu et al. 1997, 2007). Results based on
both data analysis and numerical simulation have revealed
that a strong spring SH over the TP facilitates an early onset
of East Asian summer monsoon (EASM), as well as strong
monsoon circulation to its east and a dry and hot climate in
central Asia to its west (e.g., Murakami and Ding 1982; Wu
et al. 2007; Duan et al. 2013).

In comparison to the many studies on the thermal forc-
ing effect of the TP on regional and hemispheric circulation
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and climate, the large-scale factors contributing to the vari-
ation of the AHS over the TP receives much less attention.
The mean altitude of the TP is more than 4,000 m above
sea level and the surface flow is controlled mainly by the
subtropical Westerly Jet (WJ) throughout most of the year,
except summer (June-July—August), and the in situ land-
air temperature difference presents high magnitude but
a small relative change compared with the surface wind
speed (Yeh and Gao 1979; Liu et al. 2012). Thus, the spring
SH over the TP is closely related to the variation of the WJ
according to the bulk formula (Duan and Wu 2009; Liu
et al. 2012).

As a dominant atmospheric mode in the mid and high
latitudes, the North Atlantic Oscillation (NAO), or Artic
Oscillation (AO) for a hemispheric perspective, can modu-
late the interannual and interdecadal variability of the WJ
over central and East Asia (e.g., Marshall et al. 2001, Gong
and Ho 2003; Yang et al. 2004; Li et al. 2005, 2008; Wu
et al. 2009). However, most of these studies focused on the
possible connection between the wintertime NAO (AO) and
the WJ based on data diagnosis, whereas the nature of the
mechanism underlying the influence of the NAO (AO) on
the spring WJ, especially the local response of the AHS
over the TP, remains an open issue.

The NAO, which is prevalent during boreal winter
strongly affects the oceans through latent and sensible
heat exchanges (Cayan 1992a, b). The local weather
noise and surface heat flux associated with NAO (Fan
and Schneider 2012) usually drive a sea surface tem-
perature anomaly (SSTA) tripole pattern in the North
Atlantic in winter, i.e., a warm SSTA core in the mid-
latitudes and two cold SSTA cores to its northeast and
southeast sides (Cayan 1992a, b; Deser and Timlin 1997,
Czaja and Frankignoul 2002; Zhou et al. 2006). Such a
SSTA tripole pattern, in turn, produces NAO-like atmos-
pheric anomalies, indicating a positive feedback between
the NAO and the SSTA tripole pattern (Watanabe and
Kimoto 2000; Pan 2005). In this context, the present
study aims to address how the early spring SSTA over the
North Atlantic, as a result of the preceding NAO, affects
the remote WJ above the TP by changing the large-scale
circulation, and how the subsequent local response of the
spring AHS over the TP takes place and subsequently
affects the EASM.

The remainder of the paper is structured as follows.
The data and models used in the study are introduced in
the following section. Section 3 focuses on a diagnosis of
the data concerning the relationships among the SSTA over
the North Atlantic, the subtropical WJ over eastern Eurasia,
and the AHS over the TP. This is followed in Sect. 4 by
reporting results from numerical simulations conducted to
address how the SSTA leading mode over the North Atlan-
tic modulates the WJ over the TP. The seasonal-lagged

@ Springer

impacts of the spring AHS over the TP on the EASM are
investigated in Sect. 5. Further discussion and conclusions
are presented in Sect. 6.

2 Data and models
2.1 Data

The data used in this study were from the following
sources:

1. Regular surface meteorological observations at 73 sta-
tions over the TP provided by the China Meteorology
Administration (CMA) for the period 1980-2008. Data
were gathered four times daily (0000, 0600, 1200, and
1800 UTC). Variables included surface air temperature
(T,), ground surface temperature (7), and wind speed
at 10 m above the surface (V). Daily cloud amount (0—
10 tenth of sky cover) and daily accumulated precipita-
tion (Pr) records from 756 stations in China covering
the same period were also used. The CMA routinely
applies quality control procedures to eliminate errone-
ous data and ensure homogeneity.

2. The daily mean wind speed, temperature, and geo-
potential height at standard pressure levels, together
with cloud amount, precipitation, and heat fluxes at the
land surface and top of the atmosphere (TOA), cover-
ing the same period (1980-2008) were obtained from
the Modern-Era Retrospective Analysis for Research
and Application (MERRA) dataset (Rienecker et al.
2011).

Different reanalysis datasets provide different charac-
terizations of meteorological fields over China (Liu et al.
2012), and thus the Japanese 25-year Reanalysis (JRA-25;
Onogi et al. 2007) conducted by the Japan Meteorologi-
cal Agency (JMA), the National Centers for Environmen-
tal Prediction/National Center for Atmospheric Research
(NCAR) Reanalysis 1 (NCEP/NCAR; Kalnay et al. 1996),
the NCEP/Department of Energy (NCEP/DOE) Reanaly-
sis 2 (Kanamitsu et al. 2002), and the European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-Analy-
sis Interim (ERA-Interim; Dee et al. 2011) were analyzed
simultaneously. The MERRA reanalysis is provided at a
horizontal resolution of 1.25° x 1.25° with 42 standard
pressure levels; the JRA-25 reanalysis is provided at the
same horizontal resolution but with 23 standard pressure
levels; the NCEP/NCAR and NCEP/DOE reanalyses are
provided at a horizontal resolution of 2.5° x 2.5° with 17
standard pressure levels; and the ERA-Interim dataset is
provided at a horizontal resolution of 1.25° x 1.25° with
37 standard pressure levels.
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3. Monthly SST data during the same period from the
Met Office Hadley Centre Sea Surface Temperature
(HadISST) dataset (Rayner et al. 2003), provided at
a resolution of 1° x 1° (http://www.metoffice.gov.
uk/hadobs/hadisst/data/download.html).

4. The NAO index from the Climate Prediction Center
(http://www.cpc.ncep.noaa.gov/products/precip/CWlin
k/pna/nao.shtml).

The AHS defined by the gaining or losing of heat in the
air column can be expressed as

AHS = SH + LH + RC, (1)

where SH represents the surface sensible heat flux, LH is
the latent heat released to the atmosphere due to condensa-
tion, and RC is the net radiation flux of the air column.

The bulk aerodynamic method is often used to calculate
SH:

SH =Cp x pxCpyg xVx(Ts—Tg), 2)

where C, = 1,005 J kg~! K™! is the specific heat of dry
air at constant pressure; p is the air density that decreases
exponentially with elevation; Cpy is the dimensionless
drag coefficient for heat, which generally increases with
land surface roughness; and V is the wind speed 10 m
above the ground. This procedure has been widely used
in TP-related studies (e.g., Yeh and Gao 1979; Chen
et al. 1985; Li et al. 2001). We assumed p = 0.8 kg m~3
(Yeh and Gao 1979) and Cpy = 4 X 1073 (Li and Yanai
1996) for the central-eastern TP, and Cp; = 4.75 x 1073
for the western TP (Li et al. 2000). Following Duan
et al. (2013), SH was calculated based on Eq. (2) by
using local 4-time daily observations at all 73 stations
over the TP.
LH can be estimated by precipitation using the formula

LH = Pr xLw X p, 3)

where L,, = 2.5 x 10°J kg~ is the condensation heat coef-
ficient and p = 1.0 x 10> kg m~? is the water density.
The expression for RC in Eq. (1) is

RC = Roo = Ro = (Sk —5L) = (s§ = 5}
— (F$ = F{) = Fes, )

where R and R, are the net radiation values at the TOA
and land surface respectively. S and F denote the shortwave
and longwave radiation fluxes, and their subscripts “co”
and “0” denote the TOA and the ground surface, while the
superscripts “]” and “1” represent downward and upward
transport, respectively.

The linear trends of the data used in this study were all
removed to help highlight the interannual variability.

2.2 Models

The linear baroclinic model (LBM) was a time-dependent
model based on the primitive equations exactly linearized
about a basic state (see Watanabe et al. 1999; Watanabe and
Kimoto 2000; Watanabe and Jin 2003 for the mathemati-
cal expressions). The model variables, consisting of vorti-
city (¢), divergence (D), temperature (7), and the logarithm
of surface pressure (1), were horizontally represented by
spherical harmonics having the resolution of T42 while
being vertically discretized using a finite difference to 20
o levels, in which five layers resided below o = 0.8. The
model also included three dissipation terms: a biharmonic
horizontal diffusion with a damping timescale of 1 day for
the smallest wave; very weak vertical diffusion (damping
timescale of 1,000 days) to remove vertical noise arising
from the finite difference; and Newtonian damping and
Rayleigh friction as represented by a linear drag, which
had a timescale of 1 day applied only to the lower boundary
layers (o > 0.9) and the uppermost two levels (o < 0.03).
With the dissipation terms adopted, the model response
took about 20 days to approach a steady state. Therefore,
the average of the last 5 days in the 30-day integration is
analyzed in this paper.

The atmospheric general circulation model (AGCM)
used in this study was SAMIL 2.4.7, which is the current
version of the Spectral Atmospheric Model developed
by the State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid Dynam-
ics, Institute of Atmospheric Physics (LASG/IAP). This
model uses a horizontal resolution of R42 (2.81° longi-
tude x 1.66° latitude) with 26 o-p hybrid vertical layers
that extend from the surface up to 2.19 hPa. The model
dynamical framework employs a standard atmosphere sub-
traction scheme (Wu et al. 1996) to accurately calculate
pressure gradient forces. The effects of gravity wave drag
are included (Palmer et al. 1986). Convective precipitation
is calculated according to the mass flux cumulus param-
eterization developed by Tiedtke (1989) with a modified
closure assumption and organized entrainment and detrain-
ment (Nordeng 1994; Song 2005). The cloud scheme is
diagnostic, and is parameterized according to low-layer
static stability and relative humidity (Slingo 1980, 1989).
A statistical stratocumulus cloud scheme is also employed
(Dai et al. 2004).

The model includes a non-local scheme that calculates
the profile of eddy diffusivity, the scale of turbulent veloc-
ity, and the effects of non-local transport of heat and mois-
ture (Holtslag and Boville 1993). The Sun—Edwards—Slingo
(SES2) radiation scheme is used to model radiative trans-
fer (Edwards and Slingo 1996; Sun 2005). In particular,
monthly SST and sea ice are prescribed according to the
20-year climatology used by phase two of the Atmospheric
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Model Intercomparison Project (AMIP II) (see http://www-
pcmdi.llnl.gov/projects/amip/ AMIP2EXPDSN/BCS_OB
S/amip2_bces.htm for details). These monthly-mean con-
ditions are linearly interpolated to each integration step.
This AGCM can successfully reproduce the climate-mean
and seasonal evolution of circulation and precipitation in
EASM regions (Wang et al. 2012a) and is being used to
investigate the mechanical and thermal forcing of the TP on
the Asian summer monsoon (Wu et al. 2012 ; Duan et al.
2013) and formation and variation of the AHS over the TP
in winter (Yu et al. 2011a, b).

3 Influence of the spring SSTA tripole pattern over the
North Atlantic on the W] and AHS over the TP

3.1 500 hPa zonal wind over the TP and the North Atlantic
SSTA

Figure 1a shows the first leading mode of empirical orthog-
onal function (EOF1) analysis for spring (March—April—
May, MAM) 500 hPa zonal wind speed over and around
the TP in MERRA reanalysis data, which is featured by
a spatially uniform westerly with one center just located
above the TP (36.2 % explained variance). The correspond-
ing principle component (U_PC1) can well represent the
(25°N—40°N, 60°E-120°E) domain-averaged zonal wind
speed index (U_domain), with the correlation coefficient of

(a) EOF1

36.2%
4N

TP zonal wind

35N A

3N

25°N T T T T T
60°E 0°E 80°E 90’E 100°E 110°E 120°E

o //\
] N r . , /
MU/

3.0 T T T T T T T
1980 1984 1988 1992 1996 2000 2004 2008

R(U_domain,U_PC1) = 0.92

Fig. 1 a Spatial pattern of the first EOF mode (EOF1) for March—
April-May (MAM) mean zonal wind speed at 500 hPa over and
around the TP (25°-40°N, 60°-120°E) in MERRA reanalysis data
during 1980-2008; b Normalized expansion coefficient of the EOF1
(U_PCl1, line) and the normalized time series of domain-averaged
(25°-40°N, 60°-120°E) zonal wind speed (U_domain, bar)
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Table 1 Correlation coefficients between the domain-averaged
500 hPa zonal wind speed over the TP (25°-40°N, 60°-120°E) from
five reanalysis datasets and the 73-station-averaged surface sensible
heating (SH), latent heating (LH) released to the atmosphere due
to condensation, and 10 m wind speed (V) over the TP area during
spring (March—April-May) from 1980 to 2008

ERA-Interim MERRA NCEP_NCAR NCEP_DOE JRA-25

SH  0.58%* 0.59%*%  0.58%* 0.57%x* 0.61%*
LH -0.18 —-0.22 —0.12 —0.14 -0.22
\%4 0.51%* 0.43* 0.49* 0.51* 0.50*

* ** Statistical significance above the 95 and 99 % confidence levels,
respectively

0.92, exceeding the 99.9 % confidence level (Fig. 1b). To
demonstrate the relationship between the spring subtropical
WIJ and the AHS over the TP, we chose the domain-aver-
aged 500 hPa zonal wind speed as the MAM W1J index in
the following parts.

Table 1 shows the correlation coefficients between the
spring WJ index calculated from five reanalysis datasets
and the 73-station-averaged SH, LH, 10 m wind speed
(V) over the TP. It is evident that both SH and V are sig-
nificantly correlated with the WJ index, exceeding 95 %
confidence level. However, the correlations between the
W1J index and LH over the TP is not significant, suggest-
ing that, in terms of the TP domain average, the connection
between the WJ index and SH is closer than that with LH.
This result agrees with Duan and Wu (2009), who found
that the variation of spring SH over the TP is controlled
primarily by the WJ. Considering the consistency in zonal
wind speed among all five reanalysis datasets and the high-
est resolution, we chose the MERRA reanalysis in the fol-
lowing diagnosis.

The linkage between the spring WJ over the TP and the
remote North Atlantic SST can be indicated by the lead-lag
correlation patterns as shown in Fig. 2, in which one can
see a clear SSTA tripole pattern, i.e., the SSTA tripole pat-
tern with a warm core to the southeast of Newfoundland
and two cold cores to the south of Iceland and southeast of
Bermuda, respectively. The SSTA tripole pattern associated
with the WJ index reaches its peak in February—March—
April (FMA) and sustained throughout the whole spring
and then decayed quickly during summer, suggesting it
might lead the spring WJ over TP about 1 month.

Singular value decomposition (SVD) analysis is a
method that can effectively isolate the coupled modes of
variability between two fields (Bretherton et al. 1992). To
reveal the connection between the WJ over the TP with
North Atlantic SST more clearly, we performed SVD
analysis on the MAM zonal wind speed at 500 hPa over
the TP and the FMA SST field over the North Atlantic.
Figure 3a, b display the leading SVD modes (SVD1) of
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(a) U_domain vs NDJ SST

(b) U_domain vs DJF SST

(¢) U_domain vs JFM SST
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Fig. 2 a-i Correlation patterns between the MAM U_domain index
and the North Atlantic sea surface temperature (SST) from the pre-
ceding November—December—January (NDJ) to July—August-eptem-

these two fields (i.e., heterogeneous correlation fields),
respectively. The first SVD mode (SVDI1) explains 57 %
of the total squared covariance, and the temporal correla-
tion coefficient between the expansion coefficients of SST
(SST_SVD1) and that of the 500 hPa zonal wind in SVDI1
(U_SVD1) is 0.64, exceeding the 99.9 % confidence level.
The 500 hPa zonal wind speed over the TP is characterized
by an enhanced WJ over most parts of the TP. Moreover,
the SVD1 of zonal wind speed is quite similar to its coun-
terpart of the EOF1 field (Fig. 1a), and the correlation coef-
ficient between U_SVD1 and U_PC1 is 0.91, exceeding the
99.9 % confidence level (Fig. 3d). Also, the SVDI of SST
(Fig. 3b) shows a similar result with its counterpart of the
EOF1 (Fig. 3c), characterized by a tripole-like pattern with
warm SSTA to the southeast of Newfoundland and cold
SSTA to the south of Iceland and southeast of Bermuda.
Note that the correlation between the time series of the
expansion coefficient of the SST SVDI1 and the principal
component of SST EOF1 is 0.84, exceeding 99.9 % con-
fidence level (Fig. 3d). All these facts demonstrate that the

ber (JAS) during 1980-2008. The SST fields are 1 month sliding
between each adjacent panel

MAM zonal wind speed at 500 hPa over the TP is closely
related to FMA North Atlantic SST in terms of interannual
variability.

Based on the results of SVDI1 and EOF1 for the North
Atlantic SST, we constructed a SST tripole pattern index
(SST_tripole hereafter) to discuss the intrinsic connection
between the spring zonal wind speed at 500 hPa over the
TP and North Atlantic SST. It is defined as the difference
between the warm core SSTA in the middle of North Atlan-
tic (the white box in Fig. 3b; 32°-42°N, 60°-40°W) and the
sum of two cold cores SSTA in the subtropics (the south-
ern blue box in Fig. 3b; 10°-20°N, 40°:20°W) and subpolar
(the northern blue box in Fig. 3b; 50°-60°N, 35°-15°W).
The correlation coefficient between SST_tripole index and
SST_PC1 (SST_SVD1) is 0.90 (0.94), exceeding 99.9 %
confidence level.

We regressed the MAM 500 hPa geopotential height
and zonal wind speed against the normalized SST_tripole
index, as shown in Fig. 4a, b. In the regressed 500 hPa geo-
potential height field (Fig. 4a), we can see a four-center
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(a) svp1 TP zonal wind(MAM) 57%
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R(SST_SVD1,U_SVD1) = 0.64  R(SST_SVD1,SST_PC1) = 0.84
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Fig. 3 a, b Heterogeneous correlation patterns of MAM 500 hPa
zonal wind speed over the TP and February—March—April (FMA)
SST in the North Atlantic for the first SVD mode during 1980-2008.
¢ Spatial pattern of the first EOF mode of the FMA SST in the North
Atlantic during 1980-2008; d Normalized expansion coefficients
of the SVDI1 for the FMA North Atlantic SST (SST_SVDI, cyan
line) and the MAM zonal wind over TP at 500 hPa (U_SVDI, red
line), the normalized PC1 time series corresponding to the EOF1 of
the FMA North Atlantic SST (SST_PC1, dash purple line), and the
normalized index of the FMA North Atlantic SSTA tripole pattern
(SST_tripole, blue marked line). The heavy solid curves in a and b
denote the TP domain with altitude higher than 3,000 m above sea
level, and the stippled areas in (a) and (b) indicate correlation above
the 90 % confidence level. The values in the top right corner of (a—c)
are the percentages of explained variance. White and blue boxes in (b)
denote one warm and two clod core regions of the SST tripole pat-
tern, respectively. The SST_tripole is defined by the domain-averaged
SST in the warm core minus the sum of the domain-averaged SST in
the two cold cores
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wave train (marked A, B, C and D) extends from the North
Atlantic to the northern TP in the mid-level troposphere,
exhibiting a south— north-oriented dipole settled over the
North Atlantic and a strong positive anomaly located over
northern Europe, accompanied by a significant anomalous
trough over the northern TP. The dipole anomalies over the
North Atlantic are characterized by a positive center along
35°N over the central Atlantic and a negative one over
southern Greenland. For convenience, this pattern will be
simply referred to as the North Atlantic—-Europe-Tibetan
Plateau (NAET) wave train throughout the remainder of the
paper. Meanwhile, the pattern of MAM zonal wind speed
at 500 hPa regressed on FMA SST_tripole index reveals
that during the positive SSTA tripole years, the 500 hPa W]
over the TP is significantly stronger than normal (Fig. 4b).
The vertical structure of the NAET pattern can be seen in
the cross-section of regressed geopotential height along the
thick solid lines labeled A, B, C and D in Fig. 4a (Fig. 4c).
The NAET pattern has the same phase in the lower, mid-
dle and upper troposphere, thereby showing an equivalent
barotropic structure in the entire troposphere. The 500-hPa
vorticity anomalies can also depict the NAET wave pattern
well (Fig. 4d), presenting a stationary wave train crossing
the North Atlantic, northern Europe, and the TP. Moreover,
diagnosis of the wave activity flux which following Takaya
and Nakamura (2001) shows that the wave energy origi-
nates above the warm center of the SSTA tripole pattern
and propagates eastward until reaching the north of the TP.
Therefore, the interannual variability of the subtropical WJ
over the TP receives significant impact from the SSTA over
the North Atlantic.

According to the time series of FAM SST._tripole
index, a composite analysis of MAM geopotential height
and temperature was conducted to investigate the differ-
ences between strong and weak SSTA tripole pattern years.
Two categories were classified by taking the sign of nor-
malized SST_tripole index into account, resulting in six
strong positive tripole SSTA years (normalized SST_tripole
index >1.0, years: 1986, 1989, 1991, 1993, 1994, 1995)
and five strong negative tripole SSTA years (normalized
SST_tripole index <—1.0, years: 1980, 1981, 1982, 1997,
1998). During the strong negative tripole SSTA years, the
MAM 500-hPa geopotential height is characterized by a
trough over the Mediterranean and a ridge over and to the
north of the TP (Fig. 5b). However, in strong positive tri-
pole SSTA years, the MAM 500 hPa geopotential height
becomes flatter (Fig. 5a), and such a pattern of height
contours weakens the heat exchange between the lower
and higher latitudes, which is conducive to a larger ther-
mal contrast between the lower and higher latitudes. As
a result, the air temperature below 500 hPa is colder over
the northern TP but warmer over the southern TP in strong
positive FMA tripole SSTA years compared to that in the
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(a) 500Hpa Height VS SST_tripole

(b) 500nPa Zonal wind VS SST_tripole

(c) height VS SST_tripole

90°N

60°N

30°N

Level

A B c D

Fig. 4 a Regression field of MAM 500 hPa geopotential height
against the normalized FMA SST_tripole index from 1980 to 2008
(units: gpm, contour interval is S5gpm and negative contours are
dashed). b The same as (a) except for the MAM 500 hPa zonal wind
speed (units: m s™!, contour interval is 0.3 m s™! and negative con-
tours are dashed). ¢ Vertical cross section along the thick solid lines
labeled A, B, C and D in (a) for the regression coefficients calculated
by MAM geopotential height against FMA SST_tripole index (units:

strong negative tripole SSTA years (shading in Fig. 5c). As
required by the thermal wind relationship, the vertical shear
of geostrophic wind should be accompanied by a meridi-
onal temperature contrast; thus, the increased meridional
temperature gradient will enhance the WJ at 500 hPa over
the TP during MAM (contours in Fig. 5c).

3.2 The WJ and AHS over the TP

According to Eq. (1), the AHS is composed of three com-
ponents, i.e., SH, LH and RC. Figure 6a, b are the regres-
sion fields of spring SH against the normalized MAM
U_domain index during 1980-2008 based on both station
data and MERRA reanalysis. During strong WJ years, a
positive SH anomaly appears at most stations but especially
over the southern TP. Similar results can be seen in the
MERRA reanalysis, with a positive anomaly of SH over the
southern and northeastern TP but a negative SH anomaly
over the northern and central-eastern TP. As Eq. (2) shows,

1

m s~ ', contour interval is 5 gpm and negative contours are dashed).
d The same as (a) except for MAM Plumb’s stationary wave flux
at 500 hPa (units: m? s~2, arrows indicate the correlation above the
90 % confidence level) and MAM 500 hPa vorticity (units: 107° s7,
colored shading). The stippled areas in (a—c) indicate correlation
above the 90 % confidence level. The green shaded areas in (a) and
(b) and the heavy solid curve in (d) denote the TP

the SH depends mainly on V and ground-air temperature
difference (7, — T,). In order to compare the importances
of Vand T, — T,, we regressed both sides of Eq. (2) against
U_domain index then divided by C, p Cpy

dSH /90U _domain

= (T;, — T,) x 3V /dU_domain +V
CorCp

X 0(Ts — T,)/0U_domain (5

Figure 6c, e illustrate the first term (mainly depends on
the variation of V) and second term (mainly depends on
the variation of 7, — T,) on the right-hand side of Eq. (5)
based on station data. The results indicate that the positive
SH anomaly corresponds to the positive anomaly of the
first term, but the negative SH anomaly corresponds mainly
to the negative anomaly of the second term. This means
that the enhanced SH mainly results from the increase
of the WJ while the reduced SH is mainly caused by the
decreased T, — T,. This result is almost the same in the
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Fig. 5 a Composite of the MAM geopotential height at 500 hPa
in strong SST anomalous years (years with FMA SST_tripole
index greater than 1.0 standard deviation: 1986, 1989, 1991, 1993,
1994,1995) (units: gpm, contour interval is 20 gpm and negative con-
tours are dashed). b Composite of the MAM geopotential height at
500 hPa in weak SST anomalous years (years with FMA SST_tripole
index less than —1.0 standard deviation: 1980, 1981, 1982, 1997,
1998) (units: gpm, contour interval is 20 gpm and negative contours

MERRA reanalysis (Fig. 6d, f); that is, the positive anom-
aly of SH over the southern TP is induced mainly by the
enhanced WJ, whereas the reduced T, — T, is responsible
for the negative anomaly of SH over the northern TP. Note
that the positive SH anomaly over the southern TP is much
larger than the negative SH anomaly over the northern TP,
and thus the domain-averaged SH over the TP is obviously
above normal in strong W] years.

The second component of the AHS is LH. The regres-
sion field of spring LH against the MAM U_domain index
presents a meridional see-saw pattern, with a positive LH
anomaly over the northern TP but a negative LH anomaly
over the southern TP in both station data (Fig. 7a) and the
MERRA reanalysis (Fig. 7b) when the W1J is stronger. The
regression fields of the vertically integrated water vapor
flux and vertical velocity against U_domain index fur-
ther demonstrate that, with the intensified WJ over the TP,
more moisture will be transported from the tropical oceans
to the southwestern and northern TP, and a convergence
(divergence) belt of water vapor appears over the northern
(southern) TP (Fig. 7c). Since LH is derived directly from
precipitation, such a pattern of water vapor flux, in com-
bination with the anomalous ascending motion over the
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are dashed). ¢ Difference of the composed MAM mean air tempera-
ture from the surface to 500 hPa (units: K, shading) and MAM 500
hPa zonal wind speed (units: m s~!, contour interval is 0.5 m s~! and
negative contours are dashed) between strong SSTA years and weak
SSTA years. The zonal mean (from O°E to 120°E) of geopotential
height has been removed in (a) and (b). Grey shading in (a) and (b)
and the hatched area in (c) represent the TP

northern TP and abnormal descending motion over the
southern TP (Fig. 7d), can explain the north—south seesaw
pattern of precipitation and LH over the TP as a response to
the anomalous W1J.

The third component of the AHS is RC. As Eq. (4)
shows, the net air column radiation flux is composed of four
parts, including the net longwave flux and shortwave fluxes
at the land surface and TOA, respectively. Figure 8 shows
the regression fields of RC and its four components in the
MERRA reanalysis against the U_domain index. Although
the RC cooling effect is enhanced over most parts of the TP
except the southwest fringes and northeastern corner of the
TP, the reasons for the RC anomalies over the northern and
southern TP are quite different. The negative RC anomaly
over the northern TP is induced by the reduction of both net
upward longwave flux at the surface and downward short-
wave flux at the TOA (Fig. 8b, d). However, the negative
RC anomaly over the southern TP is caused by decreased
net upward shortwave flux at the surface and increased net
upward longwave flux at the TOA (Fig. 8c, e).

Cloud, radiation and precipitation are closely associ-
ated. To explore the intrinsic processes among them, we
regressed the total cloud amount in both station data and
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Fig. 8 a Regression fields

of the MAM air column net
radiation flux (RC) calculated
from the MERRA reanalysis
against the MAM U_domain
index during 1980-2008 (units:
W m~2). b The same as (a)
except for the MAM net upward
longwave flux at the surface
(units: W m~2). ¢ The same

as (a) except for the MAM

net upward shortwave flux at
the surface (units: W m~2). d
The same as (a) except for the
MAM net downward shortwave
flux at the TOA (units: W m™2).
e The same as (a) except for the
MAM net downward longwave
flux at the TOA (units: W m™2).
The stippled areas in (a—e)
indicate correlation above the
90 % confidence level. The
heavy solid curves in (a—e)
denote the TP

Fig. 9 a Regression fields of
the MAM total cloud amount
(0-10 tenth of sky cover) from
the station data over the TP
against the MAM U_domain
index during 1980-2008. b

The same as (a) except for the
MAM total cloud amount in the
MERRA reanalysis. ¢ The same
as (b) except for the MAM mid-
level cloud amount. d The same
as (b) except for the MAM
high-level cloud amount. Dots
in (a) and the stippled areas in
(b—d) indicate correlation above
the 90 % confidence level. The
heavy solid curves in (a—d)
denote the TP

the MERRA reanalysis against the U_domain index, as
shown in Fig. 9a, b. Despite the coverage limitation of the
station data over the TP, the similarity in the basic pattern
between station observations and the MERRA reanaly-
sis demonstrates that the total cloud amount will increase
(decrease) over the northern (southern) TP when a strong
WI appears. In fact, the north-south seesaw pattern of
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the total cloud anomaly is contributed to primarily by the
mid-level cloud amount (Fig. 9c) rather than the high-
level cloud anomaly in the MERRA reanalysis (Fig. 9d).
It is important to keep in mind that, due to the very high
topography of the TP (the mean surface pressure is close
to 600 hPa), the mid-level cloud (700-400 hPa) defined by
the MERRA reanalysis over the TP is actually equivalent
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to the low-level cloud over low altitude regions. Also, the
abnormal convergence (divergence) of water vapor flux
over the northern (southern) TP is consistent with a larger
(smaller) cloud amount over the northern (southern) TP.
During strong W1J years, the precipitation increases over the
northern TP can cool down the surface temperature (figure
omitted), and the colder land surface further leads to less
upward longwave flux, as shown in Fig. 8b. Meanwhile, a
larger cloud amount over the northern TP can obstruct solar
radiation reaching the atmosphere, so that the downward
shortwave flux at the TOA decreases over the northern TP,
as shown in Fig. 8d. In contrast, a smaller cloud amount
over the southern TP induces more upward longwave radia-
tion flux at the TOA for the blocking effect of cloud on the
upward longwave radiation (Fig. 8e), and a smaller low-
level cloud amount facilitates more shortwave radiation
reaching the ground (Fig. 8c) because low-level cloud can
reflect shortwave radiation (Wang et al. 2012b).

As mentioned in some previous studies (e.g., Zhu et al.
2012; Yang et al. 2011), due to the absence of adequate
observations for data assimilation and incomplete physical
processes in current models, reanalysis datasets show an
evident bias over the TP, especially with respect to surface
heat fluxes and precipitation. Despite overall similar dis-
tributions of SH and LH anomalies between station-based
results and the MERRA reanalysis (Figs. 6a, b, 7a, b), the
SH anomalies over the TP associated with an above-nor-
mal WJ are systematically underestimated in the MERRA
reanalysis, whereas the LH anomalies seem to be overes-
timated compared with the station-based results. Further-
more, by comparing Fig. 8a with Figs. 6b and 7b, we can
conclude that the magnitude of RC anomalies is much
lower than that of SH and LH anomalies, and hence its
contribution to the total AHS might be less important. In
spring, the rainy season has not yet started over most parts
of the TP, and SH is a major contributor to the AHS over
the TP (e.g., Yeh and Gao 1979; Wu et al. 1997; Zhu et al.

Fig. 10 a Specified diabatic (a) Diabatic heating profie
heating (units: K d~1) profiles (Y S AP I IR IR IR I

2012). Therefore, it is reasonable to speculate that, during
strong WJ years, the spring AHS anomalies over the TP are
similar to the SH anomalies, and might be above normal.
Nevertheless, this hypothesis needs to be verified by more
direct observations of diabatic heating over the TP in the
future.

4 Numerical simulations

To further elucidate the processes of the anomalous SSTA
tripole forcing on the WJ, we performed four numerical
experiments with the LBM to simulate the diabatic heating
effects of a positive SSTA tripole forcing. The basic state
was adopted from the zonally varying early spring (FMA)
climatology of the NECP/DOE reanalysis data. The posi-
tions of different diabatic forcing sources were determined
from the leading mode of the SVD analysis between the
North Atlantic SST and 500 hPa zonal wind speed over the
TP. The center of the northern diabatic cooling source is
located at (55°N, 30°W); the center of the central diabatic
heating source is located at (38°N, 57°W), and the center
of the southern diabatic cooling source is located at (18°N,
28°W). Each source has an elliptical squared cosine distri-
bution in latitude and longitude with a vertically integrated
heating rate of 2.0 K d~! (Fig. 10b), which is comparable-
with the diabatic heating anomaly above the warm core in
those typical SSTA tripole years (figure not shown here)
and previous study on the SSTA tripole pattern over the
North Atlantic (Wu et al. 2009). The spatial pattern and
vertical heating profile are shown in Fig. 10a, but note that
the sign of the vertical profile in the two cooling sources
is opposite to the heating source. To compare the impor-
tance of each source we prescribed LBM with the north-
ern cooling source in the first experiment, the central heat-
ing source in the second experiment, the northern cooling
source and central heating source in the third experiment,

(b) initial SST forcing pattern

and b SST anomaly associated
with the positive SSTA tripole
pattern over the North Atlantic 02 1
in the linear baroclinic model
(LBM). Note that the sign of the
vertical profile is reversed for
the two negative SST anomaly
centers
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Fig. 11 a Response in the

500 hPa geopotential height
anomaly (units: gpm, the
contours are —16, —8, —4,
—2,0,2,4,8, 16 and negative
contours are dashed) to the
idealized diabatic cooling forc-
ing centered at (55°N, 30°W)
in the LBM. b The same as (a) :
except for the idealized diabatic oow |-is
heating forcing centered at
(38°N, 57°W). ¢ The same as
(a) except for the idealized dia-
batic cooling forcing centered
at (55°N, 30°W) and heating
centered at (38°N, 57°W). d
The same as (a) except for the
idealized diabatic cooling forc-
ing centered at (55°N, 30°W)
and (18°N, 28°W) and heating
centered at (38°N, 57°W). The
green shaded areas in (a—d)
denote the TP

180

and the complete set of SSTA tripole forcing sources in the
fourth experiment.

Figure 11 presents the response of the 500 hPa geo-
potential height in the four experiments. The results indi-
cate that when only the northern cooling source exists in
the North Atlantic, there is no significant wave train in the
anomaly field of the 500 hPa geopotential height (Fig. 11a).
In contrast, if only the heating source presents (Fig. 11b),
a clear 500 hPa wave train similar to the regression field in
the MERRA reanalysis (Fig. 4a) appears. Moreover, in the
experiments with two forcing sources or the complete set
of tripole forcing sources (Fig. 11c, d), the results resem-
ble that in the experiment with only one heating source
(Fig. 11b). Therefore, the warm core associated with diaba-
tic heating in the North Atlantic SSTA tripole pattern plays
the dominant role in generating and maintaining the spring
NAET wave train.

Since there are no feedbacks between diabatic heating
(cooling) and circulation in the LBM, and the forcing of the
SSTA tripole pattern is represented by the corresponding
diabatic heating (cooling) profile instead of the real SSTA
in the LBM experiments, we further conducted two sets of
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(a) North cold anomaly

(b) Central warm anomaly

90E 90W

(d) Tripolar anomaly

90E 90W

ensemble runs based on the SAMIL 2.4.7 AGCM to con-
firm the results from the LBM model. As mentioned by pre-
vious studies (Schneider and Fan 2007; Fan and Schneider
2012; Schneider and Fan 2012), the weather noise cannot
be eliminated from the individual model simulation, thus
the methodology of extracting the SST-forced response
as the ensemble mean of a set of AGCM runs has been
employed to remove the influence from weather noise. We
designed each set of ensemble included 12 cases integrated
from 1 January to 31 May with different initial conditions
in the control runs. Differences between the two ensemble
means were evaluated. Figure 12a—f presents the composite
SSTA fields during strong SSTA years (SST_tripole index
greater than 1.0 standard deviation in 1986, 1989, 1991,
1993, 1994, 1995) and weak SSTA years (SST_tripole
index less than —1.0 standard deviation in 1980, 1981,
1982, 1997, 1998) from February to April. One set of the
AGCM ensemble runs was forced by the climate mean SST
during 1990-1999 in Hadley SST from February to April
data plus the strong SSTA (Fig. 12a—c) while the SST of
rest months remained as the climatology. The other AGCM
ensemble runs was forced by the climate mean SST from
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Fig. 12 (a—c) The anomalous filed of SST over the North Atlan-
tic during the strong SSTA tripole pattern years (SST_tripole index
greater than 1.0 standard deviation) from February to April; (d—f) as

(a) 500nPa Height dif

Fig. 13 a Difference fields of the MAM 500 hPa geopotential height
between positive and negative SSTA cases in the AGCM experi-
ments (units: gpm, contour interval is 8gpm and negative contours
are dashed). b The same as (a) except for 500 hPa zonal wind speed
(units: m s~! contour interval is 0.6 m s~ and negative contours are
dashed). (c¢) Vertical cross section along the thick solid lines labeled

February to April plus the weak SSTA (Fig. 12d—f) and the
SST of other months remained the climatology.

Figure 13a, b illustrate the difference fields of MAM
500-hPa geopotential height and zonal wind speed between
the strong and weak SSTA experiments respectively.
The result again shows a wave train similar to that calcu-
lated from the MERRA reanalysis, as shown in Fig. 4a, b,
especially the positive zonal wind anomaly over the TP.

(b) 500Hpa Zonal wind dif (c)

(a—c) but for the anomalous filed of SST during the weak SSTA trip-
ole pattern years (SST_tripole index less than —1.0 standard devia-
tion)

height dif
P - N

Pressure Level

| —Z

A, B, C and D in (a) for the composite differences of the MAM geo-
potential height (units: gpm, contour interval is 10 gpm and negative
contours are dashed). Hatched areas indicate correlation above the
90 % confidence level. The green shaded areas in (a) and (b) denote
the TP

Figure 13c displays the vertical structure of the wave train
in the AGCM experiment with SSTA in the North Atlantic,
which is characterized by an equivalent barotropic struc-
ture in the troposphere, consistent with that derived from
the MERRA reanalysis (Fig. 4c). The AGCM simulations
further verify the result that the SSTA tripole in the North
Atlantic can generate a stationary barotropic Rossby wave
to the downstream regions and enhances the WJ over the TP.
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Fig. 14 a Regression fields of the summer precipitation (units:
mm d~!, shading) from the station data and the horizontal wind at
850 hPa (units: m s~!, vectors) against MAM U_domain index during
1980-2008. b The same as (a) except for summer precipitation (units:
mm d~, shading) and summer horizontal wind at 850 hPa (units:

An important fact to note is that, in the AGCM experi-
ments, we could not find a comparable response of the
spring AHS over the TP as was found in the station-based
results or the MERRA reanalysis. This might be related to
model bias in the land surface processes and diabatic heat-
ing over the complicated topography (Duan et al. 2014).

5 Seasonal-lagged impact of winter—spring SSTA
over the North Atlantic on the EASM

The variability of the NAO is strongest in winter. A previ-
ous study suggests that the underlying surface, such as sea
ice, SST, and snow cover, provides the memory allowing
the winter NAO to affect the summer climate (Ogi et al.
2003). Saunders et al. (2003) argued that enhanced snow
cover on the European continent related to the winter NAO
can result in cooler summer temperatures over the British
Isles and surrounding areas. There are also many stud-
ies about the relationship between NAO and EASM. Sung
et al. (2006) emphasized the vital role of East Asian west-
erly jet stream is related to preceding NAO and Yang et al.
(2004) pointed the vital role of Middle East jet stream is
also related to preceding NAO. However, in these studies
the physical mechanism of the preceding NAO influencing
subtropical W] is absent. By conducting a series of AGCM
numerical experiments, Duan et al. (2013) found that the
enhanced spring SH over the TP can promote the winter-
to-summer reversal of land—sea thermal contrast and hence
benefits an early onset of the EASM and a strengthening of
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m s~ vectors) against 73-station-averaged MAM SH index over the

TP during 1980-2008. Stippled areas indicate correlation above the
90 % confidence level. The red curves represent the Yangtze, Huaihe
and Huanghe rivers from south to north, and the solid blue curve
denotes the TP

the EASM circulation system. Moreover, sensitivity experi-
ments using the Weather Research and Forecasting (WRF)
model further demonstrate that, through the positive feed-
back between local atmospheric circulation regimes and
diabatic heating, the positive anomaly of spring SH over the
TP will facilitate an overall stronger summer AHS over the
TP, i.e., the above normal SH (LH) in the western (eastern)
TP (Wang et al. 2013). This will further induce excessive
summer precipitation along the middle and lower reaches
of the Yangtze River and Huaihe River basin. So, is it possi-
ble that the SSTA leading mode over the North Atlantic can
exert a seasonal-lagged impact upon the EASM by modu-
lating the spring subtropical WJ and AHS over the TP?

Webster and Yang (1992) defined two EASM indexes—
one as the vertical shear of meridional wind between
200 hPa and 850 hPa within the area (20°—40°N, 110°-
130°E), and another as the vertical shear of zonal wind
within (0°-20°N, 60°-100°E). The EASM is known as
the typical subtropical monsoon, and some authors have
pointed out the meridional wind vertical shear is more sig-
nificant than zonal wind vertical shear in the EASM region
(He et al. 2007; Zhu et al. 2011; Duan et al. 2013). In the
present study, we found that the reversal of vertical shear
of meridional wind between 200 hPa and 850 hPa will be
advanced by about 1 week over the EASM region when
the W1 is strong in spring, although the zonal wind vertical
shear shows no significant change (figure not shown), sug-
gesting an earlier monsoon onset.

The regression fields of summer precipitation and
850 hPa wind speed against MAM U_domain index
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(Fig. 14a) show that a low-level cyclonic anomaly over
north China, the Korean peninsula, and Japan brings about
a northerly anomaly over north China on its western flank,
while an anticyclonic anomaly over the tropical western
Pacific means a southwestward extension of the subtropi-
cal high and an enhanced low-level southerly on its west-
ern flank. Consequently, cold and dry airflow from the
mid-high latitudes and warm and wet airflow from tropi-
cal oceans converge over the middle and lower reaches of
the Yangtze River and Huaihe River basin, accompanied by
a positive precipitation anomaly; while the situation over
south China is totally different, characterized by a signifi-
cant negative precipitation anomaly. We also plotted the
regression fields of summer precipitation and 850 hPa wind
vectors against the spring SH over the TP. The basic spatial
pattern of U_domain index related circulation and precipi-
tation anomalies resembles the spring SH index over the
TP related pattern, while the positive precipitation anomaly
over the middle and lower reaches of the Yangtze River and
Huaihe River basin and the negative precipitation anomaly
in south China are more significant and well organized.
The overall similarity in spatial structure between Fig. 14a,
b suggests an important role of the spring SH over the TP
in the EASM interannual variability and a close connection
between the spring SH and WJ over the TP. However, a few
differences between them denote that some other factors,
such as local land surface processes, might also influence
the SH anomaly to a certain degree. Therefore, we specu-
late that the late winter to early spring NAO can induce the
SSTA tripole pattern in the North Atlantic, which further
intensifies the WJ and SH over the TP in spring by exciting
a steady Rossby wave train in the downstream regions. As
a strong local forcing source, the enhanced spring SH over
the TP benefits an early EASM onset and excessive precipi-
tation along the main rainfall belt of the EASM.

6 Conclusions and discussion

Historical records at 73 meteorological stations over the
TP, SST from the Hadley Centre, and five reanalysis data-
sets covering the period 1980-2008 were used to investi-
gate the impacts of the early spring SST tripole pattern over
the North Atlantic on the MAM WJ and the AHS over the
TP. Numerical sensitivity experiments using an LBM and
the SAMIL2.4.7 AGCM were performed to examine the
possible mechanisms. The main results of the study can be
summarized as follow:

1. The tripole pattern of the early spring SSTA in the
North Atlantic, characterized by a positive SSTA to the
southeast of Newfoundland and negative SSTA cent-
ers to the south of Iceland and southeast of Bermuda,

can enhance the MAM WI over the TP through excit-
ing a stationary barotropic wave train extending from
the North Atlantic to the northern part of the TP. The
wave train manifests itself as a north—south-oriented
dipole settled over the North Atlantic, a strong positive
anomaly located over northern Europe, and a signifi-
cant anomalous trough over the northern TP. It further
induces the intensified subtropical WJ over the TP.

2. The spring AHS over the TP is closely related to the
W1I at 500 hPa. During strong W] years, the SH over
most of the TP is usually stronger than normal, except
for the central-northern TP where the cloud amount
and precipitation are enhanced, reducing the land—air
temperature difference. Meanwhile, the LH anomaly
induced by precipitation shows a seesaw pattern over
the TP, characterized by a negative anomaly over the
southern TP but a positive anomaly over the northern
TP. This is due to the in situ anomalous divergence
(convergence) belt of water vapor and descending
(ascending) motion over the southern (northern) TP
when the WIJ is stronger. Although the air column net
radiation cooling effect is enhanced over most parts of
the TP, the spring AHS over the TP seems to be above
normal due to the dominant contribution of SH before
the rainy season.

3. The early spring SSTA tripole pattern over the North
Atlantic may exert a seasonal-lagged impact upon the
EASM by modulating the spring subtropical WJ and
SH over the TP. The positive SSTA tripole pattern over
the North Atlantic can enhance the spring SH over the
TP, which will induce an early EASM onset and exces-
sive precipitation along the main rainfall belt of the
EASM.

The mechanism linking the SSTA tripole pattern and
EASM provides new information to better understand and
predict the EASM. Many previous studies have point out
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Fig. 15 Lead and lag correlation coefficients between the FAM
SST_tripole index and NAO indices. The seasons shown on the
abscissa are for the NAO index. The 90 and 99 % significance levels
are indicated as horizontal lines
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the SSTA tripole pattern in the North Atlantic was a result
of the NAO (Deser and Timlin 1997). We calculated cor-
relations between the SST_tripole and the 3-month-runing-
averaged NAO indices from March to the May (Fig. 15),
this FMA SST tripole pattern is correlated to the JFM NAO
mostly, the correlation coefficient between JFM NAO index
and FMA SST_SVD1 is 0.53 and exceeds 99 % confidence
level this implied the preceding NAO is more important
than the simultaneous NAO. Herceg-Buli¢ and Kucharski
(2014) has pointed out that the positive winter NAO phase
will lead to the North Atlantic SSTA tripole pattern, which
can persist from late winter to the following spring due to
the long ocean memory. Therefore, we speculate that the
JFM NAO stores its influence in the ocean and then affects
the MAM zonal wind over the TP by the FMA SSTA in the
North Atlantic until boreal spring. From Fig. 15 we can see
the correlation coefficients between NAO indexes and FMA
SST_tripole declines in JFM and then raise again in MAM,
implying a possible positive feedback between NAO and
SSTA tripole pattern in the North Atlantic as mentioned by
Pan (2005). Some studies have pointed out that the air—sea
conditions over the western Pacific can influence the EASM
and it might be modulated by the AO/NAO directly or indi-
rectly (Miller et al. 2003; Nakamura et al. 2007; Gong et al.
2009, 2011). Therefore, there might be two possible ways
in which the winter—spring NAO and associated SSTA pat-
tern over the North Atlantic affect the EASM. One is by
modulating the land surface conditions over the continent,
such as the influence from the anomalous SH over the TP
as discussed in this work. The other is by modulating the
air—sea conditions over the western Pacific and tropical
Pacific. It is important to separate these two influences and
their possible interaction. In future, numerical experiments
with air-sea coupled climate models are needed to distin-
guish the influence from the SSTA over the western Pacific
with that from SH over the TP.
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