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Abstract
This study investigates observed and modeled contributions of global sea surface temperature (SST) to China winter climate 
trends in 1960–2014, including increased precipitation, warming through about 1997, and cooling since then. Observations 
and Atmospheric Model Intercomparison Project (AMIP) simulations with prescribed historical SST and sea ice show that 
tropical Indian Ocean (TIO) warming and increasing rainfall causes diabatic heating that generates a tropospheric wave train 
with anticyclonic 500-hPa height anomaly centers in the TIO or equatorial western Pacific (TIWP) and northeastern Eurasia 
(EA) and a cyclonic anomaly over China, referred to as the TIWP-EA wave train. The cyclonic anomaly causes Indochina 
moisture convergence and southwesterly moist flow that enhances South China precipitation, while the northern anticyclone 
enhances cold surges, sometimes causing severe ice storms. AMIP simulations show a 1960–1997 China cooling trend by 
simulating increasing instead of decreasing Arctic 500-hPa heights that move the northern anticyclone into Siberia, but 
enlarge the cyclonic anomaly so it still simulates realistic China precipitation trend patterns. A separate idealized TIO SST 
warming simulation simulates the TIWP-EA feature more realistically with correct precipitation patterns and supports the 
TIWP-EA teleconnection as the primary mechanism for long-term increasing precipitation in South China since 1960. Cou-
pled Model Intercomparison Project (CMIP) experiments simulate a reduced TIO SST warming trend and weak precipitation 
trends, so the TIWP-EA feature is absent and strong drying is simulated in South China for 1960–1997. These simulations 
highlight the need for accurately modeled SST to correctly attribute regional climate trends.

Keywords Tropical Indian Ocean · Sea surface temperature · AMIP · Climate trends · East Asian Winter Monsoon · 
Precipitation · China

1 Introduction

Previous traditional Atmospheric Model Intercomparison 
Project (AMIP) experiments, forced by prescribed his-
torical sea surface temperature (SST) and sea ice, success-
fully capture many aspects of observed climate variations 

around the globe (e.g., Gates et al. 1999; Schneider et al. 
2003; Deser et al. 2004; Hurrell et al. 2004; Schubert et al. 
2004). Some studies further examine the relative effects of 
observed and direct atmospheric radiative forcing (due to 
observed changes in well-mixed greenhouse gases, ozone, 
sulfate aerosols, volcanic eruptions and solar irradiance) on 
global winter surface air temperature (SAT), precipitation 
and atmospheric circulation trends with atmospheric gen-
eral circulation models (AGCMs) (Compo and Sardeshmukh 
2009; Deser and Phillips 2009; Dommenget 2009; Pegion 
and Kumar 2010; Chan and Wu 2015). These studies con-
clude that most land warming is caused indirectly by ocean 
warming and not by the direct local response to radiative 
forcings, thus emphasizing the significant role of remote 
oceanic influences on continental warming. If SST changes 
are prescribed only in the tropics, with climatological SST 
elsewhere, models still produce reasonable trends even in 
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the extratropics, indicating that tropical oceans are the main 
driver of extratropical SAT and precipitation responses to 
climate forcing (e.g., Hoerling et al. 2004; Hurrell et al. 
2004; Lu et al. 2004; Deser and Phillips 2009). Shin and 
Sardesmukh (2011) found that the recent trend patterns of 
SAT and precipitation over North America, Europe and 
North Africa have been strongly influenced by the warming 
pattern of the tropical oceans. Gradual tropical Indian Ocean 
(TIO) SST warming has been the main contributor to the 
positive polarity of the North Atlantic Oscillation (NAO) 
and associated North Atlantic and European winter climate 
changes during 1950–1999 (Hurrell et al. 2004; Hoerling 
et al. 2004). The physical link by which tropical forcing 
affects extratropical atmospheric circulation involves dia-
batic heating anomalies caused by tropical rainfall changes 
(Hoskins and Karoly 1981). The generation of extratropical 
circulation anomalies corresponding to the Pacific-North 
America (PNA) teleconnection pattern by tropical forcing 
can be explained by existing linear theory and known atmos-
pheric wave dynamics (e.g., Trenberth et al. 1998). A NAO-
like response to an Indian Ocean SST anomaly most likely 
involves synoptic eddy feedbacks that cause changes in the 
North Atlantic storm track (Hoerling et al. 2004).

Many interannual and decadal climate variations in China 
have been attributed to tropical Pacific and Indian Ocean 
SST variations. El Niño often peaks in winter and is usu-
ally associated with a weak East Asian winter monsoon 
(EAWM) with mild and wet conditions in China (Zhang 
et al. 1996; Wang et al. 2000), and cold winters south of 
40°N in East Asia are often preceded by development of 
La Niña episodes (Wang et al. 2010). At the interannual 
time scale, some studies connect ENSO with two Indian 
Ocean SST modes, namely the Indian Ocean basin (IOB) 
mode and Indian Ocean Dipole (IOD) mode, which in turn 
affect the East Asia climate. The warm (cold) IOB phase is 
found to occur in the spring following an El Niño (La Niña) 
event. Yang et al. (2007) proposed that the IOB mode acts 
to accumulate and prolong the ENSO influence until the 
following summer, and intensifies the East Asian summer 
monsoon (EASM) by inducing an anticyclonic anomaly in 
the lower troposphere over the subtropical northwestern 
Pacific. The peak IOD SST anomaly appears in the fall and 
shows a strong link to the Asian winter monsoon (Yang et al. 
2010). Zheng et al. (2013) reported that convective heating 
associated with the leading interannual rainfall variability 
mode in the tropical Indo-Western Pacific (IWP), which is 
highly related to IOD in autumn and to ENSO in winter, 
can generate a wave train from the IWP to East Asia and the 
northwestern Pacific that has significant impacts on Asian 
climate. On the decadal time scale, Pacific Basin SST vari-
ations substantially influence the EAWM and China climate 
(Li and Xian 2003; Wang et al. 2008), and SST anomalies 
over the TIO also have significant impacts on winter SAT 

variations over East Asia (Wang et al. 2010). Some stud-
ies reveal that the North Pacific Gyre Oscillation (NPGO), 
defined as the second pattern of North Pacific SST vari-
ability (Di Lorenzo et al. 2008), has significant impacts on 
the East Asian climate on the interannual scale (e.g., Wang 
et al. 2007; Choi et al. 2011), and also on the decadal time 
scale (Ye et al. 2017).

On longer time scales, the EAWM weakened starting in 
the mid-1960s, coinciding with a weakening Siberia High 
and stronger warming in northern China (Liang et al. 2014; 
Wang and Chen 2014; Ding et al. 2014; also, Figs. 1, 2). 
However, since the late 1990s there has been a fast Siberia 
High recovery with a stronger EAWM and winter cooling in 
China (Jeong et al. 2011; Wang and Chen 2014), which may 
be associated with an increase in Eurasian snow cover or 
Arctic sea ice loss in the last two decades (Jeong et al. 2011; 
Wu et al. 2011, 2015). In South China, where the average 
winter temperature is above 5 °C (Fig. 1d), China precipita-
tion is heaviest (> 200 mm in winter, Fig. 1f) and has signifi-
cantly increased since the 1960s, and several prolonged ice 
storm events have caused severe damage in recent decades 
(Zhai et al. 2005; Sun and Ao 2013; Li et al. 2015; also 
Fig. 3). Through comparisons of observational and histori-
cal simulated temperature trends from CMIP3 and CMIP5, 
detection and attribution studies suggested that observed 
winter warming in East Asia is partly caused by increases 
in greenhouse gas concentrations (Hu et al. 2003; Wu and 
Karoly 2007; Wu 2010). However, long-term changes asso-
ciated with atmospheric internal variability modes, primarily 
the increasing high index polarity of both the Arctic Oscilla-
tion (AO, Thompson et al. 2000) and the hemispheric PNA 
teleconnection in the second half of the twentieth century, 
also have induced zonal-mean flow anomalies that contrib-
uted to winter warming trends over most Northern Hemi-
sphere (NH) land areas including China (Thompson et al. 
2000; Wu and Straus 2004). In contrast, there are tremen-
dous disagreements between models in simulating China’s 
precipitation trends (e.g., Hu et al. 2003). Current CMIP5 
coupled models have difficulties in capturing the observed 
regional precipitation trends in China (Sect. 3.3 and Fig. 8), 
which makes it difficult to attribute China’s current precipi-
tation trends to global warming.

Several studies have found indications of a possible 
important influence of SST warming over the TIO on win-
tertime precipitation variations in China in the last few dec-
ades. SST over the TIO shows significant warming trends 
which project well onto the IOB mode since 1960 (Fig. 5a). 
Through observational analysis and an idealized experiment, 
Li et al. (2015) found tha the main cause of increasing win-
ter precipitation in the middle and lower Yangtze (MLY) 
River region in China during 1979–2009 was warming TIO 
SST. They suggested that enhanced convection generated by 
TIO SST warming remotely forces an anomalous cyclonic 
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Fig. 1  Observed and simu-
lated time series for winters 
1960–2014 (winter is DJF 
starting in the stated year). 
Observations are averages of 
about 700 stations in Main-
land China, and the Siberia 
High index is calculated over 
70°–120°E, 40°–60°N, the box 
in (d). AMIP (1960–2014) and 
CMIP5 (1960–2005) lines are 
ensemble averages described 
in Sect. 2. a Average SAT 
anomalies (°C). b Average 
precipitation anomalies (mm/
month). c Siberia High anomaly 
index (hPa). d, e, f Winter mean 
climatology, shown for a basic 
picture of East Asian winter 
climate, including (d) NCEP/
NCAR reanalysis SLP (hPa) 
and vertically integrated water 
vapor flux (red vectors, Qu, Qv) 
[kg/(m s)]. e SAT (°C) and f 
precipitation station averages 
(mm/month)
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Fig. 2  Winter (DJF) observed 
linear SAT trends (K/decade) 
for a 1960–2014, b 1960–1997 
and c 1998–2014 at Chinese 
mainland stations, and d, e, f 
corresponding simulated ensem-
ble mean trends from AMIP 
experiments. Solid circles in 
the top panels and plus symbols 
in the bottom panels mark 
individual stations or grid boxes 
with positive or negative trends 
significant at the 5% level (open 
circles in the top panels are not 
significant)

Fig. 3  Same as Fig. 2 except 
for winter linear precipitation 
trends (mm/mon/decade)
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circulation along the coast of eastern China, which increases 
moisture transports to China and causes anomalous conver-
gence over the MLY. Hu et al. (2003) found a high correla-
tion between the leading EOF1 of the TIO SST (resembling 
the IOB mode) and East China’s precipitation and North 
China’s temperature in winter, and suggest that climate 
variations in winter in China may be connected to the SST 
warming trend in the Indian Ocean.

The main purpose of this study is to systematically inves-
tigate the impacts of global and TIO SST changes on long-
term winter temperature and precipitation trends in China 
since 1960 and the associated mechanisms through analyz-
ing AMIP and coupled historical simulations from CMIP5. 
Two idealized experiments also isolate and demonstrate 
important effects of a TIO warming on China winter cli-
mate. We examine the whole 1960–2014 period, as well as 
separate 1960–1997 (weakening EAWM) and 1998–2014 
(strengthening EAWM) periods (the exact year of division 
between EAWM periods is not critical), and focus espe-
cially on possible roles of global and TIO SST changes in 
the observed strengthening EAWM and cold winters since 
the late 1990s. The findings demonstrate the importance 
of correct representation of tropical TIO SST changes in 
coupled models for simulating long-term increasing winter 
precipitation trends in China. The paper is organized as fol-
lows. Data and methods are outlined in Sect. 2, results are 
presented in Sect. 3, and a summary is provided in Sect. 4.

2  Datasets and methodology

In this study, winter (December–February or DJF) is referred 
to by the starting year and most analyses cover winters 
1960–2014, 1960–1997, and 1998–2014, but some datasets 
are available for other periods as stated. Observation-based 
datasets include observed monthly temperature and precipi-
tation (Pr) at 700 stations in mainland China for 1960–2014 
from the China National Climate Center, precipitation for 

1979–2014 from the Climate Prediction Center Merged 
Analysis of Precipitation (CMAP) (Xie and Arkin 1997), 
and various atmospheric fields for 1960–2014 from the 
NCEP Reanalysis (Kalnay et al. 1996). Two indices are 
used to describe the EAWM, including the intensity of the 
Siberian High, which is defined as the mean SLP anomaly 
averaged over the center of climatological Siberian High 
(70°–120°E, 40°–60°N, Fig. 1d) (Gong et al. 2001), and the 
average temperature anomaly in China.

Table 1 lists three simulated datasets analyzed in this 
study. The first simulation dataset comprises 52 Atmospheric 
Model Intercomparison Project (AMIP) historical runs per-
formed by four modeling groups and provided by NOAA 
Earth System Research Laboratory (ESRL) (http://www.
esrl.noaa.gov/psd/). The four ensembles are 12 members 
from the GEOS 5 model (Molod et al. 2012) simulated by 
NASA Goddard Space Flight Center (GSFC), 12 members 
from GFDL AM3 (Donner et al. 2011) by NOAA Geophysi-
cal Fluid Dynamics Laboratory (GFDL), and 28 members 
from CAM5.1 (Neale et al. 2013) by two modeling groups 
[NOAA ESRL and DOE Lawrence Berkeley National Labo-
ratory (LBNL)]. These four ensembles are chosen because 
their simulations start before 1960. The atmospheric models 
are forced by observed well-mixed greenhouse gas concen-
trations, ozone, aerosols, SST, and sea ice concentration 
(SIC) (Hurrell et al. 2008). Simulated atmospheric fields of 
SAT, precipitation, sea level pressure (SLP), 500 hPa geo-
potential height (Z500), 250 hPa geopotential height (Z250) 
and 500-hPa wind (UV500) are analyzed during 1960–2014. 
Most analyses in this study are based on ensemble averages 
of the 52 runs, but results are very similar if we first took 
each model’s ensemble average and then averaged across 
the four model ensembles. Therefore, the conclusions are 
not excessively weighted by CAM5.1. Note that only 40 
ensemble members of Z500 and Z250 are analyzed since 
Z500 and Z250 from GFDL AM3 is not available, and only 
28 ensemble members of UV500 are analyzed since UV500 
is not available from GEOS 5 and GFDL AM3. Figures 12, 

Table 1  Overview of models, 
including AMIP models and 
ensemble number for each 
model, CMIP5 Historical 
model runs, and model used for 
the idealized Tropical Indian 
Ocean observed SST warming 
(TIOTrend) experiments

Experiments Model

AMIP GEOS 5
(12)

ESRL CAM5.1
(14)

LBNL CAM5.1
(12)

GFDL AM3
(12)

CMIP5 historical BCC-CSM1-1, BCC-CSM1-1-m, BNU-ESM, CanESM2, CCSM4, CESM1-
BGC, CESM1-CAM5, CESM1-FASTCHEM, CESM1-WACCM, CMCC-
CESM, CNRM-CM5, CNRM-CM5-2, CSIRO-Mk3-6-0, FGOALS-g2, 
FIO-ESM, GISS-E2-H, GISS-E2-H-CC, GISS-E2-R, GISS-E2-R-CC, 
INMCM4, MIROC4h, MIROC5, MIROC-ESM, MIROC-ESM-CHEM, 
MPI-ESM-LR, MPI-ESM-MR, MPI-ESM-P, MRI-CGCM, MRI-ESM1, 
NorESM1-M, and NorESM1-ME (one ensemble for each of 31 models)

Idealized TIOTrend CAM4

http://www.esrl.noaa.gov/psd/
http://www.esrl.noaa.gov/psd/
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13, 14, 15, 16 show that most simulated responses to global 
or TIO SST changes are similar among models, except for 
limited areas with disagreeing trends in the short 1998–2014 
period.

The second simulation dataset is CMIP5 (downloaded 
through http://cmip-pcmdi.llnl.gov/cmip5/index.html) histori-
cal runs forced by observed atmospheric composition changes 
reflecting both anthropogenic and natural sources (Taylor et al. 
2012). These runs use historical forcing from 1850 to 2005, 
so only 1960–1997 trends are analyzed, but similar results 
are obtained in 1960–2000 or 1960–2005. To determine the 
possible roles of external anthropogenic and natural radiative 
forcings in the observed climate trends, the modeled trends of 
SST, SAT, precipitation, Z500, and UV500 are calculated. To 
avoid biasing the multimodel mean towards model versions 
with large ensembles, only one ensemble member from each 
of the thirty-one models listed in Table 1 is considered (Taylor 
et al. 2012). Because CMIP models compute SST and sea ice, 
they usually do not generate ENSO and other variations in the 
same years as observed, and ensemble averaging smooths such 
variations in both time and space.

Significance testing is based on the standard deviation (σ) 
of 55-year (1960–2014), 38-year (1960–1997) or 17-year 
(1998–2014) linear trends of AMIP ensemble members in 
any grid box or region, with all members assumed independ-
ent. The same σ values are assumed to apply when evaluat-
ing significance of differences of an observed or reanalyzed 
trend from zero, or differences of a model trend from the 
corresponding observed or reanalysis trend. Here we apply 
a two-sided local significance test (warming trend ≥ 2.0σ or 
cooling trend ≤ − 2.0σ) to determine whether the observed 
trend is significantly different from zero at the 5% signifi-
cance level, and whether the simulated trend is significantly 
different from zero at the 5% significance level using |trend| 
⩾ 2.0�∕

√

N − 1 , where N is the number of ensemble mem-
bers (N = 52, 40, or 28). Since the simulated gridded datasets 
have different horizontal resolutions, they are analyzed after 
regridding onto a 1° latitude-longitude grid.

The third simulation dataset in Table 1 is two additional 
CAM4 (Neale et al. 2013) model runs at T42 spectral reso-
lution, performed by Nanjing University to isolate effects 
of a TIO warming. The control (CTR) run is forced with 
monthly climatological SST, and the TIOTrend run is 
forced with monthly climatological SST plus the monthly 
observed linear SST warming trend in 1960–2014 over the 
TIO region (Indian Ocean grid boxes from 20°S to 20°N, 
reduced linearly to zero amplitude at 30°S or 30°N to avoid 
an abrupt discontinuity). The monthly linear SST trend dur-
ing 1960–2014 is calculated from the data set of Hurrell 
et al. (2008). Figure 5a shows the DJF trend in K/decade 
(the 1960–2014 linear trend for any month of the year is 
5.5 times the trend in K/decade).The linear SST trend in the 
TIO is approximately equal to is about 1K warming. Each 

run is 60 years long with a repeating annual SST cycle, and 
the climate response of any variable is the average state from 
the last 50 years of the TIOTrend run minus the CTR run. 
Statistical significance of grid-box responses is assessed by a 
standard two-tailed difference of means Student’s t test (Von 
Storch and Zwiers 1999).

3  Results

3.1  Observed and AMIP trends

Figure 1e–f show the average winter temperature and pre-
cipitation in China. The winter temperature averages above 
0 °C in all of southeastern China and winter precipitation 
averages above 200 mm (in 3 months) generally in the south-
eastern coastal region. The main winter water vapor sources 
are moist air from the southwest over the Indochina Pen-
insula originating in the TIWP, supplemented by turning 
flow from the oceans southeast of China (Zhang et al. 2009, 
Fig. 1d). In winter, the Siberian High (Fig. 1d) brings strong 
northerly and northeasterly winds over northern and central 
China and the South China Sea, and its intensity largely 
determines the strength of the EAWM circulation. Observed 
China winter SAT shows consistent warming, and the Sibe-
ria High index show a negative trend until the late 1990s 
followed by strong cooling and a recovery of the Siberia 
High (Fig. 1a, c), both with large interannual fluctuations. In 
Fig. 2a–c, almost every station shows linear warming trends 
in 1960–2014 and 1960–1997 (weakening EAWM, averag-
ing + 0.452 °C/decade, stronger warming north of 40°N), 
and most stations outside southwestern China show cooling 
in 1998–2014 (strengthening EAWM, averaging − 0.513 °C/
decade), which corresponds to the global warming hiatus 
(Meehl et al. 2011). However, in Fig. 1a the AMIP ensem-
ble mean simulates a slow cooling trend until the early 
1990s, followed by nearly steplike warming ~ + 0.7 °C. In 
Fig. 2d–f (and in Fig. 12 for all four AMIP ensembles), both 
1960–1997 and 1998–2014 show linear warming trends in 
Northeast China and cooling trends almost everywhere else 
in China (simulated trends over China average − 0.060 °C/
decade in 1960–1997 and − 0.066 °C/decade in 1998–2014), 
whereas 1960–2014 shows cooling in southeastern China 
and warming almost everywhere else. This apparent dis-
crepancy can be explained from Fig. 1a (blue line), where 
the AMIP time series shows general cooling until the early 
1990s, a temperature spike peaking in 1999, and some cool-
ing since then. Because the average SAT is warmer after 
the 1990s than before, the 1960–2014 linear trend shows 
weak warming even with cooling trends in both sub-periods. 
The contradictory trends are China averages, so large por-
tions of China in Fig. 2d–f show a similar disagreement with 
observed station trends. The opposite observed and AMIP 

http://cmip-pcmdi.llnl.gov/cmip5/index.html
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SAT trends from the 1960s to the late 1990s will be further 
addressed in Sect. 3.3.

Figure 1b shows that observed average winter precipita-
tion increased from 1960 to 1997 (trend + 1.653 mm/mon/
decade) and also from 1998 to 2014 (+ 0.225 mm/mon/dec-
ade). In Fig. 3a–c, similar trends in both periods in South 
China result in net increasing precipitation in 1960–2014. 
The largest drying areas are in the North China plain from 
1960 to 1997 and the middle and lower reaches of the Yang-
tze River from 1998 to 2014. In Fig. 1b, the AMIP ensemble 
average shows almost the same moistening in 1960–2014 as 
in the observations with trends of + 0.748 and + 0.130 mm/
mon/decade for 1960–1997 and 1998–2014, respectively, 
including some individual winters with very similar large 
anomalies, although most winters have small anomalies in 
AMIP due to ensemble averaging. The correlation between 
the observed and AMIP ensemble mean precipitation from 
1960 to 2014 is + 0.52. The AMIP ensemble-mean simu-
lations (Fig. 3d–f) reproduce the observed precipitation 
patterns for 1960–2014 and 1960–1997 very well. For the 
four model ensembles, Fig. 13 shows considerable consist-
ency in linear precipitation trends in South China and the 
North China plain from 1960 to 2014 and 1960–1997. The 
consistent AMIP results from 1960 to 1997 and 1960–2014 
indicate that global SST changes have contributed to exten-
sive areas of long-term increasing precipitation in South 
China and decreasing precipitation in the North China 
plain. In the right column of Fig. 13, although simulated 
drying trends over coastal East China are consistent among 
the four ensembles, there are some large disagreements in 
1998–2014 trends due to substantial internal atmosphere and 
ocean variability in that short averaging period. Over South 
China the ESRL and LBNL CAM5.1 models simulate insig-
nificant positive trends, similar to the observations, while 
GEOS 5 and GFDL-AM3 simulate drying trends that are 
mostly insignificant.

The atmospheric circulation changes induced by 
global SST forcing in the AMIP runs play a central role 
in simulated winter temperature trends in China. During 
1960–2014, significant positive SLP trends are found over 
eastern Siberia and the western Arctic, and negative SLP 
trends covering western China and coastal eastern China 
into the North Pacific (Fig. 4a). Z500 has positive trends 
almost everywhere, except for two areas with cyclonic 
trends, one over western China and Central Asia and 
another over northern Europe (Fig. 4b). In 1960–1997, 
Fig. 4c shows significant positive SLP trends extending 
from Siberia to central China and negative SLP trends cov-
ering western China, coastal eastern China and the North 
Pacific, while large-scale significant negative SLP trends 
are simulated over most regions of the tropical Indian and 
Pacific Oceans. The positive SLP trends favored stronger 
surface northerly winds over East Asia and more strongly 

enhanced the transport of colder air from Siberia into 
China in 1960–1997 than in the longer period 1960–2014 
(Fig. 2d–e). The AMIP ensemble simulates an insignifi-
cant positive trend of the Siberian High in 1960–1997 
(about 0.160 hPa/decade, blue line in Fig. 1c), but a small 
and insignificant negative trend in 1968–1997 (about 
− 0.041 hPa/decade), which does not reproduce the signifi-
cant observed negative trend in 1960–1997 (-0.570 hPa/
decade, black line in Fig. 1c). In Fig. 4d, Z500 has positive 
trends in most regions of the tropics, reflecting general 
middle tropospheric warming. This baroclinic tropical 
atmospheric circulation trend is considered to be a lin-
ear dynamical response to SST-related convective heating 
(Hoskins and Karoly 1981). In addition to a PNA-like pat-
tern in the extratropics, Z500 trends show a “+–+” wave 
train from the TIO and western Pacific (TIWP) toward 
eastern Eurasia (EA), which we call the TIWP-EA wave 
train, with centers over Indonesia, the Tibetan Plateau, 
and northern Siberia. The TIWP-EA circulation pattern 
increases the strength of both the trough and the ridge 
that develops over East Asia during winter, indicating 
a significant increase in the strength of the EAWM and 
more frequent cold waves in China in 1960–1997 (Fig. 2e). 
There is also a clear TIWP-EA response in the Z500 trend 
in 1960–2014, but with the two northern centers weaker 
compared to 1960–1997 (Fig. 4b).

During 1998–2014, AMIP simulates strong positive 
SLP trends with an intensified Siberian High over Northern 
Eurasia, and from coastal East China to the east of Japan 
(Fig. 4e), coupled with weak SLP trends over small parts of 
northern China and Mongolia. Note that the AMIP ensem-
ble generally reproduces the recent recovery of the Sibe-
rian High with simulated and observed Siberia High index 
trends of 0.480 and 0.560 hPa/decade. In Fig. 4f, the Z500 
trend also shows the TIWP-EA pattern, but with the northern 
center stronger and the central cyclonic center much weaker 
compared to 1960–1997, together with an enhanced Aleutian 
Low that is part of a distinct positive PNA. This combina-
tion of conditions was conducive for cold air intrusions into 
China, and led to the winter cooling in Fig. 2f. Therefore, 
the TIWP-EA teleconnection response is a robust feature in 
the multi-model ensemble mean Z500 trend in all three peri-
ods, and displays a mid-latitude barotropic structure in the 
troposphere. Figure 15 (left column) shows that the ensem-
ble mean Z500 TIWP-EA wave trains agree well among the 
three available model ensembles.

The above TIWP-EA circulation trends in the AMIP runs 
have enhanced winter climatological water vapor fluxes from 
the southwest over the Indochina Peninsula originating in 
the TIWP and contributed to significantly increased precipi-
tation in South China. As a trough approaches from the west, 
TIO SST warming favors cyclonic anomalies over western 
China and anticyclonic anomalies in the subtropical and 
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tropical western Pacific (as seen in Fig. 4b, d), enhancing 
moisture convergence and precipitation especially over the 
Yangtze region (Fig. 13 of Li et al. 2015). Associated with 
decreasing Z500 over mid-latitude Asia in the TIWP-EA 
teleconnection responses in Fig. 4, southwesterly flow ahead 
of the southern branch of westerly troughs is enhanced, and 
troughs over China continually strengthen from 1960 to 1997 
(Fig. 16a). The continuing positive Z500 trend in the west-
ern subtropical Pacific indicates a strengthened and north-
ward displaced subtropical high. These Z500 trends led to 

an increasing southerly water vapor transport into southern 
China and favored large-scale persistent winter precipitation 
events (including freezing rain when this moisture overruns 
a shallow subfreezing air mass) over southern China.

During 1998–2014, the TIWP-EA teleconnection 
response in Fig. 4f (also Fig. 15f, i) and the associated 
UV500 trend (Fig. 16b) also contribute to forced increased 
precipitation in South China in ESRL CAM5.1 and LBNL 
CAM5.1 (Fig. 13c, f, i). However, the PNA-like responses 
play a major role in drying trends over coastal East China 

Fig. 4  AMIP ensemble mean winter (DJF) linear trends of (left col-
umn) sea level pressure (hPa/decade) and (right column) 500  hPa 
geopotential height (m/decade) for (top row) 1960–2014, (middle 
row) 1960–1997 and (bottom row) 1998–2014. Dots mark individual 

grid boxes with positive/negative trends significant at the 5% level. 
The + and − symbols in the right panels are explained in the text. 
Note that Z500 (b, d, f) is based on ensemble averages of 40 rather 
than 52 model runs
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in the ensemble mean and three of the four models (GEOS 
5, ESRL CAM5.1 and LBNL CAM5.1). The negative Z500 
trends over the North Pacific induced northerly or north-
east wind trends over East China (Fig. 16b), which led 
to a decreasing southerly water vapor transport into East 
China and were unfavorable to large-scale persistent winter 
precipitation.

The physical link by which tropical forcing affects extra-
tropical atmospheric circulation involves diabatic heating 
anomalies caused by tropical rainfall changes (Hoskins 
and Karoly 1981). In Fig. 5c, significant warming SST is 
detected over the eastern Tropical Pacific during 1960–1997, 
along with increased precipitation over the central and east-
ern equatorial Pacific (Fig. 5d). The associated diabatic 
heating contributes to the PNA-like response in Fig. 4d 

Fig. 5  (Left column) observed winter (DJF) SST linear trends (K/
decade) (a, c, e) and (right column) AMIP ensemble mean winter lin-
ear trends of tropical precipitation (mm/mon/decade), for (top row) 
1960–2014, (second row) 1960–1997 and (third row) 1998–2014. 

Observed CMAP precipitation trends during 1998–2014 are plotted 
in (g). Dots mark individual grid boxes with positive/negative trends 
significant at the 5% level
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(Trenberth et  al. 1998). Similarly, during 1998–2014 
(Fig. 5e) strong SST warming over the central and eastern 
equatorial Pacific and northern subtropical Pacific caused 
significant increased precipitation over the northern East 
Tropical Pacific (Fig. 5f), which is responsible for an even 

larger PNA response in that period (Fig. 4f). In Fig. 5b, d, 
f, the AMIP experiment simulates consistently increased 
precipitation over the southern Indian Ocean during all 
three periods (1960–2014, 1960–1997 and 1998–2014), 
but increased precipitation over most of the equatorial 

Fig. 6  a Winter (DJF) simulated 
(red, based on AMIP) and 
observed (blue, based on 
CMAP) precipitation indices 
(standard deviations) calcu-
lated over boxes in the tropical 
Indian Ocean (in b: 50–90°E, 
0–20°S, in c: 40–90°E, 0–20°S). 
b–i Regressions of simulated 
or observed (b, c) precipitation, 
(d, e) SLP, (f, g) Z500 and (h, 
i) Z250 onto the corresponding 
TIO precipitation index in (a). 
Panels (b, d, f, h) are based 
on AMIP simulated ensemble 
averages during 1960–2014, 
panels (c, e, g, i) are based on 
observations during 1979–2014, 
and Z500 and Z250 are based 
on ensemble averages of 40 
rather than 52 model runs. Dots 
mark individual grid boxes 
with precipitation, SLP, Z500 
or Z250 regression coefficients 
significant at the 5% level. The 
+ and – symbols in panels f–i 
are explained in the text
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Indian Ocean during 1960–2014 and 1960–1997, and 
decreased precipitation in 1998–2014. The above precipita-
tion responses over the TIO are consistent with significant 
SST warming over the whole TIO basin which projects onto 
the IOB mode during 1960–2014 and 1960–1997, and only 
over the southern TIO during 1998–2014 (Fig. 5a, c, e). The 
AMIP ensemble mean increased (decreased) precipitation 
over the southern (equatorial) Indian Ocean is remarkably 
consistent with that in the observed (OBS) CMAP data dur-
ing 1998–2014 (Fig. 5f–g).

To examine the potential role of the TIO rainfall increase 
in driving winter circulation trend patterns over eastern 
Eurasia, we constructed two normalized TIO precipita-
tion indices averaging the precipitation anomaly over areas 
with large TIO precipitation trends in the AMIP simulation 
and observational CMAP data (Fig. 6a). Then, we calcu-
lated regression maps of AMIP precipitation, SLP, Z500 
and Z250 onto the corresponding normalized TIO precipi-
tation index (Fig. 6b–c). The regression maps show Z500 
responses to wet (versus dry) seasons even though trends 
and specific extreme seasons differ in each source. The 
AMIP regressed precipitation anomaly (Fig. 6b) reveals a 
maximum increase in TIO rainfall from about 40°E–80°E, 
closely resembling the positive TIO rainfall trend patterns in 
the AMIP simulations (Fig. 5a, c). SLP regression patterns 
show significant negative anomalies over the TIO in both 
AMIP and observations, and significant negative anomalies 
over central Asia in AMIP (Fig. 6d–e). The AMIP Z500 
regression map (Fig. 6f) strongly resembles the TIWP-EA 
trend patterns over Asia in Fig. 4d, f. Similar correspond-
ence is also found in 1979–2014 between the observed TIO 
precipitation anomaly and the NCEP reanalysis Z500 anom-
aly. The TIWP-EA wave train in the upper troposphere is 
strengthened and displays a barotropic structure (Fig. 6h–i). 
Figure 6d–i suggest that the TIWP-EA wave train and asso-
ciated atmospheric circulation anomalies can also be trig-
gered by observed winter rainfall anomalies over the TIO. 
Figure 17 shows TIO precipitation indices, precipitation 
trends, and Z500 anomaly patterns computed in the same 
way for each of the three model ensembles with available 
Z500 outputs. The simulated TIWP-EA teleconnection 
agrees well with observations (Fig. 6) and also among three 
available models (Fig. 17), indicating that this is very likely 
a real atmospheric teleconnection in spite of the differences 
between AMIP and observed trends.

During 1998–2014, decreased precipitation over most of 
the equatorial and northern Indian Ocean triggers a nega-
tive TIWP-EA wave train, which partly offsets the positive 
TIWP-EA wave train induced by increased precipitation over 
the southern Indian Ocean in the AMIP experiment simula-
tions (Fig. 5f). This explains why the cyclonic center over 
Asia during 1998–2014 in Fig. 4e–f is much weaker than 
during 1960–1997.

3.2  Results in the idealized experiments

The above AMIP results suggest that the increasing DJF TIO 
rainfall trend is an important factor in Asian climate change. 
This advances the physical argument for a link between TIO 
precipitation forcing and the observed extratropical response 
over the Asian region (Zheng et al. 2013; Li et al. 2015). 
We further verify this relationship using an idealized CAM4 
model experiment forced with observed Indian Ocean warm-
ing trends in 1960–2014 (TIOTrend) and climatological SST 
elsewhere, as described in Sect. 2. The atmospheric response 
to observed SST warming only in the TIO is calculated as the 
50-year average state of the TIOTrend run minus the CTR 
run. Figure 7 displays responses in DJF of SAT, land and 
oceanic rainfall, SLP, Z500, Z250 and 850 hPa wind vectors 
and the vertically integrated water vapor flux with this ideal-
ized Indian Ocean SST warming. A cooling response over 
the China mainland and a positive precipitation response in 
South China are clearly simulated (Fig. 7a, b). SLP shows 
negative anomalies over the Indian Ocean and most of Eura-
sia, and a large positive anomaly over northeast Eurasia and 
the extratropical North Pacific (Fig. 7c). The Z500 and Z250 
response (Fig. 7d, e) over the TIO and western Pacific and 
Asia virtually replicates the TIWP-EA patterns in Figs. 4b, d 
and 6e–i. The positive precipitation response in South China 
is obviously due to enhanced southwesterly flow and mois-
ture convergence into southeastern China associated with 
decreasing Z500 over mid-latitude Asia in the TIWP-EA 
pattern and the strengthened subtropical high (Fig. 7b–f). 
Note that the Z500 response pattern over the North Atlantic 
projects strongly onto the positive polarity of the NAO pat-
tern, consistent with Hoerling et al. (2004).

3.3  Results in coupled simulations from CMIP5 
in 1960–1997

Figure 8 shows the 31-model ensemble-mean trends of win-
ter SAT and precipitation in China during 1960–1997 from 
CMIP5 historical runs. The external forcing leads to general 
warming over mainland China, with linear SAT trends of 
+ 0.10–0.20 (0.20–0.30) °C/decade over southern (north-
ern) China. These are much weaker than observed warm-
ing trends in Fig. 2b. The CMIP5 ensemble mean trend of 
China’s averaged SAT is 0.165 °C/decade, compared to the 
observed value of 0.452 °C/decade (Fig. 1a). Similarly, the 
CMIP5 simulates a small negative trend of the Siberia High 
in 1960–1997 (− 0.030 hPa/decade) (Fig. 1c, red line). The 
CMIP5 ensemble mean in Fig. 1a reproduces the China win-
ter SAT trend at about one-third of the smoothed observed 
amplitude, and with small annual variations because ensem-
ble members independently simulate phenomena such as 
ENSO and the Pacific Decadal Oscillation (PDO) including 
their SST variations. Meanwhile, reduced precipitation over 
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eastern China and insignificant increased precipitation over 
western China is simulated during 1960–1997, in contrast 
to observed and AMIP ensemble increasing precipitation in 
South China (Fig. 3b, e). The CMIP5 ensemble average in 
Fig. 1b shows almost no trend in 1960–2005 (− 0.061 mm/
mon/decade) and small annual variations. This suggests that 
the mechanism for observed long-term increasing trend of 
winter precipitation in South China is captured in the AMIP 

ensemble mean, but missed in the CMIP5 Historical ensem-
ble runs.

In Fig. 9, NCEP reanalysis Z500 trends for 1960–1997 
show large decreases over northern Eurasia and the Arc-
tic (significant mainly around Greenland), but significant 
increases over most of Asia south of 50 °N. The pattern 
of polar decreasing heights and mid-latitude increas-
ing heights indicates a tendency toward a high AO index 

Fig. 7  Simulated winter (DJF) responses to observed SST warming in 
the TIO in 1960–2014 based on the last 50 years of 60-year CAM4 
runs (TIOTrend minus CTL): a SAT (K), b precipitation (mm/month) 
and vertically integrated water vapor flux (red vectors, Qu, Qv) [kg/
(m s), vectors plotted only if > 5 kg/m s)], c SLP, d Z500, e Z250, and 
f 850 hPa wind vectors (arrow indicates 5 m/sec). Contour intervals 
are 0.5mb for SLP and 5  m for Z500 and Z250. Negative contours 

are dashed, zero line omitted in (c–e). Dots in (a) and gray shading 
in (c–e) mark individual grid boxes with positive/negative responses 
significant at the 5% level. In (b), only precipitation and water vapor 
flux vector responses significant at the 5% level are plotted. In (f), 
only vectors are plotted with significant responses of 850 hPa zonal 
and/or meridional wind speed at the 5% level
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polarity (Thompson et al. 2000). The resulting circulation 
changes favored weaker northerly winds over East Asia and 
reduced transport of cold air from Siberia into China, lead-
ing to observed warming winter SAT in China. This is in 

contrast to the AMIP cooling trend induced by the TIWP-
EA teleconnection. Comparing Figs. 4d and 9a, the AMIP 
ensemble mean obviously does not reproduce the observed 
Z500 trend pattern. However, Fig. 9a, b show an area with a 

Fig. 8  CMIP5 ensemble mean 
winter (DJF) 1960–1997 linear 
trends of a SAT (K/decade) and 
b precipitation (mm/mon/dec-
ade). Dots mark individual grid 
boxes with positive or negative 
trends significant at the 5% level

Fig. 9  NCEP reanalysis DJF (a, b) 1960–1997 and (c, d) 1998–2014 
linear trends of (a, c) 500-hPa geopotential height (m/decade, dots 
mark grid boxes with positive or negative trends significant at the 
5% level), and (b, d) 500-hPa wind vectors (m/sec/decade). In (b, d), 

gray shaded areas have trends of 500-hPa zonal and/or meridional 
wind speed significant at the 5% level, and the arrow in the yellow 
box indicates the magnitude of the specified wind anomaly
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weak Z500 increase and a 500 hPa cyclonic wind anomaly 
centered around Bangladesh, which is a robust feature dur-
ing the last four decades of the twentieth century and is not 
dependent on the specific ending year. The negative AMIP 
Z500 trend over South and East Asia in Fig. 4d leads to an 
associated 500 hPa cyclonic wind anomaly in both available 
CAM5.1 model ensembles (Fig. 16a) that is consistent with 
the observed cyclonic wind trend pattern in Fig. 9b. Com-
bined with Z500 increases over Northeast Asia and the equa-
torial Indian Ocean, the TIWP-EA-like +–+ teleconnection 
pattern is still seen in Fig. 9a with a smaller northern extent 
than in Fig. 4d, and the 500-hPa wind anomalies around 
southern China still support the potential role of the TIO 
rainfall increase in inducing enhanced South China winter 
precipitation shown in Fig. 3b.

Instead, the 31-model ensemble mean circulation trend 
pattern in the CMIP Historical runs in Fig. 10a is much 
weaker and uniform than the corresponding observed 
trend pattern in Fig. 9a. On one hand, dynamically induced 

warming by the atmospheric circulation is quite small and 
the AO-induced warming in the observations in Fig. 9a 
is not simulated in the CMIP5 simulations, which par-
tially explains why observed and simulated SAT trends in 
Figs. 2b and 8a differ. On the other hand, associated with 
the above Z500 trend in Fig. 10a, CMIP5 historical runs 
simulate anticyclonic wind trends over East Asia and the 
North Pacific (Fig. 10b). In Fig. 10c, CMIP5 reproduces 
general tropical SST warming (including TIO warming), but 
with reduced magnitude (and no cooling areas) compared to 
observations in Fig. 5c. The CMIP5 precipitation trends, in 
particular over the TIO, are also much weaker than in the 
AMIP simulations (Fig. 5d). In Fig. 10a, CMIP5 does not 
reproduce the TIWP-EA wave train at all. Previous stud-
ies indicate the importance of the correct representation of 
tropical SST changes for simulating regional land warming 
and precipitation trends (Shin and Sardeshmukh 2011). This 
possibly explains why current CMIP5 coupled models have 

Fig. 10  CMIP5 ensemble mean winter (DJF) 1960–1997 linear trends 
of a 500-hPa geopotential height (m/decade), b 500-hPa wind vec-
tors (m/sec/decade), c SST (K/decade) and d tropical precipitation 
(mm/mon/decade). Dots mark individual grid boxes with positive or 

negative trends significant at the 5% level in (a, c–d). Gray shaded 
areas have significant trends of 500-hPa zonal and/or meridional wind 
speed at the 5% level in (b)
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difficulties in capturing the observed regional precipitation 
trends in China.

From the results in CMIP5 only, it is questionable to 
attribute China’s current precipitation trends primarily to 
global warming. However, Fig. 10c reproduces observed 
TIO SST warming in 1960–1997, although with reduced 
magnitude compared to observations in Fig. 5c, suggesting 
that the anthropogenic-induced greenhouse gas concentra-
tion increase contributes toward the TIO warming during 
that period. Several studies have reported similar greenhouse 
gas contributions to the observed TIO warming since 1950 
(Hoerling et al. 2004; Knutson et al. 2013; Chan and Wu 
2015). Therefore, we conclude that the ongoing greenhouse 
gas concentration increase has significantly contributed 
to the long-term increase in winter precipitation in South 
China, through its direct contribution to increasing TIO 
warming, and also by the indirect mechanism of dynamical 
oceanic forcing of Asian climate change induced by TIO 
SST warming.

4  Conclusions and discussion

In 1960–1997 and 1960–2014, observational winter SAT 
trends show linear warming over almost all of China, a 
weakened Siberia High, and increased precipitation espe-
cially in South China. In 1998–2014, trends show slight 
cooling except in southwestern China and a strengthened 
Siberia High, and some moistening especially in South 
China except for decreased precipitation in the middle and 
lower reaches of the Yangtze River. The AMIP ensemble 
shows cooling trends over China except for warming in 
Northeast China in 1960–1997 and 1998–2014, but warm-
ing over China except for cooling in Southeast China in the 
whole 1960–2014 period. However, AMIP generally repro-
duces the observed increasing precipitation trend patterns 
over South China in the 1960–1997 and 1960–2014 periods.

Trends of 500-hPa height and other variables in AMIP 
ensemble averages show two wave trains that lead to win-
ter circulation changes around China. The first, from the 
western North Pacific and across North America, resem-
bles a well-known positive PNA and is induced primarily 
by equatorial eastern Pacific SST warming and its result-
ing enhanced convective heating during 1960–1997 and 
1998–2014 (Trenberth et al. 1998). The other wave train is 
a persistent TIWP-EA teleconnection emitted from the TIO 
and western Pacific (increased Z500) toward Siberia, with 
reduced Z500 over central Asia and enhanced Z500 over 
Siberia. The TIWP-EA teleconnection displays a barotropic 
structure with increased SLP over Siberia and decreasing 
SLP over most of China. Both observations and AMIP simu-
lation data suggest that the TIWP-EA wave train is mainly 
triggered by TIO SST warming and the resulting enhanced 

convection and increased winter rainfall anomalies. During 
1960–1997, the TIWP-EA teleconnection is the primary 
mechanism for long-term increasing precipitation in South 
China, explaining why each of the available AMIP ensem-
ble-mean simulations satisfactorily reproduces the observed 
precipitation patterns. Figure 11 shows a schematic mecha-
nism of long-term increasing precipitation trends in South 
China induced by the TIO warming.

During 1998–2014, the TIWP-EA wave train is seen in 
both the AMIP ensemble mean Z500 trend (Fig. 4f) and the 
NCEP reanalyzed Z500 trend (Fig. 9c). Strong SST warm-
ing over the southern TIO induces strong increased precipi-
tation in the same area (Fig. 5g). Such TIO diabatic heating 
contributes to the Z500 and 500 hPa wind trends in Fig. 9c, 
d by inducing the TIWP-EA wave train (Fig. 6f, h), and is 
inferred to be an important contributor to the observed win-
ter precipitation increase over most of South China during 
1998–2014. In the observations (Fig. 9d), the anomalous 
northeast wind associated with the significant negative Z500 
trend over the subtropical Pacific is restrained over the middle 
and lower reaches of the Yangtze River and induces a drying 
trend in this region. However, in the AMIP ensemble mean, a 
negative Z500 trend associated with a PNA anomaly pattern 
extends into East China while a positive Z500 trend associated 
with the TIWP-EA is simulated over West China (Fig. 4f). 

Fig. 11  Two-layer schematic representation of the winter precipi-
tation increase in South China caused by the TIO warming since 
1960 (SST warming pattern in defined TIO region shown in red). 
The upper layer (free troposphere) shows the TIWP teleconnection 
by ‘‘+’’ and ‘‘−’’ symbols, and bright green ovals denote the TIWP 
anticyclonic and cyclonic 500-hPa circulation anomalies. The lower 
layer (surface and boundary layer) shows the corresponding structure 
on the surface in blue ovals with negative sea level pressure anoma-
lies over the tropical Indian Ocean, and also over central Asia (similar 
to Figs. 4a, 7c), and a positive SLP anomaly over eastern Siberia. As 
a primarily barotropic structure, the TIWP extends through most of 
the troposphere, and to higher altitudes in the tropics than in high lati-
tudes
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Associated with the above Z500 trend, a drying northerly 
wind trend is simulated over all of East China (Fig. 16b). In 
this short 17-year period, the more southerly location of TIO 
warming, the strong warming in the equatorial and subtropi-
cal North Pacific (compared to 1960–1997), and substantial 
internal atmospheric and other SST variability may explain 
differing locations and magnitudes of precipitation trends over 
South China in observations and AMIP models.

Although previous studies have recognized that China’s 
winter climate changes can be driven by TIO forcing (e.g., 
Hu et al. 2003; Yang et al. 2010; Wang et al. 2010; Li et al. 
2015), we build on these studies through comparisons of 
observed and simulated precipitation responses and trends, 
and attribute long-term trends of China’s precipitation in 
winter to specific mechanisms including a newly-identified 
TIWP-EA wave train, which is especially enhanced by TIO 
SST warming. This proves that progressive TIO warming, 
which projects well onto the IOB mode, has been an impor-
tant contributor to climate changes in China since 1960. The 
idealized simulation with observed SST warming only in 
the TIO, which produces a TIWP-EA wave train and China 
winter SLP, SAT, and precipitation responses almost iden-
tical to observations, supports the contention that TIO dia-
batic heating is an important contributor to the observed 
winter precipitation increase over South China. Detection 
and attribution studies indicate that global and TIO SST 
warming since 1950 is anthropogenically induced by rising 
greenhouse gas concentrations (Hoerling et al. 2004; Knut-
son et al. 2013; Chan and Wu 2015). Therefore, it is very 
likely that the observed winter precipitation increase over 
south China is attributed to global warming due to rising 
greenhouse gas concentrations. Because the TIO SST and 
greenhouse gases are projected to further increase in the 
coming decades (Kirtman et al. 2013), the increasing winter 
precipitation trend in South China is very likely to continue.

During 1998–2014, the AMIP ensemble generally repro-
duces the observed strengthening EAWM (including the 
intensified Siberian High and China’s cold winters), which 
should be partially attributed to the response to those SST 
and SIC changes. Arctic sea ice has been declining in boreal 
autumn and winter during recent decades (Vaughan et al. 
2013). Observational and simulation studies demonstrate that 
the Arctic sea ice decline can induce a negative AO response 
(Wu and Zhang 2010; Liu et al. 2012; Kim et al. 2014) and a 
strengthened Siberian High and East Asian trough (Wu et al. 
2011, 2015; Zuo et al. 2016), and thus a cold Eurasia winter 
(Mori et al. 2014; Wu et al. 2015; Zuo et al. 2016). The AMIP 
ensemble results in 1998–2014 support the hypothesis that 
Arctic sea ice loss might partly contribute to a recent recovery 
of Siberia High and cold winters in China (Gao et al. 2015; 
Wu et al. 2015; Zuo et al. 2016). Meanwhile, the TIWP-EA 
wave train, including the anticyclonic anomaly from Siberia 
into East Central China and cyclonic anomaly over inland 

China, suggests that both TIO warming and Arctic sea ice 
decline might contribute to recent extreme winter events such 
as unusually severe cold surges and prolonged ice storms in 
South China in 2008, 2013 and 2016 (Ding et al. 2014).

CMIP5 historical runs also indicate that external anthro-
pogenic (including increasing greenhouse gas concentra-
tions) and natural forcings have contributed to the generally 
weakened EAWM and China winter warming from 1960 to 
1997. Simulated trend patterns of SST and precipitation over 
oceans are qualitatively similar to observed trends, but their 
values are much smaller than the corresponding observed val-
ues almost everywhere, in particular over the TIO. Ensemble 
mean 500-hPa wind vectors show an anticyclonic trend from 
1960 to 1997 over the entire eastern China, leading to a dry-
ing trend throughout South China that does not match with 
observations. This suggests that CMIP5 models have diffi-
culties in simulating realistic oceanic changes and resulting 
regional atmospheric responses. On the other hand, although 
AMIP ensemble mean simulated Z500 trend patterns do not 
reproduce all observed Z500 trends, especially the observed 
Arctic Z500 decrease with three troughs over central Russia, 
the North Pacific, and around Greenland, AMIP still repro-
duces cyclonic wind trends over South and East Asia asso-
ciated with the TIWP-EA teleconnection originating from 
the TIO and thus the observed increasing precipitation in 
southern China. This highlights the importance of correct 
model representation of SST changes for simulating China’s 
precipitation trends, and also indicates that the TIO plays an 
important role in the long-term and interannual variations of 
China’s winter precipitation in reality.
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Fig. 12  Winter (DJF) simulated 
ensemble means of linear SAT 
trends (K/decade) for (left 
column) 1960–2014, (middle 
column) 1960–1997, and (right 
column) 1998–2014. Rows from 
top to bottom are from GEOS 
5, ESRL CAM5.1, LBNL 
CAM5.1, and GFDL AM3 
models



2982 Q. Wu et al.

1 3

Fig. 13  Same as Fig 12 but for 
winter (DJF) simulated ensem-
ble means of linear precipitation 
trends (mm/mon/decade)
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Fig. 14  Same as Fig 12 but for winter (DJF) simulated ensemble means of linear sea level pressure trends (hPa/decade)
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Fig. 15  Same as Fig 12 but for winter (DJF) simulated ensemble means of linear 500 hPa geopotential height trends (Z500, m/decade). Note that 
Z500 in GFDL AM3 is not available for analysis

Fig. 16  Same as Fig.  12 but for winter (DJF) simulated ensemble 
means of linear 500  hPa wind trends (Z500, m/sec/decade) for 28 
ensemble members of ESRL CAM5.1 and LBNL CAM5.1 models. 

Note that 500  hPa wind fields in GEOS 5 and GFDL AM3 are not 
available for analysis. Gray shaded areas have significant trends of 
500-hPa zonal and/or meridional wind speed at the 5% level
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