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ABSTRACT

In this study, the authors investigate the variations and predictability of wintertime upper-tropospheric

temperature (UTT) overAsia, which are often linked to severe climate anomalies, and the associated features

of large-scale circulation and surface climate. The ECMWF Interim Re-Analysis (ERA-Interim) and hind-

cast of the NCEP Climate Forecast System, version 2 (CFSv2), are mainly analyzed.

The first empirical orthogonal functionmode of UTT shows a dipole structure, with a strong positive center

over southern China and a weak negative center over Mongolia. The second mode is featured by a monopole

variation, with a positive center appearing from the northwestern Tibetan Plateau (TP) to Japan. The third

mode exhibits a tripole pattern, with two positive centers over Pakistan and the Sea of Japan and a negative

center over central Asia. The first mode is linked to El Ni~no–Southern Oscillation, accompanied by surface

warming over the southeastern TP and deficient precipitation over southern China, the Korean Peninsula,

and from equatorial East Africa to the east of the TP. The second mode is associated with circulation

anomalies similar to those associatedwith theArcticOscillation, with significant warming over EastAsia. The

third mode features two wave trains and is linked to the Middle East jet stream, and is associated with

excessive precipitation from the eastern TP to southern Japan. The CFSv2 can predict the first mode skillfully

by several months in advance, but it shows little skill in predicting the second and third modes.

1. Introduction

TheAsian monsoon (AM) is the strongest component

of the global monsoon system (Webster et al. 1998; Chang

2004). Large-scale land–sea thermal contrast is generally

considered as the driving force for theAM (Webster et al.

1998; Chou 2003; Wu et al. 2012). The variations of AM

are closely related to the variability of the tropospheric

temperature (TT) on a wide range of time scales (Li and

Yanai 1996; Liu and Yanai 2001; Zhao et al. 2010; Zuo

et al. 2012). A strong (weak) Asian summer monsoon

is associated with positive (negative) TT anomalies over

Eurasia, but negative (positive) TT anomalies over the

Indian Ocean and the eastern Pacific (Li and Yanai

1996). The weakening trend in large-scale Asian summer

monsoon circulation may be ascribed to the relatively

smaller warming over Asia compared to the surrounding

regions (Zuo et al. 2012). The tendency of increased

droughts in northern China and more floods along the

Yangtze River valley is due partly to the strong cooling

trend in the upper-tropospheric temperature (UTT) over

East Asia in July andAugust during the period from 1950

to 2000 (Yu et al. 2004). In addition to the local climate

impact of TT over Asia, Nan et al. (2009) reported a re-

mote influence of springtime UTT over the Tibetan

Plateau (TP) on the evolution of sea surface temperature

(SST) over the tropical central-eastern Pacific in spring

and summer.

Given the important role of TT in the AM, previous

effort has been devoted to exploring the characteristics

and mechanisms of TT variations over Asia. Zhao et al.

(2007b) reported that the variability of summertime

eddy UTT, defined as the difference between UTT and
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its zonal mean, was out of phase between Asia and the

North Pacific, and was accompanied by different rainfall

anomalies overAsia and the western Pacific. The summer

UTT over East Asia has two distinct modes: a monopole

pattern and a meridional dipole pattern. The variation of

TTwas attributed to either local heating (e.g., the sensible

heating over the TP) or remote forcing from the tropical

convection (Li and Yanai 1996; Tamura et al. 2010; Jiang

et al. 2011; Zhang and Zhou 2012).

There is increasing evidence indicating that the close

relationship between Asian climate and TT occurs not

only during spring and summer, but also during winter.

Previous studies have indicated that the severe droughts

in northern China in winter 2008/09 and southern China

from January to May in 2011 were partially ascribed to

the increase in TT over the TP (Gao and Yang 2009;

Sun and Yang 2012). For the drought in winter 2008/09,

the higher-than-normal surface temperature and TT over

the TP favored a shallow India–Burma trough, contrib-

uting to weak transportation of water vapor to northern

China (Gao and Yang 2009). In spite of the potential

climate impact of winter TT over Asia, its variations are

not fully known.

The recent winter extreme climate anomalies over

China are accompanied by not only the TT anomalies

over the TP, but also the anomalies of other climate

phenomena such as El Ni~no–Southern Oscillation

(ENSO) and North Atlantic Oscillation (NAO) (Gao

and Yang 2009; Sun and Yang 2012). Zhang and Zhou

(2012) reported that theUTT anomalies over East Asia

were associated with ENSO and exhibited different

patterns during ENSO developing and decaying sum-

mers. Are the wintertime TT anomalies also linked to

ENSO and the other climate phenomena?

In this study, we focus on the interannual variation of

wintertime TT over Asia, aiming at the following ques-

tions: Are there distinct modes of the interannual varia-

tion of winter TToverAsia? If so, what are the circulation

anomalies associated with the most dominant modes?

How are these modes linked to the variations of surface

climate anomalies and their impacting factors? We also

assess the skill of prediction of these dominant modes

by the National Centers for Environmental Prediction

(NCEP) Climate Forecast System, version 2 (CFSv2). It

has been demonstrated that the CFSv2 is skillful in pre-

dicting the Asian summer monsoon and winter monsoon

(Jiang et al. 2013a,b). However, how well the model can

predict the dominant modes of wintertime TT over Asia

is not yet known.

The rest of this paper is organized as follows. De-

scriptions of data, analysis methods, and the CFSv2 are

given in section 2. Several dominant modes of the in-

terannual variations of wintertime UTT over Asia are

discussed in section 3. In section 4, we investigate the

large-scale circulation features associated with the three

leading modes and their differences from the features

related to other climate patterns. In section 5, we discuss

the surface climate anomalies associated with the lead-

ing modes. We assess the skill of prediction of the

dominant modes of winter UTT by CFSv2 in section 6.

A summary and discussion of the results obtained are

provided in section 7.

2. Data, analysis methods, and model

The datasets used in this study include the European

Centre for Medium-Range Weather Forecast (ECMWF)

InterimReanalysis (ERA-Interim; Dee et al. 2011), from

which monthly mean geopotential height and winds at 12

pressure levels (1000, 925, 850, 700, 600, 500, 400, 300,

250, 200, 150, and 100hPa), surface air temperature, and

sea level pressure (SLP) are analyzed. The reanalysis is in

resolution of 0.758 (latitude) 3 0.758 (longitude). The

period of 1982–2010 is used in the study to be comparable

with the CFSv2 hindcast. The monthly mean SST from

the National Oceanic and Atmospheric Administration

(NOAA) optimum interpolation SST (OISST) analysis

(Reynolds et al. 2007) and the monthly mean rainfall

from the NOAA Climate Prediction Center (CPC)

MergedAnalysis of Precipitation (CMAP;Xie andArkin

1997) are also analyzed. For validation of the analysis

data, precipitation and surface air temperature for 668

China stations from the National Climate Center of the

China Meteorological Administration are also applied.

The Arctic Oscillation (AO) index and the NAO index

are obtained from the NOAAClimate Prediction Center

at http://www.cpc.ncep.noaa.gov/products/precip/CWlink/

daily_ao_index/monthly.ao.index.b50.current.ascii and

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/

norm.nao.monthly.b5001.current.ascii, respectively. We

also employ anotherAO index (Li andWang 2003a) and

NAO index (Li andWang 2003b; Li 2005), which can be

downloaded (at http://ljp.lasg.ac.cn/dct/page/65569 and

http://ljp.lasg.ac.cn/dct/page/65574, respectively) to verify

the results from the indices mentioned above. The fact

that the same conclusion was obtained implies that the

results here are not index dependent.

We also apply several other indices, including the

Siberian high (SH), defined as the averaged SLP over

408–608N, 708–1208E (Gong et al. 2001); the East Asian

jet stream (EAJS) index, defined as the areal mean of

200-hPa zonal wind over 308–358N, 1308–1608E (Yang

et al. 2002); and the Middle East jet stream (MEJS) in-

dex defined as the difference in 200-hPa zonal wind

between 208–308N, 408–708E and 308–408N, 158–458E
(Yang et al. 2004). The East Asian trough (EAT) is
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measured by the area-averaged 500-hPa geopotential

height over 308–458N, 1258–1458E (Sun and Li 1997),

and Ni~no-3.4 is the averaged SST anomalies over 58S–
58N, 1708–1208W.

The NCEP CFSv2, whose hindcast is applied in this

study, is a fully coupled dynamical prediction system

(Saha et al. 2012, manuscript submitted to J. Climate).

It consists of the NCEP Global Forecast System at

T126 spectral resolution, the Geophysical Fluid Dy-

namics Laboratory Modular Ocean Model version 4.0

at 0.258–0.58 grids coupled with a two-layer sea ice

model, and the four-layer Noah land surface model.

Output from the CFSv2 9-month hindcast of 28 years

from 1983–2010 is analyzed. Beginning on 1 January,

9-month hindcast runs are initiated from every fifth day

and run from all four cycles of that day. An ensemble

average of the monthly-mean values of 24 members is

used as the prediction, with the initial dates after the

seventh of the particular month are used to construct

the ensemble prediction for the subsequent month. The

winter of a specific year refers to the December of

the previous year and the January and February of the

current year (DJF). For DJF 0-month lead forecast, it

is an ensemble mean of the runs initiated from 2 and

7 December and 12, 17, 22, and 27 November. The

longest 7-month lead forecast for DJF is an ensemble

mean of the runs initiated from 1 and 6 May and 11, 16,

21, and 26 April.

All statistical significance tests for linear correlation

analysis are performed using the two-tailed Student’s

t test. The degrees of freedom are 26 for a time series of

28 samples (1983–2010). The coefficients of correlation

at the 90%, 95%, 99%, and 99.9% confidence levels are

0.32, 0.37, 0.48, and 0.59, respectively.

3. Dominant modes of interannual variability of
winter UTT over Asia

Previous studies have used the vertically integrated

temperature from the lower troposphere to the upper

troposphere to measure the TT (Li and Yanai 1996; Liu

and Yanai 2001; Gao and Yang 2009; Sun and Yang

2012). Here, we first assess to what extent the air tem-

peratures at various pressure levels vary in phase and

then determine the levels on which air temperatures are

used to represent the variation of TT.

Figure 1 shows the DJF correlation between 500-hPa

air temperature and the temperatures at different levels.

Because the mean elevation of TP is more than 4000m,

we first use 500-hPa air temperature as a reference. The

variations of TTs at various levels are in phase in most

regions (Fig. 1). However, the 500-hPa air temperature

does not vary in phase with the temperatures in the lower

troposphere over the subtropics and at the levels higher

than 200hPa over the extratropics (Figs. 1a,d), while the

temperatures from 500 to 300hPa vary synchronously. A

FIG. 1. Patterns of correlation between DJF 500-hPa air temperature and DJF air temperatures at different pressure

levels. The black shading denotes the topography.
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similar feature can also be found when air temperature at

other levels is used as the reference. By considering that

the mean elevation of the TP is more than 4000m, we

investigate UTT, vertically integrated temperature from

500 to 300hPa, over Asia in this study.

Figure 2 shows the first three leading modes and

corresponding principal components (PCs) of an em-

pirical orthogonal function (EOF) analysis of the tem-

poral covariance matrix of DJF UTT over Asia. They

account for 37%, 18%, and 13% of the total variance,

respectively, with a sum of 68%. According to the rule

given by North et al. (1982), the first and second modes

are statistically distinguished from each other, while the

second and third modes cannot be solved (not shown).

As will be shown later in this paper, however, the first

three modes are associated with different physical pro-

cesses and linked to totally different surface climate

variations. The first mode (EOF1) is positive south of

408N and negative north of 408N, with a maximum over

southern China (Fig. 2a). The second mode is positive

with a maximum located to the north of 308N, with small

negative values over part of South Asia (Fig. 2b). The

third mode shows a more complicated pattern, with two

positive centers over Pakistan and the Sea of Japan and

a negative center over central Asia, as well as a small

negative band from the eastern TP to the Philippine Sea

(Fig. 2c). The first three PCs show large interannual

variation (Figs. 2d–f). It should be pointed out that the

EOF patterns apparently do not change when the do-

main of analysis is enlarged (e.g., 108–508N, 358–1658E).
Zhao et al. (2008) documented a teleconnection pattern

in winter upper-tropospheric temperature with a posi-

tive center over Asia and a negative center over the

North Pacific. When the domain of EOF analysis is

FIG. 2. (a) Spatial pattern and (d) PC of the first mode of an EOF analysis applied to the temporal covariance

matrix of DJF vertically integrated temperature from 500 to 300hPa over 108–508N, 508–1508E. (b),(e) As in (a),(d),

but for the secondmode. (c),(f) As in (a),(d), but for the thirdmode. The light (dark) shadings denote the topographic

altitude above 1500 (3000) m.
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expanded to the entire Northern Hemisphere, the tele-

connection pattern is not found. However, this pattern

can be found when the EOF analysis is applied to UTT

with the zonal mean removed (Zhao et al. 2008). This

feature implies that the zonal mean UTT also has strong

interannual variations.

As shown in Fig. 1, the UTT is partly coupled with the

near-surface temperature. To show the three-dimensional

structure of the temperatures associated with the first

three leadingmodes, the correlation between the PCs and

the air temperatures at different levels is computed (see

Fig. 3). The pattern of correlation between 850-hPa

temperature and the first PC (PC1) over oceans is similar

to the SST pattern related to La Ni~na. The patterns of

correlation between the PC1 and temperatures at 500 and

300 hPa are symmetrical about the equator, with strong

negative correlation from the central Pacific to tropi-

cal Africa and from the Lake Balkhash to the Sea of

Okhotsk, and strong positive correlation over south-

eastern Asia and to the northwest of Australia. The

correlation between PC1 and 300-hPa temperature is

higher than that between PC1 and 500-hPa temperature.

The correlation pattern between PC1 and 300-hPa tem-

perature is contrary to that between PC1 and 100-hPa

temperature. The temperature anomalies associated with

PC1 are similar to those related to ENSO (Trenberth and

Smith 2009). Indeed, PC1 is highly correlated with DJF

Ni~no-3.4, with a correlation coefficient of 20.69.

The second PC (PC2) is significantly correlated with

the temperatures of 850–300 hPa from Europe to the

western North Pacific, even over southeastern North

America. This band of significant correlation cannot be

FIG. 3. (top)-(bottom) Patterns of correlation between PCs of EOF analysis and air temperatures at different pressure levels, for (left) the

first mode (PC1), (center) the second mode (PC2), and (right) the third mode (PC3). The black shading denotes the topography.
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seen at 100 hPa. The patterns of correlation between the

third PC (PC3) and the temperatures at different levels

are similar, characterized by strong wave features, with

positive centers over northern Europe, the northern

Arabian Sea, and the vicinity of Japan and a negative

center over the Middle East. These features are more

evident for 500 hPa. Thus, the above analyses indicate

that the first three modes of winter UTT variations are

not regional, but rather large-scale and even planetary-

scale phenomena.

4. Atmospheric circulations associated with the
leading modes of UTT variations

a. The most dominant mode

Figure 4 shows the regressions of 850-hPa winds,

500-hPa geopotential height, 200-hPa winds, and 300-hPa

vertical pressure velocity against PC1, respectively.

Because of the high correlation between PC1 and Ni~no-

3.4, the circulation patterns associated with PC1 are

similar to those related to ENSO at both the lower

troposphere and the upper troposphere. Strong cyclonic

circulation appears over the South China Sea and the

western Philippine Sea, accompanied by strong ascent

motion. The 500-hPa geopotential height is low from the

Lake of Baikal to the southern Sea of Okhotsk, ac-

companied by 850-hPa northerly anomalies over East

Asia. Corresponding to the warming to the southeast

of TP, there is a strong upper-level anticyclone over

East Asia, with descent motion to its western por-

tion. The westerly flow associated with the anticyclone

strengthens the EAJS. All circulation anomalies over

East Asia indicate a strong East Asian winter monsoon.

Figure 5 presents the latitude–height cross section

of 908–1208E averaged regressions of air temperature

and meridional circulation against PC1, respectively.

The temperature anomalies over southern China maxi-

mize at the upper troposphere, accompanied by a strong

sinking motion that is linked to the rising motion around

108N. Thus, the warming over southern China is con-

tributed by adiabatic heating caused by the sinking

motion that is linked to the rising motion over the South

China Sea and the western Philippine Sea. Differently,

the cooling to the north of 408N is uniform from the

surface to 300 hPa, with anomalous northerlies and ris-

ing motion to the north of 508N.

b. The second mode

Figure 6 shows the regressions of SLP, 850-hPa winds,

500-hPa geopotential height, and 200-hPa winds against

PC2, respectively. Associated with PC2, SLP strongly

FIG. 4. (a) Patterns of regression of 850-hPa winds (m s21; vec-

tors) against PC1 and regression of 500-hPa geopotential height

(gpm; shaded) against PC1. (b) Patterns of regression of 200-hPa

winds (m s21; vectors) against PC1 and regression of 300-hPa ver-

tical pressure velocity (102 Pa s21; shaded) against PC1. The long

and thick dashed lines denote topographic height of 3000m.

FIG. 5. Latitude–height cross section of averaged (908–1208E)
regression of air temperature (K; shaded) against PC1 and re-

gression of meridional circulation (vectors) against PC1. The black

shading denotes the average (908–1208E) topography.
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decreases over the Ural Mountains and increases over

the northwestern North Pacific, accompanied by a cy-

clonic circulation and an anticyclonic circulation at the

lower troposphere, respectively. There is also a decrease

in SLP over Siberia. Corresponding to the zonal band of

increase in mean UTT, 500-hPa geopotential height in-

creases from the western TP to the northwestern North

Pacific, a feature extending to 200 hPa, with anomalous

easterlies over 208–308Eand anomalous westerlies to the

north of 408N. The anomalies associated with PC2 are

limited to the mid- and high latitudes and are latitudi-

nally oriented. This feature is similar to that associated

with the AO (Jiang et al. 2013b), and the coefficient of

correlation between theAOand PC2 is 0.39. Then, is the

second mode discussed above a regional characteristic

of the AO?

Figure 7 shows the SLP features associated with PC2

and the AO, as well as the correlations between surface

air temperature (SAT) and PC2, and between SAT and

the AO. The SLP in the Northern Hemisphere associated

with PC2 varies out of phase between the north and the

south of about 508N, which is similar to that related to the

AO. However, the magnitude and centers of anomalous

SLP are different. The anomalous SLP associatedwith the

AO is larger. The strong positive anomalous center re-

lated to the AO over the Atlantic is insignificant in the

PC2-related SLP, while the anomalous SLP associated

with the AO and PC2 over the North Pacific has the same

magnitude. Over Asia, the PC2-related SLP gradient is

more meridionally oriented compared to the AO-related

SLP gradient. As a result, the AO has a significant re-

lationship with the SATmostly to the north of 508N, while

the PC2 is significantly correlated with the SAT to the

south of 508N.Moreover, the SAT significantly correlated

with PC2 can extend southward to the tropics, associated

with a large meridional SLP gradient between East Asia

and oceans. In addition, the correlation between PC2 and

SAT is insignificant over most of the Atlantic, Europe,

andNorthAfrica. Thus, the secondmode is not a regional

feature of theAO, but is partially associated with theAO.

c. The third mode

Figure 8 shows the regressions of SLP, 700-hPa winds,

500-hPa geopotential height, and 200-hPa winds against

PC3, respectively. The circulation associated with PC3

features a wavelike pattern. The SLP is negative to the

north of 508N, while large positive anomalies are cen-

tered over the Mediterranean Sea and northeast Asia.

The two positive anomalous centers are more obvious

at 500-hPa geopotential height, accompanied by two

strong negative anomalous centers over Greenland and

the Ural Mountains. The wavelike pattern is well rec-

ognized from the anomalous 200-hPa winds, with two

wave trains. The wave trains have two same centers,

with a cyclonic circulation over Greenland and an anti-

cyclonic circulation over the Mediterranean Sea. The

northern branch is associated with a cyclonic circulation

over the Ural Mountains and an anticyclonic circulation

over the Sea of Japan, while the southern branch is as-

sociated with cyclonic circulations over the Middle East

and southeast of the TP and anticyclonic circulations

over the Arabian Sea and the Sea of Japan. The northern

branch may be formed by stationary waves propagating

along the subpolar waveguide (Sun and Yang 2012), and

the southern branch by quasi-stationary Rossby waves

trapped on the Asian jet stream (Watanabe 2004). The

intensification of the MEJS is also noted in Fig. 8b, which

has a quasi-barotropic structure, accompanied by large

westerly anomalies at the lower troposphere (Fig. 8a).

Because of the mechanical obstruction of the TP, the

strong anomalouswesterlies lead to an anomalous cyclonic

circulation to the southeast of TP, which often causes se-

vere climate anomalies over China (Wen et al. 2009).

FIG. 6. (a) Patterns of regression of 850-hPa winds (m s21; vec-

tors) against PC2 and regression of SLP (101 Pa; shaded) against

PC2. (b) Patterns of regression of 200-hPa winds (m s21; vectors)

against PC2 and regression of 500-hPa geopotential height (gpm;

shaded) against PC2. The long and thick dashed lines denote to-

pographic height of 3000m.
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Variations of the MEJS are also an important signal

for the following Asian summer monsoon (Yang et al.

2004). The MEJS is highly correlated with PC3, with

a correlation coefficient of 0.55. The patterns of SLP,

700-hPa winds, 500-hPa geopotential height, and 200-

hPa winds associated with theMEJS are shown in Fig. 9.

The MEJS-related patterns are similar to those associ-

ated with PC3, except with a closer link to tropical cir-

culation and a weaker link to the circulation over

Greenland. From this perspective, the anomalies over

Greenlandmay be not the origins of the two wave trains.

Instead, the anomalies over the Mediterranean Sea may

be important for the wave trains, at least for the south-

ern one (Watanabe 2004). In addition, although both

the AO and the NAO are associated with strong

anomalies over the North Atlantic [Fig. 7b; the NAO

pattern is available at http://www.cpc.ncep.noaa.gov/

products/precip/CWlink/pna/nao_loading.html or see Li

andWang (2003b)], the PC3 is just significantly correlated

with the AO, with a correlation coefficient of 0.38, since

the AO is associated with the strong anomalies over the

Mediterranean Sea.

5. Surface climate associated with the dominant
modes

Analysis in the previous section indicates that the first

three modes of winter UTT variations over Asia are

linked to large-scale circulation anomalies. Here, we

further investigate the surface climate anomalies that

are related to these modes.

Figure 10 displays the patterns of correlation between

SAT and the first three PCs. As discussed before, the

PC1 is significantly correlated with Ni~no-3.4. Thus, the

PC1-related SAT anomalies concentrate mostly over

oceans, similar to the pattern of SST related to ENSO.

Over land, significant correlations are found over the

Middle East, the southeastern TP, and part of North

America (Fig. 10a). Because of the anomalous temper-

ature center of the first mode at the upper troposphere

(Fig. 5), the PC1 is just correlated with SAT at the

southeastern TP, rather than to the east of TP. As for

PC2, it is significantly correlated with the SAT overmost

of Asia. Thus, the variation of the second mode is im-

portant for prediction of the Asian SAT. The PC3 shows

significant correlations with the SAT over northern

Europe, the Middle East, eastern North Africa, and

Japan.

Patterns of correlation between precipitation and the

first three PCs are shown in Fig. 11. As expected, the PC1

is associated with excessive precipitation over the Mari-

time Continent, corresponding to the lower-tropospheric

cyclonic circulation and the strong rising motion in the

troposphere (Figs. 4a, 5, and 11a), while deficient pre-

cipitation is found from equatorial eastern Africa to the

southwest of the TP and over southern China and the

FIG. 7. (a) Patterns of regression of SLP (101 Pa; contours) against PC2 and correlation between

SAT and PC2. (b) As in (a), but PC2 is replaced by the AO index.
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Korean Peninsula. Although PC2 is significantly cor-

related with the SAT over Asia, it shows no strong

relationship with the precipitation over the region.

Different from the first twomodes, the PC3 is positively

and significantly correlated with the precipitation from

the eastern TP to the south of Japan, and over the

equatorial eastern Indian Ocean. The excessive pre-

cipitation associated with PC3 is likely caused by the

lower-tropospheric cyclonic circulation to the south-

east of TP, which transports substantial water vapor

northward.

The precipitation and SAT applied in the above

analyses are from reanalysis products. To verify the

significant correlation between the first three PCs and

surface climate, we recalculate the correlation using

station precipitation and SAT from China. As shown in

Fig. 12, the correlation patterns over China are the same

as those in Figs. 10 and 11. Even the pattern of corre-

lation between PC1 and SAT over the TP, where anal-

ysis data may have large biases, is similar to the pattern

calculated from the SAT from the ERA-Interim re-

analysis. The first mode is associated with the precipita-

tion anomalies over southern China, ascribed to the

dominance of ENSO (e.g., Wu et al. 2003; Zhou et al.

2010; Jiang et al. 2013b). The PC3 is significantly cor-

related with the precipitation over the middle and lower

reaches of the Yangtze River basin and the northeastern

flank of the TP.

The above analyses indicate that the first three modes

are significantly correlated with the surface climate

anomalies over East Asia. This feature is attributed to

the high correlations between the PCs and the major

circulations that affect East Asian climate (Table 1).

PC1 is highly correlated with ENSO but less correlated

with the AO or the NAO. There are significant corre-

lations between PC1 and the SH, the MEJS, and the

EAJS, respectively. Although the features associated

with PC1 show a strong East Asian winter monsoon,

there is no significant decrease in SAT over East Asia.

Wang et al. (2010) reported that the East Asian winter

FIG. 8. (a) Patterns of regression of 700-hPa winds (m s21; vectors) against PC3 and re-

gression of SLP (101 Pa; shaded) against PC3. (b) Patterns of regression of 200-hPa winds

(m s21; vectors) against PC3 and regression of 500-hPa geopotential height (gpm; shaded)

against PC3. The long and thick dashed lines denote topographic height of 3000m.
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monsoon has two distinct modes. The southern mode

features a deepening EAT and increased surface pres-

sure over Mongolia, representing a cold winter south of

408N. The EAT is an element that governs the path and

strength of cold air affecting East Asia. A deepened

EAT favors a cold winter to the south of 408N.However,

PC1 is not significantly correlated with EAT, whereas it

is significantly correlated with SH and EAJS. On the

other hand, the PC2 is highly correlated with the EAT,

and so is the SAT over East Asia. Thus, the weak re-

lationship between the first mode and the EAT is one of

the reasons why the mode is not associated with the

anomaly of SAT over East Asia to a significant degree.

Both PC2 and PC3 are significantly correlated with AO,

indicating that the AOmay affect the East Asian winter

climate in different ways.

To further illustrate that the surface climate anoma-

lies over East Asia are linked to the first three UTT

modes, we analyze the composite patterns of circula-

tions and surface climate anomalies of some specific

years. We select the years with the anomalies of nor-

malized PCs exceeding one standard deviation to con-

duct the composite analysis. Table 2 lists the selected

years for the three leadingmodes based on this criterion.

It is seen that all the five positive years of PC1 are La

Ni~na years, while only half of the negative years are

El Ni~no years, according to the ENSO criterion of the

Climate Prediction Center (available at http://www.cpc.

ncep.noaa.gov/products/analysis_monitoring/ensostuff/

ensoyears.shtml). This feature highlights the strong link

of the first mode to ENSO.

Figure 13 shows the composite patterns of difference

in UTT, precipitation, temperature, and 500-hPa geo-

potential height between positive years and negative

years of PC1. The pattern of UTT is similar to the spatial

pattern of EOF1, with significant warming in the middle

and upper troposphere over southern China (Fig. 13a).

There is a significant decrease in precipitation over

southern China, with a center to the south of 258N and

over the Korean Peninsula (Fig. 13b). Temperature

increases significantly over southeastern TP and north-

western Indo-China peninsula, with a maximum tem-

perature difference about 28C, whereas it decreases to
the north of 358N, with significant anomalies over north-

ern Japan (Fig. 13c). The first mode is associated with a

significant increase in 500-hPa geopotential height over

FIG. 9. As in Fig. 8, but PC3 is replaced by the MEJS index.
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southern China, indicating a westward shift of the western

North Pacific high, which is unfavorable for decreases in

SAT over southern China (Fig. 13d).

Figure 14 exhibits the composite patterns of differ-

ence in UTT, temperature, 500-hPa geopotential height,

and 925-hPa winds between positive years and negative

years of PC2. The pattern of UTT is also similar to the

spatial pattern of the secondmode, with significant UTT

anomalies from western TP to the east of Japan (Fig.

14a). The second mode is associated with a significant

increase in SAT over East Asia, with a difference ex-

ceeding 28C over most East Asia (Fig. 14b). The second

mode is associated with a significant increase in 500-hPa

geopotential height over Asia, with a center over north-

eastern Asia, indicating a very shallow EAT (Fig. 14c).

The 500-hPa geopotential height anomaly also in-

dicates a strong subtropical high. The second mode

is accompanied by significant southerly anomalies (Fig.

14d). All the circulation anomalies favor a warm winter

over East Asia.

Figure 15 shows the composite patterns of difference

in UTT, precipitation, 500-hPa geopotential height, and

700-hPa winds between positive years and negative

years of PC3. The composite UTT for the third mode

shows three significant anomalous centers, with positive

centers over the northern Arabian Sea and northern

Japan and a negative center over central Asia (Fig. 15a).

The precipitation associated with third mode signifi-

cantly increases over southern China and to the south of

Japan (Fig. 15b). Because northern China receives less

FIG. 10. Patterns of correlation between SAT and (a) PC1, (b) PC2, and (c) PC3. The long and

thick dashed lines denote topographic height of 3000m.
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precipitation during winter, the composite precipitation

is very small to the northeast of TP, where correlation

between precipitation and PC3 is significant. The

anomalous precipitation center over southern China is

located northward compared to that related to the first

mode. The 500-hPa geopotential height decreases sig-

nificantly from central Asia to southeastern TP, ac-

companied by the anomalous cyclonic circulation along

the southern and eastern edges of TP. This anomalous

cyclonic circulation and the anomalous anticyclonic cir-

culation over northeast Asia form a latitudinally oriented

trough over southern China and a lower-tropospheric

convergence zone to the south of Japan, which receives

above normal precipitation (Figs. 15b,d).

6. Prediction of the dominant modes by CFSv2

As shown above, the first three modes of winter UTT

over Asia are accompanied by significant surface cli-

mate anomalies over East Asia and are linked to

anomalies of large-scale circulation patterns. How can

these dominant modes be predicted by state-of-the-art

climate models? Here, we try to answer this question by

analyzing the hindcast of NCEP CFSv2. Because of the

unavailability of 400-hPa temperature in the hindcast,

we use the mean of the 500- and 300-hPa temperatures

to represent the CFS UTT over Asia. Nevertheless, the

variability of the mean temperature of 500 and 300 hPa

is similar to that of the vertically integrated temperature

from 500 to 300 hPa in observations. The tropospheric

temperature of the CFSv2 hindcast has a strong shift

around 1998 resulting from the ingestion of the Advanced

Television Infrared Observation Satellite (TIROS) Op-

erational Vertical Sounder (ATOVS) data in the NCEP

Climate Forecast System Reanalysis (Zhang et al. 2012),

used as the initial condition for CFSv2 hindcast. Thus, the

departures of UTT are calculated for two different pe-

riods, 1983–98 and 1999–2010.

Figure 16 shows the first three modes of an EOF

analysis of temporal covariance matrix of DJF UTT

from the CFSv2 0-month-lead hindcast. The spatial

pattern and principal component of the first two EOF

modes are well predicted, with the coefficients of pattern

correlation between observation and 0-month pre-

diction being 0.90 and 0.81 for EOF1 and EOF2, re-

spectively, although the predicted spatial pattern of the

second mode has an unrealistic negative center to the

southeast of the TP. The PCs of the first two EOFmodes

are also well predicted, with the coefficients of temporal

correlation between observation and 0-month predic-

tion being 0.64 and 0.53 for PC1 and PC2, respectively.

Although the predicted PC3 is significantly correlated

with observation, with a correlation coefficient of 0.44,

the hindcast fails to capture the observed spatial pattern

of the third mode. The variances explained by the first

two modes are higher than those for observations.

Although the first two modes are well captured by

0-month lead hindcast, only the first mode can be pre-

dicted in long leads. The coefficients of pattern corre-

lation between predicted EOF1s and observation are

above 0.75 for all time leads, with an overall decrease

with lead time (Fig. 17). The skill of CFSv2 for PC1

shows a decrease from 0-month lead to 2-month lead,

and a slight increase afterward. The high predictability

of the first mode is attributed to the high skill of CFSv2

in predicting ENSO and related teleconnection patterns

(Jiang et al. 2013b). Thus, the lowest skill in predicting

PC1 by 2 months in advance may be owing to the spring

predictability barrier of ENSO. Why does the CFSv2

show a slight increase in prediction skill of the first

mode? This feature may be partially because that the

variance explained by the first mode has an increasing

trend as lead time increases (Table 3), implying that the

FIG. 11. As in Fig. 10, but SAT is replaced by precipitation.
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interannual variation of UTT over the TP is increasingly

dominated by ENSO in the CFSv2 with increase in lead

time.

7. Summary and discussion

a. Summary

Previous studies have shown that the variation of TT

has a close link to some well-known climate patterns.

The severe winter climate anomalies in recent years are

associated with apparent TT anomalies over the TP.

However, the interannual variation of winter TT over

Asia is unclear. In this study, we investigate the domi-

nant modes of winter UTT variations. The first three

EOF modes of winter UTT are discussed, focusing on

large-scale atmospheric circulation, surface climate, and

the predictability of dominant modes.

The three leading modes of the EOF analysis of tem-

poral covariance of winter UTT over Asia account for

68% of the total variance. The first mode shows a di-

pole structure, with a strong positive center over southern

China and a weak negative center over Mongolia. The

FIG. 12. Patterns of correlation between observed SAT in China and (a) PC1 and (b) PC2. (c),(d) As in (a),(b), but

SAT is replaced by precipitation and PC2 in (b) is replaced by PC3 in (d). The long and thick dashed lines denote

topographic height of 3000m.

TABLE 1. Correlations of PCs with Ni~no-3.4, the Arctic Oscil-

lation (AO), the North Atlantic Oscillation (NAO), the Siberian

high (SH), the East Asian trough (EAT), the Middle East jet

stream (MEJS), and the East Asian jet stream (EAJS). Values in

italic and bold font exceed the confidence levels of 95% and 99%,

respectively.

Ni~no-3.4 AO NAO SH EAT MEJS EAJS

PC1 20.69 20.07 0.05 0.44 20.24 20.50 0.47

PC2 20.03 0.39 0.18 20.45 0.75 20.07 20.48

PC3 0.07 0.38 0.16 20.21 0.48 0.55 20.32

TABLE 2. Years of positive and negative leading modes, selected

by the criterion that the anomalies of normalized PCs exceeding

one standard deviation.

Positive Negative

PC1 1984, 1999, 2001, 2006,

and 2008

1983, 1990, 1992, and 1993

PC2 1987–89, 1999, and 2007 1982–85 and 1996

PC3 1989, 1998, 2007, and 2008 1986, 1987, 1999, and 2006
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secondmode features amonopole variation, with a center

from the northwestern TP to the Sea of Japan. The third

mode has a tripole pattern, with two positive centers over

Pakistan and over the Sea of Japan and a negative center

over central Asia.

The first mode is linked to ENSO, and the warming

over southern China is contributed by the adiabatic de-

scent induced by the convection to the north of Maritime

Continent. The second mode is associated with the AO-

like circulation anomalies, but with strong meridional

FIG. 13. Composite difference in DJF (a) mean temperature from 500 to 300 hPa (8C), (b) precipitation

(mmday21), (c) SAT (8C), and (d) 500-hPa geopotential height (gpm) between positive years and negative years of

the first EOF mode (see Table 2 for details). Values exceeding the 90% confidence level are shaded.

FIG. 14. Composite difference in DJF (a) mean temperature from 500 to 300 hPa (8C), (b) SAT (8C), (c) 500-hPa
geopotential height (gpm), and (d) 925-hPa winds (m s21) between positive years and negative years of the second

EOF mode (see Table 2 for details). Values exceeding the 90% confidence level are shaded.
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gradient of SLP over Asia. The third mode features a

wavelike pattern, with two wave trains. The northern

branch is from Greenland to the Sea of Japan, formed

likely by stationary waves propagating along the subpolar

waveguide. The southern branch is from the Mediterra-

nean Sea to the Sea of Japan, formed by quasi-stationary

Rossby waves trapped on the Asian jet. The third mode is

also associated with variations of the MEJS.

The above dominant modes have close relationships

with surface climate both over and beyond East Asia.

The first mode is accompanied by warming over the

southeastern TP and deficient precipitation over southern

China, the Korean Peninsula, and from equatorial eastern

Africa to the southwest of TP. The second mode is asso-

ciated with significant warming over most of Asia, espe-

cially East Asia. The third mode is related to excessive

precipitation from the eastern TP to south of Japan.

The NCEP CFSv2 has high skill in predicting the first

mode but shows little skill in predicting the second and

third modes. The high predictability of the first mode is

because the CFSv2 has high skill in predicting ENSO

and the related teleconnection patterns (Jiang et al.

2013b). The inability of CFSv2 to predict the second and

third modes may be ascribed to the unrealistic pre-

diction of AO by the model (Jiang et al. 2013b).

b. Discussion

ENSO-related teleconnection patterns are the basis

for seasonal prediction and they can be predicted by

dynamical models with reasonable skill. Because of the

persistence of ENSO, the pattern of correlation between

PC1 and autumn SST resembles an ENSO-related pat-

tern (not shown). Thus, the autumn SST is a precursor of

the first mode addressed in this study.

The second and third modes cannot be predicted

by CFSv2 in advance even by one month. Is there any

precursor of these two modes? The spring thermal

condition over the TP has been known as a precursor of

Asian summer climate anomalies through the persis-

tence of snow anomalies (Wu and Kirtman 2007; Zhao

et al. 2007a; Wu et al. 2010, 2012a,b). Is the autumn

thermal anomaly over the TP a precursor of winter cli-

mate anomalies? Figures 18a and 18b show correlations

of PC2 with autumn 500-hPa geopotential height and

temperature, respectively. The PC2 is highly correlated

with the autumn 500-hPa geopotential height and tem-

perature over the western TP and correlation is higher

for the former than for the latter. Thus, the anomaly of

500-hPa geopotential height over the TP may be a pre-

cursor of the second mode. For convenience, we define

Hwtp as the mean autumn 500-hPa geopotential height

over the western TP (308–408N, 708–908E). The Hwtp

is positively correlated with the winter surface air tem-

perature over most East Asia, with centers over the

eastern TP and northern China (Fig. 18c). Because of

the westerly flow over the TP, the temperature anoma-

lies over the TP can affect the temperature downstream,

as seen in the positive correlation between Hwtp and

the UTT from the eastern TP and to northern China

(Fig. 18d). How are the anomalies of autumn geopotential

FIG. 15. As in Fig. 14, but for the third EOF mode and (d) is replaced by 700-hPa winds (m s21).
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height linked to the winter temperature anomalies

over the TP? Yang et al. (2004) discussed that land–

atmosphere interaction enhanced the persistency of

surface climate features over and to the west of the TP.

Lin and Wu (2011) reported that the autumn TP snow

cover anomalies could persist into the following winter.

Thus, the following hypothesis is proposed. An in-

crease in the autumn geopotential height over thewestern

TP leads to a decrease in local snow. The condition of

decreased snow persists from autumn to winter, resulting

in an increase in winter surface air temperature over the

TP. More studies are needed to address the physical and

dynamical processes of the hypothesized links. Future

investigation of the forcing factors of the two wave trains

FIG. 16. As in Fig. 2, but for the averaged air temperature of 500 and 300 hPa from CFSv2 ensemble-means of

0-month lead hindcast.

FIG. 17. Solid curves with open circles (long dashed curves with

closed circles) denote coefficients of correlation between the EOF

analysis PC1 (EOF1) derived from observed temperature and the

PC1s (EOF1s) derived fromCFSv2 hindcasts of different leadmonths.

TABLE 3. Percentage variances accounted for by various EOF

modes for different lead months (LMs).

LM0 LM1 LM2 LM3 LM4 LM5 LM6 LM7

EOF1 45 47 51 52 59 56 60 53

EOF2 24 24 20 23 19 23 18 22

EOF3 12 13 16 13 9 12 11 12
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associated with the third mode discussed in this study may

also be important for enhancing the prediction of winter

precipitation over East Asia.
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