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ABSTRACT: The reversal of surface air temperature anomalies (SATA) in winter brings a great challenge for short-term

climate prediction, and the mechanisms are not well understood. This study found that the reversal of SATA between

December and January over China could be demonstrated by the second leadingmode ofmultivariate empirical orthogonal

function analysis on the December–January SATA. It further reveals that the central Pacific El Niño–Southern Oscillation

(CP ENSO) has contributed more influence on such a reversal of SATA since 1997. CP ENSO shows positive but weak

correlations with SATA over China in both December and January during the pre-1996 period, whereas it shows significant

negative and positive correlations with the SATA in December and January, respectively, during the post-1997 period. The

CP ENSO–related circulations suggest that the change of the Siberian high has played an essential role in the reversal of

SATA since 1997. The pattern of sea surface temperature anomalies associated with the CP ENSO leads to a westward-

replaced Walker circulation that alters the local meridional circulation and, further, has impacted the Siberian high and

SATAover China since 1997.Moreover, the seasonal northwardmarch of the convergence zone fromDecember to January

causes a northward-replaced west branch of the Walker circulation in January compared with that in December. The west

branch of theWalker circulation inDecember and January directlymodulates local Hadley and Ferrel circulations and then

causes contrasting Siberian high anomalies by inducing opposite vertical motion anomalies over Siberia. The reversal of

SATA between December and January, therefore, has been more frequently observed over China since 1997. The

abovementioned mechanisms are validated by the analysis at pentad time scales and confirmed by numerical simulations.

KEYWORDS: Atmosphere-ocean interaction; ENSO; Monsoons; Climate variability; Surface temperature; Climate

models

1. Introduction

The East Asian winter monsoon (EAWM) dominates the

winter climatic anomalies, especially the surface air tempera-

ture (SAT) anomalies (SATA) in East Asia/China (Ding et al.

2014; Jhun and Lee 2004). Strong or weak EAWM could give

rise to contrasting SATA over East Asia. In particular, the

powerful northerly associated with strong EAWM causes cold

waves that directly threaten food production (Kiritani 2007;

Zhang and Huang 2012) and livelihood. Moreover, frequently

occurring haze/smog events that are related to the static sta-

bility weather during the weak EAWM years have led to dra-

matic impacts on human health in East Asia (Lin et al. 2009;

Yin et al. 2019; Zhong et al. 2019). The extreme climate events

associated with anomalous EAWM could lead to enormous

disasters. For example, the worst ice–snow disasters in winter

2008 over South China caused 129 deaths and about USD

$21.76 billion economic losses directly (Gao 2009). Most of the

current research focuses on the seasonal mean climate, and it

has revealed massive evidence and mechanisms related to the

changes of winter (December–February) SAT over East Asia.

Much evidence suggests that the EAWM/SATA are domi-

nated by the variations of the Siberian high (Liu and Zhu 2020;

Lü et al. 2018), the East Asian trough (Wang andHe 2012), and

the jet stream (Jhun and Lee 2004). Furthermore, the large-

scale atmospheric circulations associated with the EAWM/

SATA are modulated by remote forcing, such as El Niño–
Southern Oscillation (ENSO) (Wang et al. 2000), the sea sur-

face temperature (SST) in the Atlantic (Hao and He 2017), the

sea ice over the Arctic (Liu et al. 2012), and the anthropogenic

activities (Hao et al. 2019).

In contrast to the variability of seasonal mean SATA that is

well studied, the subseasonal variations of winter SATA, which

usually causes unexpected disasters in China, have received

less attention. For instance, a record-breaking cold event was

recorded over East Asia in 2015/16 boreal winter (Geng et al.

2017), but the winter average SAT in this winter showed a

positive anomaly because of a remarkable warming spell in

December 2015. In fact, the SATA/EAWM experienced fre-

quent subseasonal reversals every winter from 2013 to 2018

(Wang et al. 2013, 2015; Si et al. 2014, 2016). Such subseasonal
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reverse SATA impose significant challenges for climate pre-

diction over East Asia (Dai et al. 2019; Geng et al. 2017; Lü
et al. 2018; X. Xu et al. 2018; Yu et al. 2019).

The underlying mechanisms for the subseasonal reversal of

SATA over China are very complex, where the anomalous

stratospheric processes (Wang et al. 2013), the blocking high

(Si et al. 2014), the ENSO (Wang et al. 2015), the Arctic

Oscillation (Si et al. 2016), and the SST over the Atlantic

(Zhang and Song 2018) may have contributions. X. Xu et al.

(2018) considered the combined effects of the warm phase of

the Pacific decadal oscillation, positive central Pacific (CP)

ENSO, and the decline inArctic sea ice on the remarkably cold

December and warm January–February. Dai et al. (2019)

suggested that the sea ice over different Arctic regions con-

tributes to the SATA variations in different months over

Northeast China that eventually led to the reverse SATA be-

tween December and January–February. Notably, the sub-

seasonal reversal in the SATA has become more common and

frequent in recent years, especially the reversal between

December and January.

The subseasonal reversal in the SATA over China might be

influenced by remote forcing, such as the SST and sea ice.

ENSO is the most prominent climate mode at interannual time

scale, exerting remarkable impacts on the East Asian climate

in winter (Chen et al. 2013; He and Wang 2013; Wang et al.

2000; Zhang et al. 2015a,b). During the year of El Niño, an
anomalous anticyclone at lower levels is located in the western

North Pacific, then East Asia often experiences anomalous

warm conditions, and vice versa for La Niña (Wang et al. 2000;

Wu et al. 2003). The super El Niño events may lead to sub-

seasonal change of winter climate over East Asia. For example,

it is revealed that the subseasonal reversal in rainfall anomalies

over South China in winter of 1982/83 and 2015/16 (Guo et al.

2018), and the reversal of SATA between December 2015 and

January 2016 over East Asia (Geng et al. 2017) were related to

the super El Niño.
In addition to conventional ENSO [eastern Pacific ENSO

(EPENSO)], the CPENSO, which is characterized by a tripole

pattern of SST anomalies over the equatorial Pacific (Ashok

et al. 2007), has also received considerable concerns in recent

years. The CP ENSO and conventional ENSO have different

impacts on the global climate (Feng et al. 2016, 2010; Wang

et al. 2020; Weng et al. 2009, 2007). For example, the winter-

time rainfall over southern China associated with the two types

of ENSO is exactly opposite (K. Xu et al. 2018). Yu and Sun

(2018) further suggested that the weakening relationship be-

tween ENSO and the EAWM was caused by the interference

effects of the frequently occurred CP ENSO after the late-

1970s. The CPENSO also has potential impacts on the reversal

in SATA at subseasonal time scale (Wang et al. 2015; X. Xu

et al. 2018). The CP ENSO may modulate the large-scale at-

mospheric circulations at subseasonal scales to alter the sub-

seasonal climate over East Asia (X. Xu et al. 2018); on the

other hand, the different evolution and variability of the CP

ENSO between early winter (November–December) and late

winter (January–February) also play an important role on

subseasonal climate anomalies over East Asia (Wang et al.

2015; Tian and Fan 2020). Furthermore, the CP ENSO and EP

ENSO have been increasing and decreasing, respectively, their

interannual variability under the changing climate

(Timmermann et al. 2018; Yeh et al. 2009), and the influences

of CP and EP ENSO on global climatic intensities and scopes

have been changed (Guo and Wu 2019). In the background of

increased interannual variability and occurrence of the CP

ENSO, the influence of the CP ENSO on the subseasonal

variability of winter SATA over China needs further

investigation.

Based on the abovementioned, a series of questions arise

here: 1) Does the reversal in SATA between December and

the following January over China have inherent features and

dominant mode? 2) How may we distinguish and demonstrate

the mode of reverse SATA? 3) What factors could contribute

to the reversal of SATA? To answer these three questions are

the main motivation of this study. Especially, in this study we

will explore the influences of the CP ENSO on the reversal of

SATA at multiple time scales. This paper is arranged as fol-

lows: Section 2 describes the datasets and methods. Section 3

presents the results including the intensified relationship be-

tween theCPENSOand reversal of SATA since 1997 (section 3a),

themechanisms for the impact of the CPENSOon the reversal

of SATA since 1997 (section 3b), and the numerical simula-

tions (section 3c). The conclusions and discussion are provided

in section 4.

2. Datasets and methods

a. Datasets

We employed global monthly atmospheric reanalysis data for

the period of 1961–2017 from the National Centers for

Environmental Prediction–National Center for Atmospheric

Research (NCEP–NCAR) reanalysis dataset, including the

horizontal winds, vertical velocity, and geopotential height

with a horizontal resolution of 2.58 3 2.58 and 17 vertical pres-

sure levels (Kalnay et al. 1996). This dataset has been widely

applied in climate and weather studies, and it has a long-time

coverage. We used a gridded monthly surface temperature ob-

servation dataset with a horizontal resolution of 0.258 3 0.258
from more than 2400 observation stations in China (CN05.1) to

support the results obtained from the reanalysis dataset (Wuand

Gao 2013). SST during the period of 1961–2017 were derived

from the National Oceanic and Atmosphere Administration

Extended Reconstructed SST, version 5 (NOAA-ERSSTv5),

dataset with a resolution of 2.08 3 2.08 (Huang et al. 2017).

b. Numerical simulations and statistical procedures

We conducted the atmospheric generation circulation

model (AGCM) experiments by using the Community

Atmosphere Model, version 5 (CAM5), to investigate the en-

hanced impacts of the CPENSOon the reversal of SATA since

1997. The physical and chemical processes in the CAM5 have

been improved compared with previous version (Neale et al.

2012). The CAM5 simulations were performed at a horizontal

resolution of 1.98 3 2.58 and 30 hybrid pressure–sigma levels.

We have designed three experiments (Table 1). The first one is

to force the model with climatological seasonal cycle of global
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SST and sea ice (referred to as the control run). It should be

noted that the data of the climatological seasonal cycle of

global SST used in this model are the model’s climatological

SST. The second one is a warm CP ENSO run in the pre-1996

period (referred to as the emi_pre run) in which the boundary

force consists of the climatological seasonal cycle of global SST

with additional anomalous SST over the region of 308S–508N,

908E–808W from December to the following January. The

anomalous SST is obtained by the regression onto the nor-

malized EMI [ENSOModoki index (EMI); Ashok et al. 2007]

during 1961–96. The last one (referred to as the emi_post run)

is similar to the emi_pre run, except that the anomalous SST is

obtained by the regression onto the normalized EMI during

1997–2016. The atmospheric composition of all three experi-

ments was constant at the level in the year of 2000. All three

experiments were integrated for 36 years—the first 10 years

were used for the model spinup, and the following 26 years

were used for analysis.

Based on section 1, we know that the reversal of SATA that

occurred in 2014/15 is related to the CP ENSO. Moreover,

previous studies have suggested that the impact of the CP

ENSO on the global climate have strengthened in the recent

decade due to the increased interannual variability of the CP

ENSO (Timmermann et al. 2018; Yeh et al. 2009), which im-

plies that the relationship between the CP ENSO and the

subseasonal reversal of SATA might be changed in recent

decades. Thus, we employed the sliding correlation to examine

the changing relationship between the CP ENSO and the re-

versal of SATA over China between December and January.

Meanwhile, ‘‘bootstrapping’’ is used to estimate the relation-

ship between the CP ENSO and the reversal pattern in SATA

over China during the different periods. Bootstrapping, which

is a statistical method that uses data resampling with replace-

ment, has been widely employed in the field of climate (e.g.,

Deser et al. 2017). In this study, we generated 1000 boot-

strapped samples to verify the relationship between the

CP ENSO and the reversal of SATA. We used Student’s

t test to estimate the significance levels and removed the linear

trends for all data before the analysis of regression and

correlation.

3. Results

a. The intensified relationship between the CP ENSO and
reversal of SATA since 1997

To distinguish and demonstrate the mode of reverse SATA

over China between December and the following January, the

multivariate empirical orthogonal function (MV-EOF) analy-

sis is used to identify the inherent reverse SATA and separate

the corresponding mode. In this study, an area-weighted cor-

relation coefficient matrix is constructed for the combined

SATA over China in December and the following January

during 1961–2017 to carry out the MV-EOF. Figure 1 shows

the spatial distribution of the first two leading modes of MV-

EOF and the corresponding time series. The first and the

second modes (MV-EOF1 and MV-EOF2) explain 27.2% and

20.3% of the total variance of the variability in the December–

January SATA over China, respectively. The first two leading

modes are independent of each other and are statistically dis-

tinguished from the rest of the modes according to the rule

given by North et al. (1982). The MV-EOF1 denominates the

in-phase change in SATA between December and January

(Figs. 1a,b), and its time series (PC1) exhibit a clear increasing

trend, which is in line with the warming trend over China in

winter (Fig. 1e). In contrast, the MV-EOF2 is characterized by

the out-of-phase change in SATA between December and the

following January, indicating that the cold and warm anoma-

lies in December and the following in January, respectively

(Figs. 1c,d). Moreover, the time series of MV-EOF2 (PC2)

implies that the subseasonal reverse SATA also displays in-

terannual variability. Interestingly, the PC2 shows positive

value in 2015 and negative value in 2016 (note that 2015 refers

to December 2014–January 2015), which means that the MV-

EOF2 also captures the cold December–warm January pattern

in 2014/15 winter (X. Xu et al. 2018) and the warm December–

cold January in 2015/16 winter (Geng et al. 2017). It should be

noted that in this study we exclude the temperature over the

Tibetan Plateau due to its high altitude.

Given the increased interannual variability and occurrence

of the CP ENSO during recent decades, the multiscale rela-

tionships between the CP ENSO and the reversal of SATA over

China between December and January are examined. Here, we

employ the sliding correlation between averagedCPENSO index

of December and January (EMI; Ashok et al. 2007) and PC2 of

MV-EOF to reveal the impacts of the CP ENSO on the sub-

seasonal variability of winter SATA over China. Figure 2 exhibits

that the CP ENSO exerts a significant impact on the reversal of

SATA since 1997. It should be noted that the various sliding

windows are employed to explore the cutoff point of the changing

relationship. The results revealed by various slidingwindows show

the cu-off point is around 1997 (not shown), and the 1997 is not a

special year to dominate the changing relationship between the

CP ENSO and the reversal of SATA in recent years.

Furthermore, we confirm the linkage between the spatial

distribution of SATA and the CP ENSO during the pre-1996

TABLE 1. Dataset employed in this study and design of the AGCM

sensitivity experiments.

Datasets

CN05.1 NCEP–NCAR-1 NOAA-ERSSTv5

Expt name Description

Control run Climatological mean seasonal cycle of

global SST

emi_pre run Climatological mean seasonal cycle of global

SST plus SST anomalies for warm CP

ENSO during the pre-1996 period over the

region 308S–508N, 908E–808W from

December to the following January

emi_post run Climatological mean seasonal cycle of global

SST plus SST anomalies for warm CP

ENSO during the post-1997 period over

the region 308S–508N, 908E–808W from

December to the following January
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(including 1996) and post-1997 (including 1997) periods (Fig. 3),

respectively. During the pre-1996 period, the positive CP

ENSO causes warm anomalies in southern China in both

December and January (Figs. 3a,b). In contrast, the affected

areas of the CP ENSO have extended more northward during

the post-1997 period. The positive CP ENSO leads to a sub-

seasonal reverse SATA over China between December and

January, which exhibits warm SATA inDecember and the cold

SATA in January over most of China (Figs. 3c,d). Previous

study has pointed out that the influences of ENSO produces

larger uncertainties induced by the atmospheric internal vari-

ability (Deser et al. 2017). To further examine the effects of the

CP ENSO on the reversal of SATA over China since 1997, the

different SATA over China in the CP El Niño events between

the post-1997 period and pre-1996 period is analyzed (see the

Fig. S1 in the online supplemental material). Compared with

the CP El Niño events in the pre-1996 period, the difference

also indicates the reversal of SAT between December and

January. The significant difference of SAT in December is

located in southern China and Northwest China, and the re-

markable difference of SAT in January is located in Northeast

and Northwest China, those regions are the opposite response

FIG. 1. The first two leading modes ofMV-EOF and its time series. SAT spatial distribution in (a) December and

(b) January revealed by MV-EOF1. (e) The time series of MV-EOF1. (c),(d) As in (a) and (b), but for MV-EOF2.

(f) The time series of MV-EOF2.

FIG. 2. The 25-yr sliding correlation between EMI and PC2 during

1961–2016. The black horizontal lines denote the 90%confidence level

based on the Student’s t test.
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regions of the CP ENSO in different periods. Ultimately, we

also used the bootstrapping method, which is also employed by

Deser et al. (2017), to test the relationship between the CP

ENSO and the reversal of SATA since 1997. We have gener-

ated 1000 bootstrapped samples for the observational corre-

lation between the CP ENSO and SATA during the post-1997

period. The averaged bootstrapping correlation coefficients are

similar to the Pearson correlation (Figs. 3a,b,e,f). Furthermore,

the 90th-percentile and 10th-percentile correlation coefficients

of 1000 bootstrapped samples are analyzed in December and

January, respectively. In December, the 90th percentile indicate

the negative correlation between the CPENSO and SATAover

most of China; by contrast, the 10th percentile denotes the

positive correlation between the CP ENSO and SATA over

most of China in January (Figs. S2a–f). Thus, the results suggest

that the relationship between the CP ENSO and SATA over

China in both December and January are significantly differ-

ent from zero. These results further illustrate the strength-

ening relationship between the CP ENSO and the reversal

of SATA between December and January since 1997.

FIG. 3. Regression of SATonto the normalizedEMI in (a)December and (b) January during the pre-1996 period.

The regressionmap of SATonto the normalized EMI in (c)December and (d) January during the post-1997 period.

Correlation coefficients of 1000 bootstrapped samples between the CP ENSO and SAT in (e) December and

(f) January since 1997. The purple and black dotted areas denote the 90% and 95% confidence levels based on the

Student’s t test.
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Meanwhile, to examine whether the CP ENSO also impacts

the reversal of SATA over China between December and

January at smaller time scales, which could directly induce the

extreme temperature events, the CP ENSO–related SATA are

analyzed at pentad scales during the pre-1996 and post-1997

periods (see the Fig. S3). The results indicated by pentad scales

are similar to themonthly scale. Thus, these results suggest that

the CP ENSO could play a crucial role in the reversal of SATA

since 1997 both at monthly and pentad scales. It is noteworthy

that the anomalies of SAT associated with the CP ENSO ex-

ceed 48C in some special pentads during the post-1997 period,

which might give rise to extreme events. At the rest of this

study, we will first address the circulation and mechanisms of

CP ENSO’s impact on the reversal of SATA at monthly scale,

then we will check whether the mechanisms at monthly scales

are still responsible for smaller time scales (pentad scales).

Furthermore, the CP ENSO–related anomalous sea level

pressure (SLP) and atmospheric circulations at 850 hPa are

analyzed to reveal different impacts of the CP ENSO between

the two periods. In this study, we employ the area-weighted

mean SLP (408–608N, 808–1208E) to investigate the intensity of

the Siberian high (Wu and Wang 2002). During the pre-1996

period, the Siberian high anomalies related to the CP ENSO in

December and January are not significant and weak (Figs. 4a,b),

which means that the CP ENSO has limited impacts on the

Siberian high. Meanwhile, the CP ENSO–related positive SLP

anomalies located over the South China Sea and the Philippines

Sea induce the significant southerly anomalies prevailing

from the South China Sea to South China, those southerly

wind can weaken the northerly wind induced by the EAWM,

and then cause the warm anomalies over South China

(Fig. 4a). Moreover, the anomalous SLP and wind fields at

850 hPa associated with the CP ENSO in December is similar

to that in January during the pre-1996 period (Figs. 4a,b). The

anomalous circulations are consistent with the CP ENSO–

related SAT anomalies (Figs. 3a,b).

In contrast, during the post-1997 period, the SLP anomalies

associated with the CP ENSO between December and January

exhibit distinct discrepancies, especially over mid–high lati-

tudes in Eurasia. In December, positive SLP anomalies over

Siberia (Fig. 4c) indicate stronger-than-normal Siberian high

(Fig. 4c), which is consistent with northerly anomalies over

northern China (Fig. 4c). At the same time, a negative SLP

anomalies center located in the North Pacific implies that the

Aleutian low is deepened, which is accompanied with signifi-

cant deepening of the East Asian trough (Jhun and Lee 2004;

Song et al. 2016). These results suggest the stronger-than-

normal EAWM in December, and finally causes the cold

conditions over China. However, in January, negative SLP

anomalies are remarkable over mid–high latitudes in Eurasia

(Fig. 4d), indicating a weaker-than-normal the Siberian high

(Fig. 4d). Meanwhile, significant positive SLP anomalies over

south of 308N further favors weaker-than-normal EAWM and

warm conditions over China in January (Li and Yang 2010).

Therefore, based on the above analysis, the different Siberian high

anomalies associated with the CP ENSO between December and

January play an essential role in the reversal pattern in SATA

over China during the post-1997 period.

FIG. 4. Regressionmap of 850 hPawind field (vectors; unit: m2 s21) and sea level pressure (colors; unit: gpm) onto

the normalized EMI for in (a) December and (b) January during the pre-1996 period. (c),(d) As in (a) and (b), but

during the post-1997 period. The black dotted areas denote the 90% confidence level based on the Student’s t test;

the black box denotes the region used to define the SH index.
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b. Physical mechanisms of the CP ENSO impact on the
subseasonal winter temperature reversal over China

since 1997

1) MODULATED ROLE BY LOCAL MERIDIONAL

CIRCULATION ASSOCIATED WITH THE CP ENSO

The responses of Asian climate anomalies to ENSO are di-

rectly attributed to the anomalous Walker circulation and the

related anticyclone anomalies around the Philippines (Feng

et al. 2010; Wang et al. 2000). The anticyclone anomalies play

an important role in bridging the EAWM and ENSO (Yu and

Sun 2018). Thus, we also examine the divergent wind, velocity

potential and vertical motions to reveal the different responses

of the Walker circulation and large-scale divergent motions to

the CP ENSO during the two periods. Overall, in both periods

of pre-1996 and post-1997, the anomalous Walker circulation

features a tripole mode, with descending centers over the

tropical western and eastern Pacific and ascending center over

the central Pacific. But the strength of vertical motions during

the post-1997 period is stronger than that during the pre-1996

period, and the vertical motions are also more significant in the

post-1997 period. Meanwhile, the boundary and location of the

significant descending motions over the western Pacific asso-

ciated with the CP ENSO extend more westward in the post-

1997 period than in the pre-1996 period. In December, the

descending branch of the Walker circulation is located east of

1208E during the pre-1996 period (Fig. 5a), whereas the de-

scending branch of the Walker circulation extends to west of

1208Eduring the post-1997 period (Fig. 5c). The results are also

revealed by the CP ENSO–related vertical motions anomalies

averaged along the 108S–108N in the two periods (Figs. S4a–d).

In the pre-1996 period, the anomalous negative velocity po-

tential over the western Pacific changes from223 106m s21 in

December to 20.6 3 106m s21 in January, and the anomalous

velocity potential becomes insignificant (Figs. 5a,b). These

results imply the decreasing Walker circulation anomaly as-

sociated with the CP ENSO from December to January. The

weakened Walker circulation from December and January is

also depicted in the post-1997 period, but the negative velocity

potential is still significant in January (Fig. 5d). In addition, the

anomalous positive velocity potential also extends westward

in the post-1997 period compared to the period of pre-1996

(Fig. 5), which implies the ascending branch of anomalous

Walker circulation associated with the CP ENSO also extends

westward in the post-1997 period. Similarly, the different ver-

tical motions in the El Niño events between the post-1997 and

pre-1996 periods also show the westward replacement of the

Walker circulation in the post-1997 period (Figs. S4e,f). These

results suggest the CP ENSO–related Walker circulation

anomalies, especially its west descending branch, are stronger

and more persistent in the post-1997 period than in the pre-

1996 period, which can lead to the enhanced relationship be-

tween the CP ENSO and subseasonal winter SATA reversal

over China after 1997. During the post-1997 period, the dif-

ference of significant negative velocity potential of the west

branch of the Walker circulation between December and

January is also remarkable. Compared with December, the

location of significant negative velocity potential center is more

northward replacement in January (Figs. 5c,d). The different

responses of the western branch of the Walker circulation to

the CP ENSO between December and January in the post-

1997 period might be the key process to reverse the impacts of

the CP ENSO on SATA over China.

The changed Walker circulation/zonal overturning circu-

lations over tropical could alter the local Hadley circulation

directly, resulting in the climate anomalies over mid–high

FIG. 5. Regression map of 850 hPa divergent wind (vectors; unit: m2 s21) and velocity potential (colors; unit:

106m2 s21) onto the normalized EMI during the pre-1996 period for (a) December and (b) January. (c),(d) As in

(a) and (b), but for the post-1997 period. The black dotted areas indicate the 95% confidence levels based on the

Student’s t test.
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latitudes by modulating local meridional circulation, such

as the Siberian high anomalies (Hsu and Lin 2007; Yu and

Sun 2018). Additionally, Wu et al. (2016) suggested that the

strength of the Siberian high could be significantly affected by

the local vertical motions over Siberia. Figure 6 shows the CP

ENSO–related meridional circulation and omega anomalies

averaged along 808–1208E. During the pre-1996 period, insig-

nificant and weak descent anomalies over the tropical eastern

IndianOcean andwestern Pacific cannot effectively change the

local Hadley circulation, thus the signals of the CP ENSO

cannot be propagated to mid–high latitudes through local

meridional circulation in December and January (Figs. 6a,b).

By contrast, the prominent descent over the eastern tropical

Indian Ocean and western Pacific significantly weakens the

local Hadley circulation during December of the post-1997

period, and then gives rise to a weaker local Ferrel circulation.

Subsequently, the weaker Ferrel circulation results in anoma-

lous descending motions over the Siberian region and an en-

hanced Siberian high (Fig. 6c). Finally, the enhanced Siberian

high induces the strong EAWM and cold SATA over China in

December. As for the January of the post-1997 period, the

significant descending branch of the Walker circulation asso-

ciated with the CP ENSO extends northward and is located

around 308N (Fig. 6d), which is consistent with the signals re-

vealed by the anomalous velocity potential (Fig. 6d). The

northward replacement of the western subsiding branch of the

Walker circulation directly intensifies a local Ferrel circulation,

then results in the strong ascending branch of Ferrel circulation

around 608N. Ultimately, the enhanced Ferrel circulation

causes the weaker Siberian high and warm anomalous SAT

over China in January.

To summarize, the anomalous local meridional circulation,

which is modulated by the strength and position of the western

subsiding branch of the Walker circulation, play an essential

role in strengthening the linkage between the CP ENSO and

the reversal of SATA between December and January over

China since 1997. Furthermore, the stronger, more persistent,

and westward replacement of the Walker circulation associ-

ated with CP ENSO is responsible for the enhanced impact of

the CP ENSO on the SATA over China since 1997. The

northward replacement of the western descending branch of

the Walker circulation in January compared with that in

December is directly associated with the reversal of SATA.

2) POSSIBLE IMPACTS OF CHANGING SST ANOMALIES

ASSOCIATED WITH THE CP ENSO

Change of the Walker circulation anomalies associated with

the CP ENSO may imply different spatial distribution of the

CP ENSO–related SST anomalies (SSTAs). Therefore, we

regress the SSTAs in December and January onto the nor-

malized EMI in the two periods (Fig. 7). During the pre-1996

period, the SSTAs associated with the CP ENSO is charac-

terized by anomalous tripole SSTAs pattern in the tropi-

cal Pacific, with positive anomalies over central Pacific and

FIG. 6. Regression map of omega (colors; unit: 1023Pa s21) and meridional circulation average along 808–1208E
onto normalized EMI during the pre-1996 period for (a) December and (b) January. (c),(d) As in (a) and (b), but

for the post-1997 period. The black dotted areas indicate the 95% confidence levels based on the Student’s t test,

and the gray shading indicates the topography.
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negative anomalies over the western Pacific and the eastern

Pacific. In addition, positive anomalies emerge in the South

China Sea and the Kuroshio Extension (Figs. 7a,b). During the

post-1997 period, the tropical SST anomalies associated with

the CP ENSO are similar to that during the pre-1996 period.

However, the CP ENSO–related SSTAs show significant and

negative anomaly in the South China Sea and the Kuroshio

Extension during the post-1997 period (Figs. 7a,b). The

negative anomalies of the regression map of SSTAs between

the two periods also show that a distinct difference is the op-

posite SSTAs over the South China Sea and the Kuroshio

Extension (Figs. 7e,f). The negative SSTAs over the western

North Pacific associated with the CP ENSO have widened

since 1997, so the distribution of SSTAs over the western

Pacific has shift from a tripole pattern to a dipole pattern. The

widened negative SST over western Pacific anomalies may lead

FIG. 7. Regression map of SST onto the normalized EMI during the pre-1996 period in (a) December and

(b) January. (c),(d) As in (a) and (b), but for the post-1997 period. (e) (c) minus (a); (f) (d) minus (b). The com-

posited difference of SST of the CP El Niño events between the post-1997 and pre-1996 periods in (g) December

and (h) January. The El Niño events are defined by the events exceeding 0.75 times the standard deviation, two

standard deviations are obtained by two periods. The two green boxes in (e) and (f) denote the South China Sea

region and Kuroshio Extension region in this study; the green box in (g) and (h) indicates the region of the

northwest side of the warm anomaly center of the CP ENSO. The purple and black dotted areas indicate the 95%

and 99% confidence levels based on the Student’s t test, respectively.
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to a stronger, more persistent, and westward replacement of

the west descent branch of the Walker circulation. In addition,

the SSTAs over the northwest side of the anomalies center of

the CP ENSO also indicate the weakening magnitude of

anomalies (the slight positive difference in Figs. 7g,h), the results

are clear in the diagram in difference of SST in the CP El Niño
events between post-1997 and pre-1996 period (Figs. 7g,h).

These changes in SST structure of CPENSOplay a fundamental

role in the Walker circulation since 1997.

The local meridional circulation over 808–1208E is directly

affected by the west branch of the Walker circulation. So, we

examine the different relationship between SSTAs over west-

ern North Pacific and the CP ENSO in two periods. Two in-

dices obtained by area-weighted average SSTAs over the

region (58–408N, 1108–1308E) and (208–448N, 1308–1648E) are
used to represent the SSTAs over the South China Sea and the

Kuroshio Extension, respectively. The sliding correlation be-

tween the EMI and the two SST indices are shown in Fig. 8.

Results indicate that the relationship between the CP ENSO

and SSTAs over the South China Sea and the Kuroshio

Extension have experienced significant interdecadal changes.

Before the early and mid-1980s, there is a significant positive

correlation between the CP ENSO and two SST indices. Since

themid-1980s, the relationship between CP ENSO and the two

indices has been decreasing and shifted from positive to neg-

ative correlation. Finally, the negative correlation between the

CP ENSO and the two indices became significant around 1997.

The transition period is consistent with the enhanced rela-

tionship between the CP ENSO and reversal of SATA over

China between December and January. The results imply that

the anomalous SST pattern associated with the CP ENSOmay

be an essential factor for the enhanced relationship.

3) BRIDGE ROLE OF DIFFERENT ATMOSPHERIC

CIRCULATION BETWEEN DECEMBER AND JANUARY

To explore the causes for the opposite response of SAT

anomalies between December and January during the post-

1997 period in the background of consistent SSTAs variations,

we diagnose the difference in atmospheric circulation between

December and January. The differences in 850 hPa wind fields

between January and December appear a remarkable dis-

crepancy in both two periods (Figs. 9a,b). The significant

westerlies occur over the region from 108 to 308N, which cor-

responds well with the northeasterly wind from mid–high lat-

itudes to the convergence north of 208N (Figs. 9d,e). The

stronger convergence at lower levels north of 208N suggests

that there are stronger climatic ascending motions and con-

vection in January than in December. It has been revealed that

the enhanced convection contributes to the increased sensi-

tivity of the atmospheric responses to ENSO forcing (Xiang

and Wang 2013; Xue et al. 2018). Therefore, the seasonal

northward march of convergence zone from December to

January may provide an important atmospheric background to

reverse SATA responses in December and January to CP

ENSO since 1997.

Many studies have suggested that the interdecadal change of

climate over East Asia occurs around the late-1990s, thus we

also consider whether the different atmospheric circulation in

January between the post-1997 and pre-1996 periods also

contributes to the enhanced relationship between the CP

ENSO and reversal of SATA since 1997. The wind and velocity

potential at 850 hPa between the post-1997 and pre-1996 pe-

riods cannot describe remarkable differences; thus, the results

eliminate the role of interdecadal change in atmospheric cir-

culation between the two periods (Figs. 9c,f).

Meanwhile, analysis of the typical events of the reversal in

SATA is helpful for understanding the underlayingmechanism

of the CP ENSO’s impact on reversal in SATA since 1997, and

thus we also examine three typical events of reversal in SATA

that occurred in 2007/08, 2010/11, and 2014/15 (Fig. 1f).

Most parts of China experienced positive SAT anomalies in

December 2007 and 2010 and SAT anomalies in January 2008

and 2011, which was concurrent with negative phase of the CP

ENSO. Accordingly, during the positive phase of the CP

ENSO, most of China appear the negative SAT anomalies in

December 2014 and positive SAT anomalies in January 2015

(see the Fig. S5). The results in these three typical events of the

reverse SATA are well consistent with the statistical analysis

(e.g., Figs. 3c,d). In addition, we have also checked the local

meridional circulation. It is found that the anomalous Ferrel

circulation in December–January 2007/08 and 2010/11 is op-

posite to that in December–January 2014/15 (see Fig. S6),

which is also consistent with the reversal of SATA over China.

Furthermore, to examine whether themechanisms of the CP

ENSO impact on reversal in SATA at monthly scales are still

FIG. 8. The 25-yr sliding correlation between the EMI and the

SST area-averaged in (a) the South China Sea region (58–408N,

1108–1308E) and (b) the Kuroshio Extension region (208–448N,

1308–1648E). The horizonal black lines denote the 90% confidence

level based on the Student’s t test, and the blue and red curves

indicate the value in December and January.
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responsible for the reversal of SAT anomalies at pentad scales,

we analyze the pentad anomalous Siberian high, local Hadley

circulation, and Ferrel circulation along 808–1208E associated

with the CP ENSO in the pre-1996 and post-1997 periods.

During the pre-1996 period, the weak and positive SATA in

both December and January associated with the CP ENSO

match the weak and negative Siberian high anomalies (Fig. 10a),

and the response of local Hadley and Ferrel circulation to CP

ENSO also weak (Fig. 10c). Therefore, these results suggest that

the CP ENSO cannot impact the reversal of SATA over China

between December and January at pentad scales. By contrast,

during the post-1997 period, the SATA associated with CP

ENSO exist a remarkable transition from negative to positive in

late December. Accordingly, the CP ENSO–related Siberian

high anomalies exert a remarkable transition from positive to

negative. Thus, the relationship between SAT and Siberian high

anomalies is resemblance to the relationship revealed by monthly

scales (Fig. 10b). The CP ENSO–related persistent positive local

Hadley circulation anomaly during December–January is also

similar to results at monthly scales. Meanwhile, the negative local

Ferrel circulation anomalies change to positive abruptly in late

December, which implies the CP ENSO modulates Ferrel circu-

lation in January directly then induces the reversal of SAT be-

tween December and January (Fig. 10d). Thus, these results

suggest that the mechanisms revealed by monthly scales are still

responsible for the reversal of SATA at pentad scales.

FIG. 9. The different wind at 850 hPa between January and December during the (a) pre-1996 and (b) post-1997

periods. (c) The different wind at 850 hPa in January between the post-1997 and pre-1996 periods; the light and dark

shading denote the 90% and 95% confidence levels, respectively, based on the Student’s t test. The different

divergent wind (vectors) and velocity potential (colors; unit: 106m2 s21) at 850 hPa between January andDecember

during the (d) pre-1996 and (e) post-1997 periods; (f) the different divergent wind (vectors) and velocity potential

(colors) in January between the post-1997 and pre-1996 periods. The white dotted area indicates the 95% confi-

dence levels based on the Student’s t test.

1 MARCH 2021 L I E T AL . 1611

Brought to you by UNIVERSITETSBIBLIOTEKET I | Unauthenticated | Downloaded 03/21/22 02:19 PM UTC



The results from the above indicate that the possible mech-

anisms of the enhanced relationship between the CP ENSO and

the reversal of SATAover China betweenDecember and January

since 1997 are as follows: the change in structure of SSTAs asso-

ciated with the CP ENSO since 1997 lead to a westward-extended

Walker circulation (especially its west branch), alter the local

meridional circulation over 808–1208E to impact the Siberian high

and SATA over China; meanwhile, sensitive response areas to the

CP ENSO shift to the north along with the seasonal northward

march of convergence zone from December to January. Finally,

the different CP ENSO–related west branch of the Walker circu-

lation causes the reversal in SATAoverChina betweenDecember

and the following January.

c. Numerical simulations

In this section, we employed the AGCM experiments to

validate the abovementioned mechanisms. The structure of

SSTAs associated with the CP ENSO is an essential process in

our mechanisms. Thus, to depict the different distribution of

the CP ENSO–related SSTAs in two periods reasonably, we

added the SSTAs obtained by regression during the pre-1996

and post-1997 periods on EMI, respectively. Moreover, the

extended west branch of the Walker circulation, which is in-

duced by the structure of SSTAs associated with the CPENSO,

is a crucial atmospheric bridge to impact the Siberian high and

SATA over China. So, we addressed the composite difference

of divergent wind and velocity potential between the control

run and two sensitivity runs. In this study, the data of clima-

tological seasonal cycle of global SST used in model are the

model’s climatological SST, the SST bias might be the primary

sources of the model’s systemic errors in Walker circulation.

Thus, prior to the analysis the results of the model output, we

examine the model’s systemic errors due to the different

Walker circulation between the observation and control ex-

periment. In observations, the boundary between upwelling

and downwelling motions of the Walker circulation is around

1608W in both December and January (Figs. S7a,b). In con-

trast, the boundary between upwelling and downwelling mo-

tions of theWalker circulation in control simulations is around

1808 in both December and January (Figs. S7c,d). Further, the

sensitivity simulations were processed on the basis of control

simulation, so the model’s systematic errors could influence on

the response to the CP ENSO in sensitivity simulations.

In both two sensitivity runs of the warm CP ENSO, the

anomalies of the Walker circulation are larger than observed

anomalies (Figs. 5 and 11) due to the model’s systemic errors.

But the responses of theWalker circulation to the CP ENSO in

two sensitivity runs show significant difference. In December,

the strength of the Walker circulation is stronger, and the west

descent branch of the Walker circulation is more westward

replacement in the emi_post run compared with the emi_pre

run (Figs. 11a,c), the results are consistent with the observa-

tion. Then the westward-extended west descent branch of the

Walker circulation weakened the Hadley circulation and en-

hanced the Siberian high. Moreover, in the emi_post run, the

center of negative velocity potential anomalies moves to the

north from December to January (Figs. 11c,d), which implies

that the west descent branch of the Walker circulation is a

more northward replacement in January than in December.

Then the northward-shifting west descent branch of the

FIG. 10. Regression of pentad area-weighted average SAT over China (omitting the Tibetan Plateau) and SH

onto normalized EMI in the (a) pre-1996 and (b) post-1997 period. Regression of pentad local Hadley [denoted by

area-weighted omega over the region (808–1208E, 58–158Nat 500 hPa) and Ferrel (denoted by area-weighted omega

over the region 308–408N, 808–1208E at 500 hPa) downwelling branch onto normalized EMI in the (c) pre-1996 and

(d) post-1997 period.
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Walker circulation can enhance the Ferrel circulation to de-

crease the Siberian high in January. Therefore, the forcing

SSTAs, which are described by the change in pattern of SSTAs,

can roughly reproduce the key physical process during the

post-1997 period.

Figure 12 shows the composited difference of SAT between

two sensitivity experiments and control run. In the emi_post

run, the SATA over most of China shows significant negative

anomalies in December, while the remarkable positive SAT

anomalies exert over most of China in January (Figs. 12c,d).

The Walker circulation increased from December to January

in the control simulations (see the Fig. S7), which might be a

reason to induce a stronger responses of theWalker circulation

to the CP ENSO in January than December, then caused the

insignificant difference of SAT in January in sensitivity ex-

periments. In the emi_pre run, significant negative SAT

anomalies are located in South China in December due to the

model’s systemic enhanced Walker circulation and weak re-

sponses of SAT in January. To further reveal the results from

the AGCM between two sensitivity experiments, the differ-

ence of SAT between the emi_post and emi_pre runs in

December and January are analyzed (see the Fig. S8).

Compared with the emi_pre run, the most part of China

describe a cooling and a warming difference of SAT, respec-

tively, in December and January. The difference of SAT be-

tween the two sensitivity experiments also implies the

intensified relationship between CP ENSO and the reversal of

SATA over China in the emi_post run relative to the emi_pre

run. Thus, the results in emi_pre are not consistent with the

observed SAT, but the difference between emi_pre and emi_

post results suggest the intensified impacts of the CP ENSO on

the reversal of SATA since 1997.

4. Conclusions and discussion

SATAdominate the winter climate over China, and extreme

and volatile SATA results in severe disasters. The subseasonal

reversal of the SATAover China, which receives less attention,

becomes frequent and raises a great challenge for climate

prediction. In this study, we explore the mechanism on the

reversal in SAT anomalies between December and the fol-

lowing January over China by investigating the impacts of the

CP ENSO on the reversal of SATA.

First, we employ the MV-EOF on winter SATA over China

and find that the second leading mode of MV-EOF is associ-

ated with the reversal of SATA. TheMV-EOF2 explain 20.3%

of the variance of the variability in the December–January

SAT over China. Meanwhile, the PC2 revealed by MV-EOF

shows that a great interannual variability dominates the change

of the reversal of SATA. Subsequently, we explore the multi-

scale relationships between the CP ENSO and the reversal of

SATA. Along with the enhanced interannual variability of the

CP ENSO in recent years, the relationship between the CP

ENSO and the reversal of SATA has been intensified; ulti-

mately, the relationship has become significant since 1997

(Figs. 2 and 14). The schematic diagram of possible physical

processes regarding the intensified impacts of the CPENSO on

the reversal of SATA is shown in Fig. 13. The CP ENSO–

related SATA in the pre-1996 and post-1997 periods also val-

idates the enhanced relationship (Fig. 3). The circulation

anomalies associated with the CPENSO in the pre-1996 period

show that the CP ENSO could impact the SATA only over

South China, with similar influence for both December and

January. Meanwhile, the responses of the climate system are

also weak and insignificant in this period. By contrast, the CP

FIG. 11. Composited difference of divergent wind (vectors) and velocity potential (colors; unit: 106 m2 s21) at

850 hPa in (a)December and (b) January between the emi_pre run and the control run. (c),(d)As in (a) and (b), but

for the difference between the emi_post run and the control run. The purple dotted area indicates the 95% con-

fidence level based on the Student’s t test.
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ENSO could influence the SAT over most areas of China in the

post-1997 period and induce the opposite responses of SATA

in December and January (Figs. 3c,d). Moreover, the circula-

tion anomalies reveal that the contrasting Siberian high

anomalies associated with the CP ENSO are crucial processes

that cause the reversal of SATA (Figs. 4c,d).

The Walker circulation is directly influenced by the CP

ENSO. Compared with the pre-1996 period, the west descent

branch of theWalker circulation associated with the CP ENSO

extends to the west of 1208E, then could impact the Siberian

high via local meridional circulations in the post-1997 period

(Figs. 5 and 6). Specifically, in warmCPENSO years during the

post-1997 period, the west descent branch of the Walker cir-

culation weakens the local Hadley circulation, then leads to a

weaker Ferrel circulation and enhances Siberian high via de-

scending motions, and finally gives rise to the cold SATA over

China in December. In January, the seasonal northward-

marching convergence zone causes the west descent branch

of the Walker circulation to move to the north at about 308N,

then directly enhances the local Ferrel circulation and weakens

the Siberian high by ascending motion, and finally causes the

warm SATA over China. In cold CP ENSO years, the opposite

has occurred. Furthermore, the CP ENSO–related SSTAs

suggest that the westward replacement of the west branch of

the Walker circulation is closely associated with structure of

SSTAs over the western Pacific. The negative correlated

SSTAs has widened over the western Pacific since 1997, and

the widened negative correlated SSTAs over the western

Pacific leads to the extended west branch of the Walker cir-

culation during the post-1997 period. In addition, the mecha-

nisms revealed by monthly scales are still responsible for the

reversal of SATA at pentad scales (Fig. 10). The two sensitivity

experiments, which are driven by SSTAs associated with the

CP ENSO in the pre-1996 and post-1997 periods, respectively,

can roughly reproduce the above process and further validate

our mechanisms. In the future, the additional experiments will

be forced by observed pattern of the CP ENSO–related SSTAs

using the technique of pacemaker for providing more infor-

mation about the impacts of the different pattern of SSTAs on

global climate.

The intensified impacts of the CP ENSO on the reversal of

SATA may be modulated by the changing ENSO variations.

The pace of increased interannual variability of the CP ENSO,

calculated by 25-yr sliding standard deviations, coincides

closely with the increased correlation coefficient between CP

ENSO and the PC2 (Fig. 14a). The increased standard devia-

tions of SSTAs imply an increase in the number of theCPENSO

events, especially during the post-1997 period (Fig. 14b).

Previous studies have pointed out that interdecadal ENSO’s

variation could affect its global teleconnections (Ashok et al.

2007; Guo and Wu 2019; Ogata et al. 2013; Xie et al. 2010). The

increased occurrence of the CP ENSO begins around early and

the mid-1980s (Yeh et al. 2009; Yu and Sun 2018), which is the

same period when the relationship between the CP ENSO and

FIG. 12. Composited difference of SAT in (a) December and (b) January between the emi_pre run and the

control run. (c),(d) As in (a) and (b), but for the difference between the emi_post run and the control run. The

purple and black dotted areas indicate the 90% and 95% confidence levels, respectively, based on the Student’s

t test.
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the western Pacific SSTAs shift to negative correlation from

positive correlation rapidly (Fig. 8). Moreover, McPhaden et al.

(2011) suggested that the increased occurrence of the CPENSO

is associated with anomalous thermocline depth over the tropi-

cal Pacific. So, the anomalous thermocline depth would change

the CP ENSO–related SST anomalies by thermocline feedback.

There may exist an intrinsic feedback between the frequency of

the CP ENSO and its related SST anomalies over the western

Pacific, but the underlying mechanism needs further investiga-

tion based on the latest dataset of CMIP6 and other large ensemble

experiments. In short, the enhanced interannual variability of the

CP ENSO plays an important role in enhancing the relationship

between the CP ENSO and the reversal of SATA since 1997, and

more frequent reversal of SATA over China between December

andJanuarymayoccur in the futuredue toamore likelyoccurrence

of the CP ENSO under greenhouse warming.

In this study, we have investigated the changing rela-

tionship between the CP ENSO and the reversal pattern of

December and January SATA over China, and the results

show that the Siberian high plays an essential role in the changing

relationship. It is noteworthy that the intraseasonal change of

Siberian high might be potentially related to the preexisting

surface temperature anomalies over Siberia and the stationary

Rossby wave train across the Eurasian continent (Takaya and

Nakamura 2005). Additionally, the East Asian trough could

also impact the Siberian high via large-scale anomalous verti-

cal motion around the rear of the East Asian trough (Ding and

Krishnamurti 1987; Song et al. 2016). All components of the

East Asian winter monsoon—for instance, the Siberian high,

the East Asian trough, and the Aleutian low—have direct or

indirect interaction due to their connections with the quasi-

stationary planetary waves that are excited and altered by the

topography and the diabatic heating (Bozkurt et al. 2019; Held

et al. 2002; Chen and Trenberth 1988a,b). Thus, this study

cannot rule out the effect of the East Asian trough, which

might be addressed in the future.
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