SCIENTIFIC REPLIRTS

winter monsoon on El Nino-related
‘rainfall anomalies in southeastern
et rsmmes China

Published online: 20 September 2018 .
ublished ontine eptember Tianjiao Mal?, Wen Chen®?, Juan Feng' & Renguang Wu?

The present study investigates the modulation of the East Asian winter monsoon (EAWM) in the
impacts of El Nifio on the wintertime rainfall anomalies in southeastern China. Here, the variability of
the EAWM that is independent of ENSO is considered, which is referred to as EAWM,, with a strong
EAWM,,, denoting anomalous northerly winds. Results demonstrate that strong (weak) EAWM,
weakens (enhances) the positive rainfall anomalies in southeastern China induced by El Nifio, because
anomalous downward motion over the western North Pacific (WNP) associated with El Nifio is
weakened (strengthened) by strong (weak) EAWM, . The modulated convective activity over the
WNP, on the one hand, changes the anomalous local Hadley circulation associated with El Nifio. When
El Nifio is combined with strong (weak) EAWM,.,, anomalous local Hadley circulation is weak (strong)
and the resultant anomalous upward motion is weak (strong) over southeastern China, leading to
small (larger) positive rainfall anomalies there. On the other hand, the modulated WNP convective
activity induces different low-level atmospheric responses to El Nifio. During an El Nifio winter with
strong (weak) EAWM,,, the weak (strong) anomalous suppressed convection produces a weak (strong)
and insignificant (significant) anomalous low-level WNP anticyclone, resulting in correspondingly
insignificant (significant) rainfall anomalies in southeastern China. Results from a linear baroclinic model
further suggest that the different low-level atmospheric responses over WNP are mainly induced by
different diabatic heating associated with El Nifio under different EAWM,,, conditions.

The East Asian monsoon system dominates the seasonal variation of climate over East Asia and favors abundant
rainfall in summer but infrequent precipitation in winter!->. Many of these previous studies have been focused
on the summer precipitation because it is of great importance to the agriculture and industry®-'°. However, the
wintertime precipitation in East Asia has received less concern. During the East Asian winter, the climatological
rainfall belt lies in southeastern China and southern Japan, where has a concentration of population, advanced
infrastructure, developed industry and large scope of agriculture. Strong interannual variability of the rainfall
belt often caused large societal and economic impacts''~'%. For example, the extreme severe snowstorm in the

. winter of 2007/2008 in southeastern China had damaged 8381 power towers and 2018 transformer stations, and
deprived 129 lives'*1°. Severe drought occurred persistently from the winter of 2011 to the succeeding spring in
southern China, leading to 1.09 billion economic loss'®. Therefore, it is getting ever more important to understand
the interannual variability of the wintertime rainfall in southeastern China.

The winter precipitation in East Asia is affected by many factors. For example, the East Asian winter monsoon
(EAWM) system'"'>!7, El Nifio-Southern Oscillation (ENSO)'¥-%, the Tibetan Plateau thermal state'®, the warm
pool ocean heat content?!, and low-latitude systems including the Bay of Bengal trough and the Northwestern
Pacific subtropical high!>"?, etc. Among the factors that impact the southeastern China rainfall in winter, the
EAWM and ENSO play the most important role on interannual time scales. The EAWM features with northeast-
erlies near the surface along the coastal eastern Asia??~’. A weak EAWM is often accompanied by southeasterly
wind anomalies along the coast of East Asia, which transport warm and moist air from the tropical ocean north-
ward to southeastern China, further induces moisture convergence and results in above-normal rainfall there,
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and vice versa'>*??, ENSO is the most important tropical air-sea couple system on interannual time scales, which
can influence the climate in the East Asia region via Gill-type response in terms of tropical Rossby waves?*3%31,
During an El Nifo (La Nifia) winter, positive (negative) rainfall anomalies in southeastern China are often
observed due to an anomalous lower-tropospheric anticyclone (cyclone) over the western North Pacific (WNP)
induced by El Nifio (La Nifia)!8-20-3032,

The interaction between ENSO and the EAWM makes their impacts on the wintertime precipitation in south-
eastern China complex. On the one hand, an El Nifo (La Nifa) is often accompanied by a weak (strong) EAWM
as anomalous southerly (northerly) winds to the northwest of an El Nifio-induced anticyclone (cyclone) impair
(favor) the southward penetrating of cold waves'*?**. On the other hand, a strong EAWM can act as a trigger for
an El Nifio event through inducing westerly wind anomalies over the equatorial western Pacific*’. The respective
impacts of ENSO and EAWM on the wintertime rainfall in China has been investigated by Zhou and Wu®. They
found that the independent EAWM dominantly exerts its impact on rainfall anomalies in eastern China, while
the independent ENSO dominantly in southern China. ENSO-induced climate anomalies are not steady world-
wide**. Especially, recent studies have noticed that the relationship between ENSO and the climate variability
in East Asia is not stable. This unsteady relationship may be caused by many factors, such as different flavors of
ENSO and extra-tropical influences. Compared with the traditional eastern Pacific El Nifo, the central Pacific
El Nifio (also known as El Nifio Modoki) tends to cause less precipitation anomalies in southern China from
winter to the subsequent summer due to a weaker and southwestward shift of WNP anticyclone®”*%. Wang et al.*®
showed that ENSO has a significant (hardly any) impact on the EAWM during a negative (positive) phase of
Pacific Decadal Oscillation (PDO). Jia and Ge* reported that the influence of the EAWM as well as ENSO on the
wintertime precipitation in southeastern China is strong during the period of 1980-1998, but weak in 1999-2015.

It is widely accepted that ENSO exerts its impacts on the wintertime rainfall in southeastern China through
yielding an anomalous lower tropospheric anticyclone (cyclone) over the WNP near the Philippine Sea?>*.
However, the WNP anticyclone (cyclone), as well as the relationship between ENSO and the climate in southern
East Asia, can be modulated by extra-tropical factors. For instance, Kim ef al.*! reported that a negative PDO or a
positive Atlantic Multidecadal Oscillation (AMO) phase tends to drive a westward shift of the WNP anticyclone,
resulting in a stronger connection between ENSO and the climate of East Asia. It is difficult to recognize the influ-
ence of EAWM on the WNP anticyclone (cyclone) associated with ENSO due to the interaction between ENSO
and the EAWM. However, there is evidence that a weak (strong) EAWM,, which represents the variation of the
EAWM that is linear independent of ENSO, is associated with an anomalous anticyclonic (cyclonic) circulation
over the WNP near the Philippine Sea®. Feng and Chen** demonstrated that EAWM,, modulates the impacts of
El Nifio (La Nifia) on the following East Asian summer monsoon through changing the intensity and domain of
the El Nifio-induced western North Pacific anticyclone (WNPAC). Hence, we wonder whether the EAWM could
interfere with the impacts of ENSO on wintertime rainfall in southeastern China. This study aims to address this
issue. Additionally, it is reported that the relationship between La Nifia and the winter rainfall anomalies in China
is insignificant*’. Hence, we will focus on the rainfall anomalies induced by El Nifio in this study.

The rest of the paper is organized as follows: Section 2(a) documents roles of EAWM,,, in modulating the
impacts of El Nifio on the wintertime rainfall anomalies in China. In section 2(b) and (c), possible mechanisms
are elucidated by the observational analysis and the experiments with a linear baroclinic model (LBM), respec-
tively. The summary is provided in section 3. Descriptions of data, methods, and the linear baroclinic model are
given in section 4.

Results

Rainfall anomalies associated with El Nifio and EAWM,,,. To investigate the modulation effects of
EAWM,, on the rainfall anomalies in China associated with El Nifo, Fig. 1 presents the composite rainfall anom-
alies in all the El Nifo winters, the El Nifio winters with strong EAWM,, (hereafter, EN&EAWM), and the
El Nifio winters with weak EAWM, (hereafter, EN&wWEAWM). The pattern of rainfall anomalies in all the El
Nio events (Fig. 1a) is characterized by positive values in southeastern China, which is consistent with the well-
known results that El Nifio tends to increase the East Asian winter rainfall'>1819-28-30:3244 However, in the group
of EN&SEAWM, no positive rainfall anomaly is observed in southeastern China, but only a weak negative rainfall
belt is seen along the lower reaches of the Yangtze River (Fig. 1b). In contrast, in the group of EN&WEAWM
(Fig. 1¢), anomalous rainfall distribution bears a close resemblance to that in the group of all the El Nifio win-
ters except that the positive rainfall anomalies are stronger and extend northwestward. The difference of rainfall
anomalies between the EN&EAWM and EN&WEAWM group (Fig. 1d) indicates that the EAWM,, plays an
important role in the impact of El Nifio on the rainfall anomalies in southeastern China. Strong (weak) EAWM,
tends to suppress (enhance) anomalous rainfall response to El Nifo in southeastern China.

Another East Asian monsoon index defined by Zhang et al.?® is employed to confirm the robustness of our
results. This East Asian monsoon index is calculated by the 3-month running mean of meridional wind anomalies
at 850 hPa averaged over the area of 20-30°N, 110-130°E and shows a good relationship with El Nifio. By using
this index, very similar results are obtained compared to Fig. 1 (figure not shown). In addition, to make sure that
the differences of rainfall anomalies between the two El Nifio groups are caused by the EAWM variability rather
than asymmetric response between the super and weak El Nifio events, we further removed several weak (1970,
1977, 1978, and 2007) and super El Nifio (1973, 1983, and 1998) cases from the corresponding groups. Again,
very similar results are obtained with those shown in Fig. 1 (figure not shown). Hence, the EAWM, has a signif-
icant modulation effect on the winter rainfall anomalies in China associated with El Nifio.

Possible Mechanism.  Results from observations. During an El Nifio event, suppressed convective activ-
ities and associated diabatic cooling over the tropical western Pacific play important roles in linking EI Nifio
to the rainfall anomalies in East Asia'*?*°%*2, Zhang et al.?® first proposed the explanation of the WNPAC as a
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Figure 1. Composite wintertime mean (DJF) rainfall anomalies during (a) all El Nifio events, (b) El Nifio

& Strong EAWM, events (EN&SEAWM), (¢) El Niflo & weak EAWM, ., (EN&WEAWM) events and (d) the
difference between (b and ¢). The unit of rainfall anomalies is mm/month. The dotting indicates significance at
the 95% level. This Figure is created by the Matplotlib> v2.0.2 (https://doi.org/10.5281/zenodo.573577).

Rossby wave response to the suppressed convection over the tropical western Pacific. Recently, Zhang et al.*>
further reviewed the association of El Nifio with the WNPAC and the possible mechanisms. On the one hand,
the anomalous subsidence over the tropical western Pacific results in a weakened local Hadley cell which can
affect the meridional East Asian monsoon circulation. On the other hand, a WNPAC is generated in response
to the diabatic cooling over the tropical western Pacific, which may transport moisture to southern China and
increase rainfall there. To understand how the EAWM,., modulates the impacts of El Nifio events, we diagnosed
the 500 hPa vertical p-velocity motion and 850 hPa divergent winds as shown in Fig. 2. In all the El Nifio winters,
an anomalous sinking over east of the Philippines corresponds to the decreased convective activities there, which
is consistent with previous studies®?. Meanwhile, anomalous rising and correspondent convergent winds in the
lower troposphere are seen over southeastern China (Fig. 2a). This result implies that the local Hadley circulation
is disturbed by the El Nifio events, with anomalous ascending flow over southeastern China and descending flow
over the western Pacific. Hence, the upward motion and low-level convergence contribute to the positive rainfall
anomalies in southeastern China as shown in Fig. 1a. However, this anomalous local Hadley circulation is sub-
stantially changed after considering the EAWM,,. In the group of EN&EAWM, the El Nifo-induced low-level
anomalous divergent winds around the Philippines and the associated downward motions are greatly weakened
(Fig. 2b). There are nearly no upward motions as well as convergence observed over southeastern China and no
positive rainfall anomalies induced in the EN&EAWM cases. In contrast, in the group of EN&wWEAWM, the local
Hadley circulation tends to become much stronger compared to that in the group of EN&EAWM. Hence, more
significant positive rainfall anomalies in southeastern China are induced in the EN&WEAWM winters (Fig. 2¢).
Comparing Fig. 2b with Fig. 2c, it is obvious that the EAWM, can modulate the El Nino-related convective activ-
ities around the Philippines. Note that strong (weak) EAWM,., often carries northerly (southerly) wind anomalies
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Figure 2. Composite winter mean (DJF) 500 hPa vertical p-velocity anomalies (color; unit: Pa/s) and 850 hPa
divergent winds (vector; unit: m/s) in groups of (a) all El Nifio (b) EI Nifio & strong EAWM,, (EN&SEAWM)
and (c) El Nifio & weak EAWM,., (EN&WEAWM). The dotting indicates that the anomalous vertical motion is
significance at the 95% level. Vectors only exceed the 95% significance level are shown. This Figure is created by
the Matplotlib® v2.0.2 (https://doi.org/10.5281/zenodo.573577).

to penetrate southward to lower latitudes®®*2. Therefore, convective activity around the Philippines is enhanced
(suppressed) by strong (weak) EAWM,., which weakens (intensifies) the El Nifo-induced suppressed convection
around the Philippines.
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Figure 3. As in Fig. 2, but for 850 hPa wind (vector, m/s). Shading indicates that either the meridional wind or
the zonal wind exceeds the 95% significance level. This Figure is created by the Matplotlib> v2.0.2 (https://doi.
org/10.5281/zenod0.573577).

The WNPAC is further presented in Fig. 3 to check the different responses of horizontal atmospheric circula-
tion over East Asia to the diabatic cooling over the tropical western Pacific. In the group of all the El Nifio winters,
an obviously anomalous WNPAC is observed, which is again consistent with previous studies?>**-32. However,
when an El Niflo event happens with a strong EAWM,., the WNPAC is much weakened (Fig. 3b). This is because
the strong northerly wind anomalies along the East Asian coast associated with the strong EAWM,, weaken the
southerly wind anomalies to the west flank of the anomalous WNPAC. In contrast, a much stronger WNPAC
appears when an El Nifio event happens with a weak EAWM,, (Fig. 3¢). Especially, much stronger southerly wind
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Figure 4. Composite winter mean (DJF) rainfall anomalies during (a) El Nino & strong EAWM, events
(EN&SEAWM) and (b) El Nifio & weak EAWM, ., (EN&WEAWM) events based on PREC reanalysis dataset (Unit:
mm/day). Response of 850 hPa winds (vector; m/s) to the heat source over the WNP in the case of (c) EN&SEAWM
and (d) EN&WEAWM. The 11 day average from day 15-25 is shown. Color filling in (c and d) represent the
horizontal distribution of the specific heating (K/day) at 0 =0.45 level. The dotting in (a and b) indicates that

the rainfall anomaly is significant at the 95% level. This Figure is created by the Matplotlib> v2.0.2 (https://doi.
org/10.5281/zenodo.573577).

anomalies to the west flank of the anomalous WNPAC may transport plentiful moisture to southeastern China,
and increase the positive rainfall anomalies in southeastern China as shown in Fig. 1c.

Possible Mechanism. Results from a LBM. We further illustrate that the difference in WNPAC between
the EN&SEAWM and EN&WEAWM winters is induced by different convective activities over the WNP through
a simple linear baroclinic model*. Two experiments are designed through prescribing different diabatic forcing
associated with the EN&EAWM and EN&wWEAWM cases, respectively. The basic state is prescribed as the winter
mean for the period of 1948-2015 using the NCEP/NCAR reanalysis data. The external forcing is set as the diaba-
tic heating estimated from the observational precipitation anomalies (Fig. 4a,b). The vertical profile of the heating
has a Gamma distribution which peaks at o =0.45 (about 400 hPa). The minimum negative heating over the
WNP at 0 =0.45 for the EN&EAWM (EN&WEAWM) winters is —0.64 (—2.26) K/day, which is approximately
equivalent to the latent heating released by precipitation with the value of —1 (—3.5) mm/day. In the horizontal,
the heating has an idealized elliptical profile, which mimics the position and strength of observational rainfall
anomalies (Fig. 4c,d). Hence, the intensity and spatial distribution of diabatic forcing in the model are basically
in accord with the latent heating released by the observational precipitation. The length of time integration is set
as 30 days, and the results shown here is the mean from day 15 to 25. This is because the atmospheric response is
equilibrated roughly after day 10, but the baroclinic waves would rapidly grow and the model intergration would
blow up after around day 30.

Figure 4c,d present the atmospheric responses of 850 hPa winds to the prescribed diabatic heating in the
EN&sSEAWM and EN&WEAWM experiments, respectively. In the EN&SEAWM experiment, there is no low-level
anticyclonic response over the WNP. This agrees with the weakened diabatic forcing around the WNP as speci-
fied. In contrast, in the EN&WEAWM experiment, an anticyclone over the WNP is clearly seen, which is induced
by the strong diabatic forcing as specified. The low-level atmospheric responses over the WNP in the two experi-
ments are generally in accordance with the observational results. The westerly winds along the equatorial western
Pacific in both of the EN&EAWM and EN&WEAWM experiments are weaker than those in the observation,
which might be related to the absence of eastern Pacific heating in the model. Therefore, the differences in the
WNPAC between the EN&SEAWM and EN&WEAWM winters are further confirmed to arise from the different
diabatic heating over the WNP.
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Groups Years
El Nifo - Strong EAWM,,; | 1952 1953 1966 1970 1977 1978 1987 1988 1992 1995 2007 2015
EINifo - Weak EAWM,,; | 1954 1958 1959 1964 1969 1973 1980 1983 1998 2003 2005 2010

Table 1. Distribution of the El Nifio events based on the strength of EAWM,.. Here, 1952 indicats the boreal
winter mean of December 1951 to Feburay 1952.

Summary and Discussion

This study investigated the modulation effect of the EAWM on the relationship between El Nifio and the rainfall
anomalies in southeastern China through composite analysis and a simple linear baroclinic model simulation.
The El Nifio winters were divided into two groups based on the intensity of EAWM,.: the El Nifio with strong
EAWM,,, (EN&sEAWM) and the El Nifio with weak EAWM,, (EN&WEAWM).

An El Nifio event often causes above-normal winter rainfall in southeastern China. However, the rainfall
anomalies associated El Nifio show totally different features after considering the condition of EAWM,.. Nearly
no significant rainfall anomalies are observed in southeastern China in the EN&SEAWM winters. In contrast, in
the EN&wWEAWM winters, positive precipitation anomalies are increased and cover a larger domain of southeast-
ern China. The magnitude of precipitation anomalies in the EN&wWEAWM winters is about twice of that in the all
El Nifio winters. The result indicates that the strong (weak) EAWM,, weakens (enhances) the impacts of El Nifio
on the winter rainfall in southeastern China.

The effect of EAWM,, on the rainfall is suggested to be induced by its modulation on the anomalous down-
ward motion around the WNP associated with El Niflo. Strong EAWM,, carries northerly wind anomalies to
penetrate southward deeply and causes anomalous upward motion over the WNP, whereas weak EAWM, has
the opposite effect on the WNP convective activity. Hence, the El Nino-induced downward motion over the WNP
is weakened (strengthened) by strong (weak) EAWM,, in the case of EN&EAWM (EN&WEAWM). This modu-
lated convective activity over the WNP tends to influence the local Hadley circulation associated with El Nifo. In
the EN&SEAWM winters, the local Hadley circulation becomes much weaker. In contrast, in the EN&wWEAWM
winters, the local Hadley circulation becomes much stronger. The changes in the local Hadley circulation induce
much stronger anomalous upward motion in the EN&wWEAWM winters than the EN&EAWM winters. Hence,
significantly excessive rainfall anomalies are observed in the EN&WEAWM winters.

On the other hand, the convective activities modulated by the EAWM, during the EI Nifio events yield dif-
ferent responses of the WNPAC. In the EN&SEAWM winters, the WNPAC response is weak due to weak con-
vective anomalies over the WNP, leading to weak rainfall response. In the EN&WEAWM winters, strengthened
suppressed convection over the WNP induces a much stronger WNPAC, which corresponds to excessive rainfall
in southeastern China by transporting plentiful moisture.

The effect of anomalous convective heating over the WNP is further validated by experiments with a dry lin-
ear baroclinic model. The result demonstrates that the intensity of low-level anomalous WNPAC is dominantly
controlled by the magnitude of anomalous diabatic heating over the WNP. The numerical results are largely con-
sistent with the observations, suggesting that the difference in the diabatic heating anomalies in the EN&sEAWM
and EN&wWEAWM winters account for the different atmosphere circulation anomalies over the WNP.

Data, Methods and Model Introduction

The Climatic Research Unit (CRU) Time-series (TS) version 4.00 rainfall data is employed in this study, which
has a horizontal resolution of 0.5° latitude by 0.5° longitude and spans the time period from 1901 to 2015%. The
CRU data are provided by the Centre for Environmental Data Analysis from their web site http://catalogue.ceda.
ac.uk. The monthly mean atmospheric data used in this study are from the National Centers for Environmental
Prediction (NCEP) /National Center for Atmospheric Research (NCAR) and available at the website of
NOAA/OAR/ESRL PSD https://www.esrl.noaa.gov/psd. This NCEP/NCAR dataset has a 2.5° x 2.5° horizontal
resolution and 17 vertical levels extending from 1000 to 10 hPa and covers the period from 1948 to the present*.
The monthly mean Sea Surface Temperature (SST) data on 1° x 1° grids are provided by the Met Office Hadley
Center (https://www.metoffice.gov.uk), covering the period from the year of 1870 to present*. The National
Oceanic and Atmospheric Administration (NOAA) reconstructed precipitation (PREC) data, provided also by
the NOAA/OAR/ESRL PSD, are used to analyze the rainfall anomalies over oceans, which is constructed on
a 2.5° x 2.5° latitude/longitude grid across the global spanning from 1948 to the present®. The time period of
1948-2015 that all the datasets cover is considered in this study. To exclude the impacts of interdecadal change,
the variability longer than 7 years has been removed from the original datasets through a Lanczos filter®'.

The historical El Nifio/La Nifia episodes selected in this study are based on the criterion defined by the Climate
Prediction Center (CPC). An El Nifio (La Nifa) event is identified when the Oceanic Nifio Index (ONI) is greater
(less) than 0.5°C (—0.5°C) for 5 consecutive overlapping seasons, and the ONI is defined as 3-month-mean of
the SST anomalies over the Nifio 3.4 region (5N°-5°S, 170°W-120°W). Therefore, 24 El Niflo events during the
period of 1948-2015 are finally picked out.

To isolate the EAWM component that is independent of ENSO influence, we followed the method proposed
by Ma et al.>2. Specifically, an EAWM index, which is defined by the 850 hPa meridional wind anomaly averaged
over the area (20-40°N, 100-140°E)?¥, is used to estimate the strength of EAWM. As the El Nifio episode is
selected based on the SST anomalies in Nino 3.4 region, the ENSO signal is determined by the Nino 3.4 index
here. Then, the ENSO-related EAWM (EAWMgy) index is computed by a linear regression of EAWM index upon
the Nino3.4 index. The ENSO-unrelated EAWM index, which is referred to as EAWM, ., is finally obtained by

SCIENTIFICREPORTS| (2018) 8:14107 | DOI:10.1038/s41598-018-32492-1 7


http://catalogue.ceda.ac.uk
http://catalogue.ceda.ac.uk
https://www.esrl.noaa.gov/psd
https://www.metoffice.gov.uk

www.nature.com/scientificreports/

the total EAWM index minus the EAWMgy index. Here, a positive (negative) EAWM,.,, index represents a weak
(strong) EAWM, winter. On the basis of the EAWM, index, the El Nifo events are sorted into two groups
(Table 1): (1) EI Nifio with strong EAWM, ., (EN&SEAWM); and (2) El Niflo with weak EAWM,., (EN&WEAWM).

The Linear Baroclinic Model (LBM) Package is used in this study, which is developed by the Center for

Climate System Research (CCSR), University of Tokyo and the National Institute for Environmental Studies
(NIES)*e>3. The experiments are set in a T42 resolution on horizontal and 20 levels in the vertical on o surface. To
analyze the steady atmospheric response to a diabatic heating anomaly, a dry model and time integration method
is employed. The basic state and the external forcing in the LBM are computed from the NCEP/NCAR reanalysis
data and PREC precipitation data, respectively.

References

1.
2.

3.

10.
11.

12.
. Zhou, B. et al. The Great 2008 Chinese Ice Storm: Its Socioeconomic-Ecological Impact and Sustainability Lessons Learned. Bull.

14.
15.
16.
17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.

Zhu, Z. W,, He, J.-h. & Qi, L. Seasonal Transition of East Asian Subtropical Monsoon and its Possible Mechanism. Journal of Tropical
Meteorology 18, 305-313 (2012).

Huang, R. H., Chen, W,, Yang, B. L. & Zhang, R. H. Recent advances in studies of the interaction between the east Asian winter and
summer monsoons and ENSO cycle. Adv. Atmos. Sci. 21, 407-424 (2004).

Weng, H. Y., Lau, K. M. & Xue, Y. K. Multi-scale summer rainfall variability over China and its long-term link to global sea surface
temperature variability. J. Meteorolog. Soc. Jpn. 77, 845-857, https://doi.org/10.2151/jmsj1965.77.4_845 (1999).

. Webster, P. ]. & Yang, S. Monsoon and ENSO - Selectively Interactive Systems. Q. J. R. Meteorolog. Soc. 118, 877-926, https://doi.

org/10.1256/smsqj.50704 (1992).

. Ding, Y, Liu, Y., Song, Y. & Zhang, J. From MONEX to the Global Monsoon: A Review of Monsoon System Research. Adv. Atmos.

Sci. 32, 10-31, https://doi.org/10.1007/s00376-014-0008-7 (2015).

. He, J. H. & Zhu, Z. W. The relation of South China Sea monsoon onset with the subsequent rainfall over the subtropical East Asia.

Int. J. Climatol. 35, 4547-4556 (2015).

. Zhu, Z. W, Li, T. & He, J. H. Out-of-Phase Relationship between Boreal Spring and Summer Decadal Rainfall Changes in Southern

China. J. Clim. 27, 1083-1099, https://doi.org/10.1175/]cli-D-13-00180.1 (2014).

. Huang, R. H,, Chen, J. L., Wang, L. & Lin, Z. D. Characteristics, processes, and causes of the spatio-temporal variabilities of the East

Asian monsoon system. Adv. Atmos. Sci. 29, 910-942, https://doi.org/10.1007/s00376-012-2015-x (2012).

. Ha, K.-J,, Heo, K.-Y,, Lee, S.-S., Yun, K.-S. & Jhun, J.-G. Variability in the East Asian Monsoon: a review. Meteorol. Appl. 19, 200-215,

https://doi.org/10.1002/met.1320 (2012).

Xie, S. P. et al. Indian Ocean Capacitor Effect on Indo-Western Pacific Climate during the Summer following El Nifio. J. Clim. 22,
730-747, https://doi.org/10.1175/2008jcli2544.1 (2009).

Zhang, L., Fraedrich, K., Zhu, X. H., Sielmann, F. & Zhi, X. F. Interannual variability of winter precipitation in Southeast China.
Theor. Appl. Climatol. 119, 229-238, https://doi.org/10.1007/s00704-014-1111-5 (2015).

Wang, L. & Feng, ]. Two major modes of the wintertime precipitation over China. Chin. J. Atmos. Sci 35, 1105-1116 (2011).

Am. Meteorol. Soc. 92, 47-60, https://doi.org/10.1175/2010bams2857.1 (2011).

Ding, Y. H., Wang, Z. Y, Song, Y. E. & Zhang, J. The Unprecedented Freezing Disaster in January 2008 in Southern China and Its
Possible Association with the Global Warming. Acta Meteorologica Sinica 22, 538-558 (2008).

Zhou, W. et al. Synoptic-Scale Controls of Persistent Low Temperature and Icy Weather over Southern China in January 2008. Mon.
Weather Rev. 137, 3978-3991, https://doi.org/10.1175/2009mwr2952.1 (2009).

Sun, C. H. & Yang, S. Persistent severe drought in southern China during winter-spring 2011: Large-scale circulation patterns and
possible impacting factors. ] Geophys Res-Atmos 117, D10112, https://doi.org/10.1029/2012jd017500 (2012).

Ge, ], Jia, X. & Lin, H. The interdecadal change of the leading mode of the winter precipitation over China. Clim. Dyn. 47,
2397-2411, https://doi.org/10.1007/s00382-015-2970-x (2016).

Wu, R. G., Hu, Z. Z. & Kirtman, B. P. Evolution of ENSO-related rainfall anomalies in East Asia. J. Clim. 16, 3742-3758 (2003).
Zhang, R. H., Sumi, A. & Kimoto, M. A diagnostic study of the impact of E1 Nifio on the precipitation in China. Adv. Atmos. Sci. 16,
229-241, https://doi.org/10.1007/Bf02973084 (1999).

Zhang, R. H., Sumi, A. & Kimoto, M. Impact of El Nifio on the East Asian monsoon: A diagnostic study of the ‘86/87” and ‘91/92’
events. J. Meteorolog. Soc. Jpn. 74, 49-62, https://doi.org/10.2151/jmsj1965.74.1_49 (1996).

Ren, Q, Zhu, Z. W,, Hao, L. P. & He, J. H. The enhanced relationship between Southern China winter rainfall and warm pool ocean
heat content. Int. J. Climatol. 37, 409-419, https://doi.org/10.1002/joc.4714 (2017).

Jhun, J. G. & Lee, E. J. A new East Asian winter monsoon index and associated characteristics of the winter monsoon. J. Clim. 17,
711-726 (2004).

Chen, W, Graf, H. F. & Huang, R. H. The interannual variability of East Asian winter monsoon and its relation to the summer
monsoon. Adv. Atmos. Sci. 17, 48-60 (2000).

Wang, B. et al. Another Look at Interannual-to-Interdecadal Variations of the East Asian Winter Monsoon: The Northern and
Southern Temperature Modes. J. Clim. 23, 1495-1512, https://doi.org/10.1175/2009jcli3243.1 (2010).

Kim, Y., Kim, K.-Y. & Park, S. Seasonal scale variability of the East Asian winter monsoon and the development of a two-dimensional
monsoon index. Clim. Dyn. 42, 2159-2172, https://doi.org/10.1007/s00382-013-1724-x (2014).

Takaya, K. & Nakamura, H. Interannual Variability of the East Asian Winter Monsoon and Related Modulations of the Planetary
Waves. J. Clim. 26, 9445-9461, https://doi.org/10.1175/jcli-d-12-00842.1 (2013).

Yang, S., Lau, K. M. & Kim, K. M. Variations of the East Asian jet stream and Asian-Pacific-American winter climate anomalies.
J. Clim. 15, 306-325 (2002).

Zhou, L. T. Impact of East Asian winter monsoon on rainfall over southeastern China and its dynamical process. Int. J. Climatol. 31,
677-686, https://doi.org/10.1002/joc.2101 (2011).

Zhou, L.-T. & Wu, R. Respective impacts of the East Asian winter monsoon and ENSO on winter rainfall in China. J. Geophys. Res.
115, D02107, https://doi.org/10.1029/2009jd012502 (2010).

Wang, B., Wu, R. G. & Fu, X. H. Pacific-East Asian teleconnection: how does ENSO affect East Asian climate? J. Clim. 13, 1517-1536
(2000).

Gill, A. E. Some Simple Solutions for Heat-Induced Tropical Circulation. Q. J. R. Meteorolog. Soc. 106, 447-462, https://doi.
org/10.1256/smsqj.44904 (1980).

Zhang, R. H. & Sumi, A. Moisture circulation over East Asia during El Nifio episode in northern winter, spring and autumn. J.
Meteorolog. Soc. Jpn. 80, 213-227, https://doi.org/10.2151/jms;j.80.213 (2002).

Li, C. Frequent activities of stronger areotroughs in East Asia in wintertime and the occurrence of the El Nifo event. Science in China
Series B-Chemistry 32, 976-985 (1989).

Zhu, Z. W. Breakdown of the Relationship between Australian Summer Rainfall and ENSO Caused by Tropical Indian Ocean SST
Warming. J. Clim. 31, 2321-2336, https://doi.org/10.1175/]cli-D-17-0132.1 (2018).

Zhu, Z. & Li, T. A New Paradigm for Continental US Summer Rainfall Variability: Asia-North America Teleconnection. J. Clim. 29,
7313-7327, https://doi.org/10.1175/jcli-d-16-0137.1 (2016).

SCIENTIFICREPORTS| (2018) 8:14107 | DOI:10.1038/s41598-018-32492-1 8


http://dx.doi.org/10.2151/jmsj1965.77.4_845
http://dx.doi.org/10.1256/smsqj.50704
http://dx.doi.org/10.1256/smsqj.50704
http://dx.doi.org/10.1007/s00376-014-0008-7
http://dx.doi.org/10.1175/Jcli-D-13-00180.1
http://dx.doi.org/10.1007/s00376-012-2015-x
http://dx.doi.org/10.1002/met.1320
http://dx.doi.org/10.1175/2008jcli2544.1
http://dx.doi.org/10.1007/s00704-014-1111-5
http://dx.doi.org/10.1175/2010bams2857.1
http://dx.doi.org/10.1175/2009mwr2952.1
http://dx.doi.org/10.1029/2012jd017500
http://dx.doi.org/10.1007/s00382-015-2970-x
http://dx.doi.org/10.1007/Bf02973084
http://dx.doi.org/10.2151/jmsj1965.74.1_49
http://dx.doi.org/10.1002/joc.4714
http://dx.doi.org/10.1175/2009jcli3243.1
http://dx.doi.org/10.1007/s00382-013-1724-x
http://dx.doi.org/10.1175/jcli-d-12-00842.1
http://dx.doi.org/10.1002/joc.2101
http://dx.doi.org/10.1029/2009jd012502
http://dx.doi.org/10.1256/smsqj.44904
http://dx.doi.org/10.1256/smsqj.44904
http://dx.doi.org/10.2151/jmsj.80.213
http://dx.doi.org/10.1175/Jcli-D-17-0132.1
http://dx.doi.org/10.1175/jcli-d-16-0137.1

www.nature.com/scientificreports/

36. Chen, W,, Feng, J. & Wu, R. G. Roles of ENSO and PDO in the Link of the East Asian Winter Monsoon to the following Summer
Monsoon. J. Clim. 26, 622-635, https://doi.org/10.1175/jcli-d-12-00021.1 (2013).

37. Feng, J., Chen, W, Tam, C. Y. & Zhou, W. Different impacts of El Nifio and El Nifio Modoki on China rainfall in the decaying phases.
Int. J. Climatol. 31, 2091-2101, https://doi.org/10.1002/joc.2217 (2011).

38. Weng, H., Behera, S. K. & Yamagata, T. Anomalous winter climate conditions in the Pacific rim during recent El Nifio Modoki and
El Nifio events. Clim. Dyn. 32, 663-674, https://doi.org/10.1007/s00382-008-0394-6 (2009).

39. Wang, L., Chen, W. & Huang, R. H. Interdecadal modulation of PDO on the impact of ENSO on the east Asian winter monsoon.
Geophys. Res. Lett. 35, https://doi.org/10.1029/2008g1035287 (2008).

40. Jia, X. J. & Ge, J. W. Interdecadal Changes in the Relationship between ENSO, EAWM, and the Wintertime Precipitation over China
at the End of the Twentieth Century. J. Clim. 30, 1923-1937, https://doi.org/10.1175/jcli-d-16-0422.1 (2017).

41. Kim, J. W, An, S. I, Jun, S. Y., Park, H. J. & Yeh, S. W. ENSO and East Asian winter monsoon relationship modulation associated with
the anomalous northwest Pacific anticyclone. Clim. Dyn. 49, 1157-1179, https://doi.org/10.1007/s00382-016-3371-5 (2017).

42. Feng, J. & Chen, W. Interference of the East Asian Winter Monsoon in the Impact of ENSO on the East Asian Summer Monsoon in
Decaying Phases. Adv. Atmos. Sci. 31, 344-354, https://doi.org/10.1007/s00376-013-3118-8 (2014).

43. Wu, B, Li, T. & Zhou, T. Asymmetry of Atmospheric Circulation Anomalies over the Western North Pacific between El Nifio and
La Nina*. J. Clim. 23, 4807-4822, https://doi.org/10.1175/2010jcli3222.1 (2010).

44. Zhang, R. H.,, Li, T. R,, Wen, M. & Liu, L. K. Role of intraseasonal oscillation in asymmetric impacts of El Nifio and La Nifa on the
rainfall over southern China in boreal winter. Clim. Dyn. 45, 559-567, https://doi.org/10.1007/s00382-014-2207-4 (2015).

45. Zhang, R, Min, Q. & Su, J. Impact of El Nifio on atmospheric circulations over East Asia and rainfall in China: Role of the anomalous
western North Pacific anticyclone. Science China-Earth Sciences 60, 1124-1132, https://doi.org/10.1007/s11430-016-9026-x (2017).

46. Watanabe, M. & Kimoto, M. Atmosphere-ocean thermal coupling in the North Atlantic: A positive feedback. Q. J. R. Meteorolog. Soc.
126, 3343-3369, https://doi.org/10.1256/smsqj.57016 (2000).

47. University of East Anglia Climatic Research Unit; Harris, I. C.; Jones, P. D. CRU T$4.00: Climatic Research Unit (CRU) Time-
Series(TS) version 4.00 of high-resolution gridded data of month-by-month variation in climate (Jan. 1901-Dec. 2015). Centre for
Environmental Data Analysis, (2017).

48. Kalnay, E. et al. The NCEP/NCAR 40-year reanalysis project. Bull. Am. Meteorol. Soc. 77, 437-471 (1996).

49. Rayner, N. A. et al. Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth
century. ] Geophys Res-Atmos 108, 4407, https://doi.org/10.1029/2002jd002670 (2003).

50. Chen, M. Y, Xie, P. P, Janowiak, J. E. & Arkin, P. A. Global land precipitation: A 50-yr monthly analysis based on gauge observations.
J. Hydrometeorol. 3, 249-266 (2002).

51. Duchon, C. E. Lanczos Filtering in One and Two Dimensions. J. Appl. Meteorol. 18, 1016-1022 (1979).

52. Ma, T. et al. East Asian Winter Monsoon Impacts the ENSO-related Teleconnections and North American Seasonal Air Temperature
Prediction. Sci. Rep. 8, 6547, https://doi.org/10.1038/s41598-018-24552-3 (2018).

53. Watanabe, M. & Jin, E. F. Role of Indian ocean warming in the development of Philippine sea anticyclone during ENSO. Geophys.
Res. Lett. 29, https://doi.org/10.1029/2001g1014318 (2002).

54. Hunter, J. D. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 9, 90-95, https://doi.org/10.1109/mcse.2007.55 (2007).

Acknowledgements

We thank the two anonymous reviewers for their valuable comments and suggestions, which led to significant
improvement in the manuscript. This study is supported jointly by the National Natural Science Foundation of
China (Grants 41721004 and 41461144001) and the Chinese Academy of Sciences Key Research Program of
Frontier Sciences (QYZDY-SSW-DQCO024).

Author Contributions
W.C. designed the research. T.M. performed the analysis. W.C., T.M. and J.F. wrote the paper. All authors
discussed the results and commented on the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14107 | DOI:10.1038/s41598-018-32492-1 9


http://dx.doi.org/10.1175/jcli-d-12-00021.1
http://dx.doi.org/10.1002/joc.2217
http://dx.doi.org/10.1007/s00382-008-0394-6
http://dx.doi.org/10.1029/2008gl035287
http://dx.doi.org/10.1175/jcli-d-16-0422.1
http://dx.doi.org/10.1007/s00382-016-3371-5
http://dx.doi.org/10.1007/s00376-013-3118-8
http://dx.doi.org/10.1175/2010jcli3222.1
http://dx.doi.org/10.1007/s00382-014-2207-4
http://dx.doi.org/10.1007/s11430-016-9026-x
http://dx.doi.org/10.1256/smsqj.57016
http://dx.doi.org/10.1029/2002jd002670
http://dx.doi.org/10.1038/s41598-018-24552-3
http://dx.doi.org/10.1029/2001gl014318
http://dx.doi.org/10.1109/mcse.2007.55
http://creativecommons.org/licenses/by/4.0/

	Modulation effects of the East Asian winter monsoon on El Niño-related rainfall anomalies in southeastern China

	Results

	Rainfall anomalies associated with El Niño and EAWMres. 
	Possible Mechanism. 
	Results from observations. 

	Possible Mechanism. 
	Results from a LBM. 


	Summary and Discussion

	Data, Methods and Model Introduction

	Acknowledgements

	Figure 1 Composite wintertime mean (DJF) rainfall anomalies during (a) all El Niño events, (b) El Niño & Strong EAWMres events (EN&sEAWM), (c) El Niño & weak EAWMres (EN&wEAWM) events and (d) the difference between (b and c).
	Figure 2 Composite winter mean (DJF) 500 hPa vertical p-velocity anomalies (color unit: Pa/s) and 850 hPa divergent winds (vector unit: m/s) in groups of (a) all El Niño (b) El Niño & strong EAWMres (EN&sEAWM) and (c) El Niño & weak EAWMres (EN&wEAWM).
	Figure 3 As in Fig.
	Figure 4 Composite winter mean (DJF) rainfall anomalies during (a) El Niño & strong EAWMres events (EN&sEAWM) and (b) El Niño & weak EAWMres (EN&wEAWM) events based on PREC reanalysis dataset (Unit: mm/day).
	Table 1 Distribution of the El Niño events based on the strength of EAWMres.




