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ABSTRACT

The present study shows that winter cold events over eastern China can be induced by MaddenbJulian
oscillation (MJO)-associated anomalous convection over the Maritime Continent. We conduct composite
analysis separately for identiPed intraseasonal cold events over eastern China that occur following anomalous
convection over the Maritime Continent and the tropical Indian Ocean. For cold events related to anomalous
convection over the Maritime Continent, the southward intrusion of cold air into eastern China takes an
eastward path in association with an eastward location of an anomalous Siberian high compared to cold events
related to anomalous convection over the tropical Indian Ocean. The Maritime Continent convection-related
cold events tend to occur with a negative Arctic Oscillation (AO), whereas the relationship between the
tropical Indian Ocean convection-related cold events and the AO is weak. Anomalous convective heating
over the Maritime Continent triggers a poleward Rossby wave train, which, together with an AO-related
southward wave train from northern Eurasia, contributes to the deepening of the East Asian trough. The
poleward wave energy dispersion is similarly triggered by anomalous convective heating over the tropical
Indian Ocean. In both types of cold events, anomalous tropical heating induces a meridional vertical circu-
lation, with large-scale airmass convergence in the upper midtroposphere and descending of air on the
northern branch of the vertical cell over Siberia. The upper-level mass convergence and the radiative cooling
over Siberia work together for the enhancement and southeastward expansion of the Siberian high and the
southward intrusion of cold anomalies to eastern China.

1. Introduction The formation, intensibcation, and southeastward extend-
ing of the Siberian high and the accompanying cold air
advection contribute to the occurrence of cold events
over East Asia (Ding and Krishnamurti 1987; Ding 1990;
Zhang et al. 1997 Jeong and Ho 2005 Bueh et al. 2011
Shoji et al. 2014 Song and Wu 2017. The cold events
tend to follow the deepening of the East Asian trough.
The southeastward Bow to the rear of the East Asian
A strong cold event struck East Asia in January 2016, troughfavor; the southward intrusion of cold gir, leading
causing snowfall and frigid weather in many regions to the invasion of cold events to eastern China ghang
(Song and Wu 201 et al. 1997 Jeong and Ho 2005 Takaya and Nakamura
) 20053b; Bueh et al. 2013 Song et al. 2016 Song and Wu
2017). The development of the Siberian high and the East
Asian trough is closely related to the Rossby wave trains
propagating along the polar front jet and the subtropical
Corresponding author. Renguang Wu, renguang@mail.iap.ac.cn jet (Watanabe 2004 Takaya and Nakamura 2005ab;

East Asia is subject to frequent cold events during
boreal winter. The long-lasting cold event in January
and early February 2008 cawsed large economic and
life losses in eastern China Zhou et al. 2009, Wen et al.
2009. In December 2009, several cold events occurred
in the United States, Europe, and East Asia, bringing
grave damage to these regions\(Vang and Chen 2010.

The occurrence of cold events over East Asia is
related to mid- and high-latitude circulation systems.
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Song et al. 2016 Song and Wu 2017%. The Arctic
Oscillation (AO) ( Thompson and Wallace 1998 2000
can induce cold events over Eat Asia through the modi-
bcation of the Siberian high, the tropospheric Rossby wave
train, and the polar front jet ( Gong et al. 2003 Wu and
Wang 2002 Jeong and Ho 2005%Park et al. 201Q Park et al.
2011). Both positive and negative phases of the AO may
be followed by cold events over eastern China on in-
traseasonal time scale $ong and Wu 2018.

The MaddenbJulian oscillation (MJO) is the most
prominent system among the intraseasonal oscillations
in the tropics. It is manifested as eastward propagation
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investigate the occurrence of the cold events over east-
ern China when the MJO convection is located over the
Maritime Continent.

Our analysis shows that both cold and warm anoma-
lies occur over eastern China corresponding to convec-
tion anomalies over the Maritime Continent. Figure 1
presents spatiotemporal evolution of intraseasonal
(30b60 day) surface air temperature anomalies and out-
going longwave radiation (OLR) anomalies during two
typical cold and warm temperature events over eastern
China (208b4@N, 100®12@E). During both events, neg-
ative OLR anomalies are located over the Maritime

of zonal wavenumber 1 on a time scale of 30D60 days Continent. Intraseasonal cold anomalies developed over

(Madden and Julian 1971 1972 Lin and Brunet 2009).
The tropical heating in association with the MJO can
induce tropospheric Rossby wave trains {in and Hoskins
1995 Matthews et al. 2004. The MJO-induced Rossby
wave train propagates poleward and changes the mid-
and high-latitude circulation, and thus can affect the
mid- and high-latitude climate (Yoo et al. 2012, Baxter
et al. 2014 Seo et al. 2016. Lin and Brunet (2009) found
that the positive temperature perturbation emerges over
Canada 5b15 days after MJO phases 3 and Yoo et al.
(2012) indicates that the Arctic warming (cooling) is con-
tributed by the enhanced (reduced) poleward Rossby
wave energy dispersion related to MJO phase 5 (1).
The temperature anomalies over East Asia are shown
to be related to the MJO. More cold surges happen over
East Asia when the MJO is in phases 3 and 4 Jeong and
Ho 2005). He et al. (2011) indicated that the tropical
heating related to the MJO can change local Hadley
circulation and the equatorially trapped Rossby wave,
and thus impact the temperature anomalies over East
Asia. Seo et al. (2016)also noted the change in local
Hadley circulation due to the tropical heating in as-
sociation with the MJO phase 3, which plays a key role
in the temperature variations over East Asia. Abdillah
et al. (2018)studied the westward or eastward location
of cold anomalies over East Asia and found that the
location of cold anomalies is related to where the MJO-
related tropical heating is situated. These studies con-
sistently showed the occurrence of cold anomalies over
eastern China in association with the MJO convection
over the tropical Indian Ocean. However, it is not clear
if the tropical heating over the Maritime Continent can
lead to robust cold anomalies over eastern China. In
some studies, the main body of cold anomalies related
to MJO phase 5 is situated off the coast of eastern China
[see Figs. 4a to 4c oHe et al. (2011) and Fig. 1e of Seo
et al. (2016)]. In other studies, the cold anomalies are
observed over northeastern China in MJO phase 5
[see Fig. 1 ofJeong and Ho (2005)and the right panel
of Fig. 1 of Yoo et al. (2012)]. Thus, it is worthwhile to

eastern China from 11 December to 20 December 1999
(Figs. 1abjl The main body of the cold anomalies was
situated over eastern China south of 4@N and the cold
anomalies were evident over northeastern China after
11 December (Figs. 1bBd, which is in accordance with
Jeong and Ho (2005)and Yoo et al. (2012). Cold anom-
alies were also observed off the coast of eastern China
during the whole event (Figs. 1abjl, which corresponds
to the Pndings ofHe et al. (2011) and Seo et al. (2016)
The maximum of regional mean cold anomalies over
eastern China (2D4@N, 100 12@E) appeared about
one week after the maximum of regional mean negative
OLR anomalies over the Maritime Continent (15 8SD18N,
110D16@E) (Fig. 28). The warm anomalies occurred over
eastern China from 15 December to 24 December 1996,
which appeared as a southwareextension of the main body
of warm anomalies over the midlatitudes (Figs. 1eBh The
warm anomalies over eastern China lagged the negative
OLR anomalies over the Maritime Continent by about
one week (Fig. 2b).

The fact that anomalous convection over the Maritime
Continent is followed by both cold and warm anomalies
over eastern China explains why the composite tem-
perature anomalies over eastern China obtained with
respect to the MJO phase 5 are weak in previous studies.
Therefore, there is need to analyze intraseasonal anom-
alous temperature events one by one to identify those
related to enhanced convection over the Maritime Con-
tinent and conduct composite analysis for these events.
Since cold events are of more importance during boreal
winter, our study is focused on intraseasonal cold events
over eastern China related to the Maritime Continent
convection. The cold events in association with the en-
hanced convection over the tropical Indian Ocean are
also investigated for comparison. The two issues to be
addressed are what are the spatial-temporal features
associated with the two types of cold events and what are
the dynamical processes linking the tropical convection
to eastern China cold events. The time-lag relationship
between the MJO-related convection anomalies and
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FIG. 1. Surface air temperature anomalies (shading8C) from 208to 708\ and OLR
anomalies (shading; W nf ) between 2085 and 2@N during (a)P(d) 11520 Dec 1999 and (e)P
(h) 15B24 Jan 1996. The upper color bar is for the temperature anomalies and the lower
color bar is for the OLR anomalies.
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FIG. 2. Time evolution of surface air temperature anomalies @) over the region 208D4@N,
100012 (red curve) and OLR anomalies (W m 2 2) over the region 156D18N, 1108D16@E
(black curve) during (a) 6029 Dec 1998 and (b) 10 Dec 1996D2 Jan 1997.

intraseasonal cold events may improve the prediction
skill of persisting low temperature events over eastern
China (Lin and Brunet 2009; Lin 2015).

In the following, we describe in section 2the dataset
used in the present study and the method for identifying
intraseasonal cold events over eastern China related to the
convection anomalies over the tropical Indian Ocean and
the Maritime Continent. In section 3 we analyze basic
features of these two types of intraseasonal cold events.
Possible dynamical mechanims are investigated to explain
the differences between these cold events irsection 4 A
summary and some discussions are provided isection 5

2. Data and methodology

The daily products from the National Centers for En-
vironmental Prediction (NCEP)DDepartment of Energy
(DOE) Reanalysis 2 provided by the NOAA/OAR/
ESRL/Physical Science Division (PSD) (Kanamitsu
et al. 2002 are employed in this study. The variables
used include surface air temperature, surface wind, sea
level pressure, outgoing longwave radiation, geopotential
height, and meridional and zonal winds at different levels.

The surface air temperature and wind are on the T62
Gaussian grid. The other variables are available on a
horizontal resolution of 2.58 3 2.58 The pressure
levels extend from 1000 to 10 hPa with 17 layers.

The daily AO index used in this study is obtained from
the NOAA Climate Prediction Center (CPC) website
(http:/lwww.cpc.ncep.noaa.gov/products/precip/CWIink/
daily_ao_index/ao.shtm). The strength of the Siberian high
is depicted by the area-mean sea level pressure averaged
over the region 406%N, 80812@E (Panagiotopoulos
et al. 2005. The propagation of the Rossby wave train
is illustrated by the Rossby wave activity Buxes Takaya
and Nakamura 200). All the variables are Pltered by the
Butterworth bandpass Plter to extract the 30D60-day in-
traseasonal variations. Composite analysis is performed
for intraseasonal cold events over eastern China with a
time lag with respect to the MJO convection anomalies
over the tropical Indian Ocean and the Maritime Con-
tinent during boreal winters (December to February)
from 1979/80 to 2015/16. The signibcance of the com-
posite analysis is estimated by the StudentQsest.

The selection of the intraseasonal cold events over
eastern China is based on the 30D60-day bltered regional
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mean temperature anomalies averaged over the region
of 204@N, 100D 12@E. An intraseasonal cold event is
recorded when the regional mean temperature anomaly
exceeds?2 s (standard deviation), and the day of the max-
imum negative temperature anomaly is taken as reference
(day 0). We identibed 63 intraseasonal cold events over
eastern China in the 37 winters (Table 1). To determine
the intraseasonal cold events associated with the con-
vection anomalies over the tropical Indian Ocean and
the Maritime Continent, we analyze the time-lag relation-
ship of regional temperature anomalies with regional mean
OLR anomalies over the tropical Indian Ocean (158b
158N, 508B10@) and the Maritime Continent (15 &b
158N, 110D 16@EE) starting from two weeks before day 0
of each cold event. The two-week time window is chosen
as it takes about 10 days from the start to the peak of the
cold anomalies in intraseasonal cold events and every

phase of 30D60-day oscillation lasts about 4 to 7 days. If 1992/93

the peak of the regional mean OLR anomaly over the
tropical Indian Ocean (the Maritime Continent) exceeds
2 0.5s, and the mean OLR anomaly over the Maritime
Continent (the tropical Indian Ocean) does not exceed
2 0.5, this intraseasonal cold event is categorized as an
Indian Ocean (Maritime Continent) convection-related
cold event. Among the 63 cold events, we identibed
22 Indian Ocean (10) and 16 Maritime Continent (MC)
convection-related events (Table 1). The leadblag com-
posite analysis is then performed for these two types of
cold events. We note that among the 16 identiped MC
convection-related cold events, 12 were preceded by neg-
ative AO. The AO signals during IO convection-related
cold events are diverse, indicating a weak relationship be-
tween the AO and the 10 convection-related cold events.
We also performed a composite analysis based on the
phase of the cold events. Phase 1 is the day when the
regional mean temperature anomalies over eastern China
isin the transition from negative to positive value, phase 3
is the day when the regional mean temperature anomalies
reach the largest negative value with the magnitude ex-
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TaBLE 1. The years and day O of the intraseasonal cold events
over eastern China. The MC- and IO-related cold events are marked
with a superscript asterisk (¥) and plus sign @ ), respectively. See the
text for debnition of the events.

Year Day O Year Day 0
1979/80 4 Jan; 6 Feb 1997/98 7 Dec; 22 Jan
1980/81  25Dec; 26Jan; 1998/99 6 Dec; 11 Jah

25 Feb 18 Feb
1981/82 9 Feb 1999/2000 20 D&c27 Jan
1982/83  7Dec; 11Jan; 2001/02 22 Dec; 28 Jah

20 Feb
1983/84  28Deé; 1 Feb 2002/03 31Det; 5 Febt
1984/85 25 Dec; 22 Feb 2003/04 16 Ded; 25 Jan
1985/86 11 Dec; 26 Feb 2004/05 31 Dec; 19 Feb
1987/88 5 Dec; 16 Jan 2005/06 12 Déc
1988/89 10 Dec; 16 Jan 2007/08 5F&b
1989/90 26 Dec 2008/09 9Jan
1990/91 7 Jan; 20 Feb 2009/10 5 Jan; 14 Feb
1991/92  31Deé; 11 Feb 2010/11 16 Jan

19 Jah; 25 Feb 2011/12 15 Dec

1993/94 17 Ded; 20 Jart 2012/13 3Jah; 14 Febt
1994/95  18Dec; 1Feb 2013/14 23 Dec; 12 Febt
1995/96  21Feb 2014/15 14 Dec; 3Feb
1996/97 7 Jan; 12 Feb 2015/16 16 Dep24 Jart

During MC convection-related cold events, weak
negative temperature anomalies are observed to the
north of the Lake Baikal on day 2 12. Meanwhile,
negative OLR anomalies develop over the eastern
Indian Ocean and the Maritime Continent ( Fig. 3a).
With the enhancement and slow eastward move-
ment of anomalous convection after day 2 12, the
cold anomalies intensify and move southward Fig. 3b).
The anomalous convection over the Maritime Con-
tinent is strongest on day 26 (Fig. 3c). The cold
anomalies keep intensifying and moving southward
to eastern China until day 0 (Figs. 3cbg On day O,
eastern China is covered by large negative temper-
ature anomalies (Fig. 3€) and the distribution of
temperature anomalies is similar to that correspond-
ing to the strong south cold events identiped by

ceeding one standard deviation, and phase 2 is debPned asSong and Wu (2017) It should be noted that the

the day located in the middle between phases 1 and 3. The
obtained temporal evolution of composite anomalies

based on the phase of cold events is similar to that based
on the leadblag time. As there are more time slices in the

cold anomalies also appear over northeastern China,
which is in accordance with Jeong and Ho (2005)
The peak of the temperature anomalies lags the peak
of the OLR anomalies over the Maritime Continent

composite based on the leadblag days, we obtain clearer by about 6 days, similar to the 1998/99 case shown in

features of continuous evolution. Thus, we only show
composite anomalies based on the leadblag days.

3. Features of the MC and IO convection-related
cold events

Temperature anomalies digplay different evolutions
during MC and 10 convection-related cold events.

Figs. 1labdand 2a. The cold anomalies over eastern
China weaken after day 0 accompanying the switch
of sign of OLR anomalies over the Maritime Continent
(Figs. 3fbl).

On day 2 12 of 10 convection-related cold events,
cold anomalies extend northeastward from the Cas-
pian Sea to the Lake Baikal (Fig. 4a). Anomalous
convection is located over the tropical Indian Ocean,
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