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Abstract

The El Nifio-Southern Oscillation (ENSO) Modoki phenomenon has a substantial influence on regional climate. In this
study, the results derived from observational and reanalyzed datasets show that the boreal winter climate anomalies over the
Pacific and its rim in the different phases of ENSO Modoki are asymmetric during 1979-2017. During El Nifio Modoki,
an upper-level zonal “convergence—divergence—convergence” anomaly occurred in the Walker circulation over the Pacific
sector, associated with anomalous ascending (descending) in the central side (both sides), leading to a wet “boomerang”
pattern of rainfall anomalies in the tropical Pacific Ocean. Consequently, a drier winter occurred in Philippines, and warm-
ing and drying occurred in western Australia and northern South America. Meanwhile, a dipolar pattern with the wet south
and the dry north in the United States occurred, accompanied by a Pacific/North American-like teleconnection. During La
Nifia Modoki, a roughly reversed Walker circulation anomaly and deeper Hadley circulation anomalies were associated with
the strong air—sea feedback, which caused stronger rainfall anomalies in the Pacific Ocean. On land, anomalies of surface
temperature and rainfall over the tropical Pacific Rim were more intense compared with El Nifio Modoki. However, owing to
the lack of a Pacific/North American anomaly, fewer anomalies occurred over the mid-latitude North America. In numerical
experiments, the response to the different phases of ENSO Modoki basically reproduces the asymmetric climate anomalies in
boreal winter, further confirming that the asymmetry can be partly attributed to tropical sea surface temperature anomalies.
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1 Introduction 2007; Weng et al. 2007). When El Nifio Modoki occurs,

warm SST anomalies are observed over the central equato-

El Nifio Modoki is known as a coupled ocean—atmosphere
phenomenon associated with the tripole pattern of sea sur-
face temperature (SST) anomalies in the equatorial Pacific,
which is different from the canonical El Nifio (Ashok et al.
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rial Pacific and cold SST anomalies occur in its east and west
sides, and the opposite pattern is detected during La Nifia
Modoki. Many previous studies have discussed the forma-
tion and cycle of the canonical El Nifio—Southern Oscilla-
tion (ENSO), including the mechanism of positive feedback
(Bjerknes 1969), the theory of trade winds (Wyrtki 1975),
the unstable wave theory of air—sea interaction (Philander
et al. 1984), a delayed action oscillator view (Suarez and
Schopf 1988; Battisti and Hirst 1989), and recharge para-
digm theory in the late 1990s (Jin 1997a, b). The under-
standing of the physical mechanisms of the canonical ENSO
has gradually improved, and the mechanisms have also
been verified with large observational datasets and model-
ling experiments. The impact of canonical ENSO events on
the global climate is always a concern (Bronnimann 2007,
Mariotti 2007), and its remarkable effects have been applied
widely in short-term climate predictions (Xu et al. 2005).
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By contrast, research on the evolution of ENSO Modoki
and associated climate change is still ongoing. Previous
studies have shown that ENSO Modoki is likely to be an
event induced by local air—sea coupling (Kao and Yu 2009;
Yu et al. 2010). Ashok et al. (2007) found that the flatten-
ing thermocline resulting from weakening equational east-
erlies leads to more El Nifio Modoki events. Jadhav et al.
(2015) and Kug et al. (2009) also found that zonal advection,
including zonal wind and average zonal SST gradient, plays
an important role in the development of El Nifio Modoki.
Nevertheless, Yu et al. (2010) argued that the role of zonal
advection only works when the central equatorial SST anom-
alies are established. Moreover, Yu and Kim (2011) also
suggested that El Nifio Modoki may be related to the force
of Asian—Australian monsoon and extratropical atmosphere,
that is, sea-level pressure (SLP) interannual variability over
the subtropical and extratropical sea influenced by the mon-
soon may cause anomalous trade winds and further trigger
the warm SST anomalies in the central equatorial Pacific.

Recently, the interaction between ENSO Modoki events
and regional climate has been drawn much attention due to
its multifaceted effects over East Asia (Feng et al. 2011; Kim
et al. 2012), Southeast Asia (Feng et al. 2010; Salimun et al.
2014), North America (Yu et al. 2017; Weng et al. 2009),
South America (Tedeschi et al. 2013; Samir et al. 2015), and
the African continent (Preethi et al. 2015). On the one hand,
since El Nifio Modoki was proposed, some researchers have
focused on the comparison of the climate response to the
ENSO Modoki with the response to the canonical ENSO and
proved the existing distinction. For example, an anomalous
anticyclone occurs over South China Sea during El Nifio
Modoki while it occurs over the Philippine Sea during El
Nifio, which leads to opposite precipitation anomalies in
Southeast Asia (Weng et al. 2009; Feng et al. 2010). A sig-
nificant rainfall decrease is mainly observed in austral winter
and summer over the northern, central, and western Colom-
bia during El Nifio and El Nifio Modoki, while the opposite
impact occurs in some localities during austral spring and
autumn (Samir et al. 2015). During El Niflo Modoki, the
northward-shifted Intertropical Convergence Zone (ITCZ)
transports moisture to southwestern North America, leading
to a seesaw pattern with a dry north and wet south, while the
western United Sates is wet and its moisture mainly comes
from the southward-shifted polar front jet that moves south-
ward when El Nifio occurs (Weng et al. 2009). In addition,
the difference between the impacts of El Nifio and El Nifio
Modoki on subdaily extreme precipitation occurrences in the
United States was investigated by Yu et al. (2017).

On the other hand, many studies have indicated that
there are regional asymmetric features of seasonal climate
anomalies during different phases of ENSO Modoki (Karori
et al. 2013; Cai et al. 2010). Karori et al. (2013) found an
asymmetric relationship between ENSO Modoki events and
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boreal summer rainfall over Southeast China, which may
be caused by different spatial patterns of SST anomalies.
Specifically, El Nifio Modoki has a noticeable positive cor-
relation with summer rainfall over South China, whereas La
Nifia Modoki has a positive influence on summer rainfall
over the Yangtze River. Cai et al. (2010) revealed that aus-
tral summer precipitation in southeast Queensland increased
with La Nifia Modoki amplitude, which is statistically sig-
nificant compared with the decrease in El Nifio Modoki-
induced rainfall, which has no evident correlation with its
amplitude. During boreal winter, the asymmetric interac-
tions between ENSO Modoki events and atmospheric tel-
econnection or coupled ocean—atmosphere phenomena also
have to be taken into account. ENSO Modoki can induce
circulation anomalies, such as the Arctic Oscillation (AO),
which are more intense during El Nifio Modoki because
of the difference in background fields (Cheng et al. 2019).
Wang et al. (2017) suggested that a negative phase of the
North Atlantic Oscillation (NAO) occurs during El Nifio
Modoki boreal winter, bringing about low temperatures over
Northeast China; although La Nifia Modoki occurs accom-
panied by a positive phase of the NAO, the temperature
anomalies are not significant due to the spatial shifting of
the NAO structure.

Over the past two decades, the frequency and duration
of ENSO Modoki events have far exceeded that of canoni-
cal ENSO events (Ashok et al. 2007; Marathe et al. 2015;
Freund et al. 2019). On the basis of the asymmetric atmos-
pheric circulation anomalies during different phases of
ENSO Modoki, the relationship between ENSO Modoki
events and boreal winter climate may show distinct features,
which remain unclear. Therefore, this study investigates the
possible asymmetry between ENSO Modoki events and win-
ter climate over the Pacific Ocean and its rim and further
explores the corresponding physical mechanism. This study
contributes to the understanding and prediction of the effect
of ENSO Modoki events on regional climate change.

The remainder of this paper is structured as follows. Sec-
tion 2 describes the data, methods, and model experiments
we adopted. In Sect. 3, winter climate anomalies during
ENSO Modoki are presented. Section 4 presents the pos-
sible mechanism of the asymmetry through observational
analysis and Sect. 5 shows the results of model experiments
to confirm the observational results. Finally, section 6 pro-
vides a summary.

2 Data, methods and model experiment
2.1 Data and methods

The datasets used in this study are monthly SST from the
Hadley Centre Global Sea Ice and Sea Surface Temperature
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with 1° x 1° horizontal resolution (HadISST, Rayner et al.
2003), monthly precipitation rate from the Global Pre-
cipitation Climatology Project (GPCP) Version 2.3 with
2.5" x 2.5 horizontal resolution (Adler et al. 2018), monthly
surface temperature from the Climatic Research Unit,
University of East Anglia (CRU TS) Version 3.23 with
0.5 x 0.5 horizontal resolution (Harris and Jones 2015),
and some monthly meteorological variables from the ERA-
Interim Reanalysis with 1° x 1° horizontal resolution (Berr-
isford et al. 2011). Here we focus on the boreal winter, which
consists of December to February of the following year. For
example, the boreal winter of 1990 refers to the 3-month
average of 1990-12, 1991-01, 1991-02. All anomalies men-
tioned are deviations from the winter climatological mean
of 1980-2010. The composite difference is presented as the
average of anomalies during El Nifio Modoki and La Nifia
Modoki. All datasets used here are linearly detrended. The
significance of the regression and composite analysis is
obtained by a two-tailed Student’s ¢ test.

The ENSO Modoki Index (EMI; Ashok et al. 2007) from
the Japan Agency for Marine-Earth Science and Technology
(JAMSTEC; Fig. 1) is adopted in this study. The monthly
EMI can be obtained from https://www.jamstec.go.jp/frsgc
/research/d1/iod/modoki_home.html.en. Cases with a nor-
malized winter EMI equal to or greater (less) than 0.7 (—0.7)
are defined as an El Nifio Modoki (La Nifia Modoki) event
(Ashok et al. 2007; Samir et al. 2015). Note, we removed
the years 1997 and 2015, which should be canonical El Nifio
events. One the basis of the above criterion, we identify ten
typical boreal winter El Nifio Modoki events in 1979, 1986,
1990, 1991, 1992, 1994, 2002, 2004, 2009, and 2014, and
nine typical boreal winter La Nifia Modoki events in 1983,
1988, 1998, 1999, 2000, 2007, 2008, 2010, and 2011. The
SST anomalies of selected ENSO Modoki events shown in
Fig. S1 are concentrated on the central equatorial Pacific
Ocean which is the distinctive feature of ENSO Modoki.
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Fig. 1 Normalized Dec-Jan-Feb (DJF) time series of the EMI.
Dashed lines indicate the reference of +0.7 and crosses denote the
year of canonical El Nifio events

According to Sun et al. (2011), the vertically integrated
horizontal moisture flux Q can be expressed as.
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Here g is the gravity acceleration with a value of 9.8
(ms™2), P, is the surface pressure, P, is the pressure at
300 hPa, ¢q is the specific humidity, and u and v are the
zonal and meridional velocity, respectively. The horizontal
moisture flux divergence at a single grid can be calculated
as.
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2.2 Model experiment

Using the Community Earth System Model (CESM;
Gent et al. 2011) Version 1.2.2, we examine the impacts
of ENSO Modoki on boreal winter climate change over
the Pacific and its rim. Specifically, we run a standalone
atmospheric component with prescribed SSTs (F_20000_
CAMS). A 1.9° x 2.5° finite volume grid resolution is used
for the atmospheric and land components and a 1° dis-
placed pole grid resolution is used for the oceanic and
ice components (1.9x2.5_gx1v6). The prescribed SSTs
include three different scenarios (Table 1). Here monthly
climatological SST is a monthly average over the period
of 1982-2001, and the ENSO Modoki SST anomalies over
the tropical Pacific Ocean (30°S — 30°N, 120 °E — 70°W)
are added to the monthly climatological SST in Novem-
ber, December, January, and February. Each run is con-
tinuously integrated for 35 years and we take average of
the last 30 years as the results. Therefore, the simulated
climate responses to ENSO Modoki are the differences
between the CENSO_warm (CENSO_cold) runs and
CENSO_control runs.

Table 1 Prescribed SST in model experiments

Experiment Name Experiment Content

CENSO_control Climatological monthly SST

CENSO_warm Climatological monthly
SST + El Nifio Modoki
SST anomalies

CENSO_cold Climatological monthly

SST + La Nifia Modoki
SST anomalies
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3 Winter climate anomalies during ENSO
Modoki

3.1 Relationship between ENSO Modoki and winter
climate

Several studies have revealed the impact of ENSO Modoki
event on regional winter climate (Tedeschi et al. 2013;
Karori et al. 2013; Preethi et al. 2015). To verify the rela-
tionship between the winter climate over the Pacific Rim
and ENSO Modoki, we conduct regression analysis of
the surface air temperature (SAT) and precipitation rate
anomalies with the normalized EMI. Using the CRU TS
dataset, we find that ENSO Modoki events are positively
correlated with winter SAT anomalies over most regions
of the Pacific Rim, including northwestern and southeast-
ern China, southern Kamchatka, southern Alaska, the west
coast of the United States, northern South America, and

northeastern and northwestern Australia (Fig. 2a). Mean-
while, a negative correlation between ENSO Modoki and
SAT anomalies is observed over southern South America
and the Gulf Coast (Fig. 2a). On the basis of the GPCP
precipitation rate, rainfall anomalies also show an obvious
change over the Pacific and its rim. Clearly, a zonal tripo-
lar pattern of “negative—positive—negative” precipitation
anomalies occur in the equatorial Pacific (Fig. 2c). Fur-
thermore, a dipolar pattern with negative anomalies over
the western and central Pacific and positive anomalies over
the eastern Pacific are observed in the extra-equatorial
regions. On land, ENSO Modoki events are positively cor-
related with boreal winter precipitation anomalies over the
coast of Alaska and southwestern North America, whereas
negative linear regression coefficients are seen over most
regions of Southeast Asia, western Kamchatka, the Great
Lakes region, northern and northwestern South America,
and western Australia.
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Fig.2 Regression patterns of boreal winter SAT anomalies from the
CRU (a) and ERA Interim (b) datasets, and precipitation rate anoma-
lies from the GPCP (c¢) and ERA Interim (d) datasets with the nor-
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malized EMI during 1979-2017. Slant hatching denotes the 90% con-
fident level from a Student’s 7 test
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The regressed results of SAT and precipitation anom-
alies from the ERA-Interim dataset are consistent with
the results obtained from the observational datasets
(Fig. 2b,d). Owing to the higher horizontal resolution,
“boomerang” patterns (Weng et al. 2009) of rainfall
anomalies in the Pacific Ocean are clearer in Fig. 2d. This
similarity indicates that the relationship between ENSO
Modoki and the monthly SAT is reliable over the Pacific
Rim.

(a)ENSO Modoki(+)

CRUTS

60N

30N

30S

3.2 Asymmetric winter climate anomalies
during the different phases

Figure 3a, b presents the boreal winter composite differences
of SAT during the different phases of ENSO Modoki, and the
asymmetry can be seen in Fig. 3c. During EI Nifio Modoki,
warm anomalies are observed in northwestern Australia, and
northwestern and northern South America (Fig. 3a), whereas
La Nifia Modoki occurs with cold anomalies in the western
Marine Continent, the western coast of the United States, the
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Fig.3 Composite DJF SAT anomalies (unit: °C) from the CRU (left panel) and ERA-Interim (right panel) datasets during 1979-2017. (c¢) and
(f) show the asymmetry between a and b, ¢ and d, respectively. Slant hatching denotes the 90% confident level from a Student’s 7 test
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Caribbean coast, and the entire north of South America and
north of Australia (Fig. 3b). Notably, a zonal tripolar pattern
with “positive—negative—positive” anomalies is observed
in Australia during El Nifio Modoki (Fig. 3a), whereas a
meridional dipolar pattern with “positive—negative” anoma-
lies occurs in La Nifia Modoki (Fig. 3b). The asymmetric
difference between El Nifio Modoki and La Nifia Modoki (El
Nifio Modoki — (— 1 x La Nifia Modoki)) shows that stronger
SAT anomalies occur over the western Marine Continent,
northeastern Australia, and northern South America during

(a) ENSO Modoki(+)

GPCP

La Nifia Modoki (Fig. 3c). The results from the ERA-Interim
dataset capture similar SAT anomaly signals (Fig. 3d—f).
Using the GPCP dataset, composites of precipita-
tion anomalies are shown in Fig. 4a, b. The opposite pat-
terns of precipitation anomalies over the Pacific Ocean
are observed during different phases, which is character-
ized by a “boomerang” pattern extending from the west-
ern equatorial Pacific to the central North Pacific/South
Pacific Convergence Zone, and another one extending from
the central equatorial Pacific to the eastern North Pacific/
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Fig.4 The same as Fig. 3, but for precipitation rate anomalies (unit: mm day‘l) from the GPCP (left panel) and ERA Interim (right panel) data-
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central tropical South Pacific (Fig. 4a, b). The multiple
“boomerang” patterns are significantly intensified in La
Nifia Modoki events, although rainfall anomalies over the
eastern equatorial Pacific are slightly weaker compared with
El Nifio Modoki (Fig. 4c). On land, during El Nifio Modoki,
a decrease in rainfall occurs in the northern Maritime Con-
tinent, northern South America, and southwestern Australia
(Fig. 4a). A meridional seesaw of wet and dry conditions in
the southern and northern United States is detected only in
El Nifio Modoki, whereas a similar seesaw in the Philippines
is robust during different phases. During La Nifia Modoki,
more precipitation anomalies are observed over tropical
land, including drying in southwestern China and the Gulf
Coast, and wetting in northeastern Australia and Venezuela,
while anomalies over extratropical land are absent (Fig. 4b).
Composites based on the ERA-Interim dataset (Fig. 4d—f)
show the same pattern of boreal winter precipitation anoma-
lies during different phases.

3.3 Associated circulation anomalies
during the different phases

Changes in the large-scale atmospheric circulation could
alter the intensity and likelihood of climate change (Screen
2014; Hao and He 2017). Further, we investigate the
atmospheric circulation anomalies during different phases.
Accompanied by the warming in the central equatorial
Pacific during El Nifio Modoki, positive 500 hPa geopoten-
tial height anomalies form over the entire equatorial Pacific
and negative anomalies occur in the mid-latitudes of the
North Pacific (Fig. 5a). Meanwhile, an anomalous high belt
around 60°N contains two centers, with some degree of sym-
metry about the Bering Sea. A high-pressure anomaly over
northwestern North America and two low-pressure anoma-
lies over the North Pacific and western subtropical Atlantic
Ocean resemble the Pacific—North American (PNA) pattern,
favoring a meridional seesaw of wet and dry conditions over
the southern and northern United States (Fig. 4a). This sign-
alternating geopotential height anomaly in the Northern
Hemisphere indicates that a meridional wave trains extend
from the tropical central Pacific to high latitudes, imply-
ing a robust interaction between the tropics and extratropics
(Fig. 5a).

In the lower troposphere, El Nifio Modoki occurs with
anomalous cyclonic winds over the mid-latitudes of the North
Pacific (Fig. 5c). Water vapor flux (WVF) divergence anoma-
lies on the western flank of the anomalous cyclone lead to less
rainfall, which is opposite on its eastern side. Accompanied
by this anomalous cyclone, southwesterly anomalies transport
moisture from the ITCZ to the western coast of North America
(Fig. 5e), which is consistent with the results in Weng et al.
(2009). Meanwhile, easterly anomalies (Fig. 5c) in the north-
ern flank of the anomalous western Atlantic cyclone (Fig. 5¢)

can bring moisture to the Gulf Coast of Mexico (Fig. 5e).
Both of the two water vapor channels provide moisture for
boreal winter rain over the southern United States (Fig. 4a).
In contrast, southwesterly anomalies in the southern flank of
the western Atlantic anomalous cyclone transport the mois-
ture away (Fig. 5e), causing less rainfall over northeastern
South America (Fig. 4a). In addition, anomalous anticyclonic
winds and WVF divergence dominate the Maritime Conti-
nent and Great Lakes, causing obvious dry anomalies there.
During La Nifia Modoki, the reversed 500 hPa geopotential
height (Fig. 5b), SLP (Fig. 5d), and WVF (Fig. 5f) anoma-
lies are stronger over the tropical Pacific and mid-latitudes
of the North Pacific, causing more robust changes in rainfall
in the corresponding regions (Figs. 3 and 4). However, the
teleconnection between La Nifia Modoki and North America
is weaker (Fig. 5b) compared with El Nifio Modoki (Fig. 5a).

4 Possible mechanism of the asymmetry
4.1 SST anomalies

Figure 6 shows the composites of SST anomalies from the
HadISST dataset during different phases of ENSO Modoki.
The tripolar pattern over the equatorial Pacific during El Nifio
Modoki is basically opposite to that during La Nifia Modoki
(Tedeschi et al. 2013; Karori et al. 2013). However, the inten-
sity and scope of the SST anomalies are distinct. Compared
with the anomalies in El Nifio Modoki boreal winter (Fig. 6a),
stronger cold anomalies occur in the equatorial central and
eastern Pacific (Fig. 6¢) and the meridional scope of the cold
SST anomalies is larger in La Nifia Modoki boreal winter
(Fig. 6b), which may be attributed to the enhanced trade winds
and thus strengthened upwelling and meridional currents,
causing SST anomalies to more effectively spread away from
the Equator (Zhang et al. 2009, 2013). Meanwhile, during La
Nifia Modoki, warm anomalies, stretching from Southeast
Asia northward to about 40 °N in the western North Pacific,
are stronger than that in El Nifio Modoki events, particularly
in the central North Pacific (Fig. 6¢). The equatorial cold
tongue in the eastern Pacific Ocean is only observed in El
Nifio Modoki boreal winter. In addition, notable differences in
the SST anomalies are observed in the Indo-Pacific warm pool,
which may cause different impacts over East Asia, Southeast
Asia, and Australia (Wang et al. 2008).

4.2 Physical processes connecting ENSO Modoki
to winter climate over the Pacific and its rim

4.2.1 Air-sea feedback and associated zonal circulation
change

Large-scale circulation variation and further climate change
can be induced by the anomalous air-sea interaction
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Fig.5 Composite DJF 500 hPa geopotential height (a, b, contour,
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contour, interval: 1 hPa), and vertically integrated WVF (e, f, vec-
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(Philander et al. 1984). Previous studies have generally
explored the dynamic and thermodynamic feedbacks in the
Pacific Ocean (Cayan 1992a, b; Hendon and Glick 1997).
Recently, Marathe et al. (2015) quantitatively compared the
intensity of the dynamic and thermodynamic feedbacks by
surface wind forcing, SST anomalies, thermocline variation,
and heat flux during the two flavors of El Nifio, and found
that the proposed El Nifio Modoki is distinctly different
from the canonical El Nifio. In this study, the composites of
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$)™!) anomalies during 1979-2017. Only significant vectors are plot-
ted. Salmon (blue) shading denotes 90% confident level for positive
(negative) anomalies from a Student’s 7 test

300 hPa velocity potential, 300 hPa divergent wind, and 500
hPa vertical velocity are calculated for the analysis of the
dynamical process during ENSO Modoki events (Fig. 7). In
addition, we investigate the change in surface heat flux and
surface net radiation to discuss the thermodynamic feedback
during ENSO Modoki events. These can reveal the zonal
circulation change and related air—sea interaction caused by
the zonal thermodynamic difference. Owing to surface sen-
sible heat flux (SHF) anomalies and surface net longwave
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Fig.6 The same as Fig. 3, but for SST anomalies from the HadISST
dataset

radiation (LWR) anomalies being far less than the surface
latent heat flux (LHF) anomalies and surface net shortwave
radiation (SWR) anomalies, we only provide LHF and SWR
anomalies here (Fig. 8).

As shown in Fig. 7a, upper-level velocity potential and
divergent wind anomalies are characterized by a tripolar
pattern over the tropical Pacific during El Nifio Modoki
boreal winter (Weng et al. 2009; Feng et al. 2010), that is,
anomalous divergence (ascending) is centered in the central
equatorial Pacific and anomalous convergence (descending)
is located over both sides (Fig. 7a,c), in line with changes in
the SST (Fig. 6). This implies that there are obvious changes
in the Walker circulation under the thermodynamic activity.

During El Nifio Modoki winter, a “boomerang” pattern of
anomalous upper-level divergence is observed over the
Pacific Ocean, which encompasses strong centers in the
northeastern Pacific and central equatorial Pacific and a
weak one centered at 10 ° S, 120 ° W (Fig. 7a), reducing the
SLP over these regions (Fig. 4c). Thus, anomalous cyclonic
winds (Fig. 8a) and ascending motion (Fig. 7c) occur, which
dynamically favors winter precipitation (Fig. 3e). Further-
more, warm SST anomalies (Fig. 6a) enhance evaporation
and release more LH into the atmosphere in the central and
eastern equatorial Pacific (Fig. 8c), resulting in more rainy
days (Fig. 4a) and less SWR received by the sea surface
(Fig. 8e) over there. Notably, the position of the center of
the upward LHF anomalies (Fig. 8c) is eastward compared
with the center of warm SST anomalies over the central
equatorial Pacific (Fig. 6a). This results from the contrary
role of surface wind anomalies over the central-eastern and
central-western equatorial Pacific (Fig. 8a) associated with
the Walker circulation change. Over the western equatorial
Pacific, anomalous upper-level convergence is centered and
extends to most regions of East Asia, Southeast Asia, and
northwestern Australia. Thus, the corresponding positive
SLP and descending anomalies suppress the rainfall and
favor downward SWR, especially over the Maritime Con-
tinent. Meanwhile, cold SST anomalies over the western
equatorial Pacific inhibiting the upward LHF, which also
contributes to the drying.

In the extratropical North Pacific, anomalous cyclonic
winds occur in the lower troposphere (Fig. 8a). A decrease
in the sea—air temperature and humidity difference caused
by warm and wet airflow (Fig. 8a) along the western North
American coast suppresses the upward LHF, and further
drives local warm SST anomalies (Fig. 6a). Near the Ber-
ing Sea, decreased surface winds inhibit the LHF from the
ocean to the atmosphere, and moisture is transported by the
anomalous northeasterly winds to low latitudes and thus
WVF divergence is formed there, leading to dry anomalies.
Therefore, under the air—sea interaction, winter precipita-
tion anomalies are characterized by a pattern of positive east
and negative west in the mid-high latitudes of the North
Pacific. In addition, anomalous cyclonic winds and climate
impacts observed over the tropical South Pacific, which is
basically symmetrical with the North Pacific, are far less
than anomalies over the North Pacific. On land, anomalies
of descending (Fig. 7c) and downward SWR (Fig. 8e) lead to
a warmer summer over western Australia, and northwestern
and northern South America (Fig. 3a).

During La Nifia Modoki, anomalous upper-level con-
vergence (Fig. 7b) forced by cold SST anomalies over the
central equatorial Pacific (Fig. 6b) extends to the North
American continent and extratropical eastern South Pacific,
leading to a stronger dry “boomerang” pattern over the
Pacific Ocean (Fig. 4b). On both sides of the equatorial
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Pacific, the intensified divergence anomalies are accom-
panied by strong ascending motion (Fig. 7d), causing wet
anomalies over the northern Maritime Continent and north-
ern South America. Meanwhile, the opposite and intensified
widespread anomalies of surface wind (Fig. 8b), surface heat
flux (Fig. 8d,f), and SST induce a strong tropical air—sea
interaction, which also contributes to the stronger boreal
winter climate change over the tropical Pacific Rim com-
pared with El Nifio Modoki.

4.2.2 Local-mean meridional circulation change

Beyond differences in zonal thermodynamic, the SST anom-
alies during ENSO Modoki could also reform the meridional
thermodynamic gradient. Baines (2006) revealed that the
mass and moisture transported by local meridional circula-
tion are essential to the distribution of precipitation. Fig-
ure 9 shows the composites of the average of 100° E—270°
E regional meridional circulation anomalies. During El
Nifio Modoki winter, the alternating zonal wind anoma-
lies dominate the Northern Hemisphere, and its variation
corresponds to a “negative—positive—negative” pattern of
500 hPa geopotential height anomalies (Fig. 5a). Ascend-
ing anomalies caused by positive SST anomalies (Fig. 6a)
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are observed around the Equator and 40 N° in the tropo-
sphere, and sinking motion is mainly seen in the low-latitude
Pacific (Fig. 9a). Another obvious sinking branch is around
45°N — 60°N, related to the warm and dry anomalies in the
northern mid-latitudes (Figs. 3a and 4a). Compared with El
Nifio Modoki, La Nifia Modoki events occur with stronger
anomalous meridional circulation and zonal wind in the
tropical Pacific and weaker anomalies in the extratropical
Pacific (Fig. 9b). Its descending anomalies are located at the
Equator and ascending anomalies occur around 15°S — 25°
S and 10°N — 30°N, which extends from the surface to the
stratosphere, suggesting that the deep system occurred in La
Nifia Modoki boreal winter. In other words, differences in
the intensity and position of meridional circulation anoma-
lies may also contribute to the asymmetry of precipitation
anomalies in the Pacific.

5 Model experiment results

In this section, we further investigate the role of ENSO
Modoki in the asymmetric climate anomalies during
boreal winter using numerical experiments. Under the
ENSO Modoki scenario, climate features are generally
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surface LHF (c, d, contour, unit: W m_2), and downward SWR (e, f,
contour, unit: W m~2) anomalies during El Nifio Modoki (left panel)

reproduced by the model, including the tripolar pattern of
SAT (Fig. 10a, b) and rainfall anomalies (Fig. 10d, e) over
the tropical Pacific Ocean, the dipolar pattern of rainfall
anomalies over the extratropical Pacific Ocean, and several
aspects of SAT and rainfall anomalies on land. The simu-
lated composite difference between El Nifio Modoki and
La Nifia Modoki (Fig. 10c) shows that stronger SAT anom-
alies occurred over the western coast of the United States,
northeastern South America, and northeastern Australia
(eastern United States) during La Nifia Modoki (El Nifio

and La Nifia Modoki (right panel). Shading (a, b) and Slant hatching
(c—f) denote the 90% confident level from a Student’s ¢ test

Modoki) as observed (Fig. 3c). However, the asymmetry
in the simulation over southwestern Australia and South
China is opposite to the observational results. As for sim-
ulated precipitation anomalies, the composite difference
(Fig. 10f) shows stronger anomalies over the Bering Sea,
southeastern United States, northeastern South America,
northeastern Australia, and the Bay of Bengal (western
coast of United States) during La Nifia Modoki (El Nifio
Modoki), which is consistent with the observational results
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Fig.9 Composite of DIF 100°E — 270°E average of Hadley circula-
tion anomalies (vector, units: m s~!) and zonal wind anomalies (shad-
ing, units: m s~') during El Nifio Modoki (a) and La Nifia Modoki

(Fig. 4c), but the experiments miss the asymmetry in the
Philippines and tropical central-eastern Indian Ocean.

Furthermore, we examine the different response of the
atmospheric circulation in the simulations. During El Nifio
Modoki (Fig. 11a—c), anomalous ascending (descending)
motion occurs with the upper-level divergence (convergence)
and lower-level convergence (divergence) over the tropical
central Pacific (both sides), which is basically opposite in La
Nifa Modoki (Fig. 11d—f). In the extratropics, a stronger PNA
teleconnection is simulated during El Nifio Modoki (Fig. 11b)
compared with La Nifia Modoki (Fig. 11e). These features in
the numerical experiments coincide well with the observa-
tions (Figs. 5 and 7), but details in the Okhotsk Sea during El
Nifio Modoki are opposite to the observational results, and the
greater intensity of circulation anomalies over tropical Pacific
during La Nifia Modoki is not obvious compared with the
observational results. In addition, strong regional meridional
circulation anomalies in the tropical South Pacific with the
La Nifia Modoki forcing (Fig. 12b) are consistent with the
observations (Fig. 9b), while the simulated results during El
Nifio Modoki are more robust than observed, especially in the
northern high latitudes (Fig. 12a). In summary, the numerical
simulations basically reproduce the asymmetric characteristics
of the observed climate anomalies and associated atmospheric
circulation change over most areas, but show dissimilar fea-
tures in some regions, particularly in East Asia.

6 Summary and discussion
In this paper, we study the teleconnection between ENSO

Modoki events and boreal winter climate anomalies over
the Pacific and its rim. Composite analysis reveals that the
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(b). The vertical velocity anomalies are multiplied by — 100. Vectors
with dots denote the 90% confident level from a Student’s #-test

relationship between ENSO Modoki and climate—the SAT
and precipitation—is asymmetric in position and intensity
during boreal winter. The results show that warm anomalies
are detected over most regions of the tropical Pacific Rim
during El Nifio Modoki, which is opposite but intensified
in La Nifia Modoki, especially in the western Marine Con-
tinent, northeastern Australia, and northern South Amer-
ica. Notably, a zonal tripolar pattern with “positive—nega-
tive—positive” anomalies occur in Australia during El Nifio
Modoki (Fig. 3a), whereas a meridional dipolar pattern
with “positive—negative” anomalies is observed in La Nifia
Modoki (Fig. 3b). For rainfall anomalies, ENSO Modoki
occurs with multiple “boomerang” patterns over the Pacific
Ocean and it is stronger during La Nifia Modoki. On land, a
decrease in rainfall occurs in the northern Maritime Conti-
nent, northern South America, and southwestern Australia
during El Nifio Modoki, which is reversed but enhanced in
La Nifia Modoki. Moreover, a dipolar pattern of wet and
dry conditions in the southern and northern United States is
detected only in El Nifio Modoki, while drying in southwest-
ern China and the Gulf Coast, and wetting in northeastern
Australia and Venezuela are observed only during La Nifia
Modoki.

The asymmetry is related to different changes in the
air—sea feedback and large-scale dynamical processes dur-
ing ENSO Modoki events. In El Nifio Modoki boreal win-
ter, the “positive—negative—positive” pattern of upper-level
divergence and WVF divergence anomalies dominate the
tropical Pacific, accompanied by the multifaceted effects
of the “negative—positive” pattern of LHF anomalies,
which causes precipitation anomalies involving the north-
ern Marine Continent, western Australia, and northeastern
South America. Meanwhile, a PNA-like pattern is forced
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Fig. 10 The same as Figs. 3a, b and 4a, b, but for simulated SAT and precipitation anomalies, respectively

by warm SST anomalies over the central equatorial Pacific,
which contributes to the dipolar pattern of wet south and
dry north in the United States. This implies a robust interac-
tion between the tropics and extratropics in El Nifio Modoki
events. However, during La Nifia Modoki, under the oppo-
site and enhanced changes in atmospheric circulation and
WVEF, stronger anomalies are observed in the Pacific Ocean
and over tropical land, but fewer impacts over mid-latitude
North America.

Meanwhile, to examine the asymmetric climate
response to same intensity of SST anomaly during El

Nifio Modoki and La Nifia Modoki winter, we conducted
two additional numerical experiments with the opposite
ENSO Modoki SST anomalies (Table S1). The results
show that climate anomalies forced by El Nifio Modoki
and opposite El Nifio Modoki are asymmetric (Fig. S2),
which is similar to the features in Fig. 10. Similar asym-
metric can also been observed in the climate response by
opposite La Nifia Modoki and La Nifia Modoki (Fig. S3).
It implies that boreal winter climate anomalies during dif-
ferent phases of ENSO Modoki are asymmetric even with
the same SST anomaly intensity, and the observed stronger
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Fig.11 The same as Fig. 7, but for simulated 300 hPa divergent
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SST anomalies during La Nifia Modoki could aggravate
this asymmetry.

Furthermore, the observed signal is captured by numeri-
cal experiments. To some extent, the results imply that the
asymmetric impacts of ENSO Modoki events on winter
climate over the Pacific and its rim are due to the ENSO
Modoki SST anomalies. However, some details in the
mid—high latitudes are missing in the model, especially in
East Asia. For example, opposite rainfall anomalies to the
observations are simulated over the Yangtze River Basin
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m s~!), and SLP (e, f, interval: 2 hPa) anomalies. Light salmon (blue)
shading denotes 90% confident level for positive (negative) anomalies
from a Student’s ¢ test

during different phases, and strong cold anomalies on the
east of Lake Baikal is forced by El Nifio Modoki, while
warm anomalies are observed. The main source of the dif-
ference may come from the following points. On the one
hand, SST anomalies over the Indian Ocean may affect the
East Asian winter monsoon, and further have impacts on
climate change over eastern China (Guo et al. 2017; Zou
and Zhou 2017), but we consider only the SST anomalies
over tropical Pacific Ocean. On the other hand, Cheng et al.
(2019) consider that the ocean heat budget with regards to
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Fig. 12 The same as Fig. 9, but for simulated Hadley circulation (vector) and zonal wind (shading) anomalies

the asymmetry of ENSO remains to be verified due to insuf-
ficient observational data. In other words, SAT anomalies in
the mid-high latitudes induced by the SST over the tropical
Pacific are still in doubt in the model.
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