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Abstract

This study investigates the impact of El Nifio Southern Oscillation (ENSO) and
ENSO Modoki on rainfall variability over Southeast Asia (SEA) with a focus on its
twenty sub-regions. For the period 1979-2019, seven El Nifio (EN), six La Nifia (LN),
five El Nifio Modoki (EM), and five La Nifia Modoki (LM) events were identified. In
the boreal summer (JJA) and winter (DJF) of EN events, rainfall reduction occurred over
the Maritime Continent and the Philippines except for West Philippines in JJA and West
Kalimantan in DJF. Similar patterns but with enhanced drier/wetter conditions were
detected during EM. During LN, rainfall increased in most sub-regions except for West
Philippines and parts of mainland Indochina in JJA, and in DJF in some southern areas
such as South Sumatra, West Kalimantan, and Papua. Compared to LN, LM generally
exhibited less wet/drier conditions in JJA over most sub-regions and wetter conditions
in DJF over a major part of the Maritime Continent. The decrease (increase) in rainfall
over SEA during Modoki events compared to the canonical ENSO events was explained
by a reduced (enhanced) moisture transport into the region and a weakening

(strengthening) of the ascending branch of the Walker circulation.
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1 Introduction

The EI Nino Southern Oscillation (ENSO) is one of the most important climate
phenomena that affect temperature and precipitation patterns across the globe via
atmospheric teleconnections (Trenberth et al. 1998; Deser et al. 2017; Timmermann et
al. 2018). Many studies focused on ENSO to predict its onset or investigate its impacts
on weather and climate (Wang et al. 2011; Yan et al. 2020; Huang and Xie 2015). More
recently, a new type of tropical Pacific Sea surface temperature (SST) warming pattern,
with maximum warm anomalies in the central equatorial Pacific and cooler conditions
in the eastern and western parts, has been discussed widely (Ashok et al. 2007; Weng et
al. 2007; Marathe et al. 2015). This phenomenon is different from the canonical El Nifio,
which refers to anomalous warmings in the eastern equatorial Pacific (Rasmusson and
Carpenter 1983). The new type of SST warming patterns was alternatively referred to
as dateline El Nifio (Larkin and Harrison 2005), central Pacific El Nifo (Kao and Yu
2009), warm pool El Nifio (Kug et al. 2009), or El Nifio Modoki (Ashok et al. 2007;
Weng et al. 2007, 2009). The opposite phase, with a cold sea surface temperature
anomaly (SSTA) occurring in the central equatorial Pacific and warm SSTA in the
eastern and western parts, is called La Nifia Modoki (Ashok et al. 2007; Shinoda et al.
2011). Hereinafter, we use the term El Nifio Modoki (EM) and La Nifia Modoki (LM)
for the new types of SST warming and cooling patterns to differentiate them from the
canonical El Nifio (EN) and La Nifia (LN). EN and EM have different impacts on the
spatial patterns of atmospheric and ocean variables (Kug et al. 2009). Those different
impacts, particularly on precipitation, were investigated in numerous previous studies.
EN events are in general associated with a reduction of rainfall over the western Pacific
from the Philippines to West Australia, while a large area from the center to the eastern
Pacific receives excess rainfall (Trenberth et al. 1998; McPhaden et al. 2006). Indeed,
Ashok (2007) showed that during EM winters, the eastern Pacific experienced below-
average rainfall. Moreover, the Philippines, South Thailand, and South India, along with
some parts of North India, Sri Lanka, and East Africa, experienced abnormally dry

conditions, whereas New Zealand, Pakistan, and Kazakhstan received excess rainfall.



Southeast Asia (SEA) comprises islands and the mainland of eleven countries:
Cambodia, Laos, Vietnam, Thailand, Brunei, Philippines, Myanmar, Timor-Leste,
Indonesia, Singapore, and Malaysia (Fig. 1). It has a tropical marine climate with high
temperatures and abundant precipitation and is affected by monsoons (Résénen et al.
2016; Tangang et al. 2020). Both rainfall and temperature display strong seasonality
over most of SEA (Juneng and Tangang 2005; Phan et al. 2009; Juneng et al. 2016; Cruz
et al. 2017; Alsepan and Minobe 2020). The rainfall season in the northern part of SEA,
i.e. the Indochina peninsula and West Philippines, occurs mostly in the boreal summer
(Matsumoto 1997; Francisco et al. 2006; Juneng et al. 2016; Tangang et al. 2020) while
it mainly occurs in the boreal winter in the southern part and some specific locations of
SEA, such as the Maritime Continent and East Philippines (Aldrian and Susanto 2003;
Juneng et al. 2007; Juneng et al. 2016). The rainfall variations in SEA depend strongly
on ENSO (Page et al. 2002; Wang et al. 2000; Hendon 2003; Wu et al. 2003; Juneng
and Tangang 2005; Nguyen-Thi et al. 2012; Alsepan and Minobe 2020).

To date, the impact of ENSO Modoki on rainfall in SEA has not been fully
addressed. Feng et al. (2010) studied the impact of EM on boreal winter rainfall in SEA
for the period 1979-2008 using a coarse resolution dataset of 2.5°. They showed a
negative rainfall anomaly during EM; however, the coarse resolution dataset they used
did not allow an adequate representation of the heterogeneity of the rainfall pattern over
the region. Salimun et al. (2013) also indicated the boreal winter rainfall deficit during
EM, but their study domain was limited to Malaysia and the period 1950-2009. Alsepan
and Minobe (2020) showed that EM conversely increases precipitation in West
Indonesia in the wet season (November—April) compared to EN, but again, their study
was limited to Indonesia and the period 1960-2007. The above studies moreover
focused only on the impact of EM and not of LM. Feng et al. (2010) and Salimun et al.
(2013) analyzed rainfall during boreal winter only. Last, the impact on rainfall during
boreal summer has only been studied for the surrounding regions of SEA such as South
China (Karori et al. 2013) and/or the Pacific rim (Weng et al. 2007) and not for the entire
SEA region.



Besides the gaps highlighted above, more up-to-date datasets are now available,
motivating the need to revisit or newly assess the impacts of ENSO and ENSO Modoki
on rainfall variability over this landmass and its sub-regions. Moreover, we aim to
explore the role of associated circulation conditions for the two types of ENSO in both
boreal summer and winter months based on up-to-date reanalysis datasets. To sum up,
our aim in this study is to use up-to-date datasets to assess the impacts of ENSO and
ENSO Modoki on rainfall variability over SEA and all its sub-regions. We focus
particularly on the distinct impacts of Modoki events compared with conventional
ENSO and on the associated circulation mechanisms. This paper is composed of four
sections. The study domain, datasets, and methods of analysis are described in section
2. We analyze our results in Section 3, where we examine with the most recent available
data the impact of ENSO/ENSO Modoki on rainfall variability in different SEA sub-
regions over a 41-year period (1979-2019). Section 4 investigates possible physical
mechanisms responsible for the rainfall variations over the region. Conclusions are

presented in Section 5.

2 Study domain, data, and method

2.1 Study domain

Figure 1 displays the SEA study domain and its 20 sub-regions defined by Juneng
et al. (2016) under the framework of the Southeast Asia Regional Climate
Downscaling/Coordinated Regional Climate Downscaling Experiment- Southeast Asia
(SEACLID/CORDEX-SEA) project (Tangang et al. 2020). These 20 sub-regions were
identified based on previous studies focusing on rainfall characteristics in SEA (Aldrian
and Susanto 2003; Juneng and Tangang 2005; Francisco et al. 2006; Juneng et al. 2007,
Chokngamwong and Chiu 2008; Nguyen-Thi et al. 2012; Salimun et al. 2013). In the
following, the impacts of the two types of ENSO on rainfall will be examined over the

whole SEA area as well as over these sub-regions.



5500

‘3500

- 1500

15°N —_—

10°N
400

5°N

Elevation (m)

70
0°
5°S

—2000
10°S

—10000
90°E 100°E 110°E 120°E 130°E 140°E

Figure 1. The Southeast Asia domain and its 20 sub-regions used for the assessment (delineated by
black boxes). Topography over SEA (shaded) is obtained from the Global 30 Arc-Second Elevation
(GTOPO30) data set.

2.2 Data

To identify ENSO and ENSO Modoki months, we used monthly SST data from
the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) (Rayner et
al. 2003). This dataset has a spatial resolution of 1°%1° and covers the period 1979—
2019.

The rainfall dataset is obtained from the Global Precipitation Climatology Centre
(GPCC) version 2020 (Rudolf et al. 1994). Here we used the monthly land dataset for
the period 1979-2019 at a resolution of 0.25° x 0.25°.

To analyze the possible physical mechanisms explaining the impacts of the two
types of ENSO on rainfall in SEA, the European Center for Medium-Range Weather
Forecasts (ECMWF) Reanalysis version 5 (ERAS5) dataset (Hersbach et al. 2020) was
used. The ERAS data used in this study has a horizontal resolution of 0.25°%0.25°. The
variables include specific humidity (q), meridional wind (v), zonal wind (u), and vertical
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velocity (omega), which are provided on 23 pressure levels between 1000 hPa and 200

hPa, and the vertical integral of moisture flux divergence (div).

Furthermore, to examine the sensibility of the obtained results to the choice of
datasets, we also perform the analysis with other rainfall and reanalysis datasets,
including the Climate Research Unit (CRU) rainfall data (version TS v. 4.05; Harris et
al. 2020), and the National Centers for Environmental Prediction (NCEP)/National
Center for Atmospheric Research (NCAR) Reanalysis-1 (hereafter called NCEP1;
Kalnay et al. 1996) data. The horizontal resolutions of the CRU and NCEP1 are
0.5°%0.5° and 2.0°x2.0°, respectively. They all cover the study period 1979-2019.

2.3 Method

In this study, an EN (LN) event is identified when the normalized 3-month
running mean of the SST anomalies (SSTAs) in the Nifio3 region (5°S—5°N, 150°W—
90°W; Fig. 2a) exceeds 0.5°C (is lower than -0.5°C) for at least five consecutive months,
as implemented in previous studies (e.g. Trenberth 1997; Yeh et al. 2009; Shukla et al.
2011). An ENSO event usually begins in boreal summer, peaks in boreal winter, and
decays in the following spring (Rasmusons and Carpenter 1982; An and Wang 2001;
Chen and Jin 2020). For a year (denoted as Year() where an EN or LN event is detected
in the boreal winter months, the seasonal rainfall averages of that ENSO event are thus
computed for four seasons: June-July-August (JJA) of YEARO, September-October-
November (SON) of YEARO, December-January-February (DJF) with December of
YEARO and January-February of the following year (denoted as YEAR+1), and March-
April-May (MAM) of YEAR+I.

To identify ENSO Modoki events, we use the El Nifio Modoki index (EMI)
defined by Ashok et al. (2007) and used in previous studies (e.g. Weng et al. 2009; Yu
etal. 2012, 2013):

EMI= [SSTA]a - 0.5x[SSTA]s - 0.5x[SSTA]c (1)



Brackets in Equation (1) represent the area average over the central Pacific region
A (10°S—10°N, 165°E-140°W), the Eastern Pacific region B (15°S—5°N, 110°~70°W),
and the Western Pacific region C (10°S-20°N, 125°-145°E), as shown in Fig. 2b. An
EM (LM) event is identified when the normalized 3-month running mean of the EMI is
larger than 0.7xc (smaller than -0.7xc), where o is the standard deviation of the EMI,
for at least five consecutive months. Similar to ENSO, for a year where an EM or LM
event is detected in the boreal winter months, the seasonal rainfall averages of that

ENSO Modoki event are computed for the four seasons JJA, SON, DJF, and MAM.

Previous studies for the SEA region focused on the EM impacts on DJF rainfall
(Feng et al. 2010; Salimun et al. 2013). In this study, we analyze the ENSO and ENSO
Modoki impacts on rainfall in both DJF and JJA, which are mainly the rainy seasons
over the southeastern part (subregions R2—14 shown in Fig. 1) and the northern part
(subregions R1, R15-20) of SEA, respectively. To avoid repetitive texts and figures, the
impacts on SON and MAM rainfall are displayed in supplemental figures (SFig. 2, SFig.
3).

To quantify the impact of the two types of ENSO on seasonal rainfall, e.g. the
impact of EM on DJF rainfall, we compute the difference between the average of DJF
rainfall for all EM years (5 years, see Table 1) and the average of DJF rainfall for all
neutral years (16 years, see Table 1). For simplicity, the term “anomaly” used in the
text corresponds to this difference. Previous studies did not compute the DJF rainfall of
the neutral years but computed the climatological DJF rainfall, i.e. the average DJF
rainfall for the whole study period. The drawback of using the climatological values is
that they might be influenced by the dominant signal of one of the four ENSO or ENSO
Modoki modes, which was the most active during the study period. Indeed, over the
study period of 1979-2019, the difference between the neutral values and the
climatological values of rainfall (SFig.1) displays similar patterns as the difference
between the EN/EM values and the neutral values, particularly in DJF over the whole
domain and in JJA over the Indochinese Peninsula (cf. Fig. 4). Moreover, with the choice
of neutral years, we can estimate the significant level of the impacts by using the
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bootstrapping technique detailed by Efron and Tibshirani (1993). 1000 bootstrap
replications of size ngm=5 (nen=7, nuv=5, nin=6, see Table 1) and nneutral years=16 are

generated to estimate the difference between EM (EN, LM, LN) and the neutral years.

To analyze the possible physical mechanisms associated with the two types of
ENSO, the vertically integrated moisture flux (VIMF) and velocity potential were

estimated based on monthly mean values computed from the reanalysis dataset.

The VIMF Q (units: kg m! s') was calculated by:
g — l pt —_—
Q=—-/, qaVdp (2)

where g is the gravity acceleration (9.8 m s2), g the specific humidity, V the horizontal
wind vector, ps the surface pressure, and p; the pressure at the top of the atmosphere.
Since most of the water vapor in the atmosphere is located below 200 hPa (Li et al. 2011)
and the specific humidity above 200 hPa has a minimal effect on the VIMF (Kalnay et
al. 1996; Fasullo and Webster 2003), the VIMF in this study was calculated with the
pressure data from the surface to the 200 hPa level. We have also computed the VIMF
for the whole atmospheric column by integrating the data from the surface to the 01 hPa
level and obtained almost identical results with those below the 200 hPa level (not

shown).

The potential velocity scalars were estimated by decomposing the horizontal
wind into the rotational and divergent components according to the Helmholtz theorem
(Helmholtz 1867). Finally, vertical velocity (omega) from 1000 to 200 hPa were used to
describe the intensity and spatial extent of the convection processes in the region.
Negative (positive) vertical velocity anomalies denote ascending (descending) vertical

motion enhancements.



3 The two types of ENSO and associated rainfall variations during
the period 1979-2019

3.1 EOF analysis

The purpose of this section is to re-examine the ENSO and ENSO Modoki
patterns and identify the months in which those events occurred during the period 1979—
2019 in order to confirm and update previous findings (e.g. Ashok et al. 2007) with more
recent SST data.

An empirical orthogonal function (EOF) analysis was performed on the monthly
mean SSTA over the domain of 100°E-80°W, 30°S—30°N to obtain the principal modes
of SST variability over the tropical Pacific and to distinguish the two types of EN events.
The first EOF mode (EOF1) corresponds to the EN pattern. It is characterized by a strong
anomalous warming in the central-eastern equatorial Pacific and an anomalous cooling
in the western tropical Pacific (Fig. 2a). This pattern, associated with its principal
component (PC1, Fig. 2¢), explains about 42% of the tropical Pacific SST variability for
the study period 1979-2019. Similarly, Xu et al. (2017) and Bo and Ren (2019) found
that 52% and 48% of the SST variability were explained by the EOF1 for the periods
1950-1999 and 1979-2016, respectively. The correlations between the PC1 and the
Nifio3, Nifio3.4, and Nifio4 indices reach highly significant values of 0.97, 0.96, and
0.93, respectively (Fig. 2).

The second EOF (EOF2), with an explained variance of 11%, is characterized by
a zonal tripole pattern with warmer-than-normal SST in the central equatorial Pacific
and colder SST in the eastern and western tropical Pacific (Fig. 2b). It corresponds to
the EM patterns. Similarly, Ashok et al. (2007) and Bo and Ren (2019) found that 12%
and 11% of the SST variability were explained by the EOF2 for the period 1979-2004
and 1979-2016, respectively. The slight difference between those studies can be
attributed to the differences in the analysis periods or the SST data used. The EOF2 of
the SSTA pattern, associated with the positive phase of its principal component (PC2,

Fig. 2d), is consistent with the EM pattern previously identified (Ashok et al. 2007; Yu
10



and Kao 2007). The PC2 series correlates well with the EMI, with a correlation value of
0.78 (Fig. 2).
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Figure 2. EOF patterns of the HadISST anomalies (1979-2019) for (a) the 1st mode, corresponding
to a typical EN, (b) the 2nd mode, corresponding to a typical EM; and time series of (c) the PC1 and
Nifio3, Nifio3.4, and Nifio4 indices, and (d) the PC2 and EMI. Locations of the Nifio3 (5°S—5°N,
150°W-90°W), Nifio3.4 (5°S—5°N, 170°W—-120°W), and Nifio4 (5°S-5°N, 160°E—-150°W) regions are
indicated in (a). Boxes A (10°S—10°N, 165°E-140°W), B (15°S—5°N, 110°-70°W), and C (10°S-20°N,
125°-145°E) in (b) are used for computing the EMI. The numbers in parentheses in (c) and (d) indicate

the correlations between the corresponding indices with the PC1 and PC2 series, respectively.

The high correlations between the PC series and the Nino and EMI indices
indicate that the first two modes of SSTA over the tropical Pacific, i.e. the ENSO and
Modoki patterns, can be well represented by the Nifio and EMI indices. Since the
correlation between the PC1 and the Nifio3 index reaches the highest value of 0.97, the
Nifio3 index is used in this study to identify canonical ENSO events. Nevertheless, it is
worth mentioning that using the Nifio3.4 index provides almost identical ENSO years
except for the weak El Nifio year 1987/1988 that was detected by the Nifio3.4 index but
not by the Nino3 index (Supplemental Table 1). There are also minor differences of +/-
1 month in the starting/ending time of some ENSO events if we use the Nino3.4 index
instead of the Nifo3. Note that the Nifio4 region (5°S—5°N, 160°E-150°W) was not
chosen for detecting ENSO events in this study because it is more in the central Pacific

compared to the Nifo3 and Nifo3.4 regions, hence it could reflect variations of both
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Modoki and canonical ENSO events (Weng et al. 2009). The correlations between the
Nifio4 index and the PC2 and the EMI are 0.21 and 0.60, respectively, reaching the

highest values when compared with the results of the Nifio3 and Nifio3.4 indices.

Using the criteria defined in Section 2.c, seven EN, six LN events, five EM and
five LM events were identified over the study period of 1979-2019 (Table 1). 16 years
are classified as neutral years (Table 1). The ENSO events generally started in the fall
(Supplemental Table 1). However, there were five early-onset events that started from
April to June, including the two El Nifio events of 04/1982—-06/1983 and 05/1997—
05/1998, and the three La Nifna events of 04/1988-10/1988, 06/1999-03/2000, and
06/2010-05/2011. The timing of these events is confirmed by cross-checking with the
historical ENSO episodes provided by the Climate Prediction Center (CPC) of the
National Oceanic and Atmospheric Administration (NOAA) (NOAA-CPC, 2022).

Among the 16 neutral years in Table 1, 1979/1980 and 1990/1991 were classified
as EM years in some previous studies (Feng et al. 2010; Salimun et al. 2013); 1987/1988
was classified as an EN year (Salimun et al. 2013). The differences between those
studies and our study can be attributed to the different indices, dataset periods, or
thresholds used to detect those three weak EN and EM events. We have conducted an
additional analysis (not shown) that considers 1979/1980 and 1990/1991 as EM years
and 1987/1988 as an EN year. This analysis confirms that the results shown in the

following subsections stay robust regardless of the classification of those three years.

Table 1. List of EN, LN, EM, LM, and neutral years over the period of 1979-2019. The number in

parentheses indicates the total number of years for each type of event.

EN (7) LN (6) EM (5) LM (5) Neutral (16)
1982/1983 1984/1985 1991/1992 1983/1984 1979/1980
1986/1987 1995/1996 1994/1995 1988/1989 1980/1981
1997/1998 1999/2000 2002/2003 1998/1999 1981/1982
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2006/2007

2014/2015

2015/2016

2018/2019

2007/2008

2010/2011

2017/2018

2004/2005

2009/2010

2008/2009

2011/2012

1985/1986

1987/1988

1990/1991

1992/1993

1993/1994

1996/1997

2000/2001

2001/2002

2003/2004

2005/2006

2012/2013

201372014

2016/2017

3.2 Rainfall variations in ENSO and ENSO Modoki events

a) Relationship between SST and rainfall over SEA
To examine and confirm the relationship between SST and rainfall over SEA, we
compute the correlation coefficient between Nifio-3 and EMI indices and monthly
rainfall anomalies, using 3-months running averages of each dataset (Fig. 3). The annual

cycle was removed from the time series before computing the correlations.

Figure 3a shows significant negative correlations between monthly rainfall
anomalies and the Nifo-3 index over all SEA subregions, with values varying from -0.5

to -0.2. In the areas of South Philippines (R2), East Borneo (R3), Maluku, and West
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Papua (R7), the correlation between rainfall and the Nifio-3 index reaches the largest
value of -0.45, while it is positive in Southeast China (0.5). The negative correlation
pattern implies that a warm (cold) SST in the Nifio-3 region, corresponding to an EN
(LN) phase, leads to a decrease (increase) in rainfall over SEA. Similar results were
shown in the study of Hendrawan et al. (2019): an increase in SST leads to a decrease
in rainfall over the Indonesian region (R5-12, R14). Harger (1995) also showed that EN
events are generally associated with decreased rainfall over the Philippines and

Indonesia.

| cip & Nifno3 orrelgjtiqn_;_Precip & EMI
25°NFLA- A QA % L, . o) M°'6
0.4
15°N 0.2
0.0
5°N 0.2
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B b o —0.6

95°E 110°E 125°E 140°E 95°E 110°E 125°E 140°E

Figure 3. Spatial distribution of correlations between monthly rainfall anomalies and (a) the Nifio-3

index and (b) the EMI. The dot pattern indicates areas where the correlations are statistically significant

at 90% based on the Student’s t-test.

The correlation coefficient between rainfall anomalies and the EMI is also
negative in most of SEA, with absolute values usually less than 0.35 (Fig. 3b). Those
correlations are weaker and less significant than correlations with Nifio-3, and areas with
correlation reaching statistical significance are also smaller. The correlation is
insignificant in North Laos (R18-19), North Vietnam (R18), Myanmar (R20), and South
Sumatra (R12). The correlation coefficient is significantly positive in the central part of
the southeastern China region, while the remaining southern areas have small correlation
values that do not reach the significance level (|r|<0.2). Overall, the correlation between
the average rainfall over the entire SEA and the Nifio-3 and the EMI is 0.66 and 0.60,

respectively.
14



b) Rainfall anomaly patterns

Figure 4 displays the spatial distribution over the SEA domain of the JJA and
DJF composites of rainfall anomalies for the EN and EM years and the differences
between them, i.e. EM minus EN. Rainfall reduction occurs throughout most sub-
regions from 5N southward (R3—13) and Southeast Philippines (R2) in JJA of EN events
(Fig. 4a). Significant rainfall reduction of about 2-3.5 mm/day is observed over
Kalimantan (RS), Maluku and West Papua (R7), Java (R11), and South Sumatra (R12).
However, the EN impacts on JJA rainfall over the Indochinese Peninsula (R16-20) are
not significant, with alternating drier and wetter conditions from -1 to 1 mm/day. In DJF
of EN events, while larger rainfall reduction compared to JJA is seen over Southeast
Philippines (R2), East Borneo (R3), and Maluku (R7), there is a significant rainfall
enhancement of about 1-3 mm/day over West Kalimantan (RS5) and part of the
Indochinese Peninsula (R18—R20) (Fig. 4b). The rainfall reduction during EN identified
here is in agreement with previous findings in the region, e.g. Salimun et al. (2013) for
Peninsular Malaysia and North Borneo, and Juneng and Tangang (2005) for Southeast
Asia. Besides, although the Southeast China region is outside the study area, it is
noteworthy to mention that the rainfall increase (~1-2.5 mm/day) over this area during
EN conditions is consistent with previous studies (Feng and Hu 2004; Xue and Liu 2008;
Karori et al. 2013).

The general anomaly patterns of EM (Fig. 4c,d) are very similar to those of EN
(Fig. 4a,b) for both JJA and DJF. However, the anomaly magnitudes are not the same
(Fig. 4e,f). Generally, EM shows enhanced drier/wetter conditions compared to EN. In
JJA, EM produces more rainfall than EN does in the eastern side of the domain and less
rainfall in the southwestern part. The opposite is found in DJF, i.e. EM produces less
rainfall than EN does in the eastern side and more rainfall in the southwestern part. In

Section 4, we will discuss the mechanism of these systematic seasonal differences.
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differences are statistically significant at 90% based on the bootstrap test.

Rainfall increase occurs throughout most sub-regions in JJA of LN events except
for West Philippines and some specific locations in the Indochinese Peninsula where the
rainfall reduction is usually not statistically significant (Fig. 5a). Significant rainfall
increase of about 2—3.5 mm/day is observed during LN over Borneo (R4), Kalimantan
(RS), Sulawesi (R6), and Maluku and West Papua (R7). Similar to EN, the LN impacts

on JJA rainfall over the Indochinese Peninsula (R16-20) are not homogeneously
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significant, with alternating drier and wetter conditions from -1 to 1 mm/day (Fig. 5a).
In DJF of LN events, while larger rainfall compared to JJA is seen over southeastern
Philippines (R2), there is a rainfall depletion of about 1-1.5 mm/day over some areas in
the southern part of SEA, such as South Sumatra (R12), West Kalimantan (RS5), and
Papua (R8) (Fig. 5b). The rainfall increase over the western part of Indochina in the dry
months DJF during LN is statistically significant although the increased amount is

relatively small (less than 0.5 mm/day).

The main anomaly patterns of LM (Fig. 5c,d) are similar to those of LN (Fig.
5a,b). For JJA, LM also displays increased rainfall over the Maritime Continent and
North Thailand, and reduced rainfall over West Philippines (Fig. 5c¢). For DJF, LM
exhibits increased rainfall over the northern Maritime Continent and the Philippines,
while showing alternating drier and wetter conditions over the Indochinese Peninsula
and the southern rim of the SEA domain. Nevertheless, the anomaly magnitudes are not
the same (Fig. 5e,f). In JJA, LM generally shows less wet/drier conditions than LN,
particularly in Central Vietnam (R17-18) and the coastal regions of Myanmar (R15 and
R20) (Fig. 5e). Some exceptions can be found over some specific locations such as
Southeast Philippines (R2) and North Sumatra (R14) where LM produces more rainfall
compared to LN. In DJF, compared to LN, LM exhibits more rainfall over a major part
of the Maritime Continent while generally displaying less rainfall over Indochina (R15—

20), Southeast Philippines (R2), and part of Sulawesi (R6).
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¢) Rainfall anomaly averaged over the 20 SEA sub-regions
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Figure 6 summarizes the detailed changes in rainfall over the 20 SEA sub-

regions. As seen above, rainfall in JJA in the eastern rim of SEA (i.e. R1, R2, RS, and

R18) is less reduced during EM compared to EN, while the remaining subregions

generally experience more rainfall reduction during EM (Fig. 6a,b). In contrast, less

rainfall in the eastern rim and more rainfall in the southern subregions (R4—6, R9—14) is

18



obtained in DJF of EM compared to EN. The highest rainfall deficit during EN occurs
in R2-3 in DJF (~2.5 mm/day) and in R7 in JJA (~2 mm/day) and can lead to significant
drought conditions over these areas (Saji et al. 1999; Webster et al. 1999; D’ Arrigo and
Smerdon 2008; Lestari et al. 2016). Droughts during EM are thus expected to be less
severe than during EN in almost all subregions, except for some parts of Indonesia (R6—

7, R10-R12) during JJA.

During LN, the largest rainfall increase occurs over the east of the Philippines
(R2) in DJF and part of Indonesia (R5—7) in JJA, with a rainfall increase exceeding 2.5—
3 mm/day on average (Fig. 5c,d). In JJA, LM shows drier characteristics than LN for
almost all subregions as also indicated in Fig 4e. In DJF, LM generally exhibits more
rainfall than LN over subregions R3—14, i.e. over the Maritime Continent. LN could
induce severe floods in the region in DJF (Tangang et al 2017), that could thus be

worsened in LM.
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differences between EN and EM (and between LN and LM) mean values are within 0.5—1mm/day and

above 1mm/day are highlighted in black dashed line and solid line boxes, respectively.
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4 Possible mechanisms responsible for the rainfall variations

4.1 Vertically Integrated Moisture Flux

The transport direction and origins of VIMF are associated with rainfall anomaly
patterns (Zhou and Yu 2005). The VIMF anomaly allows identifying the areas of
divergence (positive values) and convergence (negative values) of the moisture fluxes

that correspond to rainfall decrease or increase, respectively.

Figure 7a,b displays the VIMF and its divergence over the SEA domain for the
neutral JJA and DJF composites. The wet conditions in JJA over the northern domain,
i.e. Indochina and the Philippines, mainly originate from the moisture transport by the
southwest monsoon from the Bay of Bengal in the Indian Ocean to the west of the
domain, and by the Pacific easterlies to the east of the domain. Most of the Maritime
Continent experiences dry conditions because of a lack of moisture supply to the region
in JJA. In DJF, the SEA domain is well separated into a northern dry area and a southern
wet area. The moisture transport to the Maritime Continent in DJF originates from the
equatorial westerlies in the southern hemisphere, and from the Pacific easterlies in the

northern hemisphere.

Figures 7c—f show both in EN and EM events a decrease in moisture transport
from the Pacific in both JJA and DJF as well as from the equatorial easterlies in the
southern hemisphere to parts of SEA in DJF. The moisture deficit in EM is larger
(smaller) than that in EN over the Maritime Continent in JJA (DJF) (Fig. 7gh).
Anomalous divergent conditions (positive values in Fig. 7c—f) prevail noticeably over
the Maritime Continent in JJA and the northern part of the Maritime Continent and the
Philippines in DJF in both EN and EM, inducing an inhibition, i.e. deficit, of rainfall
over these subregions. This is in agreement with the results discussed above and shown
in Fig. 5a. In EN, weak anomalous convergences are observed in Southeast China, part
of Indochina (R19, R20), and North Sumatra (R14) in both seasons, and South Borneo
(R4) in DJF. Furthermore, relatively strong anomalous convergences in the coastal
region of Myanmar (part of R15, R20) in JJA and West Sumatra (part of R12, R14) in
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DIJF are observed in EM, resulting in increased rainfall over this region. The anomalous
convergence regions in EN and EM could be explained by enhanced moisture transport
from the Bay of Bengal in JJA, e.g. in Indochina, or by the redistribution of the moisture
budget within the regions in DJF, e.g. in Sumatra. Values corresponding to anomalous
divergence (convergence) conditions in JJA (DJF) during EM are generally larger than
those during EN over the Maritime Continent, causing and explaining the stronger

rainfall decrease (increase) during EM than during EN in this region as shown in Fig. 4.
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between EM and EN (g, h) during JJA and DJF. The dot patterns in (c-h) indicate areas where

differences are statistically significant at 90% based on the bootstrap test.

Figure 8 displays the VIMF anomaly in LN and LM and the differences between
LM and LN. Under LM conditions, moisture north of 10°N (from the Bay of Bengal and
Northwest Pacific Ocean) is considerably reduced in JJA, mainly due to a deficit in the
moisture transport by summer monsoon into the west, and by the Pacific easterlies into
the northeast of the domain (Fig. 8c). On the other hand, moisture in LM increases over
the southern SEA region (5°N-15°S, 100°E-150°E) in both JJA and DJF because of
enhanced moisture transport into the east of the domain by the Pacific easterlies in both
seasons, and into the west of the domain by the equatorial westerlies in DJF (Fig. 8c,d).
As a result, rainfall in LM decreases sharply in JJA in the subregions from 10°N
northward such as Vietnam (R17, R18) and West Philippines (R1), and generally
increases in the southern subregions in both seasons (Fig. 5c,d). The VIMF anomaly, as
well as its anomalous divergence/convergence conditions, show similar patterns under
LN with some differences in magnitude compared to LM. In JJA, LN exhibits less
reduced (more enhanced) moisture transport than LM over the northern (southern)
subregions (Fig. 8e), leading to less rainfall over these subregions, respectively (cf. Fig.
5e). In DJF, LM shows enhanced convergence compared to LN in most of the southern
subregions (Fig. 8f), explaining the rainfall enhancement over these regions during LM

(cf. Fig. 5%).
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4.2 Associated circulation cells

For the identification of atmospheric circulation cells associated with the two
types of ENSO, we employ three variables: velocity potential, divergent wind, and
pressure vertical velocity. Velocity potential and divergent wind, i.e. the Laplacian of
velocity potential, are assessed at the atmosphere’s upper level (200 hPa). Generally,
regions of positive (negative) velocity potential at 200 hPa have converging (diverging)
winds and subsidence (ascending motion) beneath. Values of velocity potential at 200
hPa also show information regarding the intensity of atmospheric circulation (Weng et
al. 2007). The convergence (divergence) in the upper level corresponds to divergence
(convergence) in the lower level (Wang 2002). The descending and ascending regions
are specifically illustrated by vertical velocity. Wang (2002) described the vertical
velocity’s structure associated with the Walker circulation cell across the equatorial

Pacific Ocean under EN.
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Figure 9a,b shows that the maximum value of velocity potential at 200 hPa for a
neutral year is about 15 (x10° m? s7!), located in South Atlantic and South Africa during
JJA and in North Atlantic and North Africa during DJF. The minimum is observed in
the northwestern Pacific and Southeast Asia around 90°E—170°E) during JJA and in the
western equatorial Pacific during DJF, with a value of -15 (x10® m? s™!). The wind at
200 hPa diverges from the location of minimum velocity potential to the place of higher
velocity potential, such as the eastern Pacific and Africa. The divergence at the upper
level is connected with a strong upward motion associated with the ascending branch of
the Walker circulation over the western Pacific, notably over the northwestern Pacific
(100°E-180°E) in JJA and the western equatorial Pacific (130°E-140°W) in DJF (Fig.
11a,b).

Previous studies have shown that differences in the patterns of SSTA in the
Pacific Ocean can lead to a shift in the position and intensity of the Walker circulation.
For example, under EN in both JJA and DJF, there is a typical positive SSTA in the
central and eastern Pacific, and the sea level pressure difference between the East and
western Pacific Oceans decreases markedly, leading to a weakening of the Walker
circulation (Julian and Chervin 1978; Vecchi et al. 2007; Power and Smith 2007). The
equatorial region in the western Pacific Ocean often shows a westerly wind anomaly,
due to the weakening of the Walker circulation under EN, in contrast to the easterly
anomaly in the eastern Indian Ocean. Thus, this region becomes a divergent zone in the

low level under EN (Hosking et al. 2012).

Under EN conditions, the positive values of the composite velocity potential and
divergent wind anomalies indicate upper level anomalous convergences (Fig. 9c,d). The
upper level anomalous convergence center is located around [110°E, -20°S] over the
tropical Indian Ocean —a part of the Maritime Continent—Australia region in JJA (Fig.
9¢). In DJF, the anomalous center is shifted northeastward to around [120°E, 0°N] (Fig.
9d). Conversely, there exist upper level anomalous divergences over the eastern and
equatorial central Pacific, where SSTA is positive (Fig. 2). The areas of maximum
velocity potential in the eastern Pacific and minimum in the western Pacific are shifted
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to West under EN for both JJA and DJF, and the magnitudes decrease to 12 and -10
(x10° m?s’!), compared to the neutral years’ means of ~15 and -15 (x10% m? sV),
respectively. These changes correspond to reduced descending motions, due to
anomalous warming, in the central and eastern Pacific between 160°W and 100°W
(120°W and 80°W) in JJA (DJF), along with weaker upward motions west of 160°E
(160°W) in JJA (DJF) (Fig. 11c,d). The weaker upward motions in the ascending branch
of the Walker circulation lead to rainfall decrease over the major part of SEA under EN

(cf. Fig. 4a,b).

For EM conditions, an upper level anomalous divergence is located over the
central Pacific around 180°W in both seasons, while an anomalous convergence center
is found over the southwestern (southeastern) part of SEA in JJA (DJF) (Fig. 9e,f).
Compared to EN, the EM convergence and divergence anomalies are generally weaker
in terms of magnitude; however the differences are not significant over most of SEA
(Fig. 9e,f). The significantly less positive velocity potential anomaly of EM compared
to EN over the southeastern part of SEA (15°N, 150°E) in JJA (Fig. 9g) and over the
southwestern part in DJF (Fig. 9h) indicates stronger upward motions over these areas
during EM than EN. These areas belong to the ascending branch of the Walker
circulation. The less reduced upward motion in EM compared to EN can be observed
between 150°E and 180°E (60°E and 120°E) in JJA (DJF) (Fig. 11). This explains the
significant weaker rainfall deficit in EM compared to EN over the Philippines (R1,2)
and Papua (R8) during JJA, and over the southwestern SEA during DJF (cf. Fig. 4e,f).

Our analysis above partly follows that of Weng et al. (2007), who focused on the
impacts of EM and EN on rainfall in the Pacific rim (China, Japan and the USA) during
boreal summer. The analysis is, however, performed here for the first time over the entire
SEA for the recent period 1979-2019, for both boreal summer and winter, and with up-
to-date datasets. Moreover, the features during LN and LM, which were not examined

in Weng et al. (2007), are presented in the following.
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wind at the 200 hPa for (c, d) EN and (e, f) EM events and (g, h) the differences between EN and EM
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significant at 90% based on the bootstrap test.

The anomalous potential velocity and divergent wind values in LN and LM show
opposite patterns compared to those in EN and EM, respectively (Fig. 10). Convergence
and divergence are both enhanced compared to the neutral years’ means in LM and, to
a lesser extent in LN, in both seasons (Fig. 10a—d). In LN, an anomalous divergence at
the upper level occurs over the southwest of SEA during JJA and over the entire SEA
domain during DJF, corresponding to an intensification of the ascending branch of the
Walker circulation over these areas (Fig. 11g,h), hence explaining the increase in rainfall
over parts of SEA (cf. Fig. 5a,b). In DJF, there is no significant difference over SEA
between LM and LN in terms of potential velocity, divergent wind (Fig. 10f), and
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pressure vertical velocity (Fig. 11h,j). In JJA, the difference between LM and LN shows
a significant anomalous convergence center at the upper level over the SEA domain
(Fig. 10e), corresponding to a reduced upward motion between 100°E-140°E (Fig. 111),
thus explaining the weaker rainfall increase or drier conditions over SEA in LM

compared to LN (cf. Fig. 5e).
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28



Omega neutral years (JJA) Omega neutral years (DJF)

f

180 120W

Vertical level (hPa)

Omega EN anomaly (JJA) Omega EN anomaly (DJF)
200 - ] g ke 1 i I L il 3 Y Y i : [ &
400 i i : i F 2 : & k E
600 I
8004 ; i
1000 +—

2004
4004
600 -
800 -

1000

2009
400 ¢
600+
800+

1000

Vertical level (hPa)

200
400
600 -
800
1000

120E 180 120W 60W ; 180 120W 60W

N N N N — g
-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 B8

2
..‘!' &(

T

Figure 11. Mean of pressure vertical velocity for the neutral years during (a) JJA and (b) DJF,
and composites of pressure vertical velocity anomalies for (c, d ) EN, (e, f) EM, (g, h) LN, and (i, j) LM
during JJA (left) and DJF (right). The average between 13°S and 29.5°N is computed. Units in Pas™'. The
hatch patterns in (c—j) indicate areas where differences are statistically significant at 90% based on the

bootstrap test.

29



It is of interest to recognize that the location and strength of the anomalous
circulation patterns of each type of ENSO events (Figs. 9-11) correspond to the location
and strength of the SSTA maximum (SFig. 4). Previous studies also indicated that
atmospheric teleconnections are strongly influenced by different SSTA configurations
in the equatorial regions (Capotondi et al. 2015; Abid et al. 2020; Ma et al. 2022). Thus,
the differences in the precipitation response between the two types of ENSO events,
resulting from the differences in the atmospheric circulations, are linked to the SSTA
spatial pattern and intensity. Note that the largest differences in the precipitation
response lie in the amplitude rather than the spatial pattern (Figs. 4, 5). These differences
appear more likely to be related to the SSTA zonal location during JJA, while the
different SSTA amplitudes play a more important role during DJF (Figs. 9-11, and
SFig.4).

5 Conclusions

This study depicts, for the first time, the detailed and distinct impacts of ENSO
and ENSO Modoki on rainfall over Southeast Asia and its 20 sub-regions during the last
40 years. The EMI and Nifo 3 indices were used to identify the Modoki and the classic
ENSO events, respectively. Results showed that within the study period of 1979-2019,
there were seven EN, six LN events, five EM, and five LM events; and 16 years were

classified as neutral years.

Based on the up-to-date GPCC version 2020 dataset at 0.25° resolution, changes
in rainfall under ENSO and ENSO Modoki conditions were estimated and associated
with the SSTA in the Pacific Ocean and the atmospheric circulation. In JJA under
canonical EN conditions, rainfall reduction occurs over most of the southern SEA
domain and Southeast Philippines, while alternating drier and wetter conditions occur
over Indochina. In DJF of EN events, larger rainfall reduction compared to JJA is seen
over Southeast Philippines, East Borneo, and Maluku, while significant rainfall
enhancements are observed over West Kalimantan and parts of the Indochinese

Peninsula. Similar rainfall anomaly patterns are obtained in EM, though EM shows
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enhanced drier/wetter conditions compared to EN. In both EN and EM, the reduction in
moisture transport from the Pacific in both JJA and DJF and from the equatorial
easterlies in the southern hemisphere in DJF to the SEA region causes a decrease in
rainfall over the Maritime Continent in JJA and the northern part of the Maritime
Continent and the Philippines in DJF. They are associated with a weakening and
westward shift of the ascending and descending branches of the Walker circulation.
Under EN, the negative anomalies of the ascending branch of the Walker circulation are
located over the southwest and southeast of SEA in JJA and DJF, respectively, thus
suppressing rainfall and leading to drier conditions in the region. The negative anomalies
of the ascending branch are weaker under EM, resulting in a weaker rainfall reduction
compared to EN over the Philippines and Papua during JJA and over the southwestern

SEA during DJF.

The impacts of LN and LM on rainfall in Southeast Asia are noticeably different
from those of EN and EM. Under LN, rainfall increases in most sub-regions except for
West Philippines and some specific locations in Indochina in JJA, and some areas in the
southern part of SEA in DJF. Although having the same anomaly patterns, LM generally
shows less wet/drier conditions than LN in JJA. In DJF, LM produces more rainfall than
LN over most of the Maritime Continents while generally displaying less rainfall over
the eastern part of SEA. The LM rainfall deficit compared to LN in JJA comes from a
shortage of moisture transport into the north of SEA and from the strong anomalous
convergence at the upper level that leads to a weakening of the ascending motion
beneath, hence rainfall suppression. Meanwhile, the LM rainfall increase compared to
LN in DJF in the southern subregions is attributed to more enhanced moisture transport
by the Pacific easterlies and the equatorial westerlies into the region, hence rainfall

surplus.

Our results suggest that droughts in EM could be less severe than in EN in almost
all subregions during JJA, while floods in LM could be worsened compared to LN in

the southern part of SEA during DJF.
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We have performed the sensitivity analysis with other rainfall and reanalysis
datasets, i.e. the CRU rainfall and the NCEP1 reanalysis datasets. This confirmed the
robustness of the obtained results discussed above (not shown). In the present work, the
role of heat transfer was not investigated. As latent and sensible heat fluxes were shown
to have a close connection with rainfall (Gao et al. 2015; Juneng et al. 2016), the results
obtained in this study thus highlight the importance of examining the impacts of both
types of ENSO on air-sea heat fluxes across the SEA region. The ability of regional
models in reproducing both types of ENSO and their impacts would also deserve to be

carefully investigated in a future study.
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Supplemental Tables

Supplemental Table 1. List of ENSO and ENSO Modoki months over the period of 1979-2019.

Results are obtained with the Nifio3 index. Slightly different results obtained with the Nifio3.4 index are

indicated in the parentheses. The last row shows the total number of months for each event.

El Nifio

El Nifio Modoki

La Nifa

La Nina Modoki

04(05)/1982-06(05)/1983

09/1983-05/1984

10(09)/1984—-08/1985

09/1986-11/1987(01/1988)

04(05)/1988-10/1988

11/1988-05/1989

08/1991-02/1992

05/1994-05/1995

08(09)/1995-03(02)/1996

05/1997-05/1998

06/1998-05/1999

06/1999-03(05)/2000

07/2002-03/2003

06/2004-03/2005

09/2006-01/2007

07/2007-12/2007

01/2008-03/2009

10/2009-03/2010

06/2010-05/2011

10/2011-03/2012

11/2014-04/2016
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10(09)/2017-04(03)/2018

06/2018-10/2018

11/2018-06/2019

07/2019-12/2019

74 (74) 56 (56) 61 (61) 49 (49) (months)

Supplemental Figures
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SFig. 1. Differences between climatology and neutral values for (a) JJA and (b) DJF. Units in mm/day.

The dot pattern indicates areas where differences are statistically significant at 90% based on the

Student’s t-test.
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statistically significant at 90% based on the bootstrap test.
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