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Distinct characteristics of
western Pacific atmospheric
rivers affecting Southeast Asia
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Guangxi University, Nanning, Guangxi, China, 2College of Resources and Environmental Sciences,
China Agricultural University, Beijing, China, 3College of Engineering, Mathematics and Physical
Sciences, University of Exeter, Exeter, Devon, United Kingdom
The dynamic characteristics of atmospheric rivers (ARs) have been researched over

the western North Pacific and East Asia due to their close linkage to disastrous

precipitation extremes, while very little attention has been paid to the AR features from

the western Pacific to Southeast Asia. This study aims to quantify the climatology,

long-term trends and variability of different AR properties from the western Pacific to

Southeast Asia using an objective identification algorithm, the ERA5 reanalysis dataset

and the APHRODITE precipitation dataset for the period 1951-2015. The results

indicate a belt of frequent AR activities from the western Pacific to the Andaman

Sea during the boreal autumn-winter season. The long-term trend analyses show a

significantly increasing trend in AR frequency and an eastward shift of AR plumes.

These dynamic changes contribute to the increasing trend of extreme precipitation

amounts in the coastal areas surrounding the South China Sea. The intraseasonal

variability of the AR associated with the Madden-Julian oscillation (MJO) shows a

pronounced enhancement of AR activity in the MJO phase-2 to phase-3 due to the

steeper gradient of low-level geopotential height between the Northwestern Pacific

and the tropical Indian Ocean. The modulation is partly explained by the enhanced

MJOconvection and the adiabatic heating in the vicinity of the trough of the 200-500

hPa geopotential thickness of the region. This study shows that ARs are important

mechanisms behind the climatology, trends and variability of the regional precipitation

in Southeast Asia. This study implies that more attention is required toward the

dynamics of these tropical weather systems, particularly for their interactions with

other synoptic processes and their response to future climate warming.

KEYWORDS

atmospheric rivers, Southeast Asia, precipitation, coastal area, Madden-Julian oscillation
1 Introduction

Southeast Asia, including the populated areas within Myanmar, Thailand, the

Indonesian islands and the Maritime Continent, is highly vulnerable to extreme

precipitation (World Bank, 2013). Predictions of extreme precipitation in Southeast Asia

are crucial for mitigating their impacts on the local communities. However, accurately
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predicting the spatial and temporal variations of extreme

precipitation is highly difficult in this region due to the complex

interactions between topography and different scales of atmospheric

motion (Chang et al., 2005a; Wang and Chang, 2012; Raghavan

et al., 2018; Liang et al., 2021). Therefore, a better understanding of

the dynamic processes leading to precipitation and its modulation

by different climate regimes is helpful to enhance the predictability

of precipitation in this region. This includes quantitively assessing

the historical changes in the precipitating weather systems and

delivering its key message to the local policymakers associated with

climate risk management and mitigation strategies.

The precipitation over the Southeast Asia region is strongly

dependent on the monsoon flows of different seasons (Sengupta

and Nigam, 2019; Wang et al., 2020) and their interaction with

the complicated orography (Chang et al., 2005b; Lim et al.,

2017). It is noted that, in contrast to South Asia and East Asia

where the southwest monsoon flow can lead to the summer rainy

season, the boreal summer is the relatively dry season of the year

for Southeast Asia. The mechanism behind the summer dry

season is associated with the northward shift of the intense

southwest monsoon flow, which extends from the Indian

Continent to Indochina Peninsula. This leads to a stationary

and stable anti-cyclonic shear in summer, which acts to inhibit

precipitating weather systems over most of Southeast Asia. On

the other hand, the boreal winter is the relatively wet season of

the region due to the domination of the relatively wet northeast

monsoon flow from the western Pacific. Previous studies have

investigated the long-term trend in precipitation extremes for

this region (Manton et al., 2001; Yao et al., 2008; Yao et al., 2010;

Cheong et al., 2018). Endo et al. (2009) revealed spatially

incoherent trends in extreme rainfall over the region, even

within individual Southeast Asian countries. Specifically a

significant negative trend for the frequency of the 99th

percentile extreme wet days has been observed in Peninsular

Malaysia (Zin and Jemain, 2010). In contrast, Suhaila et al.

(2010) reported a significant increase in the rainfall intensity

trend during the Northeast Monsoon season for the same region.

In addition, no pronounced trends in extreme precipitation

events have been found over Southeast Asia (Kim et al., 2019).

Overall, the above-mentioned studies suggested considerable

complexity in the temporal and spatial variations of extreme

precipitation across Southeast Asia, which requires more

adequate investigations. One of the approaches to such studies

is to diagnose the dynamic causes of the historical precipitation

changes, particularly from the perspectives of the synoptic

processes leading to extreme precipitations.

Atmospheric river (AR), as defined by Zhu and Newell (1994),

features long and narrow mesoscale synoptic corridors of moisture

transport in the lower troposphere. The dynamical characteristics of

ARs and their associated extreme precipitation exhibit strong

seasonality in the Asian monsoon region (Kamae et al., 2017a;

Kamae et al., 2017b; Kamae et al., 2019; Liang and Yong, 2021).

For regions such as western North America and South India, ARs

exhibit strong orographical effects on the local precipitation (Smith

et al., 2010; Dettinger, 2011; Yang et al., 2018) and linkages to
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disastrous weather extremes, including floodings, extreme winds,

extreme snow (Guan et al., 2010; Gorodetskaya et al., 2014) and

freezing precipitation (Liang and Sushama, 2019). Intense AR-related

moisture transports are usually observed along the windward side of

coastal mountains and weaken when they penetrate inland (Rutz

et al., 2015). Such an environment can effectively convert the total-

column water vapor to stratiform precipitation due to the

topography-forced ascend (Dettinger, 2011; Neiman et al., 2013;

Liang and Yong, 2022).

It is worth mentioning that when Zhu and Newell (1998)

perform the first statistical analysis that quantifies AR activity

globally, they found that the winter moisture transport by ARs

(referred to as “river flux”) from the western Pacific to Southeast

Asia exhibit similar magnitudes to those affecting western North

America and North Atlantic (Figure 1). These systems are

considered to be related to large-scale convergence, such as the

intertropical convergence zone, instead of the baroclinic

disturbances in the midlatitude storm tracks. The recent study by

Liang and Yong (2021) revealed that these tropical ARs have a

pronounced seasonality with relatively high frequency from

October to January. So far, the impact of ARs has been

extensively discussed across North America and North Atlantic,

but very few studies have focused on the AR features from the

western Pacific to Southeast Asia. The relatively high moisture flux

within the tropical ARs affecting Southeast Asia implies a potential

linkage between these systems and the local extreme precipitation

events. This can be reflected by the AR cases detected in 1953

(Figure 2), which led to heavy rain events in the Philippines

(Figure 2A) and Peninsular Malaysia (Figure 2B). The neglection

of these tropical features by previous AR studies is possible due to

two reasons: (1) ARs have been considered only related to

poleward moisture transport; hence, a number (more than four-

fifths, despite Sellars et al., 2015; Reid et al., 2020) of algorithms for

detecting ARs automatically remove any equatorward transports

and those without apparent poleward direction (also referred to as

tropical moisture filaments Pan and Lu, 2019; Pan and Lu, 2020)
FIGURE 1

The moisture fluxes within ARs (kg m−1 s−1) averaged during January
1992, 1995, and 1996 using data from the European Centre for
Medium-Range Weather Forecasts (taken from Zhu and Newell
(1998) © American Meteorological Society. Used with permission).
The red box shows the study region of this research.
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according to the current ARTMIP (Atmospheric River Tracking

Method Intercomparison Project) protocol (Liang et al., 2022),

Guan and Waliser (2015) indicate that tropical AR IVTs typically

have a stronger eastward component than poleward component.

(2) as pointed out by Liang and Yong (2021), the moisture

transport over the main Asian monsoon region is usually

considered to be stationary, while typical ARs (like those

affecting western North America) are considered to be transient

transport of moisture. This hinders the motivation of

understanding the climatology of ARs within the subtropical

Asian monsoon region as ARs in the Asian monsoon region

cannot be simply treated as transient or stationary moisture

transport (Park et al., 2020). Such a research gap poses

limitations in advancing the understanding and predictability of

ARs and the associated precipitation extremes in Southeast Asia.

As quantitively assessing the historical changes in ARs and

their associated precipitation extremes will be beneficial for

enhancing the predictability of hydrological disasters, this

study aims to quantify the climatology and long-term trends of

different AR properties from the western Pacific to Southeast

Asia using high-resolution climate reanalysis and observational

datasets. The paper is structured as follows: Section 2 describes

the data and methods used for the analyses of AR characteristics

and the associated large-scale environmental factors. In Section

3, analyses of the climatological characteristics and long-term

trends of ARs are performed and interpreted in the context of the

associated large-scale environmental mechanisms. The findings

of the research are summarized and discussed in Section 4.
Frontiers in Marine Science 03
2 Methodology

2.1 Physical quantity for indicating
AR activity

The analyses of the characteristics of ARs are based on two

datasets of historical climate reanalysis and observations. First, as the

detection of ARs is based on 6-hourly fields of integrated water vapor

transport (IVT), the pressure-level data of winds (meridional and

zonal components) and specific humidity during the main AR season

(from October to March, ONDJFM) of Southeast Asia for the period

1951-2015 is used. We first compute the historical IVT (100-1000

hPa) fields. The formula for the calculation of IVT is as Liang and

Yong (2021). The data is from the ECMWF Reanalysis v5 of the

European Centre for Medium-Range Weather Forecasts (ERA5,

Hersbach et al., 2020), a climate reanalysis data produced by a 4D-

Var data assimilation technique and a spectral model at a horizontal

resolution of ~28 km and a vertical resolution of 137 atmospheric

vertical levels. This dataset has been used in numerous studies on the

climatology of ARs (Demirdjian et al., 2020; Lorente-Plazas et al.,

2020; Pan and Lu, 2020; Rhoades et al., 2020). To thoroughly

generalize the long-term climatology and trends of ARs, the

present-day climate version (1979 to 2015) and the extended

version (1951-1978) of ERA5 are combined (65 years in total) and

used as the inputs of an AR detection algorithm and other AR-related

diagnostic procedures. ERA5 is also used for analysing the

environmental fields associated with ARs, such as the 850-hPa

wind speeds and geopotential height (for indicating the lower-
FIGURE 2

Typical AR cases detected in the Northeast Monsoon season of 1953: (A) 12:00 UTC 19 Jan 1953; (B) 12:00 UTC 20 Nov 1953. Red lines illustrate AR
axes. Blue stippling indicates locations of heavy rain events (Daily precipitation > 35 mm). Methods for AR feature detection are described in Section 2.2.
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tropospheric circulation steering ARs) as well as the 200-hPa wind

field and the 200-500 hPa geopotential thickness (for analyses of the

high-level circulation).

For analyzing the AR-associated precipitation, we apply the

gridded daily precipitation dataset from the Asia Precipitation—

Highly Resolved Observational Data Integration Towards

Evaluation of Water Resources (APHRODITE, Yatagai et al.,

2014) v1101 & v1101 EX_R1 at a horizontal resolution of

0.25°×0.25°. This dataset is produced by the Research Institute for

Humanity and Nature and the Meteorological Research Institute of

the Japan Meteorological Agency. This dataset is developed through

a spatial interpolation method based on the angular-distance-

weighting technique that considers the topographical differences

between the interpolation point and the weather station. The data is

also based on quality control procedures that handle inhomogeneity

and errors in the rain gauge records (Hamada et al., 2011).
2.2 Objective detection of ARs

A modified version of an objective identification algorithm for

ARs within the Asian monsoon region is used to explicitly extract the

information on AR characteristics over Southeast Asia from ERA5.

Detailed configuration description of the algorithm and its

comparison with other ARTMIP algorithms can be found in Liang

et al. (2022). This algorithm has presented reliability in detecting AR

features over East Asia using climate reanalysis and climate model

data (Liang and Yong, 2022). However, for the regions of Southeast

Asia, several modifications have been made to this algorithm for

identifying ARs. First, the modules for filtering tropical moisture

filaments are turned off as these can remove the important

equatorward features. Second, for isolating AR plumes, relative

magnitude thresholds, i. e. the local 85th percentile of IVT for the

main AR season of Southeast Asia (Figure 3A), are used to consider

the climatology of IVT varying with seasons and locations. Following

Pan and Lu (2019), Pan and Lu (2020), the distribution of the relative

thresholds is spatially filtered using a 2-D Gaussian filter with a

geodesic bandwidth of six degrees (Figure 3B). This is to isolate the
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plume area more coherently by reducing the biases associated with

the fine-scale spatial variation of the thresholds. Another potential

benefit of using the relative thresholds is that they can facilitate the

detection of the upstream AR features with relatively weak IVTs so

that more information on the AR moisture source can be obtained.

Similar relative thresholding methods have been commonly used by

the current ARTMIP algorithms (Rutz et al., 2019; Collow et al.,

2022), though some issues of such a thresholding method were noted

and discussed by Shields et al. (2018) and Liang et al. (2022).

Based on the detected AR plumes and the corresponding axes,

several diagnostic fields are computed for indicating the

characteristics of ARs. First, the detected AR plumes are used to

diagnose the frequency of ARs (i.e. the fraction of timestep when

AR plumes occur) for each grid point of ERA5. Second, as Mahoney

et al. (2016) and Liang et al. (2022), AR-associated precipitation is

defined as precipitation within ~250 km from the identified AR axis

(i.e. 10 grid spaces for ERA5). Extreme precipitation events

associated with ARs are defined as AR-associated precipitation

greater than the 99th percentile of precipitation on wet days (daily

precipitation > 0.1 mm).
2.3 Composite analyses of
Madden–Julian oscillation

For the study region shown in Figure 1, the eastward propagation

of the MJO convective envelope can lead to considerable sub-seasonal

variability of deep convection and precipitation (e.g. Wu and Hsu,

2009; Oh et al., 2012; Peatman et al., 2014). Synoptic processes over

this region such as the northeasterly cold surges and Borneo Vortices

are also found to be enhanced by the convection-active phases of

MJO (Lim et al., 2017; Saragih et al., 2018). AR frequencies in the

Pacific were also found to be significantly modulated by MJO

(approximately 25–50% during certain phases, Mundhenk et al.,

2016; Bui and Maloney, 2018). To understand the potential

modulation of ARs by MJO, we first determine the days

corresponding to the eight different phases of the MJO during

ONDJFM using the daily real-time multivariate MJO (RMM)
BA

FIGURE 3

Spatial distribution of the 85th percentile of IVT from October to March (ONDJFM) for the period 1951–2015: (A) Original distribution; (B) Filtered
distribution used for the isolation of AR plumes.
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index, which is a function of the daily outgoing longwave

radiation (OLR) and zonal winds in the upper and lower

troposphere (Wheeler and Hendon, 2004). The used RMM index

data is based on the observation and reanalysis datasets from the

National Centers for Environmental Prediction (NCEP) and the

computation is performed by the Bureau of Meteorology of

Australia. The modulation of AR characteristics related to the

different phases of MJO will be analyzed by computing the mean

composites of AR characteristics (including AR frequency, OLR, the

850-hPa wind fields and 200-500 hPa geopotential thickness) over the

days corresponding to each MJO phase.
3 Results

3.1 Frequency of ARs

The precipitation peak over Southeast Asia usually occurs

during the boreal autumn-winter season due to the domination of

abundant moisture transported by the northeasterly monsoon flow

and intermittent cold surges from the western Pacific to the South

China Sea (Wu et al., 2007; Pullen et al., 2015; Basconcillo et al.,

2016; Tangang et al., 2017). This coincides with the peak of the

frequency of AR plumes affecting Southeast Asia according to the

landfalling AR detection performed by Liang and Yong (2021).

Here, our analyses of the AR features affecting Southeast Asia and

those extended from the western Pacific upstream focus on the
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autumn-winter season from October to March of the next year

(ONDJFM). The climatological distribution of ARs in terms of the

fraction of time steps when AR plumes occur (i.e. AR frequency,

Figure 4A) shows a belt of relatively frequent AR activity from the

Andaman Sea to the western Pacific (across regions along 10°N and

between 90°E and 135°E). The local maximum AR frequency (up to

15%) is spotted over the South China Sea and to the south of

Vietnam. Some coastal regions of the South China Sea (e.g.

southern Thailand and the Philippines) are also affected by

frequent AR activities (up to 10%). The downstream of ARs is

observed to affect Peninsular Malaysia and Indonesia with a

frequency of up to 6%. The spatial pattern of AR frequency

averaged in the autumn-winter season is similar to the AR

analyses over Southeast Asia by Liang and Yong (2021), though

their study was based on a reanalysis dataset at a lower horizontal

resolution and focused on landfalling systems only.

For the long-term trend in ARs, Figure 4B shows a belt of

pronounced increasing trends in AR frequency from the South

China Sea to the western Pacific (10-20°N, 105-145°E). The trends

are up to 0.5% per decade over the central Philippines (near 13.75°

N, 123.5°E) and exhibit confidence levels of above 95% (p-value <

0.05), although the mean frequencies of ARs affecting this area is

relatively low. The trends in the frequency of ARs affecting the

central South China Sea are up to 0.4% per decade (p-value < 0.05).

To the west of 105°E, significant decreasing trends are found over

the Andaman Sea (near 11.75°N, 95°E) and Thailand (12°N, 100°E)

by up to -0.3% per decade. Overall, the trends in AR frequency
B

A

FIGURE 4

Distributions of AR frequency [(A), unit: %] and their trends [(B), unit: % per decade] for ONDJFM during the period 1951–2015. Red (black) stippling
indicates statistically significant trends with confidence levels above 95% (90%).
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indicate a significant decreasing (increasing) trend to the west (east)

of 105°E, implying an eastward shift of ARs within the study region.
3.2 AR-related precipitation

Figure 5A presents the climatology of AR-associated

precipitation during ONDJFM for the period 1951–2015. Two

local maximum accumulated precipitation amounts from ARs (up

to above 360 mm per season) are spotted in the northeastern part of

Peninsular Malaysia (near 5.5°N, 102.75°E) and the southeastern

part of the Philippines (9.25°N, 125.75°E). The coastal region of

Vietnam (near 16.25°N, 108°E) is also affected by the relatively great

amount of AR precipitation (up to above 280 mm per season).

These regions are located on the foreside of the area with relatively

frequent ARs and their relatively great AR precipitation amounts

are likely due to the local steep topography that interacts with the

intense IVT within AR plumes and generates precipitation via

orographic effects. Such an AR-topography interaction has been

extensively discussed across western North America (e.g. Smith

et al., 2010). ARs penetrating downstream also bring precipitation

of up to 160 mm per season in South Borneo (near 5.25°N, 117°E)

and the southern part of Sumatra Island (5°S, 105°E). It is worth

noting that patterns in Peninsular Malaysia demonstrate a

pronounced dipole of AR precipitation and this relates to the

blocking effect of the Titiwangsa mountain range on the

southwestward water vapor transport (Suhaila and Jemain, 2012).

The distributions of trends in AR precipitation (Figure 5B)

present significant increasing tendencies by up to 8mm per decade

(p-value < 0.05) over most of the coastal areas surrounding the

southern South China Sea, including southern Indochina Peninsula

(near 12°N, 107°E), eastern Peninsular Malaysia (5°N, 105°E), the

west coast of Sumatra (3°S, 100°E), North Borneo (1°N, 110°E) and
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the Philippines (15°N, 120.5°E). These trends correspond well with

the pattern of trends in AR frequency over the regions (Figure 5B).

Given the long-term increasing trends in autumn-winter

precipitation over Southeast Asia (Yao et al., 2010). The observed

increasing trends in AR precipitation imply the important role of

ARs in the local precipitation trends over the study region. In

addition, regions with decreasing trends in AR precipitation (up to

~4 mm per decade) are spotted over the northern part of the

Philippines (near 17°N, 121°E) and southern Thailand (12°N, 100°

E), which can be explained by the local decreasing trends in

AR frequency.

To understand the role of ARs in the local climate and water

cycle, the fractional contribution of ARs to the total precipitation

amounts is computed following Kim et al. (2020). The spatial

distribution of AR precipitation fraction (Figure 5C) exhibits

similarities to that for the total AR precipitation (Figure 5A), i.e.

the windward coastal areas tend to receive a greater amount of AR

precipitation. Specifically, ARs are responsible for up to 32% of the

total precipitation in the northeastern part of Peninsular Malaysia

(near 5°N, 105°E) and the eastern Philippines (12°N, 125.25°E);

hence, ARs act as an important synoptic agent of precipitation. For

other regions such as the coastal area of Vietnam (near 16.25°N,

108°E), North Borneo (6.75°N, 117.25°E) and South Sumatra (4.75°

S, 105°E), ARs contribute up to 20% of the local total precipitation.

Trends in the fractional contribution of ARs to precipitation

(Figure 5D) show some similarities of distribution to that of total

AR precipitation (Figure 5B). The general increasing trend of up to

0.8% per decade in the fraction of precipitation that is AR-

associated is found in most of the coastal areas surrounding the

southern South China Sea. In southern Thailand (near 12°N, 100°

E), trends in ARs’ fraction contribution are observed to decrease by

up to 0.45% per decade. It is worth noting that, in Thailand, severe

drought does not only affect crops and water resources but also
B

C D

A

FIGURE 5

Analyses of the precipitation amount for autumn-winter seasons (ONDJFM) during the period 1951–2015: (A) AR-associated precipitation amount
(unit: mm per year); (B) trends in AR-associated precipitation amount (mm per decade); (C) fraction (%) of the total precipitation amount contributed
by ARs; (D) trends in the fraction (% per decade) of precipitation contributed by ARs.
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provides a favorable condition for forest fires (Zhao et al., 2022).

Given the drought busting effect of ARs (Dettinger, 2013), the local

decreasing trends in AR precipitation and its contribution to the

total precipitation amount may exacerbate water scarcity and

related extreme events. In contrast, under the increasing trends in

AR frequency over most of the study region (Figures 3B), the

increasing trends in both total AR precipitation and the fraction of

total precipitation that is AR-associated may lead to more

precipitation over most of Southeast Asia during autumn-winter,

particular over the windward coastal regions where the local

topography strongly interacts with the warm moist air within

AR plumes.

Extreme precipitation is one of the main extreme climate and

weather events that severely threaten the local communities in

Southeast Asia (Adhikari et al., 2010). As ARs are usually observed

to closely relate to extreme precipitation causing devastating

flooding (Lavers and Villarini, 2015; Ramos et al., 2016), it is of

importance to investigate the role of ARs in the occurrence of

hydrological extremes in Southeast Asia. Figure 6A shows that

relatively large amounts of autumn-winter (ONDJFM) extreme

precipitation coming from ARs (up to 65 mm) are located along

the windward coastal mountain regions of Peninsular Malaysia, the

Philippines and Indochina Peninsula. Similar to the total

precipitation contributed by ARs, the orographical effects

associated with ARs can also be manifested by the AR-related

extreme precipitation amount across the above-mentioned

regions. Figure 6B shows the spatial pattern of trends in the AR-

related extreme precipitation over Southeast Asia. Significant

increasing trends (p-value < 0.05) by up to 5 mm per decade are

noted over the eastern part of Peninsular Malaysia (near 5°N, 103°

E), the coastal areas of Borneo (2.5°N, 110.5°E and 3°N, 117.5°E)

and the southern Philippines (7°N, 123°E). There are also

significant decreasing trends by up to 2 mm per decade over

southern Thailand, the west coast of Peninsular Malaysia (near 5°
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N, 100°E) and Southeast Sumatra (3°S, 105°E). Over northern

Borneo (1°N, 110°E) and the northern Philippines (15°N, 122°E),

consistencies between trends in extreme and total precipitation

were noted. Besides, trends in AR-related extreme precipitation

contradicting those in AR-related total precipitation (i.e. areas with

no significant trend in AR-related total precipitation but with a

significant increasing trend in extreme precipitation from ARs) are

spotted in South Borneo.

Figure 6C shows the spatial pattern of the fractional

contribution of ARs to the seasonal total extreme precipitation

amount. It is seen that ARs are associated with the majority of

extreme precipitation in northeastern Peninsular Malaysia (by up to

68%), eastern Vietnam and the southeastern Philippines (up to

above 60%). The distribution of trends in the fractional

contribution (Figure 6D) shows that ARs tend to contribute less

to the accumulation of extreme precipitation in the southeastern

part of Peninsular Malaysia, West Borneo and most of the

Philippines. Decreasing trends are also observed on the southern

coast of Thailand. These findings are generally consistent with the

distribution of trends in AR-related precipitation shown in Figure 5.

Consistent with the eastward shift in AR frequency observed from

the eastern Indian Ocean to the western Pacific (Figure 4B), the

trends in the extreme precipitation coming from ARs display

increasing (decreasing) trends to the east (west) of 105°E,

implying a general eastward shift of AR-related hydrological

extremes affecting Southeast Asia.
3.3 Environmental controls of ARs

To understand the environmental mechanisms behind the long-

term trends and variability of AR characteristics, this section

analyzes the environmental fields averaged over AR Days for

autumn-winter seasons and their trends and anomalies
B

C D

A

FIGURE 6

As for Figure 5, but for the contribution of ARs to the extreme precipitation amount.
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corresponding with each MJO phase using ERA5 during the period

1951–2015.

We first analyze the fields indicating the low-level circulation

patterns that are closely associated with the main AR features in the

lower troposphere. The seasonal-mean fields of winds (Figure 7A)

and geopotential height (Figure 7B) at 850-hPa during AR Days

show a northeasterly monsoon flow extending from the tropical

western Pacific to the South China Sea. Such a large-scale steering

flow is one of the decisive drivers of the southwestward moisture

transport within AR plumes. This is mainly driven by the steep

gradient in geopotential height between the continental high-

pressure over East Asia and the low-pressure belt across the

tropical Pacific. The trends in the wind speed at 850-hPa

(Figure 7A) show generally increasing trends in the northeasterly

wind speed over the South China Sea of 10-25°N and 105-135°E.

We note that the northeasterly flow is strengthening but such a

trend is restricted to the east of 105°E, the eastern part of the main

AR region. This pattern of trends can lead to an eastward

displacement of moisture transport from the western Pacific to

the South China Sea, which corresponds well with the eastward

shifts in AR features (Figures 4B, 5B–D, 6B–D).
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Figure 7B shows that the increasing trends in the northeasterly

wind speed to the east of 105°E are driven by the increasing trends

in the geopotential height at 850-hPa across the northern South

China Sea, which can induce an increase in the horizontal gradient

of geopotential height along the southern edge of the midlatitude

high pressure. However, an increasing trend in geopotential height

(up to 1.2 gpm per decade) is observed near the tropical western

Pacific, which induces a decrease in the horizontal gradient of

geopotential height over the upstream region of ARs. This partly

explains that the areas with significant increases in AR frequency

are confined to the downstream region (Figure 4B).

Considering the potential linkage between the modulation of

extreme rainfall over Southeast Asia by MJO and that of the

regional synoptic-scale processes (Lim et al., 2017), we now assess

the physical mechanisms associated with the modulation of AR and

their associated large-scale circulation patterns by the MJO. To

achieve this, the anomaly distributions of AR frequency and AR-

related environmental fields are analyzed during each MJO phase

for the period 1951–2015. Figure 8 presents composites of AR

frequency anomalies for eight RMM-based MJO phases with

respect to the long-term mean AR frequency. An apparent
B

A

FIGURE 7

Seasonal mean (vectors and black contours) and climatic trends (shaded) for the AR-associated large-scale environments in AR Days for autumn-
winter seasons during the period 1951–2015, including 850-hPa wind field (unit: m s-1) (A), 850-hPa geopotential height (contour, unit: gpm) (B).
Red (black) stippling indicates statistically significant trends with confidence levels above 95% (90%). Grey-shaded areas in (A) and (B) mask out
contours inside the Tibetan Plateau.
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transition of patterns from positive frequency anomalies to negative

ones is observed when comparing the different MJO life cycles.

Specifically, the geopotential height at 850-hPa for MJO phase 1

(Figure 8A) shows a zonally oriented high-pressure anomaly

dominating over the western Pacific. Negative anomalies of AR

frequency are observed over most of the study region. For phases 2

and 3 (Figures 8B, C), increases in AR frequency are observed over

most of Southeast Asia. The more frequent ARs are possibly related

to the enhanced northeasterly driven by the steeper gradient of

geopotential height between the Northwestern Pacific and the

tropical Indian Ocean. The region with increased AR frequency

stretches from the western Pacific to the eastern Indian Ocean and

affects most of Southeast Asia, which is corresponding with the

anomalous convective activity when the MJO-related convection

activation propagates eastward from the Indian Ocean to the

Marine Continent.

From phase 5 to phase 6 (Figures 8E, F), decreases in AR

frequency are observed over most of Southeast Asia. The inhibited

AR activity is possibly due to the departure of the active convection

propagating away from the Marine Continent into the western

Pacific. Phase 8 (Figure 8H) shows an opposite pattern with smaller

magnitudes of changes over the tropical upstream in comparison

with phase 4 (Figure 8D). This is partly in agreement with the study

of Xavier et al. (2014) suggesting that phases 6-8 of MJO tend to

reduce the occurrence probability of extreme precipitation over

Southeast Asia. Furthermore, for the study region, increases in the
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AR frequency are observed during about one-half of the MJO cycle.

Overall, the composites for the convection-active phases and the

transition from suppressed to active phases over most of the

Maritime Continent demonstrate a pronounced relationship

between the anomalous easterly winds and the enhancement of

AR-related westward and southwestward IVT over Southeast Asia.

To understand the thermal environmental factors associated

with the anomalous AR activity discussed above, the patterns of

OLR and the geopotential thickness between 200-hPa and 500-hPa

across the Indian Ocean and western Pacific are analyzed (Figure 9).

Comparing the different MJO phases, an eastward propagation of

the positive anomalies of geopotential thickness, i.e. increased

thermal expansion, is observed across the Indian Ocean and

western Pacific, which is possibly linked to the adiabatic heating

by the MJO-activated convection. This can be manifested by the

anomalies of OLR of the region as the ridge of geopotential

thickness corresponds well with the positive OLR anomalies, and

the trough tends to be accompanied by negative OLR anomalies.

Specifically, composites for phases 2-3 (Figures 9B, C) show

negative geopotential thickness anomalies dominating across 30°

N and negative anomalies expanding from the western Indian

Ocean to Southeast Asia. Such meridionally contrasting patterns

of anomalous geopotential thickness can relate to the meridional

differences in OLR. The positive (negative) geopotential thickness

across the tropics (subtropics) sharpens the meridional thermal

contrast and favor the tropical easterly from the Maritime
B
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FIGURE 8

850-hPa geopotential height anomaly (contour, unit: gpm) and anomalous AR frequency (color, unit: %) based on eight phases of MJO.
(A–H) corresponding to phases 1 to 8. Red (black) stippling indicates statistically significant trends with confidence levels above 95% (90%).
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Continent to the tropical Indian Ocean, which partly explains the

increase in AR frequency during phases 2-3 (Figures 8B, C). Similar

variations of geopotential height dependent on the MJO-related

changes in adiabatic heating have also been presented by Franzke

et al. (2019). For phase 6 (Figure 9F), an opposite pattern of

geopotential thickness anomaly and OLR to phases 2-3 is shown,

which is consistent with the significant decrease in AR frequency for

this phase (Figure 8F). In summary, the meridional contrast of

thermal expansion related to the adiabatic heating within the MJO-

activated convection can modulate the AR-related circulation

pattern and, consequently, lead to the sub-seasonal variability of

ARs affecting Southeast Asia.
4 Summary

ARs are high-impact weather systems contributing to regional

precipitation and rainfall extremes in the Asian monsoon region.

This study has presented the first overview of the climatology and
Frontiers in Marine Science 10
historical changes in ARs over Southeast Asia. The key findings of

the research are summarized as follows:
(1) Climate reanalysis data during the autumn-winter season

(ONDJFM) indicates a belt of frequent AR activities along

10°N from the western Pacific to the Andaman Sea. The

most frequent AR activity within Southeast Asia is observed

in the offshore region near southern Vietnam. The coastal

regions of the South China Sea, particularly southern

Thailand, the Philippines and Peninsular Malaysia, are

also affected by frequent landfalling ARs. The analyses of

the long-term trend in AR frequency during the period

1951–2015 show significant increasing trends over most of

the AR active regions in Southeast Asia. The largest

magnitude of such an increasing trend is located from the

Philippines to the central South China Sea. In addition, the

distribution of trends indicates an eastward shift of ARs

from the eastern Indian Ocean to the western Pacific.

(2) As ARs tend to become more active, significant increasing

trends in AR-associated precipitation are commonly found
B
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FIGURE 9

The anomalous geopotential thickness between 200 and 500-hPa (contour, unit: gpm) and anomalous Outgoing Longwave Radiation (color, unit:
W/m2) based on eight phases of MJO. (A–H) corresponding to phases 1 to 8.
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Fron
in the coastal areas surrounding the South China Sea,

though marginal decreasing trends are seen in the north

of the Philippines and south of Thailand due to the local

decreasing trends in AR frequency. On average, ARs are

associated with the majority of the extreme precipitation

amount in northeastern Peninsular Malaysia, southern

Vietnam and the southeastern Philippines. Meanwhile, an

increasing trend in the contribution of ARs to extreme

precipitation amounts is noted on the east coast of

Peninsular Malaysia, western Borneo and the Philippines.

(3) Composite analyses for AR frequency during the different

phases of MJO suggest a pronounced enhancement of AR

activity by the MJO phase-2 to phase-3 due to the steeper

gradient of low-level geopotential height between the

Northwestern Pacific and the tropical Indian Ocean. This

modulation can be partly explained by the enhanced

convection and the adiabatic heating in the vicinity of the

trough of the 200-500 hPa geopotential thickness of the

region. Opposite modulations of ARs and the associated

dynamical environments are seen for the MJO phase-5 and

phase-6. Overall, the modulation of ARs by MJO suggests

close spatial and temporal relationships between ARs and

the tropical convection pattern in Southeast Asia.
This study has demonstrated that ARs are important

mechanisms behind the climatology, trends and variability of the

regional precipitation in Southeast Asia. However, one of the main

limitations of the study is the lack of investigation of how the

uncertainty in the choice of climate observation and reanalysis

datasets affect the analyses of AR climatology and its long-term

trend over the study region. Also, as ARs are usually correlated with

mid-latitude synoptic systems (e.g. Zhu and Newell, 1994; Dacre

et al., 2015), the interaction of ARs with other synoptic processes,

such as the northeasterly cold surges and Borneo Vortices (Lim

et al., 2017; Saragih et al., 2018) of the study region, remain

unknown and should be focused in future studies. This paper is

expected to be a call for more attention to the impact of ARs and

their changes in Southeast Asia. Given the non-negligible effect of

Southeast Asian ARs presented in this study, future research on

such high-impact weather systems should be incorporated with

climate model simulations to project their possible future changes
tiers in Marine Science 11
under climate warming conditions and explore the in-depth

hydrological impacts of the projected changes based on

hydrological modelling techniques.
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