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Extreme Rainfall Events and Synoptic-Scale Phenomena

A number of studies have documented the occurrence of extreme rainfall events in the autumn

monsoon regions in late autumn and early winter, such as a storm over Central Vietnam that

produced over 1800 mm of rainfall at one site and over 700 mm in surrounding sites over a

two-day period (Yokoi and Matsumoto 2008). Intense rainfall amounting to over 200 mm/day of

precipitation during a single storm has been recorded in many of the autumn monsoon regions

(e.g., Lyon 2003; Hellin et al. 1999; van Oldenborgh et al. 2016; Chang’a et al. 2020), raising the

question of whether the observed annual autumn peak in precipitation is produced primarily by a

small number of large storms.

Being located on tropical east coasts, the autumn monsoon regions are exposed to a similar set of

synoptic and intraseasonal systems. Many are impacted by tropical cyclones, which are typically

most active in local autumn (e.g., Ramsay 2017). However, studies of these areas in southeast

Asia have shown that tropical cyclones contribute only about 30% of the total seasonal rainfall in

our region of interest in the Philippines (Bagtasa 2017) and less than 20% in our region of interest

in Vietnam (Chen et al. 2012). This is consistent with a global study (Jiang and Zipser 2010) that

showed rainfall associated with tropical cyclones amounts to less than 20% of total precipitation

in the autumn monsoon regions (except for the Philippines, where it amounts to approximately

30-40%), indicating that this type of storm is not the primary source of rainfall in the autumn

monsoon regions.

Easterly waves are another type of disturbance that frequently pass through several of these

areas (Gomes et al. 2015; Kouadio et al. 2012; Sanap et al. 2019; Serra et al. 2010; Camberlin

and Planchon 1997; Pohl and Camberlin 2006; Chen et al. 2012, 2013), where they have been

responsible for extreme rainfall events during autumn and winter. The Madden-Julian Oscillation
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has also been identified as a key modulator of heavy rainfall events in these regions (Berhane and

Zaitchik 2014; Valadão et al. 2017; Bagtasa 2020; Martin and Schumacher 2011; Tangang et al.

2008).

Another synoptic-scale phenomenon that occurs in these regions is extratropical cold surges,

which bring cool, dry, near-surface air equatorward from late autumn to early spring. These

surges propagate along the eastern sides of landmasses with large topographic features such as the

Rockies, Tibetan Plateau, and Andes; therefore, the autumn monsoon regions that lie on eastern

coasts are within areas frequently affected (Garreaud 2001; Stan et al. 2017). The interaction

between cold surges and easterly waves has been shown to produce extreme rainfall over eastern

coastal areas in Southeast Asia (Yokoi and Matsumoto 2008; Chen et al. 2013, 2015). Although

they occur throughout winter, Yokoi and Matsumoto (2008) and Chen et al. (2013) note that cold

surge activity results in extreme rainfall predominantly from October to December, during the

transition from summer monsoon to winter monsoon conditions over Asia. Strong parallels have

been noted between East Asian cold surges and those that propagate equatorward from North

America (Schultz et al. 1998; Garreaud 2001), which are also associated with heavy rainfall events

over Central America (DiMego et al. 1976) and northern Venezuela (Lyon 2003; Wieczorek et al.

2001). Cold surges have been observed propagating northwards over eastern South America,

where they enhance precipitation over northeastern Brazil in austral autumn (Kousky 1979). It

has been suggested that a similar phenomenon occurs over southeastern Africa (Garreaud 2001),

where cold surges have been observed propagating northwards from South Africa towards eastern

Kenya (Okoola 2000).

In Table S1, we examine the proportion of days during the rainy season on which rainfall is

received. We use daily precipitation from CHIRPS for October-December and April-June for

Northern and Southern Hemisphere regions respectively. In all cases, rainfall is received on at
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least 90% of days within the three-month period considered, and the spatial average rainfall over

the regions of interest is higher than 2 mm/day on at least half the days in these periods. This

suggests that rather than being dominated by a few days of extreme rainfall, autumn in these

regions is a period when rainfall occurs on most days. To confirm that the high percentages

found in Table S1 are not solely due to the low probability of zero rain falling everywhere in a

large spatial area, we also examine the spatial extent of daily rainfall. The last column shows the

percentage of days on which 20% or more of the area receives rainfall during the two months of

the climatological peak in rainfall. In all cases, on approximately two days or more out of three,

rainfall occurs over a substantial area covering at least 20% of the spatial extent of the regions

of interest. This is consistent with studies documenting a strong diurnal cycle of precipitation in

many of the autumn monsoon regions (e.g., Sumner 1984; Varikoden et al. 2010; Biasutti et al.

2012; Rajeevan et al. 2012; Natoli and Maloney 2019; Afonso et al. 2020).

We also found that days on which rainfall is at the 90th percentile or higher do not contribute most

of the total autumn rainfall in these areas. In Vietnam and Tanzania, they contribute approximately

half of the total rainfall, and in all other areas, they contribute less than 40% of the total during

autumn. This suggests that while heavy rainfall events do play a role, the autumn peak in rainfall

is not primarily attributable to a few extreme events but must be composed of more frequent

disturbances or regular rainfall that accounts for about 60% of the observed seasonal precipitation.

This suggests that rainfall in these areas is akin to that in summer monsoon regions, where

large-scale seasonal factors give rise to a setting which favors convection and precipitation,

facilitating a variety of convective systems including tropical cyclones, easterly waves, mesoscale

convective systems, and monsoon depressions; as well as a diurnal cycle of rainfall over

land. Therefore, examining the seasonal-mean state in the autumn monsoon regions is likely

to shed light on the conditions that give rise to the various types of storms documented
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in the literature. In this study, we focus on the large-scale, seasonal-mean factors that char-

acterize autumnmonsoons, leaving detailed investigation of individual storm types for future work.
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Table S1. Indicators based on daily rainfall in the eight autumn monsoon regions. Columns 2-3 show the

percentage of days during October to December or April to June for Northern or Southern Hemisphere regions

respectively during which the spatial average of precipitation within the area of interest exceeds the threshold

indicated. The last column indicates the percentage of days on which 20% or more of the area received rainfall,

calculated for the two-month period in the monthly climatology (Figure 2 of the main text) during which the

maximum rainfall is received. All quantities were calculated using data from CHIRPS at daily resolution.

Region % days with >0 mm
(OND/AMJ)

% days with
>2 mm/day
(OND/AMJ)

% days with rainfall in
>20% of area

(2 rainiest months)

1. Central America 97.06 62.11 78.71

2. Venezuela 97.81 51.77 66.63

3. South Asia 95.37 60.66 65.13

4. Malay Peninsula 99.97 92.16 87.95

5. Vietnam 90.72 51.50 65.85

6. Philippines 99.70 81.30 66.07

7. Brazil 100.00 84.97 88.42

8. Tanzania 99.92 63.36 71.33
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