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ABSTRACT

The Southeast Asian (SEA) region experiences a rainy season during boreal spring and summer,
which the SEA population relies on for agricultural and economic development. This study uses
an objective definition for the onset and demise date for the seasonal evolution of the rainy season
over the SEA region. The onset and demise dates are defined as the first and last date of the year
when the daily rain rate reaches a maximum and minimum cumulative anomaly of the mean
climatological rainfall rate, respectively. This gives rise to a varying length of the season that has
a significant impact on the estimate of the seasonal rainfall and its anomaly over the rainy season.
It is observed that the interannual variability of the seasonal rainfall of the rainy season is
significantly affected by the variations of the onset and demise dates. However, the influence of
the onset and demise date appears to be independent of each other. Using the Integrated Multi-
Satellite Retrievals for Global Precipitation Mission version 6 (IMERG) rainfall analysis available
on 0.1°x0.1°grid we have analyzed the variations of the rainy season over SEA. We generate an
ensemble of 101 members per season in the 22-year time period by slightly perturbing the original
time series to account for uncertainties in the observed rainfall analyses. This also ensures that the
diagnoses of the onset/demise dates are not sensitive to sporadic synoptic/mesoscale rain events
that may be unconnected to the seasonal evolution of rainfall in SEA. Using this ensemble of 101
members per season, we find that we can provide a reliable probabilistic outlook of the
forthcoming rainy season over the SEA region based on the variations of the onset date of the wet
season. This is possible because of the strong intrinsic relationship of earlier or later onset seasons
of the SEA rainy season associated with a longer and wetter season, or a shorter and drier season,

respectively.
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CHAPTER 1

INTRODUCTION

1.1 Southeast Asian Region

The Southeast Asia (SEA) region harbors a population of over 691 million people, and as
such, is a dominant contributor to global agriculture and economic productivity (WorldoMeters
2024). The domain is situated between two oceans (the Indian and Pacific) and is influenced by a
multitude of oceanic and atmospheric teleconnections, such as the Indian Ocean Dipole (I0D),
intraseasonal oscillations (ISO), the Madden Julian Oscillation (MJO), and the El Nifio Southern
Oscillation (ENSO) (Saji et al. 1999; Xie et al. 1963; Madden and Julian 1971; Kembell-Cook
and Wang 2001; Walker and Bliss 1932; NOAA 2024). The seasonal variations of the winds,
accompanied by differences in the land-ocean temperature contrast, lead to a monsoonal climate
in the region (NOAA 2024). Typically, in the relatively dry boreal winter, the SEA terrain cools
faster than the water in the Indian Ocean, due to its lower specific heat. As a result of this, the near
surface winds blow away from the land, out to the ocean, due to the pressure gradient. Conversely,
during the boreal summer, the land warms faster than the ocean, and the winds begin to blow from
the Indian Ocean onto the SEA region as the pressure gradient reverses direction (Costa et al.
2023).

There is an array of monsoonal patterns that affect regions within and surrounding the
tropics. Depending on the literature, the Asian monsoon can be separated into three categories: the
Indian/South Asian summer monsoon, the East Asian summer monsoon, and the SEA Monsoon
(Wang and LinHo 2002; Misra and DiNapoli 2013). This study exclusively targets the SEA
monsoon, which includes the following countries: Myanmar, Thailand, Laos, Cambodia, Vietnam,
and peninsular Malaysia. We calculated and determined four parameters for every monsoonal
season from 2001-2022 in the region that will be analyzed throughout the study: onset date of the
monsoon season, demise date of the monsoon season, length of the monsoon season, and seasonal

rain totals (Rodgers 2023).



Figure 1.1 The geographical domain of Southeast Asia (SEA) used in this study. From Google
Earth (2024).

1.2 SEA Monsoon Onset and Demise

A typical SEA monsoonal season begins around late May and ends in September (Lau
and Yang 1997; Costa et al. 2023). The majority of the region has a seasonal length ranging from
120-160 days, which is most of the boreal summer season (Misra and DiNapoli 2013). Given the
large latitudinal extent of the region, there is considerable variation in the evolution of the SEA
monsoon. For example, southern SEA (peninsular Malaysia), which is located closer to the
equator in comparison to northern SEA (including Myanmar, Laos, Vietnam, Cambodia, and
Thailand) has two wet seasons. There is a wet season during the boreal summer, the same season
as the rest of SEA, and a dominating wet season in boreal winter, with Indonesia and the
Maritime Continent (Chang et al. 2005).

A key component in the monsoonal pattern is the Inter-Tropical Convergence Zone (ITCZ),
which is an area of tropical convergence caused by the upward motion of the Hadley cell in this
region. During the boreal winter, the ITCZ shifts south of the equator, and during boreal summer,
the ITCZ shifts north of the equator (Hadley 1735; Fig. 1.2). In boreal winter, as illustrated in the
left panel in Figure 1.2, the peninsula Malaysia region is more influenced by the boreal winter
monsoon when the surface winds turn northeasterly (Krishnamurti 1971; IPCC 2014). The boreal

winter monsoon, similar to the boreal summer monsoon, is characterized as the wet season
2



occurring between November-February due to a wind reversal, as northeasterly flow blows over
the South China Sea due to high pressure over land (Chen et al. 2013). When the ITCZ shifts
northward during the summertime, as illustrated in the right-hand picture of Figure 1.2, the
northern portions of SEA (Thailand, Myanmar, Laos, Cambodia, and Vietnam) are more directly

influenced by southwesterly winds (Geen et al. 2020).
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Figure 1.2 ITCZ shift in boreal winter (left panel) and boreal summer (right panel). From the
University Corporation of Atmospheric Research (2024)

Some other notable atmospheric features in the region, as seen in Figure 1.3, include the
Mascarene High, located around 20°S and 60°E. This is a semi-permanent pressure system in the
southern Indian Ocean, providing anti-cyclonic circulation (Behera and Yamagata 2001). This
counterclockwise flow can merge with the tropical Southeast trade winds. Key local features north
of the equator in the upper atmosphere are the Somali Jet (also known as the Findlander Jet), which
is a low-level cross-equatorial flow pattern that shifts westerly on the eastern edge of the African
continent, and the tropical easterly jet (TEJ), an upper-level easterly wind stream that blows from

the Tibetan High (Krishnamurti et al. 2013; Misra 2023).
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Figure 1.3 Schematic of the characteristic flows of the Indian Summer monsoon and the
climatological means in boreal summer. From Krishnamurti et al. (2013)

The Indonesian Throughflow (ITF) is a water pathway that connects the western Pacific
Ocean to the Indian Ocean and is a critical component of transporting western Pacific waters into
the tropical eastern Indian Ocean (Wyrtki 1987; Godfrey 1996; Schneider 1998; Lee et al. 2002;
Vranes et al. 2002; Sprintall et al. 2014). The ITF is primarily caused by a sea level pressure
difference that occurs between the two oceans and can result in a westward shift in the Pacific
warm pool, causing the eastern Indian Ocean Sea surface temperatures (SSTs) to rise (Wyrtki
1987; Schneider 1998; Misra 2023). The western Pacific waters that the ITF depends on are
heavily influenced by the Walker Circulation, which is a zonal circulation that influences wind
patterns and ocean flow across the Pacific Ocean (Bjerknes 1969). During El Nifio years, when
there is weakened Walker Circulation, the ITF goes through the Makassar Strait (a water channel
between Kalimantan and Sulawesi within the Indonesian archipelago) and weakens, resulting in
a shallow thermocline (Sprintall et al. 2014; Misra 2023). The SEA monsoon can impact the
waters going through the Karimata Strait towards the Java Sea, which can cause a “freshwater

plug” for the ITF and impact its seasonality (Lee at al. 2019).
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Figure 1.4 Indonesian throughflow (solid red lines) and the South Pacific contribution to the throughflow
(dashed red lines). From Sprintall et al. (2014)

1.3 Teleconnections

In terms of large-scale atmospheric processes, SEA is influenced by ENSO (Ropelewski
and Halpert 1987; Kripalani and Kulkarni 1998; Hguyen-Thanh et al. 2023; Xu et al. 2023) and
the IOD (Pillai et al. 2020). The ENSO pattern is an interannual teleconnection pattern that affects
the strength of the Walker Circulation. When the Walker circulation weakens during the warm
ENSO phase, the associated equatorial easterly winds weaken, and cause there to be anomalous
subsidence over the SEA surface. As a result, these weakened trade winds will have less influence
in transporting surface waters westward over the eastern Pacific, causing an accumulation of warm
water in the eastern Pacific Ocean due to less upwelling. Conversely, when the Walker circulation
is strengthened during the cold ENSO phase, there is anomalous convergence over the SEA surface
(NOAA 2024). As a result of this enhanced convergence, the monsoon is strengthened during La
Nifia events, and weakened during El Nifio events (Lin et al. 2024).

The Indian Ocean Dipole (IOD) is an aperiodic oscillation that affects sea surface
temperatures SSTs within the Indian Ocean (Saji et al. 1999). A neutral IOD phase occurs when
there are no statistically significant temperature anomalies in the Indian Ocean, and equatorial
trade winds at the surface blow westerly. In a positive IOD phase, anomalously easterly equatorial

winds blow over Indian Ocean surface, causing a warm SST anomaly and enhanced convection in
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the western portion of the Indian Ocean, and a cold SST anomaly in the eastern portion of the
ocean. Conversely, during the negative IOD phase, strong equatorial anomalous westerly winds,
making the western portion of the ocean have a cold SST anomaly and the eastern portion have a
warm SST anomaly, leading to enhanced precipitation and convection in SEA (Misra 2023;
NOAA 2024). 10D events typically develop in boreal summer and strengthen in boreal autumn,
and depending on the strength of the dipole, can intensify monsoonal trends or weaken them (Jiang

etal. 2021).

1.4 Previous Studies

A similar study conducted by Misra and DiNapoli (2013) looked at the seasonality of the
rainy season in the Southeast and South Asian monsoons from 1951-2007. The data for their
project came from the APHRODITE project that gridded fine-scale resolution data at a 40km grid
resolution from discrete rain gauge observations (Yatagai et. al 2012). Misra and DiNapoli (2013)
concluded that the SEA region has the longest wet season in comparison to all of the other Asian
monsoonal regions, as the variations in the onset/demise can, independently of one another,
influence the length of the monsoon season. They also concluded that earlier than average
monsoon onset dates were associated with a stronger than average summer seasonal Somali jet.

This study also follows Rodgers (2023), which utilized the same data set and methodology
to research the defined onset, demise, length, and rain totals over the Central America region. Their
paper studied the correlation of these parameters with the ENSO cycle, alongside the Atlantic
warm pool and East Pacific Warm Pool. They found that the monsoonal pattern over the region is
weakly correlated with the large-scale teleconnections in both ocean basins, but the variability in
the onset date impacts the length and rain total values in the region, indicating a benefit to utilizing
the onset date variations to predict future season patterns. We wanted to expand on this project by
applying this methodology to SEA and seeing if there is a similar pattern in climatological
teleconnections influencing the season start/finish dates, which in turn could influence its

predictability.



1.5 Objectives

Following previous studies (Liebmann and Marengo 2001; Misra and DiNapoli 2014;
Dunning et al. 2016; Uehling and Misra 2020; Rodgers and Misra 2023), the goal of this report is
to pinpoint the seasonal variations of the monsoon season onset dates, demise dates, length of the
season, and rain totals over SEA. We intend to utilize this determination of the onset date to predict
the length of the monsoon season and expected rain totals. The benefit of this study is to evaluate
the predictability of anomalous monsoon seasons based on the onset date of the rainy season, which

in turn, can prove beneficial for the populations’ preparations.



CHAPTER 2

METHODS

2.1 Precipitation & SST Data

This project uses daily rainfall from the National Aeronautics and Space Administration
(NASA)’s Integrated Multi-satellite Retrievals for Global Precipitation Mission (IMERG) version
6. IMERG collected daily rainfall data from multi-satellite platforms that were launched into space
in March 2014 as a part of the Global Precipitation Mission (GPM). The IMERG data set uses a
half-hourly temporal resolution alongside a 0.1°x0.1° grid resolution and provides data from June
2000 to the present. This study’s temporal range is 1 January 2001 to 31 December 2022. The
IMERG rainfall data is obtained from 3 different rainfall analysis runs: early, late, and final. The
early runs have a 4-hour latency; late runs have a 14-hour latency; and final runs have a 3.5-month
latency (Rodgers 2023). These various latencies are utilized due to the way satellite radiance data
processes and provide quality control. The late run of this data set was used in this project to benefit
from the preprocessing (as compared to the early run), alongside having real-time applications
without compromising data accuracy (Huffman et al. 2019).

This project also utilizes SST data from the NOAA Optimal Interpolation SST (OISST2;
Huang et al. 2021) analysis version 2.1, which is a daily analysis of SST data ranging from 1982
to present on a 0.5°x0.5° resolution scale. From this SST data, IOD and ENSO indices were
created, using seasonally averaged values over 10°S-10°N and 120°W-170°W, within the Nifo3.4
region, following the methodology of Huang et al. 2015 and the NOAA CPC Oceanic Nino Index.
The three indexes for the ENSO/IOD SSTs included in this study were chosen based on boreal
season definitions: December, January, and February (DJF); March, April, and May (MAM); June,
July, and August (JJA). The DJF season used December from the previous year to create the DJF,
means used in this study for assessing the correlations to the rainy season. These observations were
taken from SST observations via satellites, ships, and buoys. The rest of the ocean basins not
covered by observations are then filled in with statistical interpolation methods (optimum

interpolation), so there is a temperature reading per grid point (Reynolds et al. 2007).



2.2 Methodology

The onset date of the rainy season is defined as the first day of the year when the cumulative
daily rain rate exceeds the annual mean climatological rain rate. The cumulative curve anomaly is
computed by subtracting the annual mean climatological rain rate from the daily rain rate (Rodgers
2023). To determine this date objectively, we plot the daily cumulative anomaly curve and identify
the first inflection point (Fig. 2.1). Similarly, the demise date of the rainy season is identified as
the second inflection point in the cumulative anomaly curve (Fig. 2.1). For example, Fig. 2.1
illustrates the onset and demise of the wet season for rain rates averaged over Vietnam in 2001.
Once the onset date is reached on Julian Day 116, the cumulative anomaly curve increases and
continues to become more positive until the demise day is reached beyond which the curve begins

to decline on Julian Day 300 (Fig. 2.1).
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Figure 2.1 The daily rainfall totals (mm) and cumulative anomalies (mm) in Vietnam during
2001. The left y-axis is daily precipitation in mm, representing the blue line on the plot, while the
right-hand side y-axis is the cumulative anomalies, which represents the dashed purple line on
the plot. The vertically dotted green line going through the data is the onset date, and the

vertically dotted brown line going through the data is the demise date.

Mathematically, the cumulative anomaly curve is represented as:
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Where C;, (i) is the cumulative anomaly of the rainfall average mean for the year (m) on

the day (i). A,,(n)is the amount of rainfall in the year (m) on the day (n). In equation 2, C is the
climatology of the average rainfall mean over N (number of days in the year, which is either 365
or 366 for a Leap Year), and M is the number of years. Utilizing these two formulas, plots for
every year ranging from 2001-2022 for each of the six countries within the study region were
generated in order to find the onset and demise dates.

In order to ensure that the cumulative anomaly onset and demise dates are reasonable, a
range of accepted dates is created. From the 22 onset/demise dates for each year, the median of
the onset, demise, length, and rain totals for each year are taken and a 30 day onset/demise
“window”, or threshold, is centered on the median value and is determined to set a “normal’ value
that can be utilized for comparing each country’s rainy season. For example, the median onset date
for Myanmar was Julian Day 133, so the onset date window was Julian Days 118-148. To obtain
a range for the entire SEA region, we used the earliest onset date window value, which was in
Thailand, and latest demise date window, which was in Myanmar. This then resulted in a range
between Julian Days 79 and 148. Similarly, the earliest demise date window, which was in Laos,
and the latest demise date window, located in Vietnam, resulted in a final window range between
Julian Day 259 and 315. The corresponding seasonal length values are calculated by subtracting
the demise date from the onset date. Seasonal rain totals are calculated by adding the rain total
amounts starting at the onset date and ending on the demise date of the rainy season.

To account for any uncertainty within the rainfall data, a perturbation method, similar to a
bootstrapping method, was applied (Misra et al. 2023). This method takes the original daily rainfall
values time series and replaces the values with a random rainfall value within -3 to +3 days for
every date, in order to account for any mesoscale/synoptic scale disturbances. A variety of studies
have been conducted and suggest that there is a significant amount of mesoscale to synoptic scale
precipitation events in SEA (Stensrud 1996; Zipser et al. 2006; Liu and Zipser 2016). This process
is then repeated 100 times to provide a 101-iteration time-series (100 perturbed time series
alongside the original time series) to create an ensemble of estimates for the onset and demise
dates of the monsoon season, following the method of Rodgers et al. (2023).

Pearson correlation tests are used to evaluate the strength/weakness of the linear
relationships amongst the onset, demise, length, and rain totals and the teleconnection patterns.

Then, significance at the 95" level confidence interval is calculated utilizing a two-tailed t-test. It
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is critical to note, however, that a t-test does not account for the false discovery rate that is often
realized when a large set of correlations are tested simultaneously (Livezey and Chen 1983;
Benjamini and Hochberg 1995).

The variation of the monsoonal onset date has been shown to have a strong linear
relationship with the season’s length and rainfall anomalies (DiNapoli and Misra 2013). In order
to test the probabilistic skill of the onset date to forecast the seasonal outlook, we use the area
operating characteristic curve (AROC) following Misra (2004), Narosky and Misra (2021), and
Rodgers (2023). To calculate these AROC scores, the onset dates are categorized as being early,
normal, or late, based on tercile thresholds. Similarly, the length is categorized as being either
long, normal, or short. Seasonal rain totals are categorized as either wet, normal, or dry. For this
study, we are specifically looking for the following 4 events: early onset associated with a wetter
season; early onset associated with a longer season; late-onset associated with a drier season; late
onset associated with a shorter season. Utilizing the 101 ensemble members per year data, the

onset dates are then separated based on whether they are considered early, normal, or late.

Table 1 Contingency table used for generating the relative operating characteristic (ROC) curves
to quantify forecast uncertainty. Reproduced from Narotsky and Misra 2021.
When the ensemble probability for =~ When the ensemble probability for the

the event EXCEEDS threshold event DOES NOT EXCEED threshold
Event Hit (H) [Miss (M)
occurs
Event False Alarm (FA) Correct Rejection (CR)
does not
occur

Within each year, all of the ensemble members are sorted into a contingency table (Table 1).
If the event (i.e., the monsoon) does not occur, but all of the ensemble members of the seasonal
outlook are categorized as occurring for said event exceeds the threshold (which is from 0%-
100%), the event is considered a False Alarm (FA). If the event does not occur in observations,
and the ensemble members of the seasonal outlook does not exceed the threshold, the event is
Correctly Rejected (CR). If the event occurs in observations and the ensemble members of the
seasonal outlook that categorized that event as occurring exceeds the threshold, that event is
considered a Hit (H). If the event occurs but the ensemble members do not exceed the threshold,

it is considered a Miss (M) (Rodgers and Misra 2023). For each ensemble member, the H, M, FA,

11



and CR are added together over the 22-year time period, and the following equations are used to

calculate the HR and FAR:

HR = H
 H4+M

FAR = k4
"~ FA+CR

These two parameters, HR and FAR, are then plotted against one another as a scatter plot
to produce the AROC curve. An AROC score ranging from 0-.49 indicates low to no predictability
(i.e., a random forecast has better prediction skill), and an AROC score of .5-1 indicates there is
good predictability to the event (i.e., indicating the parameter forecasts better than a random

forecast).
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CHAPTER 3

RESULTS AND DISCUSSION

The first portion of the results focuses on the climatological values from 2001-2022 in six countries
within SEA: Myanmar, Thailand, Cambodia, Laos, Vietnam, and Malaysia.
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Figure 3.1 The climatological median: a) onset date (Julian Days), b) demise date (Julian Days),
c) seasonal length (days), and d) seasonal rain from IMERG.

Figure 3.1a shows the spatial variation of the onset dates in SEA. Coastal regions alongside

countries closer to the equator (i.e. Malaysia and southern Thailand), tend to have earlier onsets

around Julian Day 90 (which is around March 31st). Considering that the ITCZ shifts northward

during boreal spring (Fig. 1.2), equatorial regions are going to be influenced by the convectively

enhanced region of the ITCZ due to increased moisture inflow and low-level convergence earlier

in the season. There are also earlier onset dates in the middle of the SEA region, such as in inner

Thailand and Laos. These specific areas are south of the Xiangkhoang Plateau and the Chaing Mai
Plateau in Thailand, both of which span over 6,000m in altitude (Fig. 1.1; Google Earth 2024).

Areas north of the plateaus have later onsets, as the leeward side of the elevated surface is going
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to hinder vertical convective development that can result in convection and precipitation, as the
orographic lifting can make the air parcel precipitate all the internal moisture out on the windward
side of the feature, resulting in dry air developing and descending down the leeward side of the
geographical feature. Additionally, it can be noted that the majority of Myanmar experiences a
later onset, which may be due to its northern location.

As for demise dates in SEA, it is observed in Figure 3.1b that areas with an earlier onset
tend to have a later demise of the rainy season. This is distinguishable in Malaysia and Thailand,
which are both coastal, alongside being south of the various plateaus in the area. Similarly, the
locations with an early demise are where there was typically have a late onset date, such as
Myanmar and elevated portions of Laos. These demise dates range from Julian Day 260
(September 17th) to 310 (November 23rd). Consequently, the shortest monsoonal season seems to
be in Myanmar and central Laos, regions west and east of the areas with the longest monsoonal
seasons. In terms of rain totals, despite having the shortest monsoon season, the coast of Myanmar
gets upwards of 3,500 mm of rain during the rainy season — that’s roughly 137 inches! In this case,
the large rainfall totals, despite Myanmar having a relatively shorter monsoon season, can be
attributed to higher daily rainfall rates than some of the other regions in SEA with longer seasons.
Northern and inland areas of Myanmar get the least amount of rain, which is around 500mm (or
19 inches).

Figure 3.2 displays the corresponding standard deviation values for these parameters for
the rainy season in SEA. Examining the onset dates in Fig. 3.2a, the lowest standard deviation
range for onset dates is in Myanmar, especially near the coastal and northern portions of the
country (Fig. 3.2a). Outside of Myanmar, the majority of SEA has a broader range of onset date
variability, with the largest variability of about +/-30 days in northern Myanmar, northern
Vietnam, and portions of peninsular Malaysia. For demise dates, inland Laos and mountainous
portions of Myanmar have the least amount of variability compared to the higher variations in
southernmost Malaysia (Fig 3.2b). The seasonal length has quite a varying spatial distribution,
with the smallest standard deviations in length being over most of Myanmar, coastal Vietnam, and
Laos, with a 10-day variation. The largest standard deviation in seasonal length is in northern
Myanmar, inland Vietnam, and southern Malaysia. Northern Myanmar is affected by the westerly
jet (or the subtropical jet that gets split by the Tibetan Plateau) which can cause an increase in

convective storms roaming in the area (Seman 2023). This is further supported by the standard
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deviations of the rain totals, with northern Myanmar having high variability, alongside coastal
Myanmar and coastal Thailand. Similarly, enhanced precipitation amounts around the coast and
northern areas of Myanmar can be attributed to the Arakan Yoma Mountain to the north and
south, respectively, resulting in orographic precipitation (Shige et al. 2017). Peninsular Malaysia
sees some more rain variability since it is coastal, more equatorial, and impacted by a variety of

tropical wave disturbances (Kembell-Cook and Wang 2001).
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Figure 3.2 The standard deviation of (a) onset date (days), (b) demise date (days), (¢) length (days), and
(d) seasonal rain (mm) of the wet season.

Figure 3.3 illustrates the climatological area-averaged daily rainfall for all six countries
within SEA from 2001-2022. Peninsular Malaysia stands out immediately, portrayed by the bright
red line above, as being much more uniform compared to the rest of the countries in SEA. This
particular country gets a large amount of rainfall due to its proximity to the equator and tropical
wave disturbances local to the Indian Ocean (i.e., the ITCZ shifting north and south of this region
in boreal summer and winter, respectively, and the MJO).To explain why there is only one peak

in peninsular Malaysia, since this country experiences two rainy seasons, it is important to note
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that this study is specifically looking at the boreal summer SEA monsoon, generally ranging from
April — October. Typically, however, peninsular Malaysia has another wet season in boreal winter,
which explains the flat nature of the seasonal rain totals. The onset and demise of the rainy season
are difficult to identify because peninsular Malaysia is not in its primary wet monsoon season until
later in the year. The most extreme "-peak” in daily average rainfall, after peninsular Malaysia,
occurs in Cambodia and Myanmar, which makes sense as in Figure 3.1d it can be noted how
extreme the precipitation was in the coastal regions of these countries. Laos, Thailand, and

Vietnam display similar climatological daily rain rate profiles to one another.
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Figure 3.3 The climatological daily time series of rainfall (mm/day) for a) Vietnam (VN), b) Myanmar
(MM), ¢) Thailand (TH), d) Cambodia (KH), ¢) Laos (LA), and f) Malaysia (MY) from IMERG
observations during 2001-2022.

Figure 3.4 correlates the onset with length and rain, demise with length and rain totals, and
lastly, the onset with the demise. The goal here is to see if the onset or demise is better correlated
with length and/or rain totals to provide increasingly reliable seasonal forecasts. It is important to
note, however, from a statistical perspective, that Figure 3a and 3¢ involve cross-correlations, as
the length of the monsoon season is being correlated to the onset and demise, both of which are
required to determine how long the season is. This can cause an overestimation, depending on how

significantly the onset of the monsoon depends on the demise.
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Figure 3.4 Correlation of a) onset with length b) onset with rain totals ¢) demise with length d) demise
with rain totals, and ) onset with the demise. Statistically significant data at the 95" percentile is hatched
in black.

For the onset and length, everywhere in the region is significantly and negatively
correlated, so the earlier (later) the onset date, the longer (shorter) the length. Daily rainfall rates
during the season are not necessarily related to the variation in onset dates. That being said,
seasonal rainfall anomalies can be influenced by variations in the season length and daily rain
rates. There are outside factors that can influence the rain totals, such as ENSO, 10D, terrain, ’
Similar to Figure 3.8a, 3.8c indicates that there is a strong positive relationship between demise
dates and season length. These positive correlations suggest that the earlier (later) the demise day
the shorter (longer) the season. Coastal Myanmar has the strongest feedback for this relationship.
There is, however, a weaker correlation between the rain totals and demise date as compared to
the onset date and the rain. Lastly, the onset and demise date correlation relationship are very low
and sporadic in location, with no statistical significance. Since the onset and demise have weak
and spatially noisy dependence on one another, the cross-correlation noted in Figures 3.4a and
3.4c are only slightly overestimated. The conclusion drawn from this is that we cannot confidently

use the onset date of the rainy season to predict the end date of the monsoon. The onset date is a
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better predictor for how anomalous the monsoonal seasonal length or rain totals will be compared

to the climatological average.

ROC-AUC Score

Figure 3.5 The area under the relative operating characteristic curve (AUROC) for the outlook of a) a
longer, wet season b) a wetter wet season, ¢) a shorter wet season, d) a drier wet season, ¢) a normal
length wet season, and f) a normal wet season rainfall based on the normal start of the wet season.
Regions shaded signify AUROC >= (.5, indicating regions with probabilistic skill that is better than a
random forecast.

Figure 3.5 correlates the onset with length and rain, demise with length and rain totals, and
lastly, the onset with the demise. The goal here is to see if the onset or demise is better correlated
with length and/or rain totals to provide increasingly reliable seasonal forecasts. For the onset and
length, everywhere in the region is significantly and negatively correlated, so the earlier (later) the
onset date, the longer (shorter) the length. Daily rainfall rates during the season are not necessarily
related to the variation in onset dates. That being said, seasonal rainfall anomalies can be
influenced by variations in the season length and daily rain rates. There are outside factors that can
influence the rain totals, such as ENSO, 10D, terrain, etc. Similar to Figure 3.5a, 3.5¢ indicates

that there is a strong positive relationship between demise dates and season length. These positive
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correlations suggest that the earlier (later) the demise day the shorter (longer) the season. Coastal
Myanmar has the strongest feedback for this relationship. There is, however, a weaker correlation
between the rain totals and demise date as compared to the onset date and the rain. Lastly, the
onset and demise date correlation relationship are very low and sporadic in location, with no
statistical significance. The conclusion drawn from this is that we cannot confidently use the onset
date of the rainy season to predict the end date of the monsoon. The onset date is a better predictor
for how anomalous the monsoon season is expected to be, which can provide insight on if there is
going to be more or less rain on average compared to the climatological average.

From a forecasting standpoint, it is important to look at how these plots differ from one
another. Comparing Figure 3.4 and 3.5, Figure 3.5 provides a more fine-grained outlook for each
country so that citizens in each portion of the region can note how the start of the monsoon impacts
each country individually. From figures 3.5a and 3.5c¢, it can be noted that the earlier the onset, the
lower the ROC scores, in comparison to later onset scores. The highest early onset scores occur in
inland Myanmar and portions of Vietnam, indicating these areas can expect a longer and or wetter
season if there is an early monsoon start date. ROC scores are higher in Cambodia, Laos, Thailand

and coastal Myanmar have higher confidence in a late onset start causing a dry and or short season.

3.2 ENSO & 10D Correlations

We also examined the local teleconnections within the SEA domain during the rainy season. Figure
3.6 is for the December, January, and February (DJF) Nifio 3.4 index correlations with each of the
monsoon season parameters. Boreal winter is when the ENSO variability is at its peak in the
equatorial Atlantic. Looking at the plots in Figure 3.6, it can be noted that ENSO patterns are not
as strong as the correlations seen in Figure 3.4. There is a statistically significant positive
correlation between the onset of the rainy season over the elevated region inland of Thailand,
coastal Vietnam, and the northern Malaysia Peninsula with the DJF ENSO index. This indicates
that when the ENSO pattern is warm (cold), the onset date is expected to be later (earlier). During
La Nina, the Walker Circulation is enhanced, causing an increase in SST values in the western
Pacific, which can fuel the convective development and moisture content for the SEA region
during monsoon season. Conversely, during El Nino, the Walker circulation is suppressed, causing

a decrease in SST values in the western Pacific, which would not be favorable for the SEA rainy
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season. This corresponds to figure 3.5, as it was illustrated that an earlier onset date (corresponding
to La Nina) can lead to a wetter and or longer season. These same locations have statistically
significant negative correlations for the demise and DJF ENSO index. This indicates that when the
ENSO pattern is warm (cold), the demise date is expected to be earlier (later). Figure 3.6¢ shows
negative correlations between the length of the season and DJF ENSO index. Seasonal length
values are significant over the Amaka Yoma mountains in Myanmar, but very weak. Likewise,
correlations with seasonal rain totals and the DJF ENSO index are spatially incoherent and weak

(Fig. 3.6d).
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Figure 3.6 The correlation of preceding DJF Nifio3.4 SST index (OISSTv2; Reynolds et al. 2002) with
anomalies of (a) onset date, (b) demise date, (¢) seasonal length, and (d) seasonal rain of the rainy season.
Statistically significant data at the 95" percentile is hatched in black.

Similarly, we examine the SSTs for the March, April, and May (MAM) ENSO index with
the onset date, demise date, season length, and season rain totals over the SEA region (Fig. 3.7).
The MAM ENSO index has a positive correlation with onset dates over the majority of SEA,
indicating that during the warm or cold ENSO phase, onset dates appear to be earlier or later,

respectively. There is a relatively small negative correlation between coastal peninsula Malaysia
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and inland Myanmar (Fig 3.7a). Correlations between the MAM ENSO index and the monsoon
demise dates are more sporadic, with only inland Myanmar and eastern coastal Vietnam displaying
statistical significance (Fig 3.7b). Northeastern Vietnam and parts of Cambodia have a negative
correlation, signaling that during warm (cold) ENSO phases, the demise date occurs earlier
(later). Correlations are very weak, spatially sporadic, not statistically significant between the
MAM ENSO index and seasonal length (Figure 3.7c). The correlations between the MAM ENSO
index and the seasonal rain totals, however, are negative and statistically significant within
Cambodia and inland Vietnam (Figure 3.7d). This is further supported by Figure 3.5, again, as La
Nina events seem to cause earlier onset dates, which is typically associated with a projected longer
and wet rainy season.
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Figure 3.7 The correlation of concurrent MAM Nifio3.4 SST index (OISSTv2; Reynolds et al. 2002) with
anomalies of (a) onset date, (b) demise date, (¢) seasonal length, and (d) seasonal rain of the rainy season.
Statistically significant data at the 95 percentile is hatched in black.

The JJA ENSO index and the onset dates show no statistical significance and have
spatially sporadic correlation values (Fig. 3.8a). JJA ENSO index and demise dates display similar
results, in terms of a lack of statistical significance, except there is one negative statistically
significant region in Vietnam (Fig 3.8b). Generally, areas with a positive (negative) correlation for

onset dates and JJA ENSO index, appear to have a negative (positive) correlation with the demise
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date and the JJA ENSO index. Similarly, the length of the rainy season correlated to the JJA ENSO
index is weak and spatially random, with a negative statistically significant relationship over inland
Vietnam (Fig 3.8c¢). Lastly, rain totals and the JJA ENSO index correlations are mostly negative,
with statistical significance in Cambodia and Vietnam (Fig 3.8d). Myanmar’s coast, however,

signals a positive correlation with the JJA ENSO index, but has no statistical significance (Fig

3.8d).
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Figure 3.8 The correlation of concurrent JJA Nifio3.4 SST index (OISSTv2; Reynolds et al. 2002) with
anomalies of (a) demise date, (b) seasonal length, and (c) seasonal rain of the rainy season. Statistically
significant data at the 95" percentile is hatched in black.

In Figure 3.9, we look at the teleconnection of the SEA rainy season with the SON
seasonally averaged IOD index. IOD index and onset date relationships are not plotted in Figure
3.13, because the IOD follows almost two seasons after the onset of the rainy season. The demise
date has weak but statistically significant negative correlations throughout the majority of
Vietnam, Cambodia, Laos, and inland Myanmar with the IOD index, indicating that during
positive, or negative, phases of the IOD, the demise dates occur earlier, or later, respectively
(Figure 3.9a). During the negative phase of the 10D, the Indian Ocean has anomalously warm
waters in the east, which is co-located with SEA. The warm SSTs are a benefit to monsoon
moisture and convective development. A similar relationship is observed for the IOD index and
length of the season, as any significant values are all negatively correlated with one another and
are weak, indicating negative IOD phases correspond to longer seasons. (Fig 3.9b). 10D index

and seasonal rain values are stronger in comparison to the onset and season length panels in Figures
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3.9and 3.9b, with statistical significance in Cambodia and Vietnam, showing higher rain totals
falling during negative phase IOD events (Figure 3.9c). There are positive correlations on coastal

Thailand, but they lack significance (Fig 3.9¢).
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Figure 3.9 The correlation of the preceding IOD index (OISSTv2; Reynolds et al. 2002) with the median
(a) demise date, (b) seasonal length, and (c) seasonal rain of the rainy season. Statistically significant data
at the 95% percentile is hatched in black.
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CHAPTER 4

CONCLUSIONS

Southeast Asia is a vastly geographically diverse region with a plethora of plateaus, rivers,
and mountains, which naturally impact the rainy season. With a high population density and
continuous socio-economic development, there is a growing need for reliable monsoon
predictions. The methods used in this study utilized a differing perspective of the onset, demise,
seasonal length, and rain totals from IMERG daily time series rainfall observations, which show
the rainy season trends on a regionally averaged scale, alongside an individual grid point scale.
Despite there being evidence of ENSO and IOD influencing the SEA monsoon, predicting just
how influential proves to be challenging due to complex land-sea interaction causing large inherent
variability.

Our research highlights how monitoring the onset of the wet season in SEA can provide
valuable insights for monsoonal forecasts. Relationships between the onset dates with the length
and rain values are very strong and show remarkably high levels of correlation. The SEA onset
date plays a larger role in impacting the length and rain totals of the monsoonal season, as opposed
to climate phenomena such as ENSO and the IOD. An early (late) onset date is associated with a
longer or wetter (shorter or drier) monsoon season, further indicating a strong relationship between
the onset dates and seasonal outcomes (Fig. 3.4). As a result, continued monitoring of these
monsoonal patterns would be beneficial to locals and government officials in the SEA region to
continue to increase the predictability of the monsoon, which in turn will increase the nation’s
ability to prepare for the rainy season. By applying this study’s definition for the onset and demise
of the season, alongside observing the correlations between the onset date and length/rain totals,
this report can prove to be highly valuable for forecasting the monsoon season for the SEA
population.

This study utilized code and methodology that has been successfully utilized in past case
studies of precipitation trends over Florida, India, Australia, and Central America. (Liebman and
Marengo 2001; DiNapoli and Misra 2014; Dunning et al. 2016; Uehling and Misra 2020; Narotsky
and Misra 2021; Rodgers and Misra 2023). This study can be further utilized to investigate the
precipitation patterns anywhere in the world and is currently being used in a study for Africa. Some

future projects that could be interesting to build from this would be investigating the Madden-
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Julian Oscillation correlation with this region’s length and rain totals since it has a strong influence
on convection in the area. Similarly, there would be a benefit in utilizing this methodology for the

winter monsoon, which is Malaysia and the Maritime Continent’s predominant wet season.
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