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Abstract

Increasing magnitude and frequency of climate extremes under global
warming are threatening the socioeconomic development in many parts
of the world. The Mekong River Basin (MRB) is a good example for how
climate extremes can affect society, as the transboundary MRB has
experienced hydroclimate changes and fast socioeconomic
development during the past decades. The MRB is a flood-prone area
with high flood induced mortality, where heavy monsoon rainfall and
tropical cyclones (TCs) landfall are the two main determinants of floods.
This thesis focuses on the change in TCs and their associated impacts
of extreme wind, rainfall, and floods on the MRB. Findings from this
thesis provide an improved understanding of TCs and their impacts,
which is useful to mitigate potential consequences of global warming in
the MRB and other areas facing similar challenges.

Employing reliable precipitation data, this thesis finds that TC induced
rainfall plays a minor role in the annual mean precipitation in the MRB.
But TCs are crucial to the occurrence of extreme rainfall events,
particularly at the eastern lower basin. TC induced floods amount to
about 24.6% of all flood occurrence in the lower riparian countries. TC
induced floods cause higher impacts on human mortality and
displacement rates than the average of floods induced by all possible
causes do. Moreover, future projection shows increases in the future
TC intensity under the Representative Concentration Pathway (RCP)
8.5 scenario.

Overall, this thesis reveals that climate extremes, such as TC
associated rainfall and floods, can substantially affect society, in terms
of the high TC induced extreme rainfall and great human mortality and
displacement rates caused by TC induced floods. The projected future
intensified TCs indicate increasing TC risks.

Keywords: Mekong River Basin, Climate extremes, Tropical cyclones,
Precipitation, Floods, Satellite data, Reanalysis data
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Summary in English

Extreme weather and climate events (climate extremes), for example
tropical cyclones (TCs), are natural hazards that can have extensive
impacts on humans and ecosystems. As a consequence of global
warming, hydroclimate variability is predicted to be amplified, resulting
in higher frequency of climate extremes. Better understanding of
climate extremes in the Mekong River Basin (MRB) is vital to human
mitigation and adaptation because of the basin’s complex interactions
among climate, hydrology, and socioeconomic. The hydrological
regime in the MRB is dominated by heavy monsoon rainfall and
frequent landfalling TCs, leading to seasonal floods. Floods occurring
in the basin often cause fatalities and damages. Focusing on the TCs
and associated extreme wind, rainfall, and floods in the MRB, this thesis
aims to i) advance understanding of changes in TCs and their
associated rainfall and floods in the past decades, and ii) project the
future change in TC intensity.

The thesis first evaluates the reliabilities of five available gridded
precipitation datasets (paper I). Employing the precipitation data with
the best performance (the Precipitation Estimation from Remotely
Sensed Information using Artificial Neural Networks — Climate Data
Record [PERSIANN-CDRY])), this thesis finds that TCs only contributed
to 2.5% of the annual mean total precipitation in the basin for 1983 —
2016. However, TCs are crucial to the occurrence of extreme
precipitation which are able to trigger severe flooding along their moving
tracks (paper IlI). TC induced floods amounted to 24.6% of the flood
occurrence in the lower basin’s riparian countries (1985 — 2018).
Generally, these TC induced floods have caused relatively higher
mortality and displacement rates than the average of floods induced by
all possible reasons do (paper Ill). In addition, a dynamical downscaling
technique is applied to estimate the future TC change, under the
Representative Concentration Pathway (RCP) 8.5 scenario (paper V).
Results show that the return periods of TCs’ maximum wind speed
influencing the basin would be shorter for 2081 — 2100 compared with
1981 — 2000, indicating increasing intensities of future TCs in the MRB.

The findings present in this thesis reveal the changes in and impacts of
TC associated extreme wind, rainfall, and floods on the MRB during the
1980s — 2010s and the potential impact it could have for 2081 — 2100.
Conclusively, TCs play a decisive role in carrying extreme precipitation
and inducing floods, which claimed disproportionate impacts on the



MRB; and intensified future TCs are projected under high emission
scenario. The high mortality rates from floods indicate the vulnerability
of local inhabitants to the TCs. Findings from this thesis offer scientific
support for a better preparedness and policy making, helping us to
achieve a more resilient society.



Sammanfattning pa Svenska

Extremt vader och klimathandelser (klimatextrema), till exempel
tropiska cykloner (TCs), ar naturkatastrofer vilket kan innebara stora
faror for oss manniskor och ekosystem. Som en foljd av den globala
uppvarmningen forutsags hydroklimatisk variation att 6ka, vilket
resulterar i hogre frekvens av klimatextrema. Battre forstaelse av
klimatextrema i Mekong River Basin (MRB) ar avgoérande for mansklig
beredskap och anpassning pa grund av avrinningsomradets komplexa
interaktion mellan klimat, hydrologi och socioekonomi. Den
hydrologiska regimen i MRB domineras av kraftigt monsunregn och ofta
landande TCs, vilket leder till sasongsdversvamningar.
Oversvamningar som uppstar i avrinningsomradet orsakar ofta
levnadsforluster och egendomsskador. Med fokus pa TCs och
tillhdrande extrema vindar, nederbdord och Oversvamningar syftar
denna avhandling att i) framja forstaelse for férandringar av TCs och
deras tillhérande nederbdrd och 6versvamningar under de senaste
decennierna, och ii) projicera den framtida forandringen av TC-
intensitet.

Denna avhandling utvarderar forst tillforlitigheten av fem tillgangliga
nederbordsdata (papper I). Med hjalp av en tillforlitlig nederbordsdata
(the Precipitation Estimation from Remotely Sensed Information using
Artificial Neural Networks — Climate Data Record [PERSIANN-CDR])),
finner denna avhandling att TCs endast bidrog med 2,5% av den arlig
genomsnittlig total nederbdrden i avrinningsomradet mellan 1983 och
2016. TCs ar emellertid avgorande for forekomsten av extremt regn
som kan utlésa allvarlig dversvamning langs dess rorliga spar (papper
[I). TC-inducerade O&versvamningar uppgick till 24,6% av
dversvamningar i de nedre riparianlanderna av floden (1985 — 2018). |
allmanhet har dessa TC-inducerade Oversvamningar orsakat relativt
hogre dodlighet och forflyttning an medelsnittet av 6versvamningar
orsakade av alla mdjliga skal (papper Ill). Dessutom en dynamisk
nedskalningsteknik anvands for att uppskatta den framtida TC-
forandringen under Representative Concentration Pathway (RCP) 8.5-
scenariot (papper IV). Resultaten visar att returperioder av TCs
maximal vindhastighet som paverkar avrinningsomradet skulle bli
kortare under 2081 — 2100 jamfort med 1981 — 2000, vilket indikerar
Okad intensitet av framtida TCs i MRB.

Resultaten som presenteras i denna avhandling avslojar de
forandringar och den paverkan TC-tillhérande extrema vindar,
nederbord och éversvamningar hade pa MRB under 1980- till 2010-



talet, och potentiellt skulle kunna ha 2081 - 2100. Sammanfattningsvis
spelar TCs en avgodrande roll att orsaka extremt regn och inducera
oversvamningar som havdade en oproportionerlig inverkan pa MRB;
och intensifierade framtida TCs projiceras under hogutslappsscenariot.
Den hdga dodligheten fran o6versvamningar indikerar de lokala
invanarnas sarbarhet for TCs. Resultaten fran denna avhandling
erbjuder ett vetenskapligt stdod for battre beredskap och
beslutsfattande, med malet att uppna ett mer motstandskraftigt
samhalle inom MRB och omraden med liknande utmaningar.



Popular Science Summary

Extreme weather and climate events (climate extremes), for example
tropical cyclones (TCs), are one of the major natural hazards
threatening humans and ecosystems. More climate extremes are
predicted to occur under future global warming. Advancing the
understanding of expected impacts of climate extremes is necessary,
and it will be helpful for a better adaptation of society against the rising
climate risks. Climate extremes and their impacts in the Mekong River
Basin (MRB) in Southeast Asia need to be studied, because the MRB
has often been hit by TCs and suffered damages and losses. This
thesis aims to better understand i) how TCs change between the 1980s
and 2010s; ii) what the impacts are of TC associated rainfall and floods
in the MRB; and iii) how TC intensity will change in the future.

This thesis finds that TCs play an important role in extreme rainfall and
that TC induced heavy rainfall events often lead to floods. In the basin’s
riparian countries, about 24.6% of the floods are caused by TCs in 1985
— 2018. Moreover, TC induced floods have resulted in relatively higher
impacts on human mortality and displacement rates than the average
of all the occurred floods. Future TC intensity is projected to increase in
the MRB. This will raise the future TC related risk not only on a local
scale, but also on a regional and beyond.

Overall, findings from this thesis show the changes in the past TCs and
the high impacts on humans they have by causing heavy rainfall and
floods. The projected future of rising TC intensity raises an alarm for the
urgency of taking measures to mitigate potential impact of TCs on
society.
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Tropical Cyclone Induced Extreme Wind, Rainfall, and Floods in the Mekong River Basin

1 Introduction

Extreme weather and climate events (climate extremes) like droughts,
heavy rainfall, floods, and tropical cyclones (TCs) are natural hazards
that can have substantial impacts on humans (IPCC 2012). Better
understanding the changes of climate extremes and their impacts are
essential for human mitigation and adaptation in a changing climate.
According to the Clausius-Clapeyron relation, the atmospheric water
holding capacity will increase by 7% per degree of warming, resulting
in amplified hydroclimate variabilities under global warming
(thermodynamics response to climate warming) (Bengtsson 2010;
IPCC 2013; Payne et al. 2020). Regional hydroclimate is strongly
coupled to changes in the large-scale atmospheric circulations (e.g., El
Nifo—Southern Oscillation [ENSO]), which are triggered by global
warming (dynamics response to climate warming) (Ha et al. 2020;
Rasanen et al. 2016; Ward et al. 2014; Payne et al. 2020). The
responses of regional hydroclimate in Asian monsoon regions to
climate warming have caused increasingly frequent climate extremes,
resulting in, for example, floods and droughts (IPCC 2013; Pfahl et al.
2017; Seneviratne et al. 2006) (Figure 1).

Climate extremes can cause human live losses, health problems, and
economic damages (Martin 2015; Rappaport 2000, 2014; Zhang et al.
2017b). In Asia, floods, storms/TCs, droughts, heat waves, wildfires,
and mass movements, are major disasters linked to climate extremes
(CRED 2019). Storms/TCs and floods attributed to 35% and 45% of the
total 2681 reported disasters in 1970 — 2012 (WMO 2014). Among the
climate extreme disasters, TCs have the most impact on live losses,
whereas floods cause greatest property damages (MRC 2015; WMO
2014). Located in Mainland Southeast Asia (MSEA), the Mekong River
Basin (MRB) is also heavily affected by TCs and floods, suffering from
high human mortality and property damages (MRC 2010a). Taking the
MRB as a case study, investigation of climate extreme impacts on
environment and socioeconomics advances the understanding of
potential consequences of global warming on the society in the MRB
and other regions which are similarly affected by TCs and floods.

The MRB has a complex hydroclimate, dominated by the Southwest
Asian monsoon- and East Asian monsoon systems (Indian Summer
Monsoon, East Asian Monsoon and Western North Pacific Monsoon)
(Delgado et al. 2010; Holmes et al. 2009; Rasanen and Kummu 2013;
Wang and Ho 2002) and TCs (Darby et al. 2013; MRC 2010a) (Figure
2). Hydroclimate in the MRB is associated with large-scale atmospheric



Aifang Chen

circulations, e.g., ENSO and Pacific decadal oscillation (PDO) (Delgado
et al. 2012; Rasanen and Kummu 2013). For example, the basin is
wetter during La Nifia years, whereas it’s dryer during El Nifio years
(Delgado et al. 2010). TC activity influencing the basin is also correlated
with these large-scale atmospheric circulations (Elsner and Liu 2003;
Lee et al. 2012; Walsh et al. 2016). In addition, weakening trends in
Indian Summer Monsoon and East Asian Monsoon (monsoon systems
influencing the MRB) have been observed (Liu et al. 2019; Swapna et
al. 2017). Altogether, global warming and dynamic changes of large-
scale circulations potentially induce hydroclimate change and thus
affect climate extremes in the MRB (Rasanen and Kummu 2013; Payne
et al. 2020).

WA Large-scale Global
helding irculation rmi
capacity circulations warming
Strong
winds B
H
Tropical Climate Mekong .
cyclones i extremes River Basin Vulnerability
' Exposure
Heavy 2
rainfall
. +
+ +
Natural
Floads hazards '

Figure 1. Schematic diagram of tropical cyclones and their impacts on the Mekong
River Basin. Global warming, climate extremes and risks are major aspects of the
climate change impacts on the Mekong River Basin. Under global warming, the
changes and impacts of climate extremes, such as tropical cyclones associated
strong wind, heavy rainfall, and floods are main focuses of the thesis. Red lines
represent positive feedbacks.

TCs in the MRB are the primary concerns of disaster risk affecting the
local inhabitants. Many well-known severe TCs and their associated
floods have hit the region that resulted in loss of life and damages to
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property. For instance, TC Ketsana in 2009 caused a total of 1.011
billion United State Dollars (USD) in economic losses (MRC 2010b).
However, the risk a climate extreme poses on society depends not only
on the occurrence of climate extremes themselves, but also the
‘exposure” and “vulnerability” a society has as a combination of the
prevailing environmental and socioeconomic factors (such as
population density and underlining assets) (IPCC 2012). Rapid
population growth (MRC 2010a; Pech and Sunada 2008) increases the
‘exposure” in the MRB. Among the riparian countries, Cambodia,
Myanmar, and Laos, are of extreme poverty (ASEAN 2017). Particularly
in the lower MRB, millions of people depend on the Mekong River for
livelihood, but live in poor conditions today (MRC 2010a). These
unstable socioeconomic conditions of the basin determine the
“vulnerability” of the local inhabitants confronting climate extremes
(MRC 2015). Additionally, in the coming decades, the basin population
will likely grow and the MRB will experience increases in temperature,
precipitation, and floods (Hoang et al. 2016; MRC 2010a; Winsemius et
al. 2016). Overall, advanced understandings of changes in TCs and the
impacts on the MRB are thus essential in order to be better prepared
for the increasing TC associated risk as a result of future climate
warming.

On average, there are 6 TCs per year influencing the MRB (1983 —
2016). Given the frequent landfalling TCs and their far-reaching societal
impacts, research is needed to promote the understanding of changes
in TCs and the associated impacts on the MRB. For example, how do
TCs and the associated rainfall (TCR) influence the MRB? To what
extent do TC induced floods affect the basin? What is the future change
in TC associated extreme wind? This thesis addresses these issues by
focusing on TCs and their associated extreme wind, rainfall, and floods.
The outcome of this thesis provides scientific evidence of the change in
TCs and the impacts on the MRB. With this thesis, we hope to show
how regional climate studies can advance our understanding of TC
impacts on humans and ecosystems.
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Figure 2. Overview map of the Mainland Southeast Asia and Mekong River Basin.
The approximate East Asian monsoon and Southwest Asian monsoon extents were

taken from Holmes et al. (2009) and Wang and Ho (2002).
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2 Background
2.1 Study Area

The Mekong River is a transboundary river listed as the 10" of the
world’s longest rivers (MRC 2010a) (Figure 3). It originates from the
southeastern Tibetan Plateau at an altitude of 5160 meters above sea
level (m a.s.l.) in China, and plunges into the ‘“Three River Area’
characterized by deep gorges and high ridges. The Mekong then flows
to the Lancang Basin. These regions make up the upper MRB (MRC
2010a). The four regions in the lower MRB it runs through are Northern
Highland, Khorat Plateau, Tonle Sap Basin, and Mekong Delta. After
flowing for 4,909 km, the Mekong discharges into the South China Sea
in Mekong Delta (MRC 2005, 2010a). In total, the MRB has a spatial
coverage of 795,000 km? consisting of parts of six countries — China,
Myanmar, Laos, Thailand, Cambodia, and Vietham (MRC 2010a).

Owing to the importance of the Mekong River to the socioeconomic
development of the basin, the Mekong River Commission (MRC,
http://www.mrcmekong.org/) has been established since the 1995, to
coordinate the lower MRB countries’ sustainability management of the
basin’s water resources (Keskinen 2008). A “State of the basin report”
was published by the MRC in 2010 to support the basin’s development
presented in MRC (2010a). According to the report, the hydroclimatic
regimes of the Mekong River are mainly controlled by monsoonal
climate, with distinct seasonal regimes. The MRB is featured with
distinct wet season (June — October) and dry season (November — the
following May). The basin is dominated by the Southwest Asian
monsoon and East Asian Summer monsoon during the wet season,
which transport warm and moist air primarily from Indian Ocean into the
basin, contributing to about 70% of the annual precipitation. The
Northeast Asian monsoon with its cold, high-pressure system occupies
the basin in the dry season, bringing little precipitation. As the
southwest monsoon incurs into the basin starting from early May, the
discharge rises and reaches its peak in the late monsoon season in
October — November; then falls and reaches its minimum in April (MRC
2005). The Mekong’s average annual discharge is about 460 km® (MRC
2010a). With respect to the components of the Mekong discharge, the
Mekong’s left bank tributaries located in Laos contribute to the largest
(55%), governed by high precipitation in this area; and the upper MRB
in China contributes to 16%. In addition, glacial melting water only
contributes to 0.1% of the annual mean discharge, because of the small
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coverage of glacier in the basin (about 316.3 km?) (Eastham et al.
2008).
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Figure 3. Terrain map of the Mainland Southeast Asia and Mekong River Basin
(modified figure 1 from paper ).

TCs are also a climate factor regulating the Mekong flood regimes
(Darby et al. 2013; MRC 2010a). TCs influencing the MRB originate
from the South China Sea, Western North Pacific (MRC 2007) and
North Indian Ocean / Bay of Bengal (Ng and Chan 2012). Among them,
Western North Pacific and South China Sea are the primary source
oceans; and Western North Pacific is the ocean basin with the greatest
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TC activity, having about 30% of global TC occurrence (Peduzzi et al.
2012). TCs usually make incursion into the MRB through Vietnam
coastline (MRC 2007) (Figure 4).
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Figure 4. Tracks of tropical cyclones landfall in the Mekong River Basin in 1983 —
2016 (Data source: International Best Track Archive for Climate Stewardship,
IBTrACS, https.//www.ncdc.noaa.gov/ibtracs/ (Knapp et al. 2010)).

The MRB area has about 70 million population, with 60 million of them
living in the lower MRB (part of the following countries: Cambodia, Laos,
Myanmar, Thailand, and Vietnam). The lower MRB countries have
substantially eradicated extreme poverty and hunger in the past
decades, but challenges still exist, as 24% of the regional population
are considered below the poverty line (ASEAN 2017; MRC 2011).
Despite the regional economic development over the past years, the
lower MRB countries are still poor, especially Cambodia, Laos, and
Myanmar (ASEAN 2017). 75% of the basin’s population settle in rural
areas, and many of them live under poor conditions with limited access
to clean water and sufficient food (MRC 2010a). The basin’s economy
is highly dependent on natural resources. Specifically, over 70% of the
locals live out of agriculture (MRC 2011). With respect to TCs, the MRB
lacks infrastructure to sufficiently cope with the destructive flooding and
storms, neither have the local communities sufficient supplies for
restoration from natural hazards (ADB 2009; ASEAN 2017; MRC
2010b, 2011). TCs and associated floods can also destroy the
farmlands leading to food insecurity. As such, TCs, food insecurity, and
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poverty are strongly linked. Thus, the MRB is vulnerable to the
challenges from TCs.

2.2 Tropical Cyclones and Impact
2.2.1 Tropical Cyclones

A TC is defined as a non-frontal synoptic-scale low pressure system
originating over tropical or subtropical waters with organized convection
and definite cyclonic surface wind circulation (Frank 1977; Henderson-
Sellers et al. 1998). TCs derive energy primarily from evaporation over
the warm ocean and associated condensation in convective clouds
concentrated near the center (Henderson-Sellers et al. 1998). As TCs
move over land, they decay because of the absence of substantial
surface enthalpy sources (Emanuel 2006; Walsh et al. 2016). The
formation of TCs occur at locations at least 5° latitude away from the
equator, requiring pre-existing disturbances and environmental support
for active deep convections (such as warm sea surface temperature [at
least 26.5°C to a depth of 60 m], moist mid-troposphere, and low
vertical wind shear) (Gray 1968; WMO 2017).

TC structure consists of a rain-free eye, an eyewall, and spiral
rainbands (Wang 2012). The TC eye is a calm area that can be as small
as 5 km in radius; the strongest winds are near the eyewall that is an
indicator of the storm’s intensity; and heavy rainfall used to occur at the
eyewall and rainbands (Frank 1977; WMO 2017). The size of TCs
varies and also during their stages, ranging from 100 to 1000 km in
radius (Wang 2012). Based on the intensity (i.e., maximum wind speed
[MWS]), TCs are classified into three main groups: tropical depressions
(< 34 knots, 1 knot = 0.51 m s™), tropical storms or tropical cyclones
(34 — 63 knots), and a third group of more intense storms (= 64 knots),
whose name depends on the origin region: typhoons (Western North
Pacific), hurricanes (Northeast Pacific Basin, or North Atlantic), and
severe tropical cyclones (Indian Ocean, or South Hemisphere) (WMO
2017).

As a main source of TCs influencing the MRB, the Western North
Pacific is the world’s most active ocean basin, because of the favorable
conditions associated with the active Madden—Julian oscillation and
equatorial waves (Camargo et al. 2009; Henderson-Sellers et al. 1998;
Molinari and Vollaro 2013; Schreck et al. 2012). However, TC activity is
also associated with large-scale atmospheric circulations and
thermodynamic structure of the atmosphere modulated by ENSO
(Elsner and Liu 2003; Ng and Chan 2012; Walsh et al. 2016) and PDO
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(Camargo et al. 2010; Goh and Chan 2010; Wang et al. 2013). For
instance, strong ENSO events can substantially influence the TC
activity in the Western North Pacific that change the seasonal frequency
of TC formation at different locations (Elsner and Liu 2003; Wang and
Chan 2002; WMO 2017). Besides, ENSO has impacts on the moving
tracks of TCs (Elsner and Liu 2003; Wang and Chan 2002). During El
Nifio years, larger number of northwestward-path TCs occurs, resulting
in a smaller number of straight-moving TCs, which can potentially
influence the MRB (Elsner and Liu 2003). PDO also has similar impact
on TC path shifting, and positive (negative) PDO phase is less (more)
favourable for TC formation (Goh and Chan 2010).

2.2.2 Tropical Cyclones Impact

TCs are one of the most disastrous natural hazards in the world
(Peduzzi et al. 2012), that have caused about 10,000 deaths and 25
billion USD worth of damages per year worldwide between 1985 and
2018 (CRED 2019). Originating from the warm humid ocean surface,
TCs often bring heavy rainfall in a short time period (Emanuel 2008),
accompanied by destructive wind storms (Mendelsohn et al. 2012),
both of which can affect large areas both inland and coast (Rappaport
2014; Villarini et al. 2014; Zhou and Matyas 2017). The predominant
deaths caused by TCs are not the associated strong winds but the
rainfall-induced floods (Hu et al. 2018; Jonkman et al. 2009; Rappaport
2014). On average, TCs caused about 14 floods per year globally in
1985 — 2018, contributing to 10.4% of all the occurred floods
(Brakenridge 2019). Meanwhile, about 45.1% of the flood-caused
deaths are associated with the TC induced floods. Such impacts
indicate the devastating impacts of TCs (Rappaport 2014).

Historically, TC events have caused many extreme floods in the MRB.
For example, extreme TC Nargis with an intensity of 116 knots made
landfall in Myanmar in 2008 and induced extreme wind, rainfall, and
floods that caused 136,000 cases of deaths (MRC 2015). Five
unprecedented sequences of tropical storms (namely Haima, Nock-
Ten, Haitang, Nesat, and Nalgae) caused exceptional historical
flooding in the year 2011 in Thailand, damaging agriculture, industry,
economy, society and other sectors (Haraguchi and Lall 2015; MRC
2014). TCR can partly cause the second peak of seasonal streamflow
in the Mekong River during the late monsoon season (i.e., September
— October), when the seasonal discharge is already high (MRC 2010a;
Nguyen 2008; Rasanen and Kummu 2013; Takahashi and Yasunari
2008). Intense TCs are a major determinant in the development of
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regional flood events in the MRB (Chhin et al. 2016; MRC 2015). It is
worth mentioning that TCs can be beneficial for the MRB by supplying
water to local areas and enacting river sediment mobilizing
downstream, which is very important for the subsiding Mekong Delta in
particular (Darby et al. 2013, 2016). The river delta is undergoing
subsidence (~1.6 cm year') and sea level rise (Erban et al. 2014). This
is however out of the scope of this thesis, so it will not be discussed
here.

2.3 Research Gaps

Prior investigations have estimated the change in TCs and TCR in the
MRB at multi-regions across MSEA (Chhin et al. 2016; Nguyen-Thi et
al. 2012a,b; Takahashi et al. 2015; Takahashi and Yasunari 2008), yet
rare are studies that have been carried out on a long-term climatology
of TCs and TCR. Moreover, past studies showed that 90% of the
mortality by TCs were caused by drowning due to storm surges and
floods in the MRB (Hu et al. 2018; Rappaport 2000, 2014), and TC
induced floods have caused deaths accounted for over 80% of total
deaths due to floods in Laos and Myanmar (Hu et al. 2018). In spite of
the devastating impact of TC induced floods on the MRB, impacts of
TC associated floods have been primarily assessed in Vietham (Balica
et al. 2014; Chau et al. 2013) and Thailand (Gale and Saunders 2013;
Haraguchi and Lall 2015), but seldomly focused on the MRB. In
addition, TC intensity and rainfall rates would most likely increase under
climate warming in the 215 century, prominently in the Western North
Pacific (Emanuel 2013; Knutson et al. 2015; Walsh et al. 2015), which
may result in increasing risk of TCs in the MRB. However, little is known
about how future climate warming are likely to affect TCs in the MRB.
Considering the disastrous impact of TCs in the MRB, quantitative
assessment of TC associated rainfall, floods and their impacts in the
past is thus needed for the region. Estimating future changes of TC
intensity in the MRB is necessary to increase the resilience of the MRB,
as TCs are a threat to the wellbeing of local inhabitants. In addition,
accurate precipitation data is fundamental to such studies, but the
sparsely and unevenly distributed ground-based rain gauges in the
basin are not able to monitor the comprehensive spatiotemporal
features of rainfall (Lauri et al. 2014; Lutz et al. 2014; Wang et al. 2016).

2.4 Aims

Given the overarching research needs, this thesis evaluates the
existing precipitation datasets for the MRB in assisting the selection of
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precipitation data for further study, investigates changes in TCs and the
associated rainfall and floods, and estimates future change in TC
intensity in the MRB. The overall aim is to contribute to the current
understanding of changes of TCs and associated extreme wind, rainfall,
and floods’ impacts on the MRB. The outcomes will enable an improved
understanding of TC impact on humans. It will support for future
mitigation and adaptation for societies under climate change.

The four objectives of this thesis are:

i) to assess the reliability of available gridded precipitation data
(paper 1);
i) to examine the climatology of landfaling TCs and the
associated rainfall (paper Il);
iii) to assess the spatiotemporal characteristics of TC induced
floods and estimate their impacts (paper lll);
iv)  to estimate the future change in TC intensity (paper IV).

11
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3 Data and Methods

Research included in this thesis focus on the MRB (paper |, II, and IV)
and the lower MRB countries — MSEA (paper lll). The studying time
periods concentrate on the recent decades from the 1980s, but they
slightly vary among researches depending on the available data.
Specifically, the time period is 1998 — 2007 in paper |, 1983 — 2016 in
paper I, 1985 — 2018 in paper lll, and 1981 — 2000 and 2081 — 2100 in
paper |V, respectively. Paper | assesses the reliability of available
gridded precipitation data to provide evidences for the selection of
precipitation data for TCR study in paper Il. Paper Il applies TC best
track and PERSIANN-CDR precipitation data to investigate changes in
TCs and TCR in the MRB. As TCs carrying heavy rainfall are prone to
trigger floods, this thesis investigates the spatiotemporal characteristics
of TC induced floods and estimates their associated impacts on society
in the MSEA in paper lll. Paper |V estimates the future change in TC
intensity under the Representative Concentration Pathway (RCP) 8.5
scenario in the MRB, in order to raise the awareness of potential climate
extremes mitigation and adaptation measures.

3.1 Data

3.1.1 Precipitation Datasets

The precipitation datasets used in this thesis consist of an interpolated
ground-based observation dataset: the Asian Precipitation — Highly
Resolved Observational Data Integration Towards Evaluation of Water
Resources (APHRODITE, paper |) (Yatagai et al. 2012), two satellite
products: the Tropical Rainfall Measuring Mission post-real-time
research products, version 7, 3B42v7 (TRMM 3B42, paper |) (Huffman
et al. 2007) and the Precipitation Estimation from Remotely Sensed
Information using Artificial Neural Networks—Climate Data Record
(PERSIANN-CDR, paper | and Il) (Sorooshian et al. 2000), and three
reanalysis products: the Climate Forecast System Reanalysis (CFSR,
paper |) (Saha et al. 2010), the European Centre for Medium-Range
Weather Forecasts interim reanalysis (ERA-Interim, paper |) (Dee et al.
2011), and the Modern-Era Retrospective analysis for Research and
Applications Version 2 (MERRAZ2, paper I) (Gelaro et al. 2017). Details
of the datasets can be found in Table 1.

In paper I, the APHRODITE is chosen as the reference data for
evaluation as it is developed based on a dense network of rain gauge
data and has incorporated a quality control (Tanarhte et al. 2012;
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Yatagai et al. 2012). Furthermore, the APHRODITE is treated as a
“‘ground truth” in many previous evaluations of gridded precipitation
datasets over the monsoon-affected Asia (Sidike et al. 2016; Sohn et
al. 2012; Tan et al. 2017).

Table 1. Global precipitation datasets used in the Mekong River Basin study (modified
Table 2 from paper ).

Temporal Spatial Spatial Temporal

Type Product ) . Reference
coverage coverage  resolution  resolution
Eurasia ox .
P 60E-150E ' ‘
0.5°* Saha et al.
CFSR 1979-2011 Global 0.5° 6-hourly (2010)
. ERA- 1979- 0.75° Dee et al.
Reanalysis Interim present Global 0.75° 6-hourly (2011)
1980- 0.5° Gelaro et
MERRA2 lobal 1-hourl
present Globa 0.625° U al 2017)
PERSIAN 1983- 60°N- 0.25° Dail Sorooshian
Sateliite N-CDR present 60°S 0.25° y et al. (2014)
TRMM 1998-2019 50°N- 0.25°* 3-hourl Huffman et
3B42 50°S 0.25° Y al oo7)

3.1.2 Tropical Cyclone Best Track Dataset

The observed TC track data, so called “best track” data, is based on all
available data consisting of ship, surface, and satellite observations
(Knapp et al. 2010). In this thesis, the best track data is obtained from
the International Best Track Archive for Climate Stewardship (IBTrACS,
https://www.ncdc.noaa.gov/ibtracs/index.php), which provides the most
complete and reliable worldwide collection of historical TC best track
dataset. The IBTrACS contains information about each individual storm
at a 6-hour interval, such as the name of the storm, position of the storm
center, type of storm, maximum sustained wind speeds (knot), and
minimum central pressure (hPa) (Knapp et al. 2010). In the archive, the
best track data from Regional Specialized Meteorological Centers
Tokyo between 1983 and 2016 is used for paper Il, which investigates
all the TCs that have affected the MRB formed in source oceans
(Western North Pacific, South China Sea and North Indian Ocean).

3.1.3 GCM Simulations

Large-scale flows, such as winds at 850 and 250 hPa, temperature and
relative humidity at 600 hPa, and sea surface temperature, from five
global climate models (GCMs) provided by the Coupled Model
Intercomparison Project Phase 5 (CMIP5) (Taylor et al. 2012) are used
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for simulating TCs influencing the MRB in 1981 — 2000 and 2081 — 2100
(under RCP 8.5 scenario) (Emanuel et al. 2008). The GCMs consist of
the GFDL-CM3, HadGEM2-ES, IPSLCM5A-LR, MIROC5, and MPI-
ESM-MR; abbreviated as GFDL5, HadGEMS, IPSL5, MIROCS, and
MPI5, respectively. The horizontal resolutions and other details of these
GCMs can be found in Table 2. Future projections under the high
emission RCP8.5 scenario is the “worst case” scenario of future TC
activity. With this projection, the extreme results from this thesis can be
seen as a warning for the “worst”, if humans take “business as usual”
development path (IPCC 2013; van Vuuren et al. 2011).

Table 2. List of five the Coupled Model Intercomparison Project Phase 5 (CMIP5) global
climate models used for the downscaling approach (modified Table S1 from paper IV).

Institute Model Average
Acronym Modelling center D horizontal Reference
name .
resolution

NOAA Geophysical 0%

GFDL5 Fluid Dynamics GFDL CM3 2.5° Donner et
2.0 al. (2011)

Laboratory

Met Office Hadley HadGEM2  1.875°* Collins et
HadGEMS  conter MOHC s 1.24° al. (2011)

" s . . o Dufresne
P : (2013)

Atmosphere and

Ocean Research

Institute (The

kbt A 1.4°% Watanabe
MIROC5 . MIROC MIROC5 e et al.

Environmental 1.4 (2010)

Studies, and Japan

Agency for Marine-

Earth Science and

Technology

Max Planck Institute MPI-ESM-  1.875°* Giorgetta
MPI15 MPI o et al.

for Meteorology MR 1.865 (2013)

3.1.4 Climate Indices

Since TC activity is related to ENSO (Elsner and Liu 2003; Ng and Chan
2012; Walsh et al. 2016) and PDO (Camargo et al. 2010; Goh and Chan
2010; Wang et al. 2013), links between these two large-scale
atmospheric circulations and TCs influencing the MRB are investigated
in paper Il. The ENSO index is obtained from the Golden Gate Weather
Services (http://ggweather.com/enso/oni.htm) and the Climate
Prediction Center from National Oceanic and Atmospheric
Administration (NOAA,
http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuf
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f/ONI_v5.php). Three months’ mean ENSO index (December -
February) is used for representing ENSO index in each year (Diamond
et al. 2013; Elsner and Liu 2003). The PDO index is obtained from the
Physical Sciences Division at the Earth System Research Laboratory,
NOAA

(http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/PDO/index.html

).
3.1.5 Floods Data

The evaluation of spatiotemporal impacts of floods in paper Il is based
on the Dartmouth Flood Observatory Global Active Archive of Large
Flood Events
(http://floodobservatory.colorado.edu/Archives/index.html). This data
archive records information about any floods from 1985 with significant
damages or fatalities such as location, duration, affected population,
geographic flood extents, flood magnitude, and main causes
(Brakenridge 2019). Since this thesis is interested in estimating the
impact from the TC induced floods, two groups of floods are
investigated: floods by all various possible causes (ALLFloods), and TC
induced floods (TCFloods).

3.1.6 Gridded Population Data

The estimation of flood impact is assisted by the gridded population
data to normalize flood induced impact. Population data is derived from
the National Aeronautics and Space Administration (NASA)
Socioeconomic Data and Applications Center (SEDAC): Global
Population Count Grid Time Series Estimates, vl (GPCv1) (CIESIN
2011, 2017), and Gridded Population of the World, Version 4 (GPWv4):
Population Count, Revision 11 (CIESIN 2018). Regarding the gridded
population data’s temporal interval, GPCv1 provides every 10 years in
1970 — 2000; and GPWv4 provides every 5 years in 2000 — 2020.

3.1.7 Flood Protection Standard Database

To explore drivers of the spatial heterogeneity of flood impacts, the
flood protection standards database — FLOodPROtection Standards
(FLOPROS) (Scussolini et al. 2016) is employed. This database
contains information of actual, enforced flood protection on different
spatial scales, in particular structural measures of flood protection such
as dikes, levees, and reservoirs. The information on flood protection
measures is presented as flood return periods which is associated with
the estimation of probability of flood events. In other words, flood return
periods are defined as the inverse of the annual exceedance probability
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of flood events (Bangalore et al. 2019). The higher flood return periods
indicate higher flood protection measures to prevent from flood risk.

3.2 Methods
3.2.1 Statistical Analyses

Several commonly used statistical methods are employed in the thesis,
such as the Pearson's correlation coefficient (r, paper | and Il), partial
correlation coefficient (paper Il), relative bias (RBS, paper I),
normalized root mean-square error (NRMSE, paper 1), and Nash—
Sutcliffe coefficient of efficiency (NS, paper I) (Moriasi et al. 2007; Nash
and Sutcliffe 1970). A score-based method, Rank Score (Fu et al.
2013), is then employed to achieve the purpose of evaluating an overall
performance of each data, based on the results of above listed
assessment statistical methods (r, RBS, NRMSE, and NS). Taylor
diagrams are used to visualize the statistic performance (Taylor 2001).
For trend analyses, Sen's slope (Sen 1968) and Mann-Kendall (Kendall
1938) are applied, with a confidence level of 95% (p < .05) (paper |, Il,
and Ill). Sen’s and Mann-Kendall methods are broadly used in
hydroclimate time series data analyses (Feng and Zhou 2012; Wu et al.
2016).

3.2.2 Definition of Tropical Cyclone Associated Rainfall

Previous studies indicated that most of the TC associated rainfall (TCR)
take place within a radius of 500 km (Jiang and Zipser 2010; Khouakhi
et al. 2017; Lin et al. 2015). This thesis defines the TCR as any rainfall
occurred inside an area centered with the TC center alongside its track
(Jiang and Zipser 2010; Khouakhi et al. 2017; Zhang et al. 2018). This
area is a square box with a half side length of 500 km (i.e., 1,000 km in
diameter) (in paper Il). Since the precipitation data employed in this
study is PERSIANN-CDR, the TC center of all the TCs influencing the
MRB is aggregated from a 6-hour into daily interval to match the
temporal resolution of precipitation data. With this definition, TCR is
then computed along the daily TC track's center (Figure 5). Spatial
patterns of monthly, seasonal, and annual TCR are calculated, as well
as the basin scale temporal mean TCR. The spatiotemporal mean total
precipitation is also assessed, in order to evaluate the contribution of
TCR (TCR contribution to total precipitation, abbreviated as TCRC, in
%) at each period of interest.

Extreme precipitation indices are employed to analyze the influence of
TCR on extreme precipitation, namely, the R20mm (days of heavy
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precipitation rate 2 20 mm day™') and R50mm (days of extremely heavy
precipitation rate = 50 mm day') (Donat et al. 2013; Imbach et al. 2018;
Lestari et al. 2016). The ratio of extreme precipitation days caused by
TCs to annual total precipitation is also measured.

—the MRB boundary
— Country boundary
30 * TC center .
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Z
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90 95 100 105 110 115
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Figure 5. An illustration of spatial coverage of a tropical cyclone on 24" - 27" June
1983 across the Mekong River Basin. The red dash circle is the range of 500 km
radius of the tropical cyclone centre; and the rainfall that occurs within the shaded red
solid square area is considered as tropical cyclone rainfall in this study (modified
Figure 1 from paper ).

3.2.3 Normalization of Flood Loss

Normalizing flood induced impact on human live loss and displacement
is important because, for example, changes in flood mortality can be
attributed by increased population density instead of flood intensity over
time and space (Jonkman 2005; Neumayer and Barthel 2011). Here,
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the thesis first estimates annual gridded population by intermediate
years’ interpolation using the annual exponential growth rate (Balk et
al. 2006; Doxsey-Whitfield et al. 2015). The potentially influenced
population of floods is then estimated to normalize flood impacts on
humans regarding displacement and mortality rates, defined as the total
population within the corresponding flood spatial extent (paper Ill).
Normalized flood mortality and displacement rates are measured as
follows (Cunado and Ferreira 2015; Jonkman 2005; Neumayer and
Barthel 2011):

. Number of Dead
Mortality rate = log (1 + — /D — ) eq. (1)
Potentially influenced population per million persons
. Number of Displaced
Displacement rate = log (1 + —— S DLsp — ) eq. (2)
Potentially influenced population per million persons

3.2.4 Tropical Cyclone Downscaling Simulations

GCMs tend to underestimate TC activity constrained by their coarse
horizontal resolutions (~100 km) (Camargo 2013; Zhang et al. 2017a).
Common dynamic downscaling simulations using regional climate
models do not have sufficient horizontal resolutions (~10 — 50 km), nor
are they cost-efficient to perform (Emanuel 2008; Emanuel et al. 2008).
A downscaling technique developed by Emanuel et al. (2006, 2008) is
able to overcome the above-mentioned drawbacks (Emanuel et al.
2008). Briefly, this technique first randomly distributes weak warm-core
vortices (25 knots) in space and time. A majority of these vortices will
dissipate due to the unfavorable environmental conditions failing to
form TCs. The seed vortices are then propagated according to the beta-
and-advection model along the ambient large-scale flows from GCMs,
generating a large number of synthetic TCs (~103%). The large-scale
flows are constrained to have compatible statistics agreed with
historical observations. A simpler embedded model (Coupled Hurricane
Intensity Prediction System) is finally run along the simulated synthetic
TCs tracks to estimate their intensity. The Coupled Hurricane Intensity
Prediction System model is phrased in angular momentum coordinates,
yielding a high radial resolution of the TC’s eyewall region, which is
critical to determining the TC intensity (Emanuel 2006, 2008; Emanuel
et al. 2006). The technique can also be used for future TC activity
projection (Emanuel 2013; Lin et al. 2012). Prior studies have proved
the capability of this technique in simulating TCs and applications in risk
assessment (Emanuel 2017a; Lin et al. 2012; Mendelsohn et al. 2012).
Interested readers can refer to Refs Emanuel et al. (2006, 2008), which
offer more in-depth descriptions of this downscaling technique.
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The downscaling technique is applied to simulate TC activity influencing
the MRB both at a historical period (1981 — 2000) and future projection
(2081 — 2100, RCP8.5 scenario), using large-scale flows from the five
GCMs employed from CMIP5 (Taylor et al. 2012). These GCMs meet
the requirements for the technique (Emanuel et al. 2006) and have
good continuity between historical and future projections (Emanuel
2013, 2017a). Regarding all the generated TCs, only those with
intensity greater than 30 knots passed a predefined MRB boundary are
treated as the TCs influencing the MRB. Simulation of the historical TCs
using GCMs is first carried out. The annual frequency of TCs from each
GCM is calibrated to match the best track data derived from the Joint
Typhoon Warning Center (JTWC,
http://www.metoc.navy.mil/jtwc/jtwc.html), obtaining a calibration
constant. The future simulation for each GCM is then completed to
estimate for example, the annual frequency of TCs in 2081 — 2100,
using the calibration constant under the RCP8.5 scenario.
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4 Results and Discussions

4.1 Evaluation of Gridded Precipitation Datasets

In paper |, assessment reveals that most of the investigated datasets
agree with the general precipitation patterns in the MRB for 1998 — 2007
in comparison with the APHRODITE reference data. MERRA2 and
TRMM 3B42 perform the best regarding statistical performance at all
the temporal scales (annual, wet season, dry season, and daily) (Figure
6). These two datasets show relatively smaller bias and higher
correlation coefficients. PERSIANN-CDR lists as third in terms of
statistical performance. In addition, MERRA2 and ERA-Interim have
higher similarities to APHRODITE in resembling the probability density
distribution of daily mean precipitation.
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Figure 6. Taylor diagram of precipitation in the Mekong River Basin for 1998 — 2007,
with shapes and colours indicating temporal scale and investigated data, respectively
(Figure 5 in paper ).

Regarding spatial variability, TRMM 3B42 well captures the spatial
distribution of precipitation (Figure 9 and 10 in paper |) when compared
with APHRODITE. PERSIANN-CDR also shows high spatial variability
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with the reference data. CFSR is reasonable at resembling the spatial
variability of precipitation. However, it overestimates the magnitude and
statistical significance of negative trends, particularly in the lower MRB.
Both MERRAZ2 and ERA-Interim present inconsistent spatial variability
compared with the APHRODITE.

Overall, the satellite products (TRMM 3B42 and PERSIANN-CDR)
perform better in capturing the precipitation of APHRODITE than
reanalysis products on both spatial and temporal scales across the
MRB; and TRMM 3B42 is superior to PERSIANN-CDR. As to the
reanalysis products, MERRAZ is better at resembling the precipitation’s
temporal variability; however, it somehow underestimates the
precipitation. Although CFSR and ERA-Interim largely overestimate the
precipitation, they are good at capturing the spatial variability of
precipitation, and daily precipitation probability, respectively.

Divergent performances of the investigated datasets in the assessment
root in their individual unique remote sensors and numerical models
(Decker et al. 2012; Wang and Zeng 2012). A reanalysis uses a
background forecast physical model and assimilates available
observations to simulate a state of atmosphere (Betts et al. 2006; Sun
et al. 2018; Wong et al. 2017). Accuracy of the estimated precipitation
depends on the assimilated observations, model parameterizations,
and forecast-analysis systems (Betts et al. 2006). The precipitation
correction algorithm of MERRAZ2 can be a reason for its good
performance in estimating precipitation temporal variability (Gelaro et
al. 2017; Reichle et al. 2017a,b); but the exclusion of land surface
analysis may lead to unreliable spatial distribution of precipitation
(Reichle et al. 2017a). Lauri et al. (2014) also indicates relatively poor
performances of CFSR and ERA-Interim.

Since satellite precipitation products have the advantages of consistent
spatial continuity and high temporal frequency (Ashouri et al. 2015;
Nasrollahi et al. 2013), they generally capture better spatiotemporal
variability of precipitation than reanalysis products (Rana et al. 2015;
Seyyedi et al. 2015; Tan et al. 2017). TRMM 3B42 combines high-
quality infrared and passive microwave measurement satellite
information and gauge analyses to estimate precipitation, with a bias
adjustment using the latest Global Precipitation Climatology Centre
data (Huffman et al. 2007; Huffman and Bolvin 2012). As the passive
microwave measurement satellite observations are limited in the pre-
1997 period, they hinder the development of long-term satellite-based
precipitation products, because most of the existing satellite
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precipitation products, for example TRMM 3B42, depend on the input
of these observations (Ashouri et al. 2015). With the help of an artificial
neural network model, PERSIANN-CDR is developed primarily using
the global archived infrared satellite information, so that it avoids the
requirement of passive microwave measurement satellite observations
(Ashouri et al. 2015; Huang et al. 2016; Sorooshian et al. 2000). The
PERSIANN-CDR has incorporated a bias adjustment using the Global
Precipitation Climatology Project monthly precipitation data. The
reliabilities on spatial and temporal scales of PERSIANN-CDR and
TRMM 3B42 have been proved in pioneering studies (Chen et al.
2013b; Rana et al. 2015; Tan et al. 2017).

To summarize, each precipitation dataset has its pros and cons, fitting
different aims of studies. A suitable investigation for the selection of
precipitation data is necessary for individual studies. TRMM 3B42 has
a short temporal availability from 1998 which is not feasible for long-
term climatological studies. PERSIANN-CDR is the only satellite-based
global precipitation data available from 1983, allowing a long-term
investigation of water cycle (Ashouri et al. 2015). Given the PERSIANN-
CDR’s good performance and long temporal availability, it is applied for
further study of TCR in the MRB in paper Il.

4.2 Tropical Cyclones and Their Associated Rainfall

4.2.1 Tropical Cyclones

Paper Il shows that 6.2 TCs influenced the MRB for 13 days per year
on average between 1983 and 2016 (Figure 7), with a mean MWS of
51.8 knots. About 91% of the TCs were formed in Western North Pacific
and South China Sea, and the remaining 9% was from North Indian
Ocean / Bay of Bengal. Among the 6.2 TCs, 5.2 of them occurred in
monsoon-TC season (June — November). Both annual TC number
(-0.1 year™, p < .05) and TC duration (-6.2 hours year™, p < .05)
significantly decreased during these years. Overall, there was a
decreasing trend in the frequency of TCs influencing the MRB.
Additionally, a declining trend was also observed in MSEA in 1951 —
2000 (in September) (Takahashi and Yasunari 2008).

Two possible reasons could explain such a decreasing TC frequency
trend. First, TCs influencing the MRB primarily formed in Western North
Pacific and South China Sea. Although no clear change in TCs was
observed in the Western North Pacific (Liu and Chan 2013; Tao and
Lan 2017; Yeh et al. 2010), a shifting flow of TCs from straight-moving
to northwestwards was observed for the TCs originated from Western
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North Pacific since the 1960s (Lee et al. 2012; Park et al. 2011; Wu et
al. 2005). Such a shift resulted in the declining number of TCs entering
the South China Sea and influencing the MRB (Lee et al. 2012; Park et
al. 2014; Wang et al. 2013). Meanwhile, an enhancement of TC trend
existed in East Asia caused by the shift (Chen et al. 2013a; Park et al.
2011, 2014). Second, fewer TCs have formed over the southern South
China Sea from 1977 (Park et al. 2014), and a decreasing trend in the
post-monsoon TCs existed in the Bay of Bengal since the 1960s (Sahoo
and Bhaskaran 2016), which was associated with the increasing sea
surface temperature in the tropical Indian Ocean (Wang et al. 2013).
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Figure 7. Characteristics of annual tropical cyclone (TC) activity across the Mekong
River Basin for 1983 — 2016. (a) TC number; (b) TC duration (in hours); (c) mean
maximum wind speed (MWS) of TCs (in knot). Black dash line in each sub-figure is the
5-year moving average (Figure 5 in paper Il).

Consistent with previous studies, such as Park et al. (2011, 2014),
significant correlations between TCR and TC indices were observed
(TC number and duration). TC intensity was found correlated with the
genesis location of TCs (Park et al. 2011, 2014). Although TC activity
closely correlated with ENSO and PDO (Elsner and Liu 2003; Jiang and
Zipser 2010; Lee et al. 2012; Walsh et al. 2016), results showed
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negative but insignificant correlation coefficient between TC number
and ENSO/PDO (Table 1 in paper Il). However, the total precipitation
was found to significantly correlate with these two circulations.

4.2.2 Tropical Cyclone Associated Rainfall

Regarding the annual distribution, both total precipitation and TCR
mainly took place in the monsoon season. The monthly total
precipitation peaked in July — August, but TCR peaked in September —
October (Figure 8). In addition, the TCR occurred in June — November
contributed to 95% of annual TCR. The most active TC season in
Western North Pacific (and South China Sea) is June — November with
peak months varying between July and October (Camargo and Sobel
2005; Wang and Chan 2002; Wang et al. 2013); and TC landfall in the
MRB reaches its peak in September — October (MRC 2015; Nguyen-
Thi et al. 2012a). Hence, results from this thesis are consistent with
previous studies.
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Figure 8. Spatially averaged precipitation (in mm) across the Mekong River Basin for
1983 — 2016. (a) Annual total precipitation; (b) Monthly mean total precipitation; (c)
Annual tropical cyclone associated rainfall (TCR); and (d) Monthly mean TCR. Black
dash line in (a) and (c) is the 5-year moving average, and the grey shade in (b) and (d)
is the range of +1 standard deviation. Equations shown in (a) and (c) are the linear trend
regressions, respectively (Figure 3 in paper Il).
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Over the MRB, the annual mean total precipitation was about 1,470 mm
year' and the annual mean TCR was 36.7 mm year for 1983 — 2016.
No clear trend was observed in annual mean total precipitation, but a
significant decreasing trend in TCR existed in the MRB during 1983 and
2016 (-1.1mm year™, p < .01). On average, TCR attributed a minor
amount of 2.5% to annual total precipitation in the basin (1983 — 2016).

The annual mean total precipitation in the MRB exhibited distinct spatial
gradient: increases from northwest to southeast. The annual mean TCR
mainly occurred in the lower MRB, with west to east increasing gradient.
About 66.6% of the basin area was under the influence of TCR. The
lower eastern part of MRB received the maximum precipitation from
both annual mean total precipitation and TCR with the amount of 2800
and 330 mm year, respectively (Figure 9a, b). TCs landfall in the MRB
used to pass Vietnam (MRC 2007, 2015) resulting in the high TC track
density concentrated on the eastern lower MRB (Figure 8 in paper Il).
In regard to the annual mean TCR contribution to the total precipitation
(TCRC), its spatial distribution was dominated by TCR, with the
maximum TCRC of 12.4% located in the eastern lower MRB (Figure
9c). Contribution of extreme precipitation from TCR also concentrated
on the eastern lower MRB (Figure 4 in paper Il). Moreover, the TCR is
crucial in terms of extreme precipitation, with the maximum contribution
of 17.1% for R20mm, and 29.6% for R50mm.
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Figure 9. Spatial patterns of annual mean (a) total precipitation (in mm), (b) tropical
cyclone associated rainfall (TCR) (in mm), and (c) contribution of TCR to total
precipitation (TCRC) (in %) across the Mekong River Basin for 1983 — 2016 (Figure 2
in paper ).
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For the short duration but high spatiotemporal concentration of TCs in
the eastern lower MRB, TCs landfall in the MRB may potentially induce
floods affecting local area by carrying heavy rainfall (Rios Gaona et al.
2018; Zhang et al. 2018). This can be exacerbated when high frequency
of TC successions hit the area especially in September, which has
higher probability in Southeast Asia than elsewhere in the Tropics
(MRC 2015). Results of the large contribution of TCR to extreme
precipitation are also evidence of the flooding risk.

4.3 Tropical Cyclone Induced Floods

In paper lll, this thesis further investigates the TC impact on floods
occurred in the lower MRB countries — MSEA. Similar to TCR,
ALLFloods (floods by all possible causes) and TCFloods (TC induced
floods) reached their peaks in August — October, and October —
November, respectively. These different flood peaks were associated
with the timing of monsoon and TC landfall (paper Il) (Nguyen-Thi et al.
2012a; Wang and Chan 2002). ALLFloods showed significant
increasing trend in 1985 — 2018 (Figure 2 in paper lll); no clear trend
was found in TCFloods, which could be partly explained by the
insignificant trend in landfalling TC intensity (Park et al. 2014) and TCR
(in paper IlI). On average, the annual mean occurrence of TCFloods
amounted to 24.6% of ALLFloods. Regarding the trends in flood
indices, annual mean flood severities of ALLFloods and TCFloods
significantly increased (1985 — 2018), whereas flood-induced mortality
(ALLFloods) and displacement rates (ALLFloods and TCFloods)
decreased significantly (1988 — 2018) (Figure 4 in paper Ill). However,
abrupt spikes of the TCFloods impact indices occurred in some years
marked the extreme influences from uncommon TCFloods events
(Doocy et al. 2013).

Spatial distribution of TCFloods was distinct from ALLFloods in the
MSEA. ALLFloods scattered over the region as monsoon rainfall is a
main cause, which is regulated by the southwest monsoon (Delgado et
al. 2010) (Figure 10). TCFloods mostly occurred in the eastern MSEA
primarily because of the TC landfall tracks in the region (paper Il).
Central Vietham was a focal area of flood occurrence with the highest
annual flood frequency of 1.3 year' and 0.6 year' for ALLFloods and
TCFloods, respectively.

Respecting relative impacts, TCFloods posed higher impacts on
humans than the average of ALLFloods on the regional scale. For
example, there were higher mortality and displacement rates from
TCFloods than ALLFloods at most of the magnitudes during the same
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time periods (Figure 11). Higher mortality rate from TCFloods was also
found on the national scale, as the ratio of TCFloods mortality to
ALLFloods mortality were much higher than the ratio of these two floods’
occurrences (Figure 6 in paper lll, and Table 3). Among the five
countries, Myanmar and Cambodia suffered more from TCFloods than
other countries, even though Vetnam had the highest flood occurrence.
Specifically, the annual mean of 30.0% contribution from TCFloods
occurrence in Vietnam has led to 64.0% of Vietham’s flood mortality,
but the annual mean of 8.0% TCFloods occurrence in Myanmar has
caused 45.0% of Myanmar’s flood mortality.
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Figure 10. Spatial pattern of annual mean flood frequency in the Mainland Southeast
Asia for 1985 — 2018. (a) floods by all causes (ALLFloods), (b) tropical cyclone-induced
floods (TCFloods), and (c) ratio of TCFloods frequency to ALLFloods frequency (in %)
(Figure 7 in paper ).
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Figure 11. Relationship between flood magnitude and other flood indices by every 11
years: 1985 — 1995, 1996 — 2006, and 2007 — 2017 in the Mainland Southeast Asia. (a)
flood numbers, (b) mortality rate, and (c) displacement rate. The blue, orange and red
color denote the time period of 1985 — 1995, 1996 — 2006, and 2007 — 2017,
respectively. The solid line represents floods by all causes (ALLFloods), and the dashed
line with circle marker represents tropical cyclone-induced floods (TCFloods) (Figure 5
in paper Ill).

Table 3. Statistics of annual mean floods and mortality in riparian countries of the
Mainland Southeast Asia for 1985 — 2018. The floods by all causes is abbreviated as
ALLFloods, and the tropical cyclone-induced floods is abbreviated as TCFloods. The
ratio of TCFloods number to ALLFloods number is calculated, as well as the ratio of
TCFloods mortality to ALLFloods mortality (modified Table S2 from paper lll).

Countries Cambodia Laos Myanmar Thailand Vietnam
ALLFloods 0.4 0.2 0.8 23 3.7
Flood number
(number per TCFloods 0.1 0 0.1 0.3 1.1
year) Ratio (%) 21.4 16.7 7.7 11.7 29.8
ALLFloods 0.6 0.2 0.6 1.3 1.9

Flood-induced

mortality rate TCFloods 0.1 0.1 0.3 0.4 1.2

Ratio (%) 21.9 23.2 45.5 29.3 64.5

Adequate flood protection measures are an important mean to reduce
flood risk (Jongman et al. 2014; Palmer 2013; Scussolini et al. 2016).
Divergent flood protection standards in the MSEA show spatial
heterogeneous flood protection measures implemented to prevent flood
risk. Thailand has the highest national mean flood protection standards
(17.9 years return period), followed by Vietnam (10.4), Laos (6.8),
Cambodia (3.4), and Myanmar (2.2). In fact, Myanmar has basically no
flood protection, as natural bank-full discharge can prevent against
floods with a 2-year return period (Scussolini et al. 2016). Low/no flood
protection standards in Myanmar and Cambodia can be a critical factor
to their high flood impacts (Figure 12a). At subnational level, the
spatially featured flood protection at areas with high flood occurrence is
effective at preventing floods. For example, high flood occurrence areas
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in central (Thra Thién Hué province) and northern (Hanoi) Vietnam are
facilitated with the highest flood protection standards nationwide (up to
120 years return period). Neither Cambodia nor Myanmar have
adequate flood protection standards at the subnational level. Overall,
all five countries suffer from high magnitude floods.

Joint analysis of flood protection standards and spatial population
distribution in 2015 in the MSEA (Figure 12b) further reveals potential
challenges for the locals from projected future floods (Hoang et al.
2016) with TC induced floods in particular. Higher flood protection
standards have been facilitated in large cities with high population
density, e.g., Hanoi in Vietham, and Bangkok in Thailand. Other highly
populated areas however, still lack sufficient flood prevention
measures, especially the Mekong Delta, which is facing high risk of
floods aggregated by the sea level rise and land subsidence (Erban et
al. 2014). Therefore, the flood protection in the MSEA is not yet
sufficient to deal with potential flood risk.
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Figure 12. Spatial pattern of flood protection standards and population count in the
Mainland Southeast Asia. (a) flood protection standards (year), and (b) gridded
population in 2015 (persons per km?). The flood protection standards data is
FLOodPROtection Standards (FLOPRQOS) from Scussolini et al. (2016). Population
data is Gridded Population of the World, Version 4 (GPWv4): Population Count,
Revision 11 (CIESIN, 2018) (Figure 8 in paper lll).
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4.4 Future Change in Tropical Cyclone Intensity

In paper 1V, comparison of best track and historical synthetics for 1981
— 2000 indicates that the downscaling technique is able to simulate
synthetic storm events with compatible statistics of the best track’s
(Figure 13). Such reliabilities in simulating synthetic storm events in
other regions have also been proven in previous studies (Emanuel
2017b; Kowch and Emanuel 2015; Zhu et al. 2013).
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Figure 13. Comparison of return periods (unit: year) of the maximum wind speeds
induced by tropical cyclones in the Mekong River Basin for 1981 — 2000 based on best
track data and historical simulations from each of the five global climate models
(GCMs): GFDL5 (a), HadGEMS5 (b), IPSL5 (c), MIROCS (d), and MPI5 (e). The green
dots are for the best track data, and the blue dots are for five GCMs. The blue dashed
lines show the 90% confidence interval based on estimated best track data sampling
error (Figure 1 in paper IV).

Compared with 1981 — 2000, simulations present general shorter return
periods of TC’s MWS in the MRB in 2081 — 2100 under the RCP8.5
scenario based on the five GCMs, indicating increasing MWS of TCs
influencing the MRB in the future (Figure 14). For instance, TC events
with MWS of 140 knots that occur once every 98.7 years (median rate)
at present, is predicted to occur once every 44.7 years in 2081 — 2100.
This result discloses that the future TC intensity will be intensified in the
MRB. The projected TC intensity increase is associated with increasing
potential intensity under climate warming (Emanuel 2008, 2013).
Specifically, climate warming will result in an increasing enthalpy jump
at the sea surface. As the surface enthalpy fluxes is a decisive factor
for TCs, such increase will facilitate the creation and development of
TCs with higher intensity (Emanuel 2013; Emanuel and Sobel 2013). In
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addition, climate warming associated smaller vertical wind shears may
be another reason for the increases in TC intensity in Western North
Pacific (Zhang et al. 2017a).
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Figure 14. Return periods of the maximum wind speeds in the Mekong River Basin
associated with synthetic tropical cyclones simulated from each of the five models over
the period 1981 — 2000 from historical simulation (solid dots), and 2081 — 2100 from
the RCP8.5 scenarios (hollow squares): GFDL5 (a), HadGEMS5 (b), IPSL5 (c), MIROC5
(d), and MPI5 (e) (Figure 2 in paper IV).

Further analyses of the TC intensity in four selected maijor cities in the
MRB (Can Tho, Phnom Penh, Nakhon Ratchasima, and Vientiane)
show increasing TC intensity from high to low latitude at both periods
(1981 —2000 and 2081 —2100) (Figure 3 in paper 1V). On the one hand,
consistent increasing TC intensities for 2081 — 2100 are estimated at
Can Tho and Phnom Penh which are closer to the coast than the other
two cities. On the other hand, the relatively smaller increases in TC
intensity in the higher latitude area may result in substantial risk,
because of the lacking experience in facing intense TCs in this area.

Fast coastal development, such as shipping, coastal tourism, and
coastal settlement, has promoted more densely populated coastal
areas than ever before (Merkens et al. 2016; Neumann et al. 2015),
which drives higher exposure of assets to TC induced hazards. For
example, increasing future TC intensity in a coastal area like Can Tho
can have catastrophic damages. Also, intensified TCs are prone to
induce storm surges in the coastal area (Lin et al. 2012; Powell and
Reinhold 2007), which will be further amplified by the future rising sea
levels (Lin et al. 2016; Walsh et al. 2016) and sinking Mekong Delta
(Erban et al. 2014). On top of increasing exposure, rising future TC
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intensity will most likely escalate future TC associated wind and flood
risks, particularly in these coastal areas (Woodruff et al. 2013).

Overall, TCs have extensive impacts on the MRB due to the associated
extreme wind, rainfall, and floods. TC induced floods have caused high
impacts on mortality and displacement rates. In the MRB countries, the
poor inhabitants suffered the most from TCs and floods (ASEAN 2017;
MRC 2010b; Hallegatte et al. 2017). Thailand and Vietnam are the two
world’s most important rice exporting countries (USDA 2019). The
projected intensified TCs in the MRB could disturb rice production in
these countries, particularly in the Mekong Delta, by means of heavy
rainfall and storm surges, which may cause global food market disorder.
Consequently, TCs have substantial impacts on the MRB and may
imperil sustainable development, which could aggravate conflicts in the
region and beyond.
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5 Conclusions

The thesis aims at estimating the TC associated extreme wind, rainfall,
and floods impact on the MRB, because of TCs’ potential disastrous
impacts. In general, this thesis evaluates the reliability of existing
gridded precipitation datasets, estimates the changes in and impacts of
TC associated rainfall and floods, and projects the future change in TC
intensity in the MRB. Results show that TCs influence the MRB
primarily by carrying extreme precipitation and causing floods. TC
induced floods have substantial impacts on human mortality and
displacement rates. The projected consistent increasing intensity of
future TCs raises a concern about future rising TC related risks. Taking
the TC impact on the MRB as a case study, this thesis provides
advanced knowledge and understanding of the change in TCs and their
impacts on the MRB and other areas facing similar issues. The scientific
contributions of this thesis can be summarized as follows:

.  TRMM 3B42 and PERSIANN-CDR precipitation data show
higher reliability on both spatial and temporal scales in the MRB
than the reanalysis products (paper I).

II.  TC induced rainfall plays a minor role in the annual mean total
precipitation in the MRB, but TCs are crucial to the occurrence
of extreme rainfall events, particularly at the eastern lower basin
(paper II).

[lI.  TC induced floods amount to 24.6% occurrence of all the
occurred floods between 1985 and 2018; and TC induced floods
cause relatively higher human mortality and displacement rates
than the average of what all floods causes do (paper lll).

IV. Compared with 1981 — 2000, shorter return periods of TC
intensity in the MRB for 2081 — 2100 are projected based on five
GCMs under the RCP8.5 scenario, indicating increases in the
future TC associated risk (paper V).
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6 Future Research Outlook

To better understand how TCs influence the MRB, the thesis advances
the understanding of the impact TC associated rainfall, and floods had
in the past, as well as how the future TC intensity may change. Many
more fundamental aspects of the hydroclimate, and socioeconomic
impacts require research. For example, since the TC rainfall area varies
along with the TC size, using techniques to outline TC rainfall swaths
instead of a fixed TC radius, would provide more accurate TCR
detection (Lin et al. 2015; Rios Gaona et al. 2018). Such analysis would
offer a better understanding of the TCs contribution to producing
extreme rainfall events in the MRB. Research has found intensified TC
associated rainfall rates in other regions of the world, as a result of
anthropogenic warming (Emanuel 2017a; Knutson et al. 2019; Risser
and Wehner 2017). Have TC associated rainfall rates changed in the
past in the MRB? The seasonal TC induced extreme rainfall pattern
also requires research, which has not been investigated in this region.
Moreover, how will this pattern change under the weakening Indian
Summer Monsoon and East Asian Monsoon (Liu et al. 2019; Swapna
et al. 2017)? All these questions aim to advance the understanding of
TC associated extreme rainfall events.

Antecedent soil moisture is a critical factor linked to floods (Bennett et
al. 2018; Do et al. 2020). TCs making landfall in the late monsoon
season are prone to induce floods, partly because of the highly
saturated anecdote soil caused by the monsoon rainfall (Delgado et al.
2010; MRC 2010a). More efforts should be done to explore how much
the antecedent soil moisture induced by monsoon rainfall attribute to
the floods induced by TCs. What is the difference between TCs making
landfall in the pre-monsoon and post-monsoon seasons? Advanced
understanding of these issues would benefit the estimation of TC
induced floods and the associated socioeconomic impacts.

In addition, various projections indicate rising probability of intensified
TCs under the future climate warming (Choi et al. 2019; Emanuel 2013;
Walsh et al. 2016). In particular, there is medium-to-high confidence
that TC intensity and the proportion of intense TCs will increase, as well
as the TC rainfall rates under the 2 °C anthropogenic warming (Knutson
et al. 2019). How the future TC rainfall rates and associated floods
occurrences will change under climate warming in the MRB needs
further research.
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Ultimately, socioeconomic development is related to the impacts of TCs
(Mendelsohn et al. 2012). Increasing wealth (“exposure”) in the TC
landfalling regions are the primary reason for the increasing TC related
damages around the world during the past decades (Bouwer 2011;
Pielke et al. 2008; Weinkle et al. 2012). Climate extremes’ impact on
economic losses and fatality have large spatial and interannual
variabilities with higher economic loss in developed countries, and live
loss rates in developing countries (IPCC 2012). In addition, combining
the scenarios of projected socioeconomic global changes (Shared
Socioeconomic Pathways [SSPs]), projections show coastward-
migration under all the SSPs with the continuous future growth of
coastal population (Merkens et al. 2016; Neumann et al. 2015), as well
as a growing economy (Leimbach et al. 2017). More efforts are needed
to estimate the future TC impact on societal development in the MRB,
which shall consider the spatiotemporal changes of “exposure” and
“vulnerability” (Woodruff et al. 2013).
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