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Abstract

Identification of the sources of the spatio-temporal information of flooding is important for flood control and under-
standing the water dynamic. Flood disasters are generally caused by two main sources: fluvial and pluvial flooding.
However, there is a gap in information and challenge of such particular information in the Mekong River Basin (MRB)
known as the largest river basin in Southeast Asia. This paper aims to analyze the spatio-temporal hydrograph separa-
tions of flooding and to determine the fluvial and pluvial sources of inundation water in the Lower Mekong Basin
(LMB) by using a distributed rainfall-runoff-inundation (RRI) model and time-space accounting scheme (T-SAS)
method. This study focuses on the two major flood events in 2000 and 2011, whose characteristics were different. The
one in 2000 was long in terms of flood duration and it was the historically largest annual total flood water with twice
the peak times in July and September. The 2011 flood had the highest flooded water during the peak time; however,
its annual total flood water was less than the one in 2000. The results of spatio-temporal sources of flooding indicated
that during the flow peak time in 2000 and 2011, the flow at Kratie was mainly contributed by 30-day (67%) and
100-day (98%) precipitation from the upstream. The drainage area of the MRB in China, northern Lao PDR, southern
Lao PDR and eastern Thailand, and Cambodia and Vietnam contributed to peak flood at Kratie by 13%, 27%, 33%, and
27% for the 2000 flood and 12%, 33%, 38%, and 16% for the 2011 flood. The source of inundated water in the LMB was
derived from upstream flow (fluvial source) of 35-36% and local rainfall (pluvial source) of 64-65%. Even though flood
events in 2000 and 2011 had different characteristics, the sources of flood inundation in the LMB for both events were
majorly from the local rainfall rather than the upstream flow. The large annual flood volume and long during of flood-
ing in 2000 caused severe total economic damages up to 517 million US$ in the LMB countries (Cambodia, Lao PDR,
Thailand, and Vietnam), while the high peak inundated water in 2011 with shorter flood duration caused damages of
493 million USS.

Keywords: Flood inundation, Spatio-temporal separations, Fluvial and pluvial sources, Lower Mekong Basin, RRI
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Introduction

The Mekong River Basin (MRB) is the largest river basin
in Southeast Asia, extending over an extensive area of
795,000 km? with an enormous average discharge of
14,500 m?/s (MRC 2005). One of the dominant features
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of the MRB lies in its annual flooding which drives not
only the exceptionally high productivity and biodiversity
in its ecosystem, but also the downstream regions (i.e.,
the Tonle Sap Lake ecosystem, the Mekong Delta). In a
large river system such as MRB, seasonal flows can be
quite variable from year to year and the magnitude of the
annual hydrograph is not predictable.

While the magnitude of floods is typically quantified
by peak discharge, this is not a good enough measure,
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especially in large rivers such as the MRB, since there
are other aspects of a flood that are often as important
or more important (i.e., duration of the flow, flood vol-
ume). It is estimated that almost 80% of the approxi-
mately 70 million people from the four countries in the
Lower Mekong Basin (LMB) depend on the river and its
rich natural resources for their livelihoods, living in the
flood-prone area (Try et al. 2019). Every year, intense
rainfall, generated by tropical storms sweeping over the
LMB, often causes a rise of water level in tributary catch-
ments, as well as later in the main river channel. Such an
event results in severe damages to social infrastructure
(e.g., houses, roads, and bridges) and sometimes even
leads to loss of human life (ADB 2012). The economic
cost of floods, however, varies significantly from country
to country. The spatio-temporal information of flood-
ing is important for flood control and understanding the
water dynamic, especially for a large and complex system
like the MRB.

Extreme rainfall is usually a major factor causing flood
damage by two main different mechanisms: pluvial and
fluvial floodings (Tanaka et al. 2020). Pluvial flooding
happens when the short-term extreme rainfall exceeds
infiltration and discharging capacity causing flood in
the same area as rainfall. Fluvial flooding refers to the
high water level in the river channel from the upper area
reaching over the bank height. Generally, pluvial flood-
ing occurs more often, while fluvial flooding could lead
to severe economic damage (Moftakhari et al. 2017). Spa-
tio-temporal evaluation of flood and its related damage is
important to comprehend its impact and reduction strat-
egy preparation (Duan et al. 2016). Understanding the
primary cause of flooding provided essential information
to support decision makers in mitigating floods in the
future (Zou et al. 2020). An effective flood management
could be used to improve sustainable water management
and ecosystem conditions for cross-border river basin
such as the MRB (Duan et al. 2019, 2020).

Hydrograph separation is referred to as various analy-
ses commonly performed to decompose hydrographs
into sub-hydrographs and considered as the first step
to catchment-scale water balance analysis. In hydrol-
ogy, hydrograph separation and the identification of the
baseflow contribution to streamflow is not a new sub-
ject (Pelletier and Andréassian 2020). There are vari-
ous hydrograph separation methods which range from
empirical to analytical and physical methods (Buttle
1994; Uhlenbrook and Hoeg 2003; Tan et al. 2009; Mei
and Anagnostou 2015; Pelletier and Andréassian 2020).
The time (when) and space (where) of rainfall during and
before flooding are the principal information for identify-
ing the cause of floods. In the small-scale river basin, the
lag time between rainfall and flooding is short. However,
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this lag time can be delayed to a long period in the large-
scale river basin. For example, Sayama et al. (2015a, b)
found that 6-month rainfall showed the highest cor-
relation to peak inundation volume in the Chao Phraya
River Basin in Thailand. Try et al. (2020a) determined
that 3-month precipitation had the highest correlation
to peak discharge and inundation volume in the Mekong
River Basin (MRB).

Water balance analysis not only provides an under-
standing of the water cycle in a river basin, but also is an
important step for water resource planning and manage-
ment. Precipitation is one of the most important variables
for the water balance analysis. The future change of inten-
sity and frequency of precipitation will affect the flood
characteristic in the river basin. Climate change impacts
on water resources have also been reported in the assess-
ment reports of the Intergovernmental Panel on Climate
Change (IPCC 2014). Climate change has an impact on the
hydrological system by altering the hydrological cycle and
precipitation patterns, thereby affecting the overall avail-
ability of freshwater resources (Pendergrass et al. 2017;
Halofsky et al. 2018; Muir et al. 2018; Jain and Singh 2018;
Wu et al. 2020). Given the spatio-temporal dynamics of
precipitation, evapotranspiration, surface runoff, and base-
flow components, and their alterations due to impending
climate change, it is important to estimate the spatio-tem-
poral dynamics of flooding and water balance analysis.

This paper aims to investigate the spatio-temporal
sources of rainfall causing flooding through a distrib-
uted rainfall-runoff-inundation (RRI) model and a
time—space accounting scheme (T-SAS) on the two large
historical flood events in 2000 and 2011 which were clas-
sified as the largest historical flood events in the MRB
(MRC 2005; ADB 2012). This paper also provides further
understanding of flood dynamics and the information of
fluvial and pluvial sources contributed to flooding inun-
dation in the LMB.

Methodology

Study area

The MRB, the largest river basin in Southeast Asia and
one of the world’s largest river systems with a catch-
ment area of 795,000 km? has its main river flowing
over a distance of nearly 5000 km through six countries,
including China, Myanmar, Thailand, Lao PDR, Cam-
bodia, and Viet Nam (MRC 2005). The climate of the
MRB is dominated by the Southwest Monsoon, generat-
ing two distinguished seasons, namely the wet and dry
seasons, usually with the starting of monsoon season in
May and ending in late September or early October. The
mean annual discharge of the Mekong is approximately
475 km?®. The Mekong mainstream can be divided into six
main “reaches’, taking into account the consideration of
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hydrological regimes, physiography, land use, and exist-
ing planned and potential resource development. Most of
the water contribution to the Mekong flows comes from
Laos, particularly the tributaries that enter downstream
of Vientiane Nongkhai. Most areas inside the LMB were
floodplain with low elevation (Fig. 1) and were identified
as flood-prone areas (Try et al. 2018a, 2019).

Flood inundation model

This study used a rainfall-runoff-inundation (RRI)
model capable of simulating rainfall-runoff and flood
inundation simultaneously (Sayama et al. 2012, 2015a,
2015b). The RRI model is a two-dimensional distrib-
uted model dealing with diffusive wave approxima-
tion equations enabling considering the interaction of
water exchange from the downstream cell and upstream
cell (i.e., backwater effect), which cannot be taken into
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account in the distributed model based on kinematic
approximation. The RRI model computes runoff using
saturated subsurface flow for the mountainous region
and Green-Amp infiltration in the floodplain area.

The RRI model simulates unsaturated subsurface flow
based on the Darcy equation with a variable hydraulic
conductivity k. It uses the power form of k (= k,,,(1,/d,,)),
where £k, is the saturated hydraulic conductivity in capil-
lary pores, 8 is an exponent parameter, d,, is the maxi-
mum water content in capillary pores, and /4, is water
content represented by an equivalent water height. Once
hg exceeds d,,, water also flows in non-capillary pores,
parameterized by their saturated hydraulic conductiv-
ity k,. Furthermore, when /1, exceeds d, or the maximum
water content in the soil layer, saturated excess overland
flow also occurs on the soil layer. The derived equation is
summarized as follows:

hs \ P 0 H,
—kimdm (a) o (hs < dy)
H, H,
qx = —kg(hs — dm)h - kmdmbr dm < hs < dp) , (1)
dax ox
1 0H; OH, 0Hj 0H,
——(hs — da)S/B . Sgn< ) —ka(hs — dw) — — kmdm—> (da < hy)
n dx ax 0x ax
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Fig. 1 The location of the study area: the Mekong River Basin (left) and the Lower Mekong River Basin (right)
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where g, is the x-direction discharge (the same equa-
tion is used for y-direction), k, is the lateral saturated
hydraulic conductivity, d,, is the soil depth times effective
porosity, n is Manning’s roughness, and sgn is the signum
function. To assure continuity of the discharge change,
lateral hydraulic conductivity in capillary pores can be
estimated as k,=k_,/B, so that k,, is no longer the inde-
pendent parameter. The RRI model uses the hydraulic
gradient (0H/0x) in diffusive wave approximations.

The RRI model has been widely used for different pur-
poses in various study areas confirming its good per-
formance and ability to simulate flood inundation. For
example, the RRI model was used to study the characteris-
tics of the 2011 flood (Sayama et al. 2015b) and hydrologic
sensitivity of rainfall-runoff and inundation (Sayama et al.
2015a) in the Chao Phraya River Basin, Thailand. Try et al.
(2018b) used the RRI model for reproducing a historical
large flood event in 2000 in the MRB, and Try et al. (2020b)
evaluated the performance of satellite-based precipitation
products. Perera et al. (2017) and Try et al. (2020b) used
the RRI model to evaluate the effects of climate change in
the LMB by considering various representative concentra-
tion pathways (RCPs) and sea surface temperature (SST)
scenarios. Moreover, Try et al. (2020a) used the RRI model
for the projection of extreme flood inundation events in
the MRB. In addition, the RRI model has been successfully
applied for flood inundation study in other river basins,
including Nyaungdon Area (Khaing et al. 2019) and Bogo
River Basin (Bhagabati and Kawasaki 2017) in Myanmar,
Batanghari River Basin in Indonesia (Yamamoto et al
2020), Kabul River Basin in Afghanistan (Sayama et al.
2012), Kalu and Mundeni River Basins in Sri Lanka (Rasmy
et al. 2019), Kelantan River Basin in Malaysia (Chong et al.
2017; Tam et al. 2019), and other river basins in Japan (Say-
ama et al. 2019, 2020).

This study used the river geometry whose shapes are
noted by river width W (m) and river depth D (m) as in the
following equations:
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W = CyASY, 2)
D = CpA®>, (3)

where Cy/, Sw, Cp and Sp are river geometry parameters,
and A is the upstream contributing area (km?). Try et al.
(2018b) calculated the geometry coefficients Cy, Sw, Cp,
and Sp with values of 0.0015, 0.7491, 0.0520, and 0.7596,
respectively, for the MRB. This study employed the pre-
cipitation dataset from GPCC (Ziese et al. 2018) whose
performance for discharge and flood simulations was
checked and validated by Try et al. (2020a, 2020b, 2020c).
The evapotranspiration dataset was taken from the Japa-
nese 55-year Reanalysis dataset (JRA-55) with 3-hourly
and 0.5625° resolution (Kobayashi et al. 2015). The topog-
raphy data including digital elevation model (DEM), flow
direction (DIR), and flow accumulation (ACC) derived
from Multi-Error-Removed-Improved-Terrain (MERIT
DEM, Yamazaki et al. 2017) and land use from MODIS
(product: MCD12Q1) for 2000 (Friedl et al. 2010) were
used as input to the RRI model in this study. The detailed
values of input parameters of the RRI model can be found
in Table 1.

To evaluate the model performance in simulation of
river discharge, the coefficient of determination (R?)
and Nash-Sutcliffe efficiency (NSE) were used:

3 (Qsim (t) — Qops())?

NSE = 1 — —\2
Z (Qobs(t) - Qobs)

(4)

3 ((Qsim (&) — Qsim ) (Qobs () — Qobs ))?

Z (Qsim(t) - @)2 Z (Qobs(t) - @)2
(5)
where Qgim (£) and Qs () are the simulated and observed
discharge at time step ¢, and Qsim and Qgps are the sim-
ulated and observed average discharge. The values of
NSE and R? are 1 for the perfect prediction of model
simulation.

R? =

Table 1 The values of parameter setting of the RRI model used in the study

Parameters Symbol Unit Mountains Plains
Manning’s coefficient for slope n (m~135) 04 0.015
Soil depth d (m) 1.0 -
Lateral saturated hydraulic conductivity k, (m/s) 0.1 -
Parameter of unsaturated hydraulic conductivity B - 9.0 -
Vertical hydraulic conductivity k, (cm/h) - 0.06
Soil porosity 10} - - 0.6
Wetting front soil suction head St - - 0.273
Manning's coefficient for river n (m~135) 0.03

river
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To evaluate the model performance of model for
simulation of inundation extent, the statistical indica-
tors of true ratio (TR) and hit ratio (HR) were used and
defined as the following:

3 ICops N ICsim

TR 6
ICsim ( )

_ ICopbs N ICsim
[Aobs

HR s (7)
where ICg, and IC,s are the number of inundated cell
from model simulation and MODIS observation data.
Both TR and HR become 1 for the estimation of perfect
overlap inundation area.

T-SAS method
To analyze the temporal and spatial sources of water and
their flow path, this study used a time—space accounting
scheme (T-SAS, Sayama and McDonnell 2009) to assess
the dynamic of residence space and time sources of flow
from the RRI model. The T-SAS solved the time—space
hydrograph that tracks the flow contributed by rainwater
originated from certain time classes and spatial zones as
illustrated in Fig. 2. By providing the number of temporal
classes (7) and spatial zones (S), the dimension of the T—
SAS matrix of T'x § is assigned for each grid cell.

The matrices of temporal and spatial sources are con-
tinuously updated by draining the water from the upper

Topography
Rainfall
ET
Land-use
River geometry

RRI model (Sayama et al., 2012)

Outlet ID
Time ID
Space ID > !
Water flux
Water storage

T-SAS (Sayama and McDonnel, 2009)

Storage
f separation _l
Temporal Spatial
separation separation

Fig. 2 Schematic diagram of the RRI model and the T-SAS method
for this study separation of the temporal and spatial hydrograph

components

Page 5 of 15

area to the lower area until the target outlet location. The
storage elements must be defined at each grid cell and
each flow path independently in the RRI model (Fig. 2).
In the RRI model, flow at river grid cells is also consid-
ered as one of the storage elements. For a surface and
subsurface slope grid cell and based on the storage and
discharge relationship given by Eq. (1), there are three
different storage elements comprising capillary and non-
capillary pores and the soil surface. Then T-SAS assumes
that the water stored in each element is mixed according
to advection fluxes calculated by the hydrologic model,
which results in the following mass balance equation.

dvs(i,j, k L vs(Li k) XL (i) k
S(l] ):qu(l,]) S( ] )_qu(l,]) s(l] )
=1 m=1

dt Vi(L,)) Vs (i)
S '7 ’1]
+p(i k) = (e(irf) +ryg (i,i))vv(l(fj;)
. Vg (irjg k)
+res\b)) 7~
7w (%) Ve (irJe)

(8)
where v(i, j, k) is the water volume at grid cell i in ele-
ment j corresponding to the separating component k.
For the subsurface and surface layer, element j can be a
capillary pore (j=1), or a non-capillary pore in the soil
layer (j=2) and on the surface (j=3) in the RRI model.
The variable V (i, j) represents the total volume of stored
water at grid cell i and j-th element. The variable g,(i, /)
is the discharge from the i-th grid cell, therefore the first
term on the right side of Eq. (8) corresponds to inflows
from surrounding grid cells [ ({=1, ... L) to the i-th grid
cell at the j-th element, while the second term represents
all outflows (with the number of outflow components M)
from the i-th grid cell at the j-th element. The variable
p(i, k) is rainfall having the separating component infor-
mation of k. The variables e(i, j) and rsg(i, j) are evapotran-
spiration and recharge to bedrock groundwater from the
i-th grid cell and the j-th element. Note that precipitated
water is assumed to be mixed with surface water if sur-
face water exists, otherwise it is mixed with the subsur-
face flow in the non-capillary soil layer. In the case of zero
water storage in the non-capillary layer, the precipitated
water is mixed with capillary water. The T-SAS program
numerically integrates the differential equation using the
fifth-order Runge—Kutta algorithm with adaptive time
step control (Cash and Karp 1990), which is used also for
numerical integration in the RRI model (Sayama et al.
2012, 2015a, 2015b). With this explicit scheme, all terms
on the right side of Eq. (8) are approximated from the
previous time step. This study classifies the spatial sepa-
ration of four main zones and temporal discrete based
on 0-10 days, 11-30 days, 31-60 days, 61-100 days, and
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more than 100 days prior to the peak time of river flow at
Kratie for flood events in 2000 and 2011.

Fluvial and pluvial sources of flooding

This section presents the method to identify the flu-
vial and pluvial sources of flood inundation in the LMB.
In this study, the components to be considered in flood
inundation modeling of the RRI in the LMB are local
rainfall, local evapotranspiration, and boundary dis-
charge condition (discharge at Stung Treng). The flu-
vial inundation water contributed by upstream flow
was taken from the simulation of the RRI by consider-
ing only boundary conditions of discharge and ignoring
local rainfall and evapotranspiration (Eq. 9). The pluvial
inundation that happened from local rainfall was derived
from the simulation of the RRI model using input local
rainfall subtracted by the inundation caused by upstream
discharge (Eq. 10).
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Fluvial inundation water = RRI(Qupstream)-

9)

Pluvial inundation water = RRI(Qupstream, R, ET')

— RRI (Qupstream) .
(10)

Results

Model simulation performance

The performance of the RRI model was assessed in
terms of river discharge and flood inundation extent
for the two large flood events in 2000 and 2011. This
study used statistical indicators of coefficient of deter-
mination (R?) and Nash-Sutcliffe efficiency (NSE) to
evaluate the model performance for river discharge. To
evaluate the model performance of inundation extent,
the statistical indices of true ratio (TR) and hit ratio
(HR) were used. Figure 3 shows a comparison of sim-
ulated and observed discharge at Kratie at which the
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Fig. 3 Time series comparison (left) and scatter plot (right) of simulated and observed discharge at Kratie for 2000 (upper) and 2011 (lower)
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Observation

2000

201

Model simulation

Fig. 4 Simulation and observation of inundation in the LMB for 2000 and 2011

spatio-temporal hydrograph separation is performed in
the next section. The results of river discharge showed
a satisfactory performance with R>=0.91 (0.96) and
NSE=0.86 (0.95) for 2000 (2011) flooding. In addi-
tion, the spatial performance of simulated and observed
flood inundation in the LMB is displayed in Fig. 4 for
2000 and 2011 flood events. The accuracy of spatial
performance of flood inundation were TR=0.76 and
HR=0.83 for 2000, and TR=0.70 and HR=0.89 for
2011.

Targeted flood events featuring long-term water balance

Besides the simulation of two large flood events in 2000
and 2011, the long-term simulation from 1982 to 2016
was conducted to determine the components of water

balance in the MRB and to compare these events with
floods in the other years. Figure 5 shows the water bal-
ance in the MRB of rainfall, evapotranspiration, run-
off, and basin storage water. In addition, the inundation
in the LMB was also calculated. During the simulation
period of 1982-2016, the average annual basin rainfall
was 1492 mm, while the rainfall in 2000 and 2011 was
higher than the other years with the annual accumulated
values of 1809 mm and 1734 mm, respectively. The basin
evapotranspiration was 923 mm for the average, 959 mm
for 2000, and 903 mm for 2011. Similar to rainfall and
runoff, the basin storage in 2000 and 2011 was high
among the considered period.
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The annual precipitation in 2000 flood was higher than
the one in 2011 by 4.3%; as a result, the total annual run-
off was estimated to be higher in 2000 by 4.4% compared
with 2011 (i.e., total runoff of 874 mm and 837 mm for
2000 and 2011 floods). However, the peak discharge at
Kratie in 2011 was found to be 10% higher than the 2000
flood (60,007 m?/s for 2011 and 54,319 m*/s for 2000). In
addition, the peak inundation extent and flood volume
in the LMB were also estimated to be higher in 2011 by
3.25% (39,365 km? and 38,126 km?) and 11.2% (148 km?
and 134 km?®) than the one in 2000, respectively.

The large annual inundated water and long flood dura-
tion in 2000 caused the total economic flood damages in
the LMB riparian countries (Cambodia, Lao PDR, Thai-
land, and Vietnam,) of 517 million US$, while the large
magnitude of 2011 caused economic damages of 493

million US$ (MRC 2015). To investigate the main cause
of the inundation extents and volumes in both flood
events in 2000 and 2011, we investigated the temporal
and spatial information of the sources of rainfall inside
the basin contribute to downstream floodwater of the
MRB in the following section.

Time-space hydrograph separation

After the simulation of the RRI model, the water com-
ponents for each gridded cell and its spatio-temporal
information were recorded in files and recalled again for
tracing their pattern in T-SAS for hydrograph separation.
Figure 6 illustrates the temporal distribution and separa-
tion of discharge during the flood season in the MRB at
Kratie for 2000 and 2011. The total flow at Kratie from
May to December was 571 and 529 billion m® of water
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for 2000 and 2011. We classified the duration of rainfall
as 0-10 days, 11-30 days, 31-60 days, and 61-100 days,
more than 100 days prior to peak time to evaluate the
temporal sources of rainfall contributed to the flow at
Kratie. The results of temporal separation from T-SAS
simulation indicated that the majority of rainfall sources
of the annual floodwater was within 30-day (67%) and
100-day (98%) rainfall before peak time of flow at peak
time in 2000 and 2011. The 10-day rainfall prior to peak
accounted for 30% and 35%, while rainfall from 11 to
30 days was identified by 37% and 32% for 2000 for 2011,
respectively. Another 31% of flow at peak time for both
flood events were from rainfall in 31-100 days prior to

peak time. The contribution of rainfall from 31-60 to
61-100 days was 16% and 15% for the 2000 flood and
21% and 10% for the 2011 flood. Only the remaining 2%
of flow was contributed by rainfall before 100 days before
the peak (pie charts in Fig. 6).

The spatial zones in Fig. 7 were classified into four
sub-areas to identify their sources of origination: Upper
Mekong Basin from China and Myanmar from upstream
to Jinghong (pink, noted as zone 1), northern Lao PDR
from Jinghong to Vientiane (blue, noted as zone 2),
southern Lao PDR and eastern Thailand from Vientiane
to Khong Chiam (green, noted as zone 3), and the area in
Cambodia and Vietnam (red, noted as zone 4) with the
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total area sizes of 145,593 km?* (23%), 158,044 km? (25%),
234,826 km? (36%), and 106,223 km? (16%), respectively.
This study focused on spatial separation for hydrograph
at a hydrological station at Kratie in the LMB for flood
events in 2000 and 2011. Figure 7 shows the spatial sepa-
ration results of discharge at Kratie from May to Decem-
ber of the T-SAS simulation. The total annual discharges
originated from zones 1, 2, 3, and 4 by 21%, 40%, 22%,
and 17% for the 2000 flood and 18%, 28%, 39%, and 15%
for the 2011 flood. In addition, we evaluated the sources
of flow during the peak time and the period of 100 days
prior to peak time as illustrated in donut charts in Fig. 7.
At the peak discharges of 54,319 m>/s on September 8,
2000, the source of flooding was from zones 1, 2, 3, and 4
by 13%, 27%, 33%, and 27%, while the peak of 60,007 on
September 22, 2011 was contributed by 12%, 33%, 38%,
and 16%. The contributions of sources from each zone to
100 days of flow prior to peak time were 15%, 24%, 38%,
and 23% for the 2000 flood and 13%, 30%, 36%, and 21%
for the 2011 flood.

Discussion

Effect of precipitation on 2000 and 2011 floods compared
to other years

In addition to the identification of spatio-temporal infor-
mation of flood events in 2000 and 2011, we assessed
the effect of precipitation contribution from each spatial
zone at the two periods of 30 days and 100 days prior to
the peak time as the majority contributed to the peak

discharge. Figure 8 and Table 2 compare the amount of
precipitation within 30 days and 100 days prior to the
peak discharge in each spatial zones of 1, 2, 3, and 4 from
1982 to 2016. The 30-day rainfall amount prior to peak
time of discharge was+25%, —36%, —20%, and+21%
for 2000 and —25%, —17%,+ 14%, and+31% for 2011
for zones 1, 2, 3, and 4 compared to the average of
30-day rainfall of 35 years (Table 2). The total of 30-day
rainfall of all four zones did not show significant varia-
tion (i.e., 184 billion m? (-12%) for 2000 and 218 billion
m? (4+5%) for 2011) compared to the average of 208 bil-
lion m3. However, there was a significant increase of 100-
day precipitation prior to the peak time of discharge for
both 2000 and 2011. The increased rainfall of the total
of four zones was+12% and+20% for 2000 and 2011,
respectively. For 2000, the dominant increase was from
zone 4 with an increase up to+ 36%, while increases in
zones 1, 2, and 3 were only+10%,+ 1%, and + 9%. There
was an almost equal increase in rainfall amount in zones
2, 3, and 4 (+24%,+26%, and + 23%), while there was a
decrease in precipitation from zone 1 (—14%) compared
to the average of 35-year rainfall.

Comparison of upstream flow and local rainfall

on inundated water in the LMB

The separations of fluvial and pluvial sources of inunda-
tion in the LMB in 2000 and 2011 were obtained from
the results of the RRI model simulation by considering
upstream flow and local rainfall and ET. Figure 9 shows
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the daily inundation water volume in the LMB from flu-
vial and pluvial floodings from May to December in 2000
and 2011. During the two flooding events, fluvial flood-
ing water showed a similar volume accounting for 36%
and 35%, and the pluvial flooding water accounted for
64% and 65% for 2000 and 2011, respectively. The results
indicated that the majority source of inundation water
in the LMB are from local precipitation (64—65%); how-
ever, during the peak inundation with a water volume of
134 km® in 2000 and 148 km® in 2011, the fluvial inun-
dation water increases its capacity 41-42%, while the
inundation distribution from pluvial flooding was only
58-59%. Figure 10 illustrates the spatial distribution
during the peak inundation with its fluvial and pluvial
sources.

Summary and conclusion

The spatio-temporal information on the sources of rain-
fall provides a basic understanding of water dynamics
in the river basin and flooding information. Identifying

when and where of rainfall which contributes to cause
the flooding is a challenging task and limitation of
studies nowadays. In addition, the understanding of
fluvial and pluvial sources of floodings would provide
information on flood characteristics and support the
preparation of countermeasures to severe flood damage
reduction.

By the integrated application of a fully distributed flood
inundation (RRI) and a time—space accounting scheme
(T-SAS) method, the time and space separations of the
sources of river discharge in the Mekong River Basin
(MRB) were investigated. Moreover, this study estimated
the fundamental sources of river discharge and inun-
dated water during the large historical flooding events in
2000 and 2011 in the Lower Mekong Basin (LMB). The
key findings from this study are the following:

+ During flood periods from May to December for
flood events in 2000 and 2011, the major sources
of peak flow in Kratie came from 30-day (67%) and
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Table 2 Comparison of 30-day and 100-day precipitaiton for each spatial zone from 1982 to 2016

Year  30-day precipitation [10° m?] Total 100-day precipitation [10° m3] Total
Zone 1 Zone 2 Zone 3 Zone 4 Zone 1 Zone 2 Zone 3 Zone 4

1982 17 37 83 33 68 137 217 88

1983 16 31 68 35 67 140 204 75

1984 17 59 102 48 78 137 218 99

1985 26 56 60 16 81 147 216 88

1986 24 54 83 49 53 131 203 98

1987 25 46 100 32 75 124 234 82

1988 12 18 58 29 58 112 183 56

1989 16 33 52 16 68 114 195 63

1990 16 40 84 45 70 144 249 108

1991 22 46 117 51 79 145 251 136

1992 15 38 80 50 54 113 213 118

1993 30 50 82 46 79 133 226 108

1994 17 53 112 54 63 162 269 143

1995 22 70 95 28 73 170 256 79

1996 18 28 105 57 71 136 247 117

1997 19 52 81 34 69 141 242 105

1998 18 49 66 31 80 136 183 80

1999 24 55 69 26 81 141 219 109

2000  25(4+25%) 38(—36%) 70(—20%) 51 (+21%) 184 (—12%) 77 (+10%) 142(+1%) 255 (+9%) 150 (+36%) 624 (+12%)

2001 23 56 104 52 77 163 252 126

2002 19 51 114 57 69 141 271 129

2003 24 50 110 47 73 135 231 104

2004 20 48 82 29 73 143 259 129

2005 26 53 97 56 76 160 271 148

2006 18 67 96 61 63 164 256 138

2007 12 37 85 48 68 130 245 151

2008 27 70 80 37 68 153 237 100

2009 11 24 70 45 68 1M1 222 122

2010 22 48 106 31 68 143 250 76

2011 15(=25%) 49(=17%) 99 (+14%) 55(+31%) 218 (4+5%) 60 (—14%) 175 (24%) 296 (+26%)  135(4+23%) 666 (+20%)

2012 20 50 73 37 78 148 204 108

2013 20 41 91 62 72 166 266 143

2014 30 56 109 64 61 112 228 136

2015 26 Zone 2 72 29 61 128 212 93

2016 16 37 76 41 71 146 235 106

Avg 20 59 87 42 208 70 141 235 110 556

The values in brackets in 2000 and 2011 represent the relative value of increase (+) or decrease (—) compared to the average value of all 35-year data

100-day (98%) precipitation in the upstream drainage
area.

The area ratio of the Chinese Upper Mekong (zone
1), northern Lao PDR (zone 2), southern Lao PDR
and eastern Thailand (zone 3), and Cambodia and
Vietnam (zone 4) of 23%, 25%, 36%, and 16% con-
tributed to peak flow at Kratie by 13%, 27%, 33%, and
27% for the 2000 flood and 12%, 33%, 38%, and 16%
for the 2011 flood.

.

The main factor causing the 2000 flood was a large
amount of 100-day rainfall in zone 4 prior to peak
discharge at Kratie, while the large rainfall amount
was observed in zones 2, 3, and 4 driving the high
flow in the 2011 flood.

The inundation water in the LMB was 35-36% from
the upstream flow (fluvial source) and 64—65% from
the local rainfall (pluvial source).



Try et al. Geoscience Letters (2022) 9:5

m'g 2000

%150_ I Pluvial flooding ]
2 Fluvial flooding

o

=

c

kel

®

°

2

=1

£

[2a]

s

= May Jun Jul Aug Sep Oct Nov Dec
& 2011

g r T T T T T
= [ Pluvial flooding

o Fluvial flooding

o

=

c

S

©

el

c

3

£

[aa]

= 0

=1 May Jun Jul Aug Sep Oct Nov Dec

Fig. 9 Separation of pluvial and fluvial sources of inundation water
from May to December for 2000 and 2011

Page 13 of 15

» Flood events in 2000 and 2011 in the MRB had differ-
ent characteristics, but the sources of flood inunda-
tion in the LMB for both events are majorly from the
local rainfall rather than the upstream flow.

However, there might be some limitations and uncer-
tainties in our study. This study did not consider the
effect of model uncertainty in the analysis. This effect
might influence the accuracy for spatio-temporal separa-
tion of hydrograph and fluvial-pluvial sources of flood
inundation. In addition, the water consumption for urban
water supply, agricultural irrigation, and hydropower
generation was not taken into account in our analysis yet.
Lastly, the potential impact of land use change should be
considered for future study.
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