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GRAPHICAL ABSTRACT

Interannual variations of monthly surface water volume of the Tonle Sap watershed (a), anomalies of ENSO 3.4
(b) and PDO (c) indices over 1997-2017.
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ABSTRACT

Lakes and reservoirs have been identified as sentinels of climate change. Tonle Sap is the largest lake in both the
Mekong Basin and Southeast Asia and because of the importance of its ecosystem, it is has been described as the
“heart of the lower Mekong"”. Its seasonal cycle depends on the annual flood pulse governed by the flow of the
Mekong River. This study provides an impact analysis of recent climatic events from El Nifio 1997/1998 to El
Nifio 2015/2016 on surface storage variations in the Tonle Sap watershed determined by combining remotely
sensed observations, multispectral images and radar altimetry from 1993 to 2017. The Lake's surface water vol-
ume variations are highly correlated with rainy season rainfall in the whole Mekong River Basin (R = 0.84) at
interannual time-scale. Extreme droughts and floods can be observed when precipitation deficit and excess is re-
corded in both the Tonle Sap watershed and the Mekong River Basin during moderate to very strong El Nifio/La
Nifia events (R = —0.70) enhanced by the Pacific Decadal Oscillation (R = —0.68). Indian and Western North
Pacific Monsoons were identified as having almost equal influence. Below normal vegetation activity was ob-
served during the first semester of 2016 due to the extreme drought in 2015.
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1. Introduction

Climate variability and human population growth have led to inland
waters being identified as some of the most severely endangered eco-
systems (Rosenzweig et al., 2007). Lakes and reservoirs are widely dis-
tributed around the world and act as integrators of changes occurring in
their watershed, the surrounding landscape and the atmosphere
(Schindler, 2009; Williamson et al., 2009a). As their physical, chemical,
and biological properties respond rapidly to climate-induced changes,
they offer a valuable source of information for assessing and monitoring
the effects of climate change (e.g., Magnuson, 2000; Lemoalle et al.,
2012). Lakes and reservoirs are commonly seen as sentinels of climate
change as their physical, chemical, and biological responses to climate
variations integrate the changes occurring in their catchment (Adrian
et al., 2009; Schindler, 2009; Williamson et al., 2009a,b).

Tonle Sap Lake in Cambodia is the largest lake and wetland ecosys-
tem in the Mekong River Basin (MRC, 2005). It is considered as the
“heart of the Lower Mekong” due to the exceptional biodiversity of its
ecosystem (Campbell et al., 2006) and is also one of the most productive
ecosystems in the world (Lamberts, 2006) with its high productivity
being linked to the flood pulse of the Mekong River (Kummu et al.,
2006). The hydrological cycle in the Mekong River Basin is governed
by the monsoon regime, itself being strongly influenced by El Nifio
Southern Oscillation (ENSO). El Nifio events are responsible for a
decrease in the rainfall, discharge and annual flood period (Rdsdnen
and Kummu, 2013). Conversely, La Nifia increases the rainfall, discharge
and annual flood period. The combination of climate-related and
anthropogenic (hydropower, irrigation) changes in the Mekong River
Basin are expected to cause large modifications to the flood pulse of
the Tonle Sap (Kummu and Sarkkula, 2008; Vdstild et al., 2010). The
frequency and intensity of drought and flood events in the region
have increased over the past few decades, impacting irrigated fields
(Cruz et al.,, 2007; Kamoshita and Ouk, 2015). Dam construction and
operations in the Chinese Upper Mekong Basin are also altering the
hydrological regime in the Lower Mekong Basin (Stone, 2010; Lu
et al.,, 2014). Development of new hydropower dams in the Chinese
Upper Mekong Basin combined with possible development of
thirty-eight new dams in the Vietnamese Lower Mekong Basin will
have a major impact on the hydrological regime of this region (see
Lu et al., 2014 for the impacts on the Chinese Upper Mekong Basin;
Arias et al., 2014 for the impacts on the Vietnamese Lower Mekong
Basin).

Remotely sensed observations offer a unique opportunity to contin-
uously monitor floods in large watersheds. Previous studies have deter-
mined spatio-temporal flooding extent by applying a threshold
approach to land surface reflectances, or spectral indexes from the
MODerate resolution Imaging Sensor (MODIS) radiometer (Sakamoto
et al., 2007; Arias et al., 2012; Siev et al., 2016; Fayne et al., 2017) in
the Tonle Sap watershed. Gravity Recovery and Climate Experiment
(GRACE) products have recently been used along with MODIS images
to estimate total water storage and identify flood events in the Tonle
Sap watershed (Tangdamrongsub et al., 2016). Estimates of surface
water volume changes in the Tonle Sap watershed are sparse and
have only been for short time-periods (e.g., 1997-2005 in Kummu
and Sarkkula, 2008; and 2003-2005 in Siev et al., 2016).

The purpose of this study is to estimate Tonle Sap lake storage vari-
ations over the two last decades and analyze the link between its annual
variations with atmospheric forcing, especially climatic oscillations.
Surface water storage variations of the lake are computed over the
1993-2017 time span, through a synergistic use of flood extent derived
from MODIS land surface reflectances (see Sections 3.1 and 4.1) and
altimetry-based water levels (see Sections 3.2 and 4.2). During these
two decades, three extreme droughts (1998, 2015, and 2016) and
three exceptional floods (2000, 2002, and 2011) occurred in the Tonle
Sap watershed. In the following, relationships with climate variability
are discussed through comparisons with climate indices (Sections 3.3

and 5.2). A first impact assessment of the extreme drought of 2015 on
the Tonle Sap ecosystem is also presented.

2. Study area

Ninety-five percent of the Tonle Sap Lake drainage area is located in
Cambodia, with the remaining 5% in Thailand. It is the largest lake and
wetland in the Mekong River Basin and the largest lake in Southeast
Asia (MRC, 2005; Campbell et al., 2009). Its whole drainage basin oc-
cupies an area of 85,800 km? (i.e., 11% of the whole surface of the Me-
kong basin, MRC, 2003) (Fig. 1). The lake-floodplain system extends
from 2400 km? during the low water period to 16,000 km? at peak
flood during wet years (Lim et al., 1999; Kummu and Sarkkula, 2008).

The catchment incorporates five different land cover classes, as de-
scribed by Arias et al. (2012):

Open water (under water from 9 to 12 months a year and covering an
area of 3027 km?),

Gallery forest (annually flooded for 9 months and covering an area of
197 km?)

Seasonally flooded habitats, composed of shrublands and grasslands
(annually flooded from 5 to 8 months on average and covering an
area of 5409 km?)

Transitional habitats dominated by abandoned agricultural fields, re-
ceding rice/floating rice, and lowland grasslands (annually flooded
from 1 to 5 months on average and covering an area of 3658 km?)
Rainfed habitats mostly composed of wet season rice fields and village
crops (flooded <1 month per year and covering an area of 8641 km?)

Tonle Sap Lake is an important ecosystem of Southeast Asia due to its
exceptional biodiversity (Campbell et al., 2006). It has been internation-
ally recognized through three Biosphere Reserve core areas under the
United Nations Educational, Scientific and Cultural Organization
(UNESCO) Programme on Man and the Biosphere (UNESCO, 2006), as
well as one Ramsar site under the Ramsar Convention on wetlands
(see www.ramsar.org). The Tonle Sap lake ecosystem also supports im-
portant fisheries and aquaculture activities. These industries sustain
over one million people (Rainboth, 1996; Sverdrup-Jensen, 2002;
Hortle, 2007).

The annual monomodal flood pulse in Tonle Sap Lake is governed by
the flow in the Mekong River (Junk et al., 2006; Lamberts, 2006). The
Tonle Sap River connects the lake to the Mekong River. In the May to
September wet season its flow direction is inversed due to water level
increase in the Mekong River (Kummu and Sarkkula, 2008). Annual av-
erage inflow and outflow are 79.0 and 78.6 km®, respectively. 57% of the
inflow comes from the Mekong mainstem, either through Tonle Sap
River discharge (52%) or by overland flooding (5%) (WUP-FIN, 2003).

The contributions of Tonle Sap Lake tributaries and direct rainfall
into the lake are estimated at around 30% and 13%, respectively
(Kummu et al., 2014). Water receding from the lake mostly flows into
the Mekong River (88%) or evaporates (12%) (Kummu et al., 2014).

3. Datasets
3.1. Surface reflectances from MODIS

The MODIS spectroradiometer is part of the payload of the Aqua and
Terra satellites (launched in 2002 and 1999, respectively). The MODIS
sensor acquires radiances in 36 spectral bands. In this study, the
MODO09AT1 product (8-day binned level 3, version 6) derived from
Terra raw radiance measurements were downloaded from the United
States Geological Survey (USGS) Earthexplorer website (http://
earthexplorer.usgs.gov). It consists in gridded surface reflectances ac-
quired in 7 bands from 620 nm (Red) to 2155 nm (SWIR2) at a resolu-
tion of 500 m and corrected for atmospheric effect. This product is
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Fig. 1. a) The Tonle Sap watershed (cyan) is located in the Mekong River Basin (black), the Mekong River and its major tributaries appear in blue; b) 10-day (Jason-1,2 and 3 in red) and 35-
day (ERS-2, ENVISAT and SARAL in green) repeat period tracks over the Tonle Sap Lake watershed. Mekong River Basin boundary and drainage networkcome from the Major River Basins of
the World from the Global Runoff Data Centre - Federal Institute of Hydrology (BfG) available at http://www.bafg.de/GRDC/EN/02_srvcs/22_gslrs/221_MRB/riverbasins_node.html. Tonle
Sap boundaries were provided by Open Development Cambodia (http://www.opendevelopmentcambodia.net/maps/downloads/). Altimetry tracks were provided by AVISO+ (https://
www.aviso.altimetry.fr/en/data/tools/pass-locator.html). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Background images come from Google Earth.

obtained by combining the best surface reflectance data of every pixel
acquired during an 8-day period for each wavelength. Each MODIS tile
covers an area of 1200 km by 1200 km. In this study, 815 composite im-
ages from February 2000 to December 2017 were used.

3.2. Radar altimetry data

Our radar altimetry data comes from the acquisitions on their nom-
inal orbit of the following missions: Topex-Poseidon (1992-2002),
Jason-1 (2002-2008), Jason-2 (2008-2016), Jason-3 (since 2016),
ERS-2 (1995-2003), ENVISAT (2003—2010), and SARAL (2013-2016).
Topex/Poseidon and Jason-1 to -3 missions are on the same 10-day re-
peat period orbit, whereas ERS-2, ENVISAT and SARAL succeed each
other on the same 35-day repeat-period orbit. Altimetry data comes
from Geophysical Data Records (GDR) E for Jason-1; GDR D for Jason-
2, Jason-3 and SARAL; and GDR v2.1 for ENVISAT delivered by CNES/
ESA/NASA processing centers. The data was homogenized and made
available by Centre de Topographie des Océans et de I'Hydrosphére
(CTOH - http://ctoh.legos.obs-mip.fr). ERS-2 data was reprocessed by
CTOH to ensure continuity with ENVISAT for land studies (Frappart
et al., 2016). Topex/Poseidon time series come from Frappart et al.
(2006b).

3.3. Ancillary datasets

3.3.1. Water level, flood extent and volume

Our estimates were compared with the independent dataset made
available by (“Impact of the Mekong River Flow Alteration on the
Tonle Sap Flood Pulse,” 2008) over 1997-2005 consisting of annual
minima and maxima water stages, inundation extent and volume.
Water stages are from the Kampong Luong station located on the lake-
shore. Kummu and Sarkkula (2008) used a Digital Bathymetric Model
(DBM) to established polynomial relationships between stage and ex-
tent and stage and volume. The DBM was derived from the following
three spatial sources: a hydrographic survey (MRC, 1999) to determine
the contours of the lake and Tonle Sap River during the dry season; a

survey map (Certeza Surveying, 1964) for delineating the Tonle Sap
floodplain; and the Shuttle Radar Topography Mission data (“The Shut-
tle Radar Topography Mission,” 2007) for the surrounding areas to
complete the DBM (see (“Water balance analysis for the Tonle Sap
Lake-floodplain system,” 2014)for more details).

3.3.2. SRTM Digital Elevation Model (DEM)

The Shuttle Radar Topography Mission (SRTM) DEM was derived
from the C and X Synthetic Aperture Radar (SAR) images acquired for
interferometry purposes on board the space shuttle Endeavour from
11 to 22 February 2000 (Farr et al., 2007). In this study, the SRTM 1
Arc-Second (30 m) Global elevation data was used in the Tonle Sap wa-
tershed. This dataset is available from USGS at: https://eros.usgs.gov/
elevation-products.

3.3.3. TRMM/TMPA rainfall

The rainfall product used in this study is the Tropical Rainfall Mea-
suring Mission (TRMM) Multi-Satellite Precipitation Analysis (TRMM/
TMPA) 3B43 v7 product. It is a combination of monthly rainfall satellite
data and other data sources at a spatial resolution of 0.25°. This dataset
was derived by combining satellite information from the TRMM Micro-
wave Imager (TMI); the Precipitation Radar (PR) and Visible and Infra-
red Scanner (VIRS) from the TRMM mission (operating from December
1997 to April 2015); the Special Sensor Microwave Imager (SSMI) and
Special Sensor Microwave Imager/Sounder (SSMI/S) on board some sat-
ellites of the US Air Force Defense Meteorological Satellite Program
(DMSP); the Advanced Microwave Scanning Radiometer — Earth Ob-
serving System (AMSR-E, operating from June 2002 to October 2011)
on board Aqua satellite; Advanced Microwave Sounding Unit (AMSU)
and Microwave Humidity Sounder (MHS) on board various meteoro-
logical satellites (from 1998 to now); and rain gauge observations. The
TRMM 3B43v7 product merges TRMM 3B42-adjusted infrared precipi-
tation with monthly accumulated precipitation from the Global Precip-
itation Climatology Center (“The TRMM Multi-Satellite Precipitation
Analysis (TMPA),” Huffman et al., 2010) and is available on the Goddard
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Earth Sciences Data and Information Services Center (GES DISC) website
at: https://mirador.gsfc.nasa.gov/.

3.3.4. MODIS-based Global Land Cover Climatology

This climatology is based on the Collection 5.1 MODIS Land Cover
Type (MCD12Q1) product at 500 m spatial resolution and obtained
from analysis of MODIS images acquired between 2001 and 2010. A
re-analysis attributing a confidence score for each land cover type at
each pixel was performed, as substantial interannual variability in
land cover types was found to affect 40% of the pixels. The final land
cover classification was obtained by choosing the type with the highest
confidence score between 2001 and 2010 for each pixel (Broxton et al.,
2014). This dataset is available from USGS at: https://landcover.usgs.
gov/global_climatology.php.

3.3.5. Climate indices

3.3.5.1. El Nifio 3.4 Sea Surface Temperature index. El Nifio Southern Oscil-
lation (ENSO) oceanic indices are defined using Sea Surface Tempera-
ture (SST) anomalies in different regions of the Pacific Ocean. El Nifio
3.4 SST index is computed over a region located in the eastern Pacific,
between longitude 120°W and 170°W and latitude 5°N and 5°S (“Global
analyses of sea surface temperature, sea ice, and night marine air tem-
perature since the late nineteenth century,” Rayner, 2003). It is available
on a monthly time step starting from January 1870 at: https://www.esrl.
noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/.

3.3.5.2. Pacific Decadal Oscillation index. The Pacific Decadal Oscillation
(PDO) index is defined as the principal component of monthly SST var-
iability in the North Pacific, poleward of 20°N (“A Pacific Interdecadal
Climate Oscillation with Impacts on Salmon Production,” Mantua
etal., 1997). It is available on a monthly time step starting from January
1900 at: https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/PDO/.

3.3.5.3. Monsoon indices. The Indian Monsoon Index (IMI) and the West-
ern North Pacific Monsoon Index (WNPMI) are defined as the difference
of 850 hPa zonal wind over the areas (5°N-15°N, 40°E-80°E) and
(20°N-30°N, 70°E-90°E), (5°N-15°N, 100°E-130°E) and (20°N-30°N,
110°E-140°E), respectively, between June and September (Wang and
Fan, 1999); (“Interannual Variability of the Asian Summer Monsoon,”
Wang et al., 2001). It is available on a yearly time step from 1948 to
2015 at: http://apdrc.soest.hawaii.edu/projects/monsoon/seasonal-
monidx.html.

4. Methods

The lake and floodplain surface extent (Section 4.1) and elevation
(Section 4.2) are first estimated using MODIS and radar altimetry mea-
surements, respectively. They are then combined to compute the lake
storage change (Section 4.3). Finally, a rainfall standardized anomaly
index is computed (Section 4.4) to investigate the link between this
storage change and rainfall.

4.1. Surface water extent

The approach developed by (Sakamoto et al., 2007) and simplified
by Normandin et al. (2018) to monitor flood extent in the Mekong
Basin was applied to the Tonle Sap drainage area (processing steps are
presented in Fig. S1 in the Supplementary material section). It is based
on the thresholding of the Enhanced Vegetation Index (EVI), the Land
Surface Water Index (LSWI), and the Difference Value between EVI
and LSWI (DVEL) to determine the status (non-flooded, mixture,
flooded, permanent water body) of any pixel in an 8-day composite
MODIS image of surface reflectance. These two spectral indexes were
selected as the Short-wave infrared (SWIR) band is very sensitive to
soil and vegetation moisture content and because the Near infrared

(NIR) band presents low surface reflectance values over water bodies
and high values over densely vegetated areas, whereas surface reflec-
tance values in the red band are higher for vegetation than over water
bodies. Thus, these two indexes are well suited to discriminate between
water and vegetation.

The two indexes used in this approach are defined as follows
(Huete, 1997):

PNIR—PRr 1)

EVI=25
X OnR F 6 X Pg—7.5 % pg + 1

LSWI — PNR™Pswir 2)
PNiR + Pswir

where pyr is the surface reflectance value in the near infrared
(841-875 nm, band 2), py is the surface reflectance value in the red
(621-670 nm, band 1), pg the surface reflectance value in the blue
(459-479 nm, band 3), and pswir the surface reflectance in the
short-wave infrared (1628-1652 nm, band 6).

Following (Sakamoto et al., 2007), the approach summarized in
Fig. S1 for Normandin et al. (2018) was applied to the series of MODIS
images. First, the pixels identified as cloud-covered were filtered out
(ps 2 0.2). Then, a linear interpolation was performed to limit informa-
tion loss over the study area. The pixels are classified into two major
classes: non-flooded (EVI > 0.3 or EVI < 0.3 but EVI - LSWI > 0.05) and
water-related pixels (EVI < 0.3 and EVI - LSWI < 0.05 or EVI < 0.05 and
LSWI < 0). This latter class is divided into 3 sub-classes: mixture pixels
when 0.1 <EVI £0.3, flooded pixels EVI < 0.1, and long-term water bod-
ies (e.g., rivers and lakes) when a pixel is determined flooded >250 days
per year. Spatio-temporal variations of the flood were determined in the
Tonle Sap drainage basin from February 2000 to December 2017.

4.2. Altimetry-based water levels

4.2.1. Post-processing of altimeter data

Radar altimetry was initially developed to provide accurate mea-
surements of the sea surface topography and is now commonly used
for the monitoring of inland water levels (see (Crétaux et al., 2017)
2017 for a recent review). Variations of altimeter height from one
cycle to another can be associated with water level changes.

In this study, we used the Multi-mission Altimetry Processing Soft-
ware (MAPS) for processing altimetry data over land and ocean
(e.g., Frappart et al., 2015a,c; Biancamaria et al., 2017; Vu et al., 2018),
that allows to build time-series of water levels at a virtual station (inter-
section between satellite track and water body), after a refined selection
of the valid altimeter data. Data processing is composed of four main
steps:

i) arough delineation of the cross-section between the altimeter

tracks and Tonle Sap using Google Earth (Fig. 1b);

ii) loading of the altimetry over the study area and computation of
altimeter heights from raw data contained in the GDR;

iii) a refined selection of the valid altimetry data through visual
inspection;

iv) computation of the water level time-series as the median of the
selected water levels for each cycle.

A detailed description of altimetry data processing using MAPS can
be found in (Frappart et al., 2015b). MAPS is available via CTOH. Previ-
ous studies have shown that Ice-1-derived altimetry heights are the
most suitable for hydrological studies in terms of water level accuracy
and data availability (e.g., (Frappart et al., 2006a,b; (Santos da Silva
et al., 2010). They are among the commonly available retracked data
in the GDR.

Measurement bias between missions and difference in satellite track
locations were computed and removed from each time series to obtain a
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consistent time series over the lake between all missions. The final
water elevation time series (in meters wrt EGMOS8 geoid) is computed
with reference to ENVISAT track 107 (the most eastward ENVISAT
track on the lake, see Fig. 1b).

4.2.2. Specific processing of Topex-Poseidon and Jason time series

As shown in Fig. 1b, Topex-Poseidon and Jason track over Tonle Sap
Lake is very close to its outlet. Consequently, and as visually observed on
Landsat images, during low flow period the observed area is representa-
tive of the Tonle Sap River, which connects the lake to the Mekong River,
whereas during high flow period it fully includes the lake extent. Corre-
lation between Jason-2 time series and ENVISAT over the period in com-
mon (>2 years) still remains high (0.9936), with an RMSE of 0.23 m,
after removing the common bias between the two time series. For low
water elevations (below 5.5 m), Jason-2 water elevations rise before
those of ENVISAT and decrease later. This could be due to hydraulic ef-
fects: water elevations vary differently in the lake and outlet river be-
cause of bathymetry changes. To account for this observation in a
simple way, we arbitrarily considered that difference between the two
time series can be corrected applying a time lag to Jason-2 time series,
depending on the water elevations, to get a better match with
ENVISAT time series. After different tests on time lags and water eleva-
tion thresholds, the best correlation (0.9986) and lowest RMSE between

days
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ENVISAT and Jason-2 (0.11 m) are obtained when Jason-2 water eleva-
tions below 5.5 m are delayed by 9 days, whereas water elevations
above this threshold are delayed by 2 days. More information on this
issue is shown in Figs. S2 to S4 in the Supplementary information sec-
tion. The Topex-Poseidon, Jason-1 and Jason-3 time series used in this
study are from the same track and therefore the same processing has
been applied (after removing the bias between these time series and
Jason-2 time series).

4.3. Surface water volume variations

MODIS-based flood extents were combined with altimetry-derived
water levels to estimate lake volume variations. Due to the extent of
flooding in the watershed, our analysis was limited to the pixels
which are i) under water filling SRTM DEM with the water stage of
the lake (see the supplementary information, Section 2, for method)
and ii) connected to the lake using a four-connected neighborhood. As
flood extent is derived from a shorter time period than water stage
(1993-2017 instead of 2000-2017), a polynomial relationship between
water stage (h) and lake surface (S) was fitted to estimate surface water
extent during the whole altimetry period using Eq. 3:
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Fig. 2. a) Maps of annual flood duration averaged over 2000/2017 time period and b) associated standard deviations expressed in days, using only pixels classified as “inundated”. c) Maps of
flood duration in 2011 (year with the maximum flood extent over the whole time period) and d) in 2015 (year with the minimum flood extent), considering only pixels classified as inundated.

Background images come from Google Earth.
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where q; is the coefficient of degree i of the polynomial and n the
maximum degree of the polynomial. A confidence interval of 95%, a
RSME of 74 km? and R? of 0.99 were found using a second degree poly-
nomial with the following values: ay = 6013.0 km?, a; = —1518.0 km
and a; = —176.9. As in Baup et al. (2014) or Crétaux et al. (2015, 2016),
the volume variations of the lake (AV), between two consecutive time
steps (t — 1 and t) were estimated using the assumption of a regular
morphology of the lake and a pyramidal shape:

(h(t)=h(t—=1)(S(t) + S(t—1) S(H)S(t—1))
3 @)

AV =

4.4. Standardized Precipitation Anomaly Index

The Standardized Precipitation Anomaly Index (SPAI) was defined
by (Lamb, 1982) to study interannual rainfall variations:

IR(t) = 1ZR(17 t)_fR( T >TET (5)

where R(i,t) is the annual rainfall at TRMM 3B43v7 gridpoint i for hydro-
logical year t, (R(i,T))rer and O(R(i,T))ser are the annual average and
standard deviation over the reference period T at gridpoint i, respec-
tively, and n is the total number of gridpoints in the study area. The
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hydrological year is defined between November of year t — 1 and
October of year t.

5. Results and discussion
5.1. Validation of surface water extent and storage

Variations of lake surface extent were estimated between February
2000 and December 2017 by applying the threshold approach to
MODIS images. The average number of days per year with missing
data due to cloud presence was computed for each pixel, as well as
the associated standard deviation over the whole study period (see
Fig. S5 in Supplementary information). The annual lack of data due to
cloud presence over Tonle Sap Lake and its floodplains is generally
<8 days (1 image) and can reach up to 24 days (3 images), with stan-
dard deviations <16 days (2 images). This lack of data (not occurring
on consecutive dates) does not prevent the use of MODIS images for
monitoring Tonle Sap seasonal flooding. Maps of annual average dura-
tion of inundation extent and associated standard deviation are pre-
sented in Fig. 2a and b, respectively, along with maximum and
minimum inundation extents during the flood peak in 2011 (Fig. 2¢)
and 2015 (Fig. 2d), respectively, considering only pixels classified as in-
undated. Fig. 3 is similar to Fig. 2, but uses both pixels classified as inun-
dated and the ones classified as mixed pixel. Extensive inundation is
generally in the western part of the lake during time spans shorter
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Fig. 3. a) Maps of annual flood duration averaged over 2000/2017 time period and b) associated standard deviations expressed in days, using pixels classified as “inundated” and pixels classified
as “mixed pixels”. c¢) Maps of flood duration in 2011 (year with the maximum flood extent) and d) in 2015 (year with the minimum flood extent), considering inundated and mixed pixels.

Background images come from Google Earth.
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than 3 months, but can also occur in the eastern part of the lake and
along its north to south flowing tributary in the eastern part of the
basin. Longer inundation, lasting between 4 and 5 months but of smaller
extent, can be observed in the lake's outlet and also in the northeastern
part (Fig. 2a). These inundations are characterized by a large interan-
nual variability with standard deviations between 40 and 50 days
(Fig. 2b). In 2011, important inundations (>100 days) were observed
in all eastern and northwestern parts of the lake (Fig. 2c), whereas al-
most no flooding was detected in 2015 (Fig. 2d). In addition, consider-
ing the mixed pixels (i.e., the pixels partly inundated), the patterns
are similar to those presented in Fig. 2, but with a larger extent and
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longer presence (Fig. 3). Floods lasting up to 6 months were detected
in the western parts of the lake (Fig. 3a and c), and are in good agree-
ment with results from previous studies (Kummu and Sarkkula, 2008;
Arias et al,, 2012; Kummu et al,, 2014). Large differences were obtained
between the flood extent using only the flooded pixels and using both
the flooded and mixed pixels in terms of maximum extent and flood du-
ration inside the maximum inundation extent defined filling SRTM DEM
with altimetry-based water stage (Fig. S6). Even if SRTM DEM exhibits a
high frequency noise (variations of 1 or 2 m from one pixel to another,
see Fig. S7), large-scale elevation variations are well retrieved consider-
ing the minimum elevation in the MODIS pixels (Fig. S8) and do not
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Fig. 4. Time series of a) surface water extent (in km?) in the Tonle Sap basin based on the processing of MODIS images, over 2000-2017, b) altimetry-based water level of the Tonle Sap Lake
(in m wrt EGMO8 geoid), combining information from Topex/Poseidon (1993-2002), ERS-2 (1995-2003), Jason-1 (2002-2008), ENVISAT (2003-2010), Jason-2 (2008-2016), SARAL
(2013-2016) and Jason-3 (since 2016), ¢) water volume variations of the Tonle Sap lake obtained applying the surface-height relationship over 1993-2017.
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prevent its use for determining temporal variations of maximum flood
extent. In the following, surface water extents were obtained by consid-
ering both the flooded and mixed pixels which are i) under water filling
SRTM DEM with the water stage of the lake and ii) connected to the lake
using a four-connected neighborhood.

Fig. 4a presents temporal variations of surface water extent in the
Tonle Sap drainage basin between February 2000 and December 2017
using MODIS images. They exhibit a well-marked seasonal cycle, with
minima occurring in April and May and maxima between September
and November. There is a strong interannual variability of the maxi-
mum flood extent ranging from 5114 km? in October 2015 up to
13,736 km? in October 2011. The minimum lake surface varies between
2320 km? in 2016 and 2800 km? in 2000 during low stage. Water stage
changes accordingly, with an annual amplitude (i.e. difference between
the maximum and the minimum over the year) varying from 5.5 m in
2015 to 9 m in 2011 (Fig. 4b), resulting in volume variations of Tonle
Sap lake that range from 31 km? in 2015 to 101 km? in October 2000
and 2011 (Fig. 4c). Comparisons were made using annual amplitude
of the lake water stage, inundated surface in the Tonle Sap basin, and
water volume estimated by Kummu and Sarkkula (2008) using a Digital
Bathymetric Model (DBM) and in situ water levels, over the common
period of availability of the different datasets (i.e., 1997-2005 for
water stages and volumes, and 2000-2005 for inundated surfaces). A
very good agreement was found (in terms of annual amplitude) be-
tween altimetry-based and in situ water levels (R = 0.97, RMSE =
0.27 m and RRMSE = 3.5%), and multi-satellite-derived and Kummu
and Sarkkula (2008) water volume variations (R = 0.96, RMSE =
12 km® and RRMSE = 19%). A good agreement was also found between
MODIS-based and Kummu and Sarkkula (2008) surface water extent (R
= 0.89, RMSE = 982 km? and RRMSE = 9.9%). If the very good agree-
ment between in situ and altimetry-based water levels can confirm
observations from Topex/Poseidon in a previous study with a RMSE of
0.23 cm (Frappart et al., 2006b), the small discrepancies observed in
surface water extent and volume can be attributed to differences of
approach in Kummu and Sarkkula (2008) and our own study. The com-
posite DBM including old measurements of the floodplain's topography
is liable to introduce some errors to Kummu and Sarkkula's (2008) ap-
proach, whereas the delineation of inundation extent using images at
the moderate resolution of 500 m and the SRTM DEM is responsible
for overestimation of the flooded area due to the presence of mixed
pixels. Nevertheless, both approaches present very consistent results
and can be used to estimate water balance in the drainage area.

Over the study period, interannual variations of surface water vol-
ume were computed from monthly lake water volume with the removal
of monthly climatological averages. The range is between —35.99 km?
in 2015 to 35.53 km® in 2000 (Fig. 5a). The variations were compared
with SPAI (see Section 4.4) from TRMM/TMPA 3B43 averaged over the
Tonle Sap watershed and over the entire Mekong Basin from 1998 to
2017 (Fig. 5b). Correlation coefficients between the interannual varia-
tions of surface water volume and SPAI (defined during the hydrological
year between November of year n — 1 and October of year n) are equal
to 0.61 (p-value = 5.1.1073) and 0.77 (p-value = 10~*) for the Tonle
Sap watershed and the Mekong Basin, respectively. These results are re-
lated to the hydrological regime of the Tonle Sap watershed, whose
flood pulse is driven by the flow of the Mekong River. Annual precipita-
tion anomalies can account for the large droughts of 1998, 2010 and
2015 and large floods of 2000, 2001 and 2011 with SPAI lower than
—1 and higher than 1, respectively, for both the Tonle Sap watershed
and the Mekong Basin, but cannot explain the large flood of 2002 and
large drought of 2016 according to TRMM/TMPA 3B43 dataset. Similar
comparisons were performed during the dry and rainy seasons. Correla-
tion coefficients were found equal to 0.31 (p-value = 0.19) and 0.84 (p-
value close to 0) during the dry and rainy seasons, respectively, for the
Mekong Basin and to 0.45 (p-value = 4.5.1072) and 0.58 (p-value =
7.5.103) during the dry and rainy seasons, respectively, for the Tonle
Sap watershed. These results confirm that surface water volume of the

Tonle Sap watershed is strongly influenced by rainfall during the rainy
seasons in the Mekong Basin. During the large flood events of 2000,
2001 and 2011, SPAI during the rainy season of between 1 and 1.5
were obtained in the whole Mekong Basin (Fig. 5c). Larger floods
were recorded in 2000 and 2011 as they were enhanced by SPAI be-
tween 1 and 1.5 in the Tonle Sap watershed. A very low positive SPAI
was observed in the Tonle Sap watershed during the wet season of
2001. However, high positive anomalies (~2) were observed in the dry
season and contributed to the excess in surface water storage for the
same year (see Fig. 5d). This was also observed in the year 2000,
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which was the largest flood between 1995 and 2016. Inverse conclu-
sions can be made for the large droughts of 1998, 2010 and 2015 with
SPAI between —1.5 and —2 (Fig. 5¢) during the wet season. Lower rain-
fall during the dry season seems to have a low impact as small anoma-
lies were observed during the lowest drought in 2015 (Fig. 5d). The
2002 flood was higher than that of 2001 in spite of a much lower posi-
tive SPAI. This was due to a higher than usual lake level at the beginning
of the 2002 hydrological year. Conversely, low rainfall deficit was re-
sponsible for low water surface storage in 2016 due to the very low
lake level at the end of the 2015 hydrological year. For a comparison,
the anomaly of lake water volume was 6.8 km®> in December 2001 and
—21.9 km? in December 2015. In addition, daily in-situ data of water
levels recorded at the Prek Kdam station in the Tonle Sap River
(which joins the Mekong River to Tonle Sap Lake) are displayed on
the Mekong River Commission website during both dry and flood sea-
sons since 2013 (ffw.mrcmekong.org/historical_rec.htm). A visual in-
spection showed very similar water stage amplitude between in situ
and altimetry time series. Extreme events were defined by considering
deviations larger (lower) than two thirds of the maximum (minimum)
estimated over the observation period (i.e., around 24 km?). Four pos-
itive and three negative extrema can be observed. For positive extrema:
between July and November 2000, peaking at 36.36 km® in September
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Fig. 6. Interannual variations of monthly a) surface water volume of the Tonle Sap
watershed, b) anomalies of ENSO 3.4 and c) PDO indices over 1993-2017.

2000; 24.22 km? in September 2001; in September and October 2002,
peaking at 35.37 km? in September 2002; and in September and
October 2011, peaking at 30.77 km? in October 2011. For negative
extrema: between September and November 1998, peaking at
—31.42 km® in October 1998; between September and November
2015, peaking at —36.07 km? in October 2015; and —24.22 km? in Sep-
tember 2011 (Fig. 6a). In the following, we compare these exceptional
droughts and floods to climatic indexes to see if they are related to
climate variability.

5.2. Surface water storage and climate variability

Positive anomalies of surface water volume in the Tonle Sap water-
shed in September-October correspond to negative values of ENSO3.4
index defined by Rayner (2003) (Fig. 6b). On the contrary, negative
anomalies of surface water volume in the watershed correspond to pos-
itive values of ENSO 3.4. Larger anomalies occur when ENSO index and
the Pacific Decadal Oscillation (PDO) index (as defined by Mantua et al.
(1997)) exhibit large deviations and are in phase. Large positive (re-
spectively negative) anomalies of the lake volume are obtained for
moderate (between 1 and 1.5 °C) to very strong (above 2 °C) negative
(respectively positive) values of both ENSO (El Nifio, respectively La
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Nifia, Fig. 6b) and PDO (Fig. 6¢) during the previous winter. This phe-
nomenon is caused by a significant intensification of the negative rela-
tionship between ENSO and the monsoon when ENSO and PDO are in
phase. It was previously described regarding the East Asian monsoon
(Kim et al., 2014). Positive values of ENSO and PDO are associated
with anomalous warm temperature patterns over East Asia that cause

rainfall deficit the following summer. Negative values of ENSO and
PDO are linked with anomalous cold temperature patterns, leading to
excess rainfall the following summer. On the contrary, when ENSO
and PDO are out of phase, interannual variations are lower. The super
strong ENSO event in 2015/2016 was an exception, as it did not result
in huge rainfall in either the Tonle Sap watershed or the Mekong
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Fig. 8. a) Land cover map of the Tonle Sap watershed from the 500 m MODIS-based Global Land Cover Climatology, b) time series of EVI and c) EVI interannual anomaly averaged over
Evergreen Broadleaf Forest (green), Woody Savannas (orange) and Cropland/Natural Vegetation Mosaic (black). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Basin. This was most likely due to its rapid decay in boreal spring 2016
causing a weakening of the western Pacific subtropical anticyclone (Liu
et al., 2017). Correlation between annual amplitude of volume varia-
tions and climatic indices were also estimated, and several time-
periods were tested. Stronger correlations were found when the ENSO
index was averaged over December to February (DJF) as in Risdnen
and Kummu (2013) and when the PDO index was averaged over No-
vember to March (NDJFM) as in Newman et al. (2003). For ENSOpy¢, R
= —0.70 with a p-value equal to 10~4, whereas for PDOnpjem, R =
—0.68 with a p-value equal to 2.10~%. This confirms earlier findings
about relationships in the Mekong Basin between rainfall, discharge,
ENSO (Rdsdnen and Kummu, 2013) and PDO (Delgado et al., 2012).
An even higher correlation was found between annual anomalies of sur-
face water storage and ENSO 3.4 index than between annual flow and
ENSO 3.4 (Rdsdnen and Kummu, 2013) and this study provides a quan-
tification of the relationship between flood pulse and PDO in the Me-
kong Basin. The optimal least-squares linear combination of both
indices provides a correlation of —0.75. The coefficients of this linear
combination are equal to 1.0 and 0.84 for ENSO 3.4 and PDO, respec-
tively. Time series of annual amplitude of lake volume (Fig. 7a), of the
ENSO 3.4 index averaged over DJF (Fig. 7b) and of the PDO index aver-
aged over NDJFM (Fig. 7¢) illustrate differences in the impact of extreme
events on lake volume. The drought of 1998 and the floods of 2000 and
2011 are directly related to large positive and negative anomalies of
both ENSO 3.4 and PDO. The 2002 flood and 2015/2016 droughts can
be attributed to both a large value in module of either ENSO 3.4 or
PDO (and a lower value of the other index), and the existence of an ex-
cess (since 2000) or a deficit (since 2014) of water in the lake. This
shows that the possibility of occurrence of a hydrological extreme is
not only conditioned by climate factors but also by base water storage
from previous years.

We propose to quantify the monsoonal impact on lake storage, as
the flood pulse in the Mekong Basin is driven by the monsoon. The Me-
kong Basin is under the influence of both the Indian and the Western
North Pacific Monsoons (Delgado et al., 2012). Correlation between
anomalies of annual surface water storage and Western North Pacific
Monsoons (WNPMI, Wang et al., 2001) and Indian Monsoon (IMI,
Wang and Fan, 1999) provides better results (R = 0.55, p-value =
0.006, and R = 0.49, p-value = 0.018) for July and August, respectively.
This is similar to the relationship between water discharge and WNPMI
in the downstream Mekong Basin discovered by Delgado et al. (2012).

5.3. Impact of the 2015 extreme drought on vegetation activity

Vegetation activity is highly related to flood duration (Arias et al.,
2013). In the following, impact of the 2015 drought on the Tonle Sap
ecosystem is analyzed using MODIS-derived EVI time series and a land
cover map. The 1998 and 2015 extreme droughts were the worst ob-
served during the study period, but MODIS images are only available
since February 2000. Due to this, our analysis is limited to the 2015
drought. Fig. 8a shows land cover types from the 500 m MODIS-based
Global Land Cover Climatology (Broxton et al., 2014) for the Tonle Sap
Basin. Time series of Enhanced Vegetation Index (EVI) and their interan-
nual variations (estimated by removing the climatological monthly
mean to the monthly values) were computed for each land cover type.
In the following, only land cover types corresponding to vegetation
are considered. They are presented for the three main land cover
types which cover 80.3% o of the Tonle Sap basin surface (Evergreen
Broadleaf Forest, Woody Savannas and Cropland/Natural Vegetation
Mosaic) as seen in Fig. 8b and c for the time series and associated anom-
alies, respectively, and in Fig. S9a and b for the five other classes of veg-
etation which cover 14.6% of the surface of the Tonle Sap Basin surface
(Mixed Forests, Savannas, Grasslands, Permanent Wetlands and Crop-
lands). Lower than usual minimum values of EVI are observed in spring
2016 for all land cover types as shown in Figs. 8b and S9a. The anomalies
reached their lowest values in April 2016 for Evergreen Broadleaf Forest,

Woody Savannas and Cropland/Natural Vegetation Mosaic with EVI
anomalies of —0.11, —0.13 and —0.06 (Fig. 8c), corresponding to an an-
nual variation of amplitude around 0.10, 0.25 and 0.15, respectively. The
same timing is observed for Savannas, Grasslands and Permanent Wet-
land with EVI anomalies of —0.10, —0.05 and —0.12 (Fig. S9b), corre-
sponding to an annual variation of amplitude around 0.25, 0.10 and
0.30, respectively. They reached their lowest values in May 2016 for
Mixed Forests and Croplands with EVI anomalies of —0.15 and —0.04
(Fig. S9b), corresponding to annual variation of amplitude around 0.10
and 0.15, respectively. The spatial distribution of anomalies of EVI for
April and May are presented in Fig. 9a and b, respectively. They are
quite similar to lowest anomaly values in April 2016. The largest nega-
tive anomalies are located on the Woody Savannas in the northeast
and southwest of the watershed, as well as on the Evergreen Broadleaf
Forest located in the east and southwest, and the grasslands of the
downstream part. Croplands were generally less affected thanks to irri-
gation. Some rare positive anomalies were also found around the lake.
For instance, the extreme drought of 2015 modified vegetation activity
during the first semester of 2016. The temporal evolution of EVI of the
Evergreen Broadleaf Forest, Woody Savannas and Cropland/Natural
Vegetation Mosaic (Fig. 10) as well as Savannas, Grasslands and Crop-
lands (Fig. S10) exhibit a longer and lower than usual period of low ac-
tivity (until June instead of April) where it presents minimum activity
between January and June instead of a maximum for Mixed Forests
and Wetlands (Fig. S10). Normal and even slightly above normal EVI
values are found for the rest of 2016 and also for 2017 (Figs. 8b, ¢, S9a
and S9b).
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Fig. 9. Anomaly maps of EVI over the Tonle Sap watershed for a) April and b) May
(b) 2016.
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6. Conclusion

Surface water storage variations of Tonle Sap were determined com-
bining remotely sensed inundation extent data derived from MODIS re-
flectance images and altimetry-based water levels from 1993 to 2017.
Their interannual anomalies were found to be more related to the rain-
fall occurring in the Mekong Basin (R = 0.77 for the interannual varia-
tions during the whole hydrological year) than in the Tonle Sap
watershed (R = 0.61) as flooding in the Tonle Sap watershed is mostly
driven by the flow of Mekong River. Nevertheless, extreme events (ex-
ceptional floods and droughts) occurred when large excess/deficit rain-
fall occurred during the rainy season in both the Mekong Basin (R =
0.84) and Tonle Sap watershed (R = 0.58). Excess rainfall occurring in
both dry and rainy seasons in the Mekong Basin combined with a rain-
fall deficit in the Tonle Sap watershed during the rainy season was only
seen to cause large flooding in 2001. Important memory effects were
also detected as in the extreme flood of 2002. This was mostly due to ex-
cess in surface water storage of the exceptional flood of 2000 and the
large flood in 2001, whereas the extreme drought of 2016 was caused
by the deficit in surface water by the drought of 2014 and the extreme
drought of 2015. A quasi-equal influence of the West North Pacific and
Indian Monsoons was also found with correlations between the interan-
nual variations of surface water storage and the WNPMI in July of 0.55
and the IMI in August of 0.49.

Interannual variations of surface water storage in the Tonle Sap wa-
tershed are strongly influenced by climate variability. They exhibit large
positive and negative anomalies corresponding to extreme drought
(1998, 2015, and 2016) and flood (2000, 2001, 2002, and 2011) events.
They were related to the very strong El Nifio events of 1997-1998 and
2015-2016 and the moderate La Nifia events of 1999-2000 and
2010-2011 enhanced by the PDO. Correlation coefficients between the
interannual variations of surface water storage of the Tonle Sap water-
shed and the average ENSO 3.4 index over DJF and PDO over NDJFM
were found equal to —0.70 and —0.68, respectively. R of —0.75 was
found using a linear combination of the two former indices. Below nor-
mal EVI values for the types of vegetation were observed in the first se-
mester of 2016 as a consequence of the 2015 drought.

The NASA/CNES Surface Water and Ocean Topography (SWOT) mis-
sion is to be launched in 2021 and will improve flood monitoring in
Tonle Sap by providing water level maps through SAR interferometry
techniques at better spatial and temporal resolutions with low impact
of cloud presence and vegetation. The data will provide a better under-
standing of the strong relationship between climatic indices and Tonle
Sap lake volume extreme changes, suggested by Rasdnen and Kummu

(2013) for the whole Mekong basin and therefore help in forecasting
the risk of extreme droughts or floods.
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