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A B S T R A C T   

Groundwater depletion is a worldwide concern and an emerging issue in regions such as the Mekong River Basin 
(MRB). However, even the natural dynamics of groundwater in the MRB is yet to be fully explored, making the 
quantification of groundwater response to climate variability and anthropogenic activities a major scientific 
challenge. Here, we examine various groundwater mechanisms in the MRB, focusing on groundwater flow 
processes that are modulated by climate variability, physiographic features, and key drivers of groundwater- 
surface water interactions. We further quantify the influence of anthropogenic activities on groundwater dy
namics. We use the Community Land Model version 5 (CLM5) at 0.05◦ (~5km) spatial resolution with an 
improved representation of groundwater processes, including lateral groundwater flow and aquifer pumping for 
irrigation. Results indicate high spatial heterogeneity in groundwater recharge and discharge across the basin 
governed by climate and subsurface characteristics. A pronounced seasonality is found in groundwater recharge 
due to precipitation; ~52% of wet season precipitation recharges groundwater, with substantial carryover to the 
consecutive dry season that alleviates soil moisture. Importantly, groundwater discharge is a dominant source of 
streamflow all year round, which suggests a strong surface water-groundwater coupling in the MRB. Finally, our 
results indicate that irrigation pumping is directly altering groundwater flows and storages; climate variability 
smoothens pumping effects over long times, but the model simulates region-wide groundwater depletion (up to 
1 m/year) in the Mekong Delta during dry years. Our study provides key insights on the evolving groundwater 
systems in the MRB, also advancing process-based groundwater modeling capabilities.   

1. Introduction 

Groundwater is a crucial component of the global water cycle 
(Condon et al., 2021; Cooper, 2010; Ferguson and Maxwell, 2010; 
Miguez-Macho and Fan, 2012a). It is the world’s largest freshwater 
resource that supplies water to billions of people, forms an integral part 
of irrigated agriculture, and contributes to the health of many ecosys
tems (Siebert & Döll, 2010, Cuthbert et al., 2019; Gleeson et al., 2012). 
At least one-fourth of the world’s population heavily relies on ground
water (Döll, 2009). The dependence will likely continue to grow in the 
future due to the increase in population and associated demands for 
water, especially agricultural (Siebert & Döll, 2010, Siebert et al., 2015). 
Agricultural irrigation—which accounts for over 70% of the total 
freshwater withdrawal and 90% of the consumptive water use (Gleick, 
2018; Shiklomanov, 2000)—is reliant heavily on groundwater in many 
global regions, especially those with limited surface water (Hanasaki 

et al., 2013; Leng et al., 2014; Reinecke et al., 2021; Wada et al., 2013). 
This reliance is expected to rise sharply owing to increased irrigation 
needs in relatively dry agricultural regions (Ambika and Mishra, 2019; 
Crosbie et al., 2013; Scanlon et al., 2012; Wada et al., 2013) or even in 
relatively humid regions such as the Mekong River Basin (MRB) that are 
experiencing rapid agricultural intensification (Hoang et al., 2019; 
Nguyen et al., 2012; Sakamoto et al., 2009) or increased groundwater 
pumping as surface water availability continues to decline (Erban and 
Gorelick, 2016; Minderhoud et al., 2017). Therefore, there is a growing 
need, as well as an interest, to improve our understanding of ground
water processes, especially through process-based modeling; however, 
major challenges remain due to the complexity of groundwater system 
(Cuthbert et al., 2019; Fan et al., 2019, 2007; Gleeson et al., 2016). 

Groundwater dynamics is modulated by a variety of regional to local 
hydrological processes that are intricately interconnected and governed 
by climatic drivers, topographic controls, and hydrogeological 
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characteristics (Cuthbert et al., 2019). Thus, groundwater research 
poses unique challenges compared to the study of surface water and it is 
exceedingly difficult to assess and predict the changes in groundwater 
systems, especially over large scales (Condon & Maxwell, 2015; Eng
dahl, 2017; Sophocleous, 2002). Observational data challenges make 
groundwater research even more daunting (Evans et al., 2020; Megdal 
et al., 2015), which is particularly true for modeling studies that require 
such data both to constrain and validate the models. Especially in data- 
limited regions, even selecting an appropriate model can be challenging 
(Kumar et al., 2021; Tegegne et al., 2017). Parsimonious models are 
often used in such regions because of their simplicity and limited data 
requirements (Pande et al., 2012; Quichimbo et al., 2021). However, 
while parsimonious models could realistically simulate certain hydro
logic variables under constrained conditions, the models are not well 
suited to study process interactions and the complexities therein (e.g., 
land use change, vegetation processes, soil hydrology) (Fenicia et al., 
2011; Wu et al., 2010), especially considering that a system response to 
changing climatic and human drivers can be non-linear (Mcguire and 
Mcdonnell, 2010; Sivapalan et al., 2002). 

Conversely, process-based models (e.g., land surface models; LSMs), 
offer a more physically-based representation of surface and subsurface 
hydrological processes, including infiltration, soil moisture dynamics, 
and groundwater recharge, making these models more robust and 
feasible for application in different regions and climates, especially in 
data-limited basins such as the MRB (Koirala et al., 2014; Pokhrel et al., 
2014; de Graaf et al., 2015; Gleeson et al., 2021). Furthermore, LSMs 
offer promising avenues for future research on land–atmosphere 
coupling, enabling an improved understanding of the dynamic in
teractions between groundwater and the atmosphere, and more broadly 
within the entire Earth system (Clark et al., 2015). As such, many large- 
scale groundwater modeling studies use LSMs account for groundwater 
in a relatively simple manner or with minimal groundwater parametri
zations (Koirala et al., 2019; Pokhrel et al., 2016). 

Despite the challenges in representing groundwater in LSMs due to 
data scarcity, among others, notable progress has been made toward 
improved groundwater parameterizations. Some of the noteworthy ad
vances include the representation of linear groundwater reservoir 
(Fenicia et al., 2006), surface water-groundwater interactions (Fan and 
Schaller, 2009; Kollet and Maxwell, 2008; Maxwell and Kollet, 2008; 
Miguez-Macho and Fan, 2012a, 2012b), lateral groundwater flow 
(Barlage et al., 2021; de Graaf and Stahl, 2022; Felfelani et al., 2021; 
Zeng et al., 2018), and groundwater pumping for irrigation (de Graaf 
et al., 2019; Felfelani et al., 2021; Leng et al., 2014; Nie et al., 2018; 
Pokhrel et al., 2012, 2015; Wada et al., 2010). These efforts have led to 
groundwater representations with varying degree of complexity in 
different LSMs including the Variable Infiltration Capacity Model (VIC) 
(Liang et al., 2003), MATSIRO (Pokhrel et al., 2015), Community Land 
Model (CLM) (Kluzek, 2013; Lawrence et al., 2019; Oleson et al., 2013; 
Swenson et al., 2019), and Noah-MP (Nie et al., 2018). 

However, most of these model development studies have focused on 
data-rich regions such as the US aquifer systems where groundwater is 
depleting alarmingly due to rapidly increased pumping for irrigation 
(Maxwell et al., 2015; Nie et al., 2019, 2021, 2022; Pokhrel et al., 2015), 
leaving major gaps that come with challenges, toward using the models 
in regions where groundwater issues are rapidly emerging, but data are 
scarce (Jayakumar and Lee, 2017). The MRB is a perfect example of such 
regions where upstream water management (Dang et al., 2016; Galelli 
et al., 2022; Hecht et al., 2019; Pokhrel et al., 2018a), climate change 
and variability (Arias et al., 2012; Delgado et al., 2012; Thompson et al., 
2013), and increased groundwater pumping for domestic and irrigation 
uses are rapidly transforming groundwater dynamics but basin-scale 
groundwater modeling studies are rare, if not non-existent (Dang 
et al., 2016; Johnston and Kummu, 2012; Pokhrel et al., 2018a) pri
marily because of the basin wide data limitations to constrain and 
validate the model (Erban et al., 2014; Erban and Gorelick, 2016). Very 
crucially, leaving the growing anthropogenic influence aside, even the 

natural dynamics of groundwater systems, especially over the entire 
MRB, is not adequately studied (Lacombe et al., 2017). 

Further, growing number of observational studies have reported 
dramatic shifts in groundwater systems over the lower MRB (LMRB)— 
especially the Mekong Delta region—due to the influence of growing 
anthropogenic activates over the past decade (Duy et al., 2021; Had
deland et al., 2006; Kazama et al., 2007; Lee et al., 2017; Loc et al., 2021; 
Tatsumi and Yamashiki, 2015; Tu et al., 2022a). Few studies investi
gated the historical groundwater situation at the sub-catchment level of 
the MRB under the influence of climate change, irrigation, and 
groundwater extraction (Gunnink et al., 2021; Hoanh et al., 2012; 
Shrestha et al., 2016; Tatsumi and Yamashiki, 2015). Other studies 
underlined the critical issues, such as groundwater pollution, and salt
water intrusion in the Mekong Delta and contaminant transport, that is 
directly linked with groundwater flow and groundwater depletion 
(Minderhoud et al., 2017; Tran et al., 2022). However, no basin scale 
groundwater study exists and process-based models have been rarely 
used to simulate these changes, resolve the interactions among various 
governing processes, and identify the key drivers (Johnston and 
Kummu, 2012). Fundamentally, little advancement has been made in 
understanding the critical controls of climate, physiography, and 
anthropogenic drivers on the dynamics of groundwater over the MRB. 

Such lack of basin-scale groundwater modeling considering climatic 
and anthropogenic drivers critically hinders the understanding of 
evolving groundwater systems over the MRB, with implications on 
reliable future projections of water resource availability and use under 
climate change and intensified anthropogenic activities (Jasechko et al., 
2014). Some global modeling studies have examined water and energy 
balances over the MRB (e.g., Haddeland et al., 2006; Lacombe et al., 
2017; Tatsumi & Yamashiki, 2015; Felfelani et al., 2017). However, they 
have applied global models at a relatively coarse spatial resolution (e.g., 
50–100 km), not accounting for finer scale processes including lateral 
flow (e.g., Felfelani et al., 2021; Krakauer et al., 2014) that are crucial in 
governing groundwater dynamics in the MRB’s landscapes with high 
climatic, topographic, and hydrogeologic gradients (Cooper, 2010; 
Hung et al., 2012; Pokhrel et al., 2018a). Lastly, while some sub-basin 
scale studies have provided insights on local-scale groundwater 
changes, basin-scale and long-term (e.g., decadal evolutions) changes 
and patterns of groundwater dynamics for the MRB are largely lacking. 

Here, we address the gaps identified above by focusing on the 
following three scientific contributions, and to advance groundwater 
modeling over the MRB. First, we present a fully distributed and process 
based LSM for the MRB, which simulates key hydrological processes on a 
full physical basis, including improved parameterizations for inter-grid 
lateral groundwater flow and aquifer pumping. Second, we use the 
model for a mechanistic investigation of interactions among the pro
cesses governing surface water and groundwater flows, including 
groundwater recharge and discharge, considering basin scale climatic 
drivers and human activities, and encompassing relatively fine scale 
process heterogeneities. Third, despite dearth of data to fully constrain 
the model, we present first-order quantification of the effects of 
increased irrigation and groundwater pumping on groundwater flow 
processes and storage dynamics over the LMRB. 

We are aware of the challenges, and more so of the pressing need to 
improve our ability to simulate groundwater dynamics at the basin scale 
over the MRB. The primary goal is to capture the basin-scale patterns of 
groundwater dynamics and quantify the human-induced changes in 
groundwater systems; the underlying objective is to provide a founda
tional framework for basin wide groundwater studies in the MRB 
considering key governing processes and their response to the major 
climatic and human factors. Such a framework is expected to advance 
the current state of groundwater modeling in the MRB and open avenues 
for further research, including model enhancements. We address the 
following scientific questions: 1) How do climatic drivers, physiographic 
conditions, and topographic characteristics govern groundwater proc
esses—specifically recharge, discharge, and lateral flow—across the 
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MRB? 2) What role does groundwater dynamics across the MRB play in 
modulating surface water systems in the LMRB? 3) How are anthropo
genic activities—specifically irrigation and groundwater pum
ping—impacting groundwater systems in the LMRB? The model we use 
is the Community Land Model version 5 (CLM5) with the latest updates 
on groundwater parameterizations (see section 2.2). 

2. Study area and methods 

2.1. Study area 

The MRB is shared by six countries in Southeast Asia: China, 
Myanmar, Lao PDR, Thailand, Cambodia, and Vietnam (MRC, 2005). 
The upper MRB (UMRB) is characterized by a steep narrow valley, with 
its geometry determined primarily by Himalayan orogeny (Carling, 
2009). The LMRB can be divided into four regions: i) the northern 
Highlands, characterized by high elevation and dense vegetation, ii) the 
Khorat Plateau that includes much of the lowlands and a relatively flat 
landscape, iii) the Tonle Sap basin and iv) the Mekong Delta with an 
alluvial floodplain (Lacombe et al., 2017). The northern Highlands 
include the north of Thailand and Laos and extend into Vietnam. The 
Khorat Plateau covers most of northeast Thailand with its northern and 
eastern margin in central Laos and has a consistent basin elevation. 
Farther downstream, Tonle Sap Lake (TSL) covers the southern portion 
of Laos and most of Cambodia. 

The climate across the MRB is tropical monsoonal. Precipitation 
patterns are seasonal, with the majority of annual totals occurring 
during the wet season between May and October (Kabir et al., 2022); the 
highest rainfall of over 2500 mm/yr occurs in the Highlands of Laos and 
the lowest of less than 1000 mm/yr over the Khorat Plateau in northeast 
Thailand. MRB is characterized by dense forest coverage towards the 
north and crop areas in the LMRB and Mekong Delta towards the south 
(Fig. 1). Surface water has historically been the dominant water resource 
for irrigation. However, over the past two decades, household wells and 
large-scale, deeper pumping for municipal and industrial purposes 
including irrigation have risen substantially (Hoanh et al., 2014). 
Currently, there are over one million wells in the Mekong Delta (Gun
nink et al., 2021; Hoanh et al., 2014; Loc et al., 2021; Minderhoud et al., 
2017) and the interest in further expanding the use of groundwater for 
agriculture is increasing (Tran et al., 2022). 

2.2. Model 

We use CLM5, which is the land component of the Community Earth 
System Model version 2 (CESM2) that resolves various surface and 
subsurface hydrological processes (e.g., soil and plant hydrology, snow 
physics, river routing, crop modeling) coupled with energy and 
biogeochemical (carbon and nitrogen) cycles on a complete physical 
basis (Danabasoglu et al., 2020). Although CLM5 and similar LSMs were 
traditionally designed to simulate surface water and energy fluxes 
within the Earth system model (ESM) frameworks, major advances have 
been made in recent years to represent sub-surface hydrological pro
cesses (Haddeland et al., 2011; Pokhrel et al., 2016). For example, CLM5 
simulates key subsurface processes, including infiltration, plant hy
draulics, soil moisture dynamics, and groundwater, that drive ground
water recharge on a full physical basis (Clark et al., 2015; Kennedy et al., 
2019; Lawrence et al., 2019). Highly detailed groundwater models 
require extensive data and are exceedingly challenging to implement in 
the MRB, whereas simplistic process representation in parsimonious or 
lumped models can lead to uncertainties when hydrological processes 
are highly nonlinear or dynamic (Paniconi and Putti, 2015). Thus, we 
use CLM5, striking a balance between data requirements and process 
representation, and opening an opportunity to overcome the data 
challenge. The standard CLM5 includes a subsurface hydrology scheme 
with only a vertical exchange of water (Lawrence et al., 2019; Swenson 
et al., 2019). We use an advanced model version that includes the 

representation of lateral flow and aquifer pumping to account for the 
consumptive use of water for irrigation (Felfelani et al., 2021). The 
lateral groundwater flow is represented by Darcy’s law following Fan 
et al. (2007), while the pumping scheme is based on HiGW-MAT model 
(Pokhrel et al., 2015). 

The lateral flow is driven primarily by groundwater head differ
ence—influenced by factors such as climate and topography (i.e., 
topographic slope in baseflow generation)—between two adjacent cells 
and computed based on Darcy’s law (Fan and Li, 2013) as Qn =

WT(hn−hc
l ), where hn and hc are the hydraulic head in nth neighbor and 

center grid cells, respectively, T is the transmissivity, l is the distance 
between cells, and W = Δx√(0.5tan

(π
8
)
)is the width of an imaginary 

octagon that replaces the square grid cell to provide an equal chance for 
all eight neighboring cells to interact with the center cell (Felfelani et al., 
2021). When water table lies within the soil layer, the positive net lateral 
flow is added to soil layers in sequential order beginning from the soil 
layer right above the water table and the negative net lateral flow is 
removed from soil layers in sequential order beginning from the soil 
layer right below the water table (any residual is taken from the un
derlying aquifer layer) (Felfelani et al., 2021). When the water table is 
below the soil column, the net lateral flow is added (removed) to (from) 
the aquifer storage (Felfelani et al., 2021). Further details of the lateral 
flow and mass balance of each grid cell can be found in Felfelani et al., 
(2021). In CLM5 soil hydrologic processes are explicitly resolved up to 

Fig. 1. Fractional area of irrigated cropland in the MRB with areas marked by 
green circles indicating groundwater-irrigated regions. The pie charts depict the 
groundwater use fraction for two selected regions marked with black squares 
where groundwater withdrawal for irrigation is relatively high. Upper right 
inset shows the location of the MRB in the global map. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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8.5 m depth and water table depth can vary from 0 to 80 m (Felfelani 
et al., 2021). 

The subsurface is depicted using a high vertical resolution and 
improved solution to the Richard’s equation to resolve soil water 
movement across layers (Felfelani et al., 2021). When unconfined 
aquifer under the soil column is activated, drainage from the lowest soil 
layer (recharge; qrech) is controlled by a head-based lower boundary 
condition (i.e., qrech=qi + ∂θliqi

∂qi
∂θliqi

). Here, qi is the water flux across the 
lowest interface and θqliqi is the liquid volumetric soil moisture. When 
the water table is within the soil column, recharge rate is determined 
using Darcy’s equation across the water table. In this configuration, 
subsurface runoff decays exponentially depending on the water table 
depth (zwt), that is, qsub = θiceqdrai,max exp ( −fdraizwt), where, θice is ice 
impedance factor, qdrai,max is the maximum subsurface runoff when zwt =

0 and is set to qdrai,max = 10sin(β); β is the mean grid cell topographic 
slope in radians and fdrai is the decay factor. fdrai is determined globally 
but can be calibrated to improve subsurface runoff simulations and 
streamflow at the regional scale. 

2.2.1. Subsurface hydrologic parameters 
Hydraulic properties of the soil are weighted combinations of the 

mineral properties, determined based on sand and clay contents (Clapp 
and Hornberger, 1978; Cosby et al., 1984) and organic properties of the 
soil (Lawrence and Slater, 2008). Hydraulic conductivity is defined at 
the depth of the interface between two adjacent soil layers and is a 
function of saturated hydraulic conductivity, the liquid volumetric soil 
moisture of the two layers and an ice impedance factor Θice (NCAR, 
2019). Note that the lateral hydraulic conductivity (Klat) is determined 
from the vertical hydraulic conductivity (Kver)—resolved in the vertical 
one-dimensional soil movement—and percent of clay in the soil layer 
represents the anisotropy factor (i.e., Cclay = Klat/Kver) as described in 
Fan et al., (2007) and Zeng et al., (2016). 

The prognostic aquifer transmissivity (T) is estimated based on the 
water table depth and hydraulic conductivity (Fan et al., 2007). If water 
table depth lies within the soil column, T = T1 + T2, where T1 is the 
transmissivity of the saturated portion of the soil column (i.e., from the 
water table to the bottom most layer) and T2 is the transmissivity of the 
depth below the bottom most layer (Felfelani et al., 2021). Here, T2 is 
estimated using hydraulic conductivity of the bottom most layer, 
exponentially decayed with depth. A more in-depth discussion on the 
aquifer transmissivity estimation can be found in Felfelani et al., (2021) 
and Fan et al., (2007). 

2.2.2. Irrigation parameterizations 
Irrigation application is dynamically responsive to the simulated soil 

moisture conditions (Ozdogan et al., 2010). When irrigation is enabled, 
the crop areas of each grid cell are divided into irrigated and rainfed 
fractions based on a dataset of areas equipped for irrigation (Portmann 
et al., 2010). Irrigated and rainfed crops are placed on separate soil 
columns and irrigation is applied only to the irrigated portion. In irri
gated croplands, a check is conducted once per day (in the first-time step 
after 6 AM local time) to determine whether irrigation is required on 
that day. Irrigation is triggered if crop leaf area index > 0, and the 
available soil moisture is below a specified threshold (Felfelani et al., 
2018). 

In the standard CLM5, irrigation water is applied to the soil column 
as an add-on to precipitation, withdrawing water from surface water (i. 
e., water in the main river channel) as a sole source of irrigation (NCAR, 
2019). In the improved version of CLM5 used in this study, groundwater 
supplied fraction (provided in the model as input data) is extracted from 
the groundwater (from the aquifer or from the soil layers when water 
table is within soil column) and rest of the irrigation water requirement 
is withdrawn from the main channel (Felfelani et al., 2021). This model 
version is validated in continental US and found to adequately capture 
the subsurface dynamics as well as groundwater depletion (Felfelani 

et al., 2021), adding confidence on the use of the model in other basin 
such as the MRB. 

2.2.3. Surface water routing 
To simulate streamflow, we use Model for Scale Adaptive River 

Transport (MOSART), a process-based model that uses kinematic wave 
formulations to route runoff as described in Li et al., (2015). The model 
uses a hydrography dataset, available globally at a spatial resolution of 
0.125◦. Topographic parameters such as flow direction, channel length, 
and channel slope, were obtained using the Dominant River Tracking 
(DRT) algorithm (Li et al., 2015); MOSART is the standard river routing 
scheme employed in CLM5. 

2.3. Data 

We use WATCH Forcing Data methodology applied to ERA-Interim 
reanalysis (WFDEI) global meteorological forcing data at 0.5◦ spatial 
resolution and 3-hour timely intervals (Weedon et al., 2014). WFDEI has 
been widely used in the LSM-based studies (Pinnington et al., 2018) and 
sensitivity analysis on the MRB by Kabir et al., (2022) suggests that 
WFDEI reproduce observed hydrological fluxes and states including 
streamflow, terrestrial water storage (TWS), and soil moisture in the 
MRB better than many other high-resolution climate forcing datasets. 
We utilize the International Geosphere-Biosphere Programme (IGBP) 
soil data to define soil characteristics at different soil layers. 

We utilize the Global Map of Irrigated Areas version 5 (GMIAv5) 
(Siebert et al. 2015) for circa 2005, available at 0.083◦ spatial resolution 
(Figure S1) to specify the contribution of groundwater to total irrigation 
water withdrawals. In the MRB, fractional groundwater contribution 
varies substantially, ranging from 0 to 25% and with most groundwater 
irrigation areas found in northern Thailand (Figure S1). Irrigation is 
predominantly surface water based in other parts of the basin. The 
equilibrium water table depth (i.e., climatologic mean that represents 
the long-term balance between the climate-driven recharge and the 
topography-driven lateral flow) (Fan et al., 2013), aggregated to 0.05◦

resolution, is used to initialize the water table depth in CLM5 to reduce 
the spin-up period (Zeng et al., 2018). We use observed streamflow data 
from the Mekong River Commission (MRC) to validate streamflow 
simulations at six gauging locations across the basin. 

To validate TWS, we use monthly Gravity Recovery and Climate 
Experiment (GRACE) data: two mass concentration (mascon) solutions 
from the Center for Space Research (CSR) (Save et al., 2016) at the 
University of Texas at Austin and Jet Propulsion Laboratory (JPL) 
(Watkins et al., 2014) at California Institute of Technology are used. To 
validate soil moisture, we use the data from Soil Moisture Active Passive 
(SMAP) satellite mission (Entekhabi et al., 2015); ground-based soil 
moisture data are not available for the MRB. There are no basin scale 
data available to reasonably validate simulated groundwater table. 
Thus, we used the synthesized data by digitizing the data published in 
the previous literature (Tiwari et al., 2023). 

2.4. Experimental settings 

We conduct four simulations with varied settings and time periods 
(Table 1) over the MRB at 0.05◦ spatial resolution (~5 km). First, a 
multi-decadal simulation is performed without considering irrigation 
and pumping (i.e., natural state), referred to as the control (CTRL) 
simulation. This simulation is used to investigate the MRB’s natural 
groundwater dynamics and its climatic and physiographic controls. 

Then, we conduct three additional simulations with varying irriga
tion water use scenarios to investigate the role of irrigation and 
groundwater pumping in perturbing groundwater dynamics. The CTRL 
simulation is first spun up for 100 years by using WFDEI forcing data 
repeatedly for the year 1979. (Rodell et al., 2005). The CTRL simulation 
is performed without activating irrigation and pumping. The CTRL_SW 
is based on CTRL but activating irrigation where full irrigation demand 
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is met from surface water sources. Sim_GWSW is based on CTRL, with 
irrigation and groundwater pumping activated for conjunctive use from 
surface and groundwater. Sim_GW simulation represents a situation 
where the irrigation demand is met solely from groundwater. Since 
widespread irrigation in the MRB began in the 1990 s, we conduct 
Sim_GWSW and Sim_GW simulations for a shorter period beginning in 
2000. Head-based lower boundary condition and lateral flow are active 
in all simulations. The experiments are designed to capture the natural 
groundwater dynamics of the MRB and the potential consequences of 
anthropogenic impacts such as irrigation and groundwater pumping. 

3. Results 

3.1. Surface and subsurface water variations 

Comparison of the simulated monthly streamflow with observations 

at six gauging stations across the LMRB indicates that the model per
forms well in capturing the temporal dynamics of streamflow and its 
seasonality (correlation coefficient ranges between 0.8 and 0.99 and 
NSE ranges between 0.7 and 0.95 across various stations). Given mini
mal precipitation during the dry season in the MRB (Hung et al., 2012; 
Pokhrel et al., 2018a; Sun et al., 2021), groundwater discharge is 
arguably the primary contributor to streamflow, particularly during this 
period. Thus, and given that no extensive basin-wide data exist for a 
direct groundwater validation, we focus on the evaluation of low flow 
indicators that serve as a proxy of groundwater discharge (i.e., baseflow) 
simulations (Yeh and Eltahir, 2005) along with a limited validation of 
simulated water table anomaly with observations. In general, flows 
having 85, 90, and 95 percent exceedance probability, i.e., Q85, Q90, 
and Q95, respectively, are simulated reasonably well across all stations 
(Fig. 2a-f). The mean percent deviation (MPD) of simulated and 
observed Q95, Q90, and Q85 ranges between 4 and 8%, 1.5–10%, and 

Table 1 
Experiments and Model Configurations.  

Simulation Irrigation Pumping Irrigation Water Source Groundwater Use Simulation Period 

CTRL No No No Irrigation 0 1979–2016 
CTRL_SW Yes No Surface Water 0 1979–2016 
Sim_GWSW Yes Yes Surface and 

Groundwater 
GMIAv5 2000–2016 

Sim_GW Yes Yes Groundwater 100 % 2000–2016  

Fig. 2. Evaluation of simulated monthly streamflow (1979–2016) at six mainstream gauging stations in the LMRB: VT (Vientien), NP (Nakhon Phenom), KC (Kong 
Chiam), PA (Pakse), ST (Stung Treng), KP (Kampong Cham). The zoomed boxes in panels a-f depict the low flows for each station. The six subplots in the upper right 
panels represent a comparison of seasonal cycle of observed (black) and simulated (red) streamflow. The station locations are shown in Figure S2. Results presented 
here are based on Sim_GWSW simulation (see Table 1). Similar results, but on a daily scale, are presented in the supplementary material (Figure S3). Panels (g-k) 
show the comparison of the simulated water table anomaly with the observation (red: simulation; black: observation). Note that the mean of all available well heads 
within a given grid cell is used for a relatively consistent comparison of point data and grid-based simulations. Well locations are shown in the supplementary 
material (Figure S2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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1.5–11%, respectively. These comparisons of annual and low flows as 
well as the temporal patterns suggest that the model reasonably simu
lates low flow, hence the underlying groundwater discharge or baseflow 
generation. 

The temporal pattern of the simulated groundwater table anomaly 
represents a comparatively stable trend, unlike the observed water table 
changes in the MRB that depict a continuous decline from 2007 to 2016. 
This can be attributed to various factors including limitations in process 
representation, both natural and anthropogenic. Specifically, it is likely 
that the model does not capture the full range of groundwater dynamics 
driven by local scale processes that are reflected in the point measure
ments of groundwater table. Nevertheless, the model captures the 
declining trend of water table depletion, including some of the major 

water table decline in 2010 and 2014 despite certain discrepancies in the 
magnitude (Fig. 2i-k). The model also captures some of the observed 
water table recoveries (Fig. 2k). The findings indicate that the model can 
reasonably capture the observed groundwater anomaly and inter-annual 
dynamics of groundwater changes. We note that a direct comparison 
between the water table derived from a 5 km model grid and very 
limited point-scale observations is not fully compatible; thus, these 
evaluations should be interpreted with sufficient caution. Further, there 
could be added uncertainties due to climate forcing particularly pre
cipitation (Kabir et al., 2022), subsurface parameterization notably 
baseflow and insufficient representation of the groundwater irrigation 
areas that can lead to underestimation of water table decline. Most 
importantly, the validation locations are predominantly located in the 

Fig. 3. Comparison of simulated and GRACE-based monthly terrestrial water storage anomaly averaged over the MRB for the 2002–2016 period (a). Simulated 
surface (river storage and snow) and subsurface water storage and its components (top 2 m soil moisture) are also shown. Individual components of surface water 
storage include water stored in rivers, small sub-grid scale water bodies, snow, and canopy. In contrast, subsurface water storage includes water stored in the soil 
column as soil moisture and groundwater. The right panel (b) shows the seasonal cycle. R2 and RMSE are shown in the right panel. Yellow and green shades highlight 
dry-wet contrasts. Panels c-j present the spatial variability in the seasonal average of terrestrial water storage anomaly from simulation and GRACE data for the same 
period. Results presented here are based on the Sim_GWSW simulation. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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Mekong Delta, where groundwater can be influenced by sea water 
intrusion and tides, factors currently not accounted for in the model. 
However, due to high data paucity (e.g., lack of basin-wide, continuous 
monitoring of groundwater levels), this is the only viable evaluation of 
our simulations in addition to the validation of discharge and TWS 
(Figs. 2 and 3). Given complex topographic features across the MRB, use 
of a global-scale LSM, and limited data to constrain process simulations, 
we consider these results to be satisfactory to study groundwater pro
cesses over the MRB. 

Similar to streamflow, CLM5 well simulates the temporal variations 
of basin averaged TWS anomaly (Fig. 3). It is evident from Fig. 3 that the 
temporal variability is accurately reproduced along with the historical 
dry-wet transitions compared to GRACE observations (i.e., shaded areas 
in Fig. 3a). The good agreement with GRACE is evident not only visually 
but also statistically as indicated by a high R2 (0.96) and low root mean 
square error (RMSE) (21.2 mm). However, the model did miss some of 
the events, such as in 2002 and 2011—two notable flood years in the 
MRB (Chinh et al., 2016; Dushmanta et al., 2007), and the simulated 
peak is slightly underestimated. Some of these underestimations and 
discrepancies are likely caused by limitations inherent in the model, 
such as absence of explicit representations of floodplain storage, 
particularly in the LMRB (Pokhrel et al., 2018). This limitation could 
have a noticeable impact on certain years, particularly those charac
terized by flood events. 

We find that subsurface storage plays a critical role in modulating the 
total TWS variations and hence the hydrology of the MRB (Fig. 3a-b). 
Notably, subsurface storage accounts for ~ 81% of TWS amplitude, 
while groundwater anomaly explains 65% of the TWS anomaly in the 
MRB (subtracting soil moisture anomaly from the TWS anomaly). About 
15% of the seasonal TWS amplitude is explained by surface water 
storage (Fig. 3b, pie chart), in line with the findings of previous studies 
(Pokhrel et al., 2018b) that reported this contribution to be ~13% based 
on a global LSM HiGW-MAT that is similar to CLM5 in process repre
sentation. Because GRACE provides the vertically integrated total TWS, 
not individual components, groundwater and surface water contribution 
could not be individually validated, and there are no other similar 
modeling studies for the entire MRB to cross-compare these individual 
TWS components. The comparison of seasonal TWS anomaly with 
GRACE data reveals that the overall seasonal variation is simulated 
reasonably well (Fig. 3c-j). Furthermore, the broad spatial pattern of the 
basin wide seasonal TWS anomaly is consistent with the GRACE data. 
However, some discrepancies are evident in the LMRB, likely due to 
uncertainty in precipitation (Kabir et al., 2022) in addition to model 
parameterizations. The ability to perform a more in-depth comparison 
with GRACE data is limited because of the inconsistency in spatial res
olution between model and GRACE data. 

We further compare simulated soil moisture with SMAP observations 
(Figure S4). Broad arid and humid contrasts of the soil moisture across 

Fig. 4. (a) Annual average groundwater recharge (Rs), (b) groundwater discharge (Qg), and (c) groundwater discharge to recharge ratio (Qg/ Rs) for the 1979 to 2016 
period. Qg/Rs less than 1 indicates groundwater contributor areas shown by different shades of blue, whereas Qg/Rs > 1 marks groundwater receiver parts of the 
basin in different shades of red. The bottom panel (d) shows recharge (Rs) and precipitation (P) climatology for the same period. The results presented here are based 
on CTRL simulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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the basin are reasonably reproduced in the simulation. There are, 
however, some disagreements in the wet season (September-November), 
likely due to precipitation uncertainty (Kabir et al., 2022) or un
certainties in SMAP data (e.g., vegetation cover affects SMAP signal) 
(Colliander et al., 2020; Ma et al., 2017). These evaluations of TWS and 
soil moisture indicate that CLM5 simulates the subsurface hydrody
namics of the MRB reasonably well and could be used to examine the 
mechanistic interactions of the groundwater processes. Additionally, 
dominance of subsurface storage variation on TWS anomaly indicates a 
strong control of groundwater in MRB’s water cycle and hence highlight 
the importance of improving groundwater processes understanding. 

3.2. Groundwater flow patterns and drivers 

Simulated annual average groundwater recharge in the MRB has 
distinct spatial variability, ranging from less than 100 mm/yr to over 
1,000 mm/yr, with recharge rates generally decreasing from the UMRB 
to the LMRB (Fig. 4a). High recharge rates are simulated in regions (deep 
blue color in Fig. 4a) where precipitation rates are generally high. Laos 
and Vietnam are two such regions with high groundwater recharge and 
discharge rates. Some regions in the LMRB’s floodplains are evident with 
net negative groundwater recharge (capillary rise) likely under shallow 
groundwater conditions, i.e., groundwater responds to soil moisture 
stress and contributes to evapotranspiration (ET). As expected, 
groundwater discharge follows similar spatial patterns of recharge 
(Fig. 4b). However, some areas with high recharge and low discharge 
rates are simulated (zoomed boxes in Fig. 4a and 4b), suggesting that 

small-scale variations in soil characteristics and topographical factors 
govern regional groundwater flow and redistribute recharge spatially. 

To provide further insights on relatively smaller scale processes and 
responses, we examine the basin-wide recharge to precipitation (Rs/P) 
ratio (Fig. 5a) and surface and subsurface fluxes in different regions 
across the MRB (Fig. 5b-m) that represent diverse topography, climate, 
soil, and vegetation characteristics. High precipitation during the wet 
season (June - September) is observed in locations b, c, and e. Similarly, 
high recharge and groundwater discharge are evident in these regions, 
with similar magnitude and climatological patterns. These regions in the 
UMRB are dominated by dense natural vegetation (Figure S5) and sandy 
soil deposits (~60 % sand content) (Figure S6) that favor precipitation 
infiltrating and generating high groundwater recharge (Fig. 5b-d). Thus, 
high Rs/P (i.e., Rs/P between 40 and 50%) is observed (Fig. 5b-d). In 
addition to soil and vegetation characteristics, the high climatic and 
topographic gradient affects groundwater flow that drives discharge to 
the surrounding valley regions. However, there is no linear correlation 
between groundwater recharge and discharge with the topographic 
slope. Other possible factors, such as low water table gradient and 
relatively homogeneous soil texture (dominated mainly by sandy soil 
deposits) (Figure S6), affect direct recharge and discharge impeding 
regional groundwater flow. 

In contrast, relatively downstream towards the LMRB (Fig. 5f-g), Rs/ 
P is rather high; however, relatively low discharge indicates possible 
control of local- to regional-scale groundwater flow. Topographic slope, 
soil characteristics, and water table gradient are likely to affect the 
divergence of groundwater discharge (Fig. 5f-g). Furthermore, more 

Fig. 5. Spatial distribution of annual average recharge to precipitation ratio (Rs/P) (a), climatology of precipitation (P), groundwater recharge (Rs), surface runoff 
(Qs), groundwater discharge (Qg) and Rs/P for different locations across the basin are shown in panels b-m. Locations are indicated in panel a (black hexagon). The 
results presented here are based on CTRL simulation for the 1979–2016 period. Locations b, c, and d exemplify topographically complex regions (high variations in 
topographic slope) in the northern mountainous areas with moderate to high precipitation. Locations e, f, and g illustrate a high permeability zone with intense 
precipitation. Conversely, locations h, i, and j have low permeability in the flat floodplains in the MRB around the TSL region. Lastly, locations k, l, and m represent 
the Mekong Delta. 
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heterogeneous soil composition is observed in these regions (Figure S6), 
which acts as the critical factor in controlling groundwater flow. For 
example, in the intermediate soil layers (Figure S6, layers 6–10), there is 
more heterogeneity in soil texture to impact groundwater flow paths. 
Relative control of regional flow owing to differences in topographic 
slope as well as heterogeneous soil characteristics is evident in the 
mountainous regions in the MRB (Fig. 5e-g). 

Farther downstream in the LMRB floodplains (Fig. 5h-j), Rs/P is 
relatively low, in the order of ~ 10%, likely because the soil composition 
(alluvial clay is ~ 60% of the soil composition) inhibits quick percola
tion and recharge. Precipitation intensity is moderate in the LMRB 
floodplains. Also, in the wet season, relatively high soil moisture in the 
LMRB (Figure S4) can create soil saturation near the surface that 
virtually makes the soil impermeable and cause less recharge than in 
other regions (Fig. 5b-g). In addition, there is consistently high ET that 
leads to low groundwater recharge in comparison to the amount of 
water that infiltrates into the soil (Fig. 6). Therefore, despite the high or 
moderate precipitation rate, a relatively low recharge rate is evident. 
Thus, soil characteristics has a critical control over the groundwater 
flow in the LMRB floodplains. Besides, the low gradient in the water 
table influenced by flat topography in the LMRB floodplains controls the 
groundwater flow in this region. Rs/P varies in the Mekong Delta 
ranging from 0.2 to 0.4. Like the floodplain in the LMRB, high clay 
content in the soil inhibits groundwater recharge in the Mekong Delta. 
One primary reason for low recharge could be the presence of shallow 
clay layers (Figure S6), which act as a confining layer limiting recharge. 

Similar findings in the Mekong Delta have also been reported by (Tu 
et al., 2022). Overall, climatic, and physiographic conditions, along with 
soil characteristics, play a crucial role in governing recharge and 
discharge. We note that we do not simulate the effects of dams and 
reservoirs that could influence groundwater recharge in the areas with 
substantial water impoundment. 

The ratio of basin-wide discharge to recharge (Qg/Rs) provides 
further insight into the groundwater flow pathways and the impacts of 
the basin-wide water budget. A vast majority of the basin area (indicated 
as different shades of blue color in Fig. 4c) is a groundwater receiver, 
suggesting that groundwater a dominant component of the basin-wide 
water budget in the LMRB. Overall, groundwater recharge and 
discharge zones follow the MRB’s north-to-south and east-to-west 
topographic and climatic gradients. 

3.3. Climatic control of groundwater flow 

High recharge and discharge zones are generally located in areas 
with high annual precipitation and are strongly influenced by precipi
tation climatology. Basin averaged recharge rate peaks above 100 mm in 
August, the middle of the wet season in the MRB (Fig. 4d and Fig. 6). In 
contrast, recharge drops below 40 mm during the onset of the dry season 
in November. About 73% of annual recharge occurs between July and 
September, during which 40% of annual precipitation occurs (Fig. 4d 
and Figure S7). Precipitation and recharge in the basin are highly 
correlated (R2 = 0.71), suggesting a strong climate control on 

Fig. 6. Spatial variability of the monthly mean precipitation (P), Infiltration (If), ET, groundwater recharge (Rs), groundwater discharge (Qg) and total runoff (QT) 
rates for the 1979–2016 period. The vertical panels represent different months. 
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groundwater variations. Across the basin, the average recharge-to- 
rainfall ratio is 34% annually and substantially higher during the wet 
season (~52%) than during the dry season (~6%), indicating that 
rainfall seasonality plays a crucial role in governing annual groundwater 
recharge. Therefore, wet-season rainfall substantially contributes to 
groundwater replenishment and can potentially buffer subsurface stor
age during drought. This is well studied and known in the Amazon River 
basin (Miguez-Macho and Fan, 2012a, 2012b; Pokhrel et al., 2013) but 
remains largely unexamined in the MRB. 

3.4. Role of groundwater in surface water dynamics and governing drivers 

Groundwater discharge over the MRB is simulated to be ~ 401 mm/ 
yr, accounting for over 50% of annual river discharge (Fig. 5). 
Groundwater recharge and discharge peaks occur during the wet season 
with a 1–2 month delayed and dampened response to precipitation 
(Fig. 5b-h and Fig. 6). A shorter time lag between precipitation and 
infiltration is observed in the UMRB, which is characterized by sandy 
soil deposits that enhance rapid infiltration particularly during heavy 
rain events. Generally, we observe longer response time and high spatial 
variability toward the LMRB alluvial floodplains (Fig. 6). Groundwater 

recharge and discharge have a 2–3 month delayed response to infiltra
tion and precipitation in the LMRB, allowing groundwater recharge to 
carry over to the subsequent season and acts as a critical source of 
baseflow to rivers to maintain dry season flow. Also, comparable 
magnitude of basin-scale groundwater discharge and total runoff over 
the entire dry period (November-May) further underscores that 
groundwater supports the bulk of the total streamflow and its seasonal 
variation essentially governs surface water fluxes (Fig. 6). Further, a 
substantially higher negative Rs/P during the dry season (Fig. 5f and 5i) 
suggests that groundwater storage significantly contributes to aug
menting soil moisture and ET. Particularly in the LMRB, some regions 
are evident where a negative Rs/P ratio is observed for consecutive 3–4 
months after the offset of the wet season in September (Fig. 5e-g), sug
gesting that groundwater responds to soil moisture deficit for a 
considerable period when precipitation is low. Basin-wide negative 
recharge during December to May further indicates that groundwater 
acts as a basin-wide soil moisture buffer to support dry season soil 
moisture and ET (Fig. 6) implying that groundwater dynamics has a far- 
reaching influence on the water and energy cycle in the MRB. 

Overall, the interaction between groundwater and surface water in 
the MRB is regulated by a complex set of drivers, including seasonal 

Fig. 7. Mean annual irrigation demand simulated for the 2000–2016 period (a). Groundwater withdrawal for irrigation (b) (red box in panel (a)), and lateral 
groundwater flow from CTRL (c) and Sim_GW (d) simulations over the Mekong Delta. Panel (c) and (d) share the same color bar. Units are indicated next to the color 
bars. Note that the groundwater supplied fraction of irrigation water demand is used around the year 2005 and made consistent throughout the simulation period of 
2000–2016. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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variations in precipitation, soil properties and topography. The impacts 
of human activities, such as irrigation and groundwater pumping, are 
discussed in the later section. Notably, the results are simulation-based 
and depend on a variety of model parameterizations such as soil layer 
configurations, subsurface parameterizations, and input datasets used 
all of which are subject to certain degree of uncertainty, which all can 
affect simulation outcomes. However, our results provide detailed in
sights on the different groundwater processes from surface (infiltration) 
to the subsurface (groundwater discharge), leading to a mechanistic 
understanding on the dynamic interactions among the tightly coupled 
surface water-groundwater processes across the MRB. 

3.5. Groundwater flow impacted by aquifer pumping 

Finally, we examine how increased groundwater pumping for irri
gation impacts groundwater systems in the MRB. We specifically 
quantify the changes in groundwater flow and water table depth caused 
by increased aquifer pumping for dry season irrigation. We focus on the 
Mekong Delta region that accounts for the majority of irrigated crops 
and where widespread irrigation is increasing in recent years; in other 
parts of the MRB, agricultural systems are mostly rainfed (Figure S8). 
The simulated annual irrigation demand in the MRB varies from ~ 25 to 
over 250 mm (Fig. 7a). In some portions of the Mekong Delta, irrigation 
demand is relatively high, for example, up to 200 mm/yr (Fig. 7a), and 
these results are consistent with previous estimates reported in global 
scale studies for year 2010 (Wada et al., 2016). Irrigation validation 
could be further enhanced by using satellite-based datasets (i.e., Brocca 
et al., (2018); Koch et al., (2020)). However, our results should be 
interpreted with caution because of possible uncertainties arising from 
the uncertainty in climate forcing and irrigation datasets used. Further, 
there could be under-representation of the recent irrigation develop
ment that is likely to cause an underestimated groundwater withdrawal. 

A more in-depth evaluation is not possible because of the lack of 
spatially explicit datasets on irrigation withdrawals in the MRB. 

Irrigation-pumping imposes a water table gradient, causing up to 
half a meter of water table decline in the Mekong Delta (Fig. 8a). In 
general, when averaged over a long period, the simulated effect of 
groundwater pumping is not substantial even in the Mekong Delta, 
especially in comparison to that in other major agricultural regions 
worldwide. This is so even when irrigation demand is met from the 
groundwater resource (i.e., Sim_GW simulation). Since irrigation 
development in the MRB is relatively recent (i.e., it started a few decades 
ago), long-term climate variability balances the pumping effects. How
ever, widespread storage depletion is simulated in the Mekong Delta 
during the selected dry years (i.e., 2005 and 2015). The depletion is 
more than double in pumping cells in 2005 and 2015 compared to the 
long-term average water level decline and substantially large area of 
depletion is readily discernible (Fig. 8b-c). Depletion reaches ~ 1 m at 
the center of the Mekong Delta and ~ 0.5 m at the borders during 2005 
under the increased influence of groundwater pumping (Sim_GW 
simulation). These results are consistent with previous estimates re
ported by regional scale studies on the Mekong Delta, although the 
simulated absolute depletion may be underestimated because the in
formation on the recent increase in groundwater pumping for irrigation 
(Minderhoud et al., 2020, 2017) is not accounted for in our model. 

Water table gradient induces a shift in groundwater flow in the 
Mekong Delta (Fig. 8b-c), notably during dry years. The decline in water 
table (Fig. 8b) drives large flow towards the pumping cells from the 
surrounding, resulting in an increase in groundwater discharge in the 
neighboring cells (in Sim_GW simulation) (positive difference) 
compared to the CTRL simulation (Fig. 8e-f). Such pumping-induced 
alterations of groundwater dynamics, particularly during dry years, 
imply that groundwater depletion in the Mekong Delta could be exac
erbated if prolonged droughts were to occur in the future. 

Fig. 8. Differences in water table depth and groundwater discharge between CTRL and Sim_GW simulations (see Table 1) for three different time windows (i.e., 
differences in long-term mean and two dry years of 2005 and 2015). Note that the mean represents the 2000–2016 period. Top row shows differences in water table 
depth (a, b and c) and bottom row shows differences in groundwater discharge (d, e and f). The color bars differ among top and bottom panels. Top color bar 
represents change in water table depth with larger positive values indicating a deeper water table (i.e., a decline) in Sim_GW simulation. Bottom color bar represents 
change in groundwater discharge (positive values indicate an increase in Sim_GW simulation). 
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The change in lateral groundwater flow (based on signs) further 
signifies the growing influence of irrigation and pumping on the region’s 
groundwater systems (Fig. 7c-d). For instance, red cells in Fig. 7c (lateral 
outflow) turn blue (lateral inflow) due to the pumping-induced head 
gradient that triggers a substantial lateral flow towards the cone of 
depression (red blob, Fig. 8b). In general, groundwater withdrawals are 
likely to be unsustainable in the Mekong Delta if irrigation and pumping 
continue to expand in the future. Notably, the model shows promising 
potential to simulate irrigation and its influence on groundwater, and in 
identifying depletion hotspots. However, it is important to note that 
local scale phenomena such as cone of depression resulting from 
pumping-induced water table gradient may not have been captured 
adequately at the current spatial resolution (i.e., 5 km). 

4. Conclusion 

This study examines groundwater mechanisms, governing processes, 
and the interactions between groundwater and surface water under 
natural conditions and anthropogenic influences over the MRB using a 
fully distributed and process-based LSM with improved groundwater 
representation that accounts for lateral groundwater flow and aquifer 
pumping. Results are first validated with observed streamflow, water 
table, GRACE-based TWS, and SMAP-based soil moisture data, then used 
to examine groundwater flow processes across the MRB, the governing 
mechanism, and the effects of increasing irrigation activities on 
groundwater systems in the LMRB. The following summarizes the key 
findings of the study. 

First, groundwater flow in the MRB exhibits high spatially hetero
geneities, driven by a combination of factors including regional topog
raphy, climate, and local or regional scale subsurface characteristics. 
The climate (precipitation intensity and seasonality) has a first-order 
control on recharge and discharge variations across the basin. Further, 
regional subsurface characteristics dominantly control the recharge 
dynamics, especially in the LMRB. Second, in the LMRB, groundwater is 
the dominant source of streamflow, and its spatial variation and sea
sonality strongly modulate surface water dynamics; in some regions, 
groundwater perennially feeds streamflow. This mechanism is high
lighted using an in-depth analysis over selected regions across the MRB 
with varying climatic, hydrologic, and geologic characteristics. Third, 
groundwater storage acts as a hydrological buffer and contributes sub
stantially to soil moisture and ET for a considerable period of the year. 
These findings suggest a strong control of groundwater dynamics on the 
MRB’s surface water and energy balances, with potential implications of 
perturbing the natural groundwater dynamics on surface water and 
energy fluxes. Fourth, groundwater use for irrigation has not had 
notable impact on groundwater dynamics over the long term, but the 
model simulates a region-wide storage depletion in the Mekong Delta 
during dry years, resulting in a shift in groundwater dynamics, also 
altering the magnitude and direction of groundwater discharge and 
lateral flow. 

We note that our results are based on model simulations and may 
include uncertainties arising, for example, from forcing data, model 
resolution and imperfect groundwater parameterizations. Thus, the re
sults should be interpreted with caution particularly for local scale im
plications of groundwater depletion hotspots and cone of depression. 
Further, the irrigation and groundwater data we used are from global 
databases, which may not include the most recent developments in 
groundwater irrigation, potentially underestimating the irrigation- 
induced changes in groundwater in the Mekong Delta. Our study of
fers a detailed discussion on the natural groundwater dynamics in the 
MRB as well as the potential impacts of irrigation development and 
groundwater withdrawal. A more comprehensive understanding of the 
groundwater dynamics in the MRB could require consideration of dams 
and reservoir operation in the simulation, which forms a potential 
avenue for future research. Future studies could address these limita
tions by further refining model parameterizations, particularly for 

subsurface runoff, improving process representation, and using any new 
datasets. Despite certain limitations, this study provides the first results 
on groundwater modeling for the entire MRB and by using a process- 
based LSM that includes a prognostic groundwater scheme and aquifer 
pumping for irrigation. Our study also advances groundwater modeling 
capabilities in data-limited regions such as the MRB. 
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Gleeson, T., Wagener, T., Döll, P., Zipper, S.C., West, C., Wada, Y., Taylor, R., Scanlon, B., 
Rosolem, R., Rahman, S., Oshinlaja, N., Maxwell, R., Lo, M.H., Kim, H., Hill, M., 
Hartmann, A., Fogg, G., Famiglietti, J.S., Ducharne, A., De Graaf, I., Cuthbert, M., 
Condon, L., Bresciani, E., Bierkens, M.F.P., 2021. GMD perspective: The quest to 
improve the evaluation of groundwater representation in continental-to global-scale 
models. Geosci. Model Dev. 14, 7545–7571. https://doi.org/10.5194/gmd-14-7545- 
2021. 

Gleick, P.H., 2018. The World’s. Water Volume 9. - The report on freshwater resources.  
Gunnink, J., Pham, H.V., Oude Essink, G., Bierkens, M., 2021. The 3D groundwater 

salinity distribution and fresh groundwater volumes in the Mekong Delta, Vietnam, 
inferred from geostatistical analyses. Earth Syst. Sci. Data Discuss. 4441776, 1–31. 
https://doi.org/10.5194/essd-2021-15. 

Haddeland, I., Clark, D.B., Franssen, W., Ludwig, F., Voß, F., Arnell, N.W., Bertrand, N., 
Best, M., Folwell, S., Gerten, D., Gomes, S., Gosling, S.N., Hagemann, S., Hanasaki, 
N., Harding, R., Heinke, J., Kabat, P., Koirala, S., Oki, T., Polcher, J., Stacke, T., 
Viterbo, P., Weedon, G.P., and Pat Yeh, 2011. Multimodel Estimate of the Global 
Terrestrial Water Balance : Setup and First Results 869–884. https://doi.org/ 
10.1175/2011JHM1324.1. 

Haddeland, I., Lettenmaier, D.P., Skaugen, T., 2006. Effects of irrigation on the water and 
energy balances of the Colorado and Mekong river basins. J. Hydrol. 324, 210–223. 
https://doi.org/10.1016/j.jhydrol.2005.09.028. 

Hanasaki, N., Fujimori, S., Yamamoto, T., Yoshikawa, S., Masaki, Y., Hijioka, Y., 
Kainuma, M., Kanamori, Y., Masui, T., Takahashi, K., Kanae, S., 2013. A global water 
scarcity assessment under Shared Socio-economic Pathways - Part 1: Water use. 
Hydrol. Earth Syst. Sci. 17, 2375–2391. https://doi.org/10.5194/hess-17-2375- 
2013. 

Hecht, J.S., Lacombe, G., Arias, M.E., Dang, T.D., Piman, T., 2019. Hydropower dams of 
the Mekong River basin: A review of their hydrological impacts. J. Hydrol. 568, 
285–300. https://doi.org/10.1016/j.jhydrol.2018.10.045. 

Hoang, L.P., van Vliet, M.T.H., Kummu, M., Lauri, H., Koponen, J., Supit, I., Leemans, R., 
Kabat, P., Ludwig, F., 2019. The Mekong’s future flows under multiple drivers: How 
climate change, hydropower developments and irrigation expansions drive 
hydrological changes. Sci. Total Environ. 649, 601–609. https://doi.org/10.1016/j. 
scitotenv.2018.08.160. 

Hoanh, C.T., Facon, T., Thuon, T., Bastakoti, R.C., Molle, F., Phengphaengsy, F., 2012. 
Irrigation in the lower mekong basin countries: The beginning of a new era? 
Contested Waterscapes Mekong Reg. Hydropower, Livelihoods Gov. 9781849770, 
143–172. https://doi.org/10.4324/9781849770866. 

Hoanh, C.T., Suhardiman, D., Anh, L.T., 2014. Irrigation development in the Vietnamese 
Mekong Delta: Towards polycentric water governance? Int. J. Water Gov. 2, 61–82. 
https://doi.org/10.7564/14-ijwg59. 

Hung, N.N., Delgado, J.M., Tri, V.K., Hung, L.M., Merz, B., Bárdossy, A., Apel, H., 2012. 
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