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Abstract. Lateral groundwater flow (LGF) is an important
hydrologic process in controlling water table dynamics. Due
to the relatively coarse spatial resolutions of land surface
models, the representation of this process is often overlooked
or overly simplified. In this study, we developed a hillslope-
based lateral groundwater flow model. Specifically, we first
developed a hillslope definition model based on an existing
watershed delineation model to represent the subgrid spatial
variability in topography. Building upon this hillslope defini-
tion, we then developed a physical-based lateral groundwa-
ter flow using Darcy’s equation. This model explicitly con-
siders the relationships between the groundwater table along
the hillslope and the river water table levels. We coupled this
intra-grid model to the land component (E3SM Land Model:
ELM) and river component (MOdel for Scale Adaptive River
Transport: MOSART) of the Energy Exascale Earth System
Model (E3SM). We tested both the hillslope definition model
and the lateral groundwater flow model and performed sen-
sitivity experiments using different configurations. Simula-
tions for a single grid cell at 0.5°× 0.5° within the Amazon
basin show that the definition of hillslope is the key to mod-
eling lateral flow processes and the runoff partition between
surface and subsurface can be dramatically changed using the
hillslope approach. Although our method provides a pathway
to improve the lateral flow process, future improvements are
needed to better capture the subgrid structure to account for
the spatial variability in hillslopes within the simulated grid
of land surface models.

1 Introduction

Lateral groundwater flow (LGF) is an important hydrologic
process in the water cycle. It not only redistributes ground-
water resources across the landscapes but also influences
the groundwater and stream water (GW–SW) interactions
(Miguez-Macho and Fan, 2012). However, in large-scale
Earth system models (ESMs), LGF is often estimated us-
ing empirical methods that do not consider changes in land
surface heterogeneity, which is considered one of the three
grand challenges in land surface modeling (Oleson et al.,
2013; Fisher and Koven, 2020). Consequently, substantial
uncertainty persists in these estimates of hydrological and
energy state variables and fluxes.

Although subsurface groundwater flow is often considered
relatively slow compared to overland surface runoff, its total
contribution to streamflow can be significant. Many studies
found that subsurface flow dominates streamflow contribu-
tion in many environments, especially when precipitation is
limited (Miller et al., 2016; Xie et al., 2024). Others also
reported that its contribution varies with seasons, and even
during the wet season, its contribution can reach up to 40 %
(Mortatti et al., 1997). Besides, GW–SW interactions are ac-
tive throughout the year and are influenced by both land and
river conditions (Markstrom et al., 2008).

Traditionally, lateral groundwater flow, including GW–
SW interactions, is often modeled at a regional scale us-
ing high-spatial-resolution (e.g., 10 m–1 km) groundwater
flow models. These models often simulate the cell-to-cell
or between-cell lateral groundwater flow by solving three-
dimensional (3D) partial differential equations implicitly
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based on hydraulic head differences (Langevin et al., 2017;
Liao and Zhuang, 2017; Fang et al., 2022). In unconfined
aquifers, the hydraulic head closely aligns with the water ta-
ble, often influenced by the surrounding surface topography.
Specifically, the water table often follows the surface topog-
raphy, and groundwater flows from the upland to the allu-
vial fan before entering the river channels or large waterbod-
ies. Besides the 3D modeling approach, regional hydrologic
models also use the two-dimensional (2D) approach to sim-
ulate the LGF along hillslopes, as many studies recognized
its impacts on the belowground water table and soil mois-
ture along the hillslope (Troch et al., 2003; Marcais et al.,
2017; Zhang et al., 2024). In this case, an array of connected
columns often represents an idealized hillslope, and the non-
linear hillslope-storage Boussinesq (HSB) equation is often
used to simulate the hydrologic processes considering the
distributions of soil and vegetation in different columns.

Meanwhile, in large-scale ESMs and land surface mod-
els (LSMs), because the horizontal spatial resolutions (10–
200 km) are much coarser than the vertical spatial resolution
(∼ 100 m) (Brunke et al., 2016), these models generally do
not simulate the between-cell groundwater flow (Qiu et al.,
2024). Moreover, these models cannot simulate the within-
cell lateral groundwater flow using the hydraulic head gradi-
ent within each grid cell because their geospatially unaware
subgrid structures do not support the hydraulic gradient cal-
culation. Instead, some LSMs use empirical functions to esti-
mate the within-cell or intra-grid LGF as a function of water
table depth (WTD) and surface topography (Oleson et al.,
2013).

Incorporating the 3D or 2D regional-scale approach into
large-scale ESMs presents persistent challenges due to sev-
eral factors. First, the global-scale high-resolution (∼ 1 km)
3D approach is nearly unachievable due to its computation
demand. It was not until recently that the utilization of the
supercomputers or graphics processing unit (GPU) made this
approach feasible. For example, recent studies made pro-
cesses using advanced high-performance computing tech-
niques to run large-scale 3D groundwater flow models at
1 km spatial resolution (Hokkanen et al., 2021). Alterna-
tively, some studies proposed a hybrid approach that only
uses the 3D approach at the subgrid level while a simpli-
fied formula is used at the cell interface (Wang et al., 2020).
This approach, however, does not consider the river net-
works. Several studies also attempted to use an explicit in-
stead of implicit 3D approach to reduce the computational
cost in a global-scale groundwater model (Fan et al., 2013).
Second, the 2D hillslope approach draws much attention be-
cause it can simulate the within-cell LGF without the high
computational cost compared with the 3D approach (Swen-
son et al., 2019; Chaney et al., 2021). However, due to scale
differences, there is a significant challenge in transforming
a land surface grid cell into a hillslope-based data structure.
Traditional hillslope hydrology often focuses on individual
idealized hillslopes, i.e., uniform, convergence, and diver-

gence hillslopes (Paniconi et al., 2003). However, an LSM
grid cell, regardless of structured or unstructured, is often rel-
atively large and may contain multiple hillslopes at different
locations. Besides, each hillslope may be linked to different
river channels, main or tributaries (Xu et al., 2022). Lastly,
a portion of the grid cell may not even belong to the same
watershed. Therefore, applying the hillslope approach to the
LSM requires careful consideration of the scale differences
(Fig. 1).

Most existing LSMs already have a built-in subgrid struc-
ture which often defines classes or groups using area frac-
tions (Best et al., 2011; Oleson et al., 2013; Guimberteau
et al., 2018). Therefore, any group entity may spread out
at different locations (e.g., hillslope) or outside the water-
shed. For example, a plant functional type (PFT) may oc-
cupy 30 % of a grid cell, but the model assumes it is uni-
formly distributed across the grid cell. However, due to en-
ergy and water availability, this PFT may only be distributed
at a certain hillslope in reality. Moreover, an LSM grid cell
may also contain other hydrologic features, including rivers,
lakes, and wetlands. All of these hydrologic features may in-
teract with the land surface differently. For example, a flood-
ing event may occur at the main river channel but is absent
near the tributaries (Xu et al., 2022). Taken together, repre-
senting the land surface using the hillslope subgrid structure
poses a great challenge. To address this challenge, several
studies have developed various approaches to represent LSM
grid cells using hillslopes with different levels of complexity.
For example, some studies use subgrid structure and connec-
tivity from upland to lowland to mimic the hillslope concept
(Chaney et al., 2021).

In this study, we developed a new hillslope-based hydro-
logic model to simulate the within-cell or intra-grid LGF
within the land component of the Energy Exascale Earth Sys-
tem Model (E3SM) (Golaz et al., 2022). This hillslope-based
hydrologic model within the E3SM Land Model (ELM)
(1) uses a simple approach to represent the LSM grid cells
with hillslopes, (2) uses Darcy’s law to estimate the within-
cell LGF along the hillslope, and (3) considers the one-way
GW–SW interactions through hillslope–river coupling. We
tested different hillslope definition configurations. We inves-
tigated the model behaviors by performing simulations using
different model configurations. Our analyses of the simula-
tion results show that the representation of the hillslope is the
key to modeling lateral flow processes, and our method pro-
vides a promising pathway to improve the large-scale hydro-
logical and biogeochemistry modeling using the hillslope-
based subgrid structure.
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Figure 1. Illustration of the land surface with river channels and hillslopes within a land surface model (LSM) grid cell. The river channels
include the main channel and tributaries. Colored polygons are conceptual hillslope types. The yellow, blue, and green polygons are left,
right, and headwater hillslopes, respectively. Red arrows are the flow direction in the channels. Black arrows are the flow direction along
the hillslope. The area marked in grey represents the portion that does not belong to this watershed. The upper-left and upper-right mini
plots illustrate the left/right (divergent) and headwater (convergent) hillslopes along a river channel or headwater with different vegetation
distributions. Sizes are not drawn to scales.

2 Method description

2.1 Current method

E3SM is an Earth system model that includes the atmo-
sphere, ocean, sea ice, river, and land components which are
coupled using the Common Infrastructure for Modeling the
Earth (CIME) (Golaz et al., 2019, 2022). The E3SM Land
Model (ELM) was developed based on the Community Land
Model version 4.5 (CLM v4.5) with notable improvements in
soil hydrology and biogeochemistry. It simulates major land
surface and subsurface biogeochemical and biogeophysical
processes, including the hydrologic and carbon cycles (Ole-
son et al., 2013).

Similar to other LSMs, ELM mainly simulates processes
in the vertical direction within each grid cell. To generate
streamflow, ELM sends surface and subsurface runoff to the
E3SM river component, MOdel for Scale Adaptive River
Transport (MOSART), to simulate in-stream processes (Li
et al., 2013). In ELM, LGF, simplified as the subsurface
runoff, mainly comes from unconfined aquifers. It is mod-
eled using a groundwater drainage function, which considers
soil water thermal status (ice/liquid) and WTD (Oleson et al.,
2013). This drainage function is expressed as

Qdrai =2ice×Qdrai,max× e
−fdrai×z∇ , (1)

where Qdrai is the groundwater drainage (mm s−1), 2ice is
the ice impedance factor (fraction), Qdrai,max is the maxi-
mal drainage rate, fdrai is a depth decay factor (m−1), and

z∇ is the WTD (m). The ice impedance factor 2ice restricts
drainage in fully or partially frozen soils and is calculated as

α =

i=Nlevsoi∑
i=jwt

Fice1zi

i=Nlevsoi∑
i=jwt

1zi

, (2)

2ice = 10−�×α, (3)

where � is an adjustable parameter, Fice is the ice fraction in
the ith soil layer, 1zi is the soil layer thickness (mm), jwt
is the soil layer index where water table rests, and Nlevsoi is
the total number of soil layers. The maximal drainage rate
Qdrai,max is calculated as

Qdrai,max = 10sin(β), (4)

where β is the average grid cell topographic slope (radian)
derived from the high-resolution digital elevation model
(DEM). The maximal drainage rate occurs when the water
table is at the land surface (z∇ = 0.0).

Although the current method can provide reasonable esti-
mates in most applications if calibrated parameters are used,
its applications can be limited for the following reasons:

1. It does not consider the scenario when the water table is
above the land surface (z∇ < 0.0). For example, if a por-
tion of the grid cell is inundated near the river channel,
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the drainage function will underestimate the groundwa-
ter flow because it uses the constant maximum drainage
rate (Scudeler et al., 2017).

2. It does not consider the aquifer properties, including hy-
draulic conductivity, that control the groundwater flow
rate.

3. It does not explicitly consider the GW–SW interactions
(Chaney et al., 2021). In the default method, the LGF is
only influenced by the land surface condition, regardless
of river conditions. Consequently, it cannot produce a
“losing-stream” scenario when the groundwater system
receives water from the river during a flooding event.

4. Because this method is based on existing area fraction-
based subgrid structure, it omits the spatial connectiv-
ity. As a result, it cannot explicitly provide feedback
between the water table and soil moisture. For exam-
ple, this method cannot be used to improve modeling of
the groundwater availability and soil moisture at differ-
ent elevation bands, which are critical for tree mortality
during extreme droughts.

2.2 A new hillslope-based method

The ELM hillslope-based lateral groundwater flow model
(HLGF) was developed based on several existing hillslope
hydrology models with modifications (Maquin et al., 2017;
Chaney et al., 2021). Within-cell saturated groundwater lat-
eral flow is modeled using the classical Darcy’s equation
based on water table gradient and aquifer properties. This
model consists of two major components: the conceptual hill-
slope definition and the corresponding numerical method.
Below, we introduce the conceptual hillslope definition and
then provide the details of the numerical model.

2.2.1 Hillslope definition model

Rather than categorizing subgrid heterogeneity by attributes,
our approach focuses on spatial connectivity. Specifically, we
aggregate all elements on the same hillslope into a single
computational unit. Therefore, the definition of a hillslope
is key to the model’s performance. As described in Fig. 1, an
LSM grid cell often contains multiple hillslopes at different
locations. While most existing LSMs lack a subgrid structure
that is capable of resolving individual hillslopes, our study
necessitates such granularity. To bridge this gap, we propose
aggregating hillslopes into a single representative unit.

In general, hillslopes are often defined by several geomet-
ric characteristics: (1) area, (2) length, (3) width, (4) slope,
and (5) divergent or convergent angle (Paniconi et al., 2003).
However, within an ESM framework, these characteristics
may not resemble their physical attributes, especially if ag-
gregation was applied. To define the hillslopes, modelers of-
ten have to rely on various terrain analyses, such as the water-
shed delineation process or geospatial statistics. In this study,

Figure 2. Illustration of the hillslope definition. The colored poly-
gon features are the delineated hillslopes. The white-colored poly-
line segment in the middle is a delineated river channel by HexWa-
tershed. The black lines from cell to cell are the flow direction field.
The river channel is linked to three hillslopes. All the cells entering
from the left/right side (upstream facing downstream) of the river
channel are grouped as left/right hillslopes. All the cells entering
the river channel through the first river channel cell (highlighted in
red rectangle) are grouped as the headwater hillslope. The results
are produced using the HexWatershed model with 30 m DEM. Map
visualization is supported by the PyEarth Python package (Elson
et al., 2023; Liao, 2022b).

we investigated two different approaches to define the hill-
slopes.

In the first approach, we utilize an existing watershed
delineation model (HexWatershed) (Liao et al., 2020) with
modifications (Table B1) to define the hillslopes and calcu-
late their geometric characteristics (Liao et al., 2023; Liao,
2022a). This model defines hillslopes in two steps: (1) water-
shed delineation to define the river networks and (2) hillslope
delineation for each stream segment–subbasin pair. Specif-
ically, it tracks where each high-resolution DEM grid cell
within this subbasin enters the river channel and groups them
into left and right hillslopes (Fig. 2). If a stream segment is
a headwater, then all the DEM grid cells entering through
the first headwater grid cell are grouped into a headwater
hillslope. This definition is illustrated in Fig. 2 and the Sup-
plement (Sect. B1). After all the hillslopes are defined, their
geometric characteristics, including area, width, length, and
slope, are calculated. We assume the left/right hillslopes are
uniform and the headwater hillslopes are convergent.
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In the first step, i.e., watershed delineation, a flow accumu-
lation or drainage area threshold is required, and this thresh-
old will affect the total number of stream segments and, thus,
the total number of hillslopes. Therefore, we ran this step
with different thresholds to evaluate the sensitivity of the hill-
slope definition to this threshold. Hereafter, this threshold is
also referred to as Pdrai. Although this approach produces a
network of hillslopes, they cannot be represented individu-
ally; instead, an averaged “representative” hillslope is used.
Details of this approach are provided in the Supplement.

In the second approach, we define the hillslope based on
the elevation information from MOSART (Luo et al., 2017,
Table 1). Specifically, we use the MOSART elevation pro-
file generated from high-resolution DEM datasets to define
the hillslopes and their geometric characteristics. In this ap-
proach, we assume there are two facing hillslopes connecting
to the main channel, and their attributes are defined using the
grid cell dimensions.

Because neither approach specifies the vertical depth of
hillslopes, we define the vertical profile based on the verti-
cal discretization of the ELM soil component (Oleson et al.,
2013).

2.2.2 Lateral groundwater flow model

Our numerical model simulates the one-way lateral flow flux
from the hillslopes to their connected river channels. In a
normal scenario, when the shallow groundwater table along
the hillslope is below the land surface, the subsurface lat-
eral groundwater flows through the “downslope end” into the
river channel, as illustrated by Fig. 3.

Below, we first introduce several basic assumptions. Then,
we provide more model details.

1. We assume that the hydraulic gradient along a concep-
tual hillslope equals the water table gradient and is con-
strained by the time-invariant surface slope and bedrock
slope.

2. We assume that surface and bedrock slopes along the
hillslope are linear. Besides, because the water table
generally follows the surface topography, its gradient is
also assumed to be linear and can be expressed as the
water table slope.

3. We assume that the critical zone thickness, the dis-
tance between the land surface and bedrock, is gener-
ally more prominent at lower elevations. As a result, the
bedrock slope is slightly larger than the surface slope. A
variable-thickness critical zone configuration may fur-
ther improve the bedrock slope representation.

4. We assume the water table in unconfined aquifers al-
ways stays at or above the bedrock. Although the water
table generally follows the topography, its slope cannot
be larger than the surface slope. This is consistent with

other studies (Maquin et al., 2017) and our in situ well
measurements.

5. Because surface slope, bedrock slope, and water table
slope are all linear, we assume that the change in water
table and its slope can be defined using three “shape”
parameters (λ0, λ1, and λ2). The first shape parameter
λ0 (Eq. A1) defines the water table slope when the lower
end of the water table meets the lower end of the hill-
slope, which is the transitional scenario between with
and without a seepage (Brown line in Fig. A3). The sec-
ond λ1 (Eq. A7) and third λ2 (Eq. A16) shape param-
eters each describe the nonlinear change in the water
table slope based on the transition slope and surface or
bedrock slope (green and blue lines in Fig. A3). More
details of this design are illustrated in the Supplement
(Sect. A1).

The subsurface LGF flux can be calculated by (Maquin
et al., 2017)

Qlateral =Qdownslope =
Kh,sat×Hr× tan(Swt)

Lhillslope
, (5)

where Qdownslope is the water flow from the downslope
end (mm s−1) normalized to the grid area, Kh,sat is the
horizontal saturated hydraulic conductivity (mm s−1), and
Hr is the groundwater aquifer thickness at the downslope
end (mm). Hr is calculated from soil thickness, river channel
geometry, and river gage height, and the latter is produced
by the MOSART. Swt is the slope of the water table along
the hillslope, and Lslope is the horizontal length of the hills-
lope (mm). Because ELM uses a multiple-soil-layer scheme,
the horizontal saturated hydraulic conductivity can be calcu-
lated by a thickness-weighted harmonic mean:

Kh,sat =

n∑
i=j

Kh,sat,i ×hi
n∑
i=j

hi

, (6)

Kanis,i =
Kv,sat,i

Kh,sat,i
, (7)

where hi is the thickness of the ith soil layer; Kv,sat,i and
Kh,sat,i are the ith soil layer vertical and horizontal saturated
hydraulic conductivity, respectively (mm s−1); Kanis,i is the
ith soil layer vertical-to-horizontal anisotropy ratio of satu-
rated hydraulic conductivity; j is the index of where the wa-
ter table is located; n is the bottom soil layer index. Once
the subsurface LGF is calculated, the ELM soil hydrologic
status, including the water table, is updated.

In other scenarios, a portion of the water table is at the land
surface. A seepage face will emerge, and the LGF is the sum
of water flow from the downslope end and the seepage face
and can be calculated by the following (Maquin et al., 2017)
(Fig. 3).
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Table 1. Definition of hillslope characteristics based on MOSART elevation profile (Luo et al., 2017). Areag and Lengthcell are the area
and length of an ELM grid cell; Elevmax and Elevmin are the maximal and minimal elevation from the MOSART elevation profile (Li et al.,
2013).

Characteristics Equation Description

Area Areah = Areag Total area of hillslope
Width Widthh = Lengthcell Width of the hillslope, uniform
Length Lengthh = 0.5×Lengthcell Length of the hillslope
Slope Slopeh =

Elevmax−Elevmin
Lengthh

The average slope of hillslope, expressed as ratio

Figure 3. Illustration of the water table and lateral flow along the hillslope (a) without and (b) with a seepage face. When the water table
along the hillslope is below the land surface, subsurface lateral groundwater flows through the downslope interface with the river channel.
When a portion of the water table is above the foothill of the hillslope, the lateral flow includes both subsurface flow through the downslope
interface and seepage flow through the seepage face. Elevation and distance are not drawn to scale.

Qdownslope =
Kh,sat×Hr× tan(Ssurface)

Lhillslope
(8)

Qseepage =
Kh,sat×Lseepage× tan(Ssurface)

Lhillslope
(9)

Qlateral =Qdownslope+Qseepage (10)

Here Ssurface is the surface slope, and Lseepage is the horizon-
tal length of the seepage face (mm).

In rare scenarios, the water table can be higher than the
highest elevation of the hillslope, and the entire grid cell is
flooded (Fig. A1). In this scenario, an advanced approach is
needed to model the interactions between the river and its
floodplain.

To model the water table slope, HLGF considers sev-
eral factors based on several existing studies (Maquin et al.,
2017). First, the transition between different water table sce-
narios must be continuous and not intersect (Fig. A2). Sec-
ond, when there is no seepage face, the increase or decrease
in the water table is slower at lower elevations. Third, when
there is a seepage face, the increase or decrease in the water
table is slower at high elevations. Lastly, the water table may
intersect with bedrock at higher elevations. To summarize,
the water table dynamics are illustrated in Fig. A3.

HLGF considers the impact of river gage height on the
water table slope. Specifically, it uses time-variant river gage
height to calculate the gradient of the water table and aquifer
thickness (Fig. 3). The model requires that river water sur-
face and the groundwater water table are the same at the
hillslope–river interface. As a result, the aquifer thickness is
always less than the thickness of the critical zone and fluctu-
ates with the river gage height. However, because the current
version of HLGF only supports a single hillslope, the water
table slope is always positive, and the river is always a “gain-
ing” stream.

Since the HLGF model only sends one-way lateral flow
from ELM to MOSART, MOSART can operate in either
active or data mode. Additionally, because the infrastruc-
ture to transmit MOSART status, such as river gage height,
back to ELM is not yet available in E3SM, a new data type
(“rof2lnd”) was introduced to transfer river status through the
CIME coupler.

As many studies suggested, preferential flow plays an im-
portant role in ecosystems with intense biological activities
that allow macropore flow to bypass the soil columns, thus
significantly influencing the partition of surface and subsur-
face runoff (Beven and Germann, 1982; Cheng et al., 2017).
To account for this effect, we implemented a simple macrop-
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ore flow method. This method uses a macropore fraction pa-
rameter (Fmacro) to bypass a portion of the surface infiltration
directly to the river networks.

3 Model application and evaluation

Most parameters within HLGF are obtained or estimated di-
rectly from ELM (Eq. 6). The soil anisotropy (Kanis) of hy-
draulic conductivity is prepared using the soil sand and clay
content (Fan and Miguez-Macho, 2011). The three shape pa-
rameters (K0,K1, andK2) that are used to estimate the water
table slope are set as 0.5, 1.1, and 0.9 using trial and error ap-
proach (Sect. A1).

3.1 Model application

3.1.1 Study area

Following the earlier work of Fang et al. (2022), we defined
a standard 0.5°×0.5° ELM grid cell enclosing the field mea-
surement site. This site is located at −60.2093 longitude and
−2.6091 latitude (Fig. 4). At this location, the surface eleva-
tion is approximately 130 m, and the mean annual precipita-
tion is estimated to be 2252 mm yr−1 (https://ameriflux.lbl.
gov/sites/siteinfo/BR-Ma2, last access: 6 November 2023)
(Negron-Juarez et al., 2011; Li et al., 2023). Near this site,
in situ groundwater well measurements along a hillslope
transect and their approximate distances to the nearest river
channel are available. We also obtain the DEM dataset from
the Shuttle Radar Topography Mission (SRTM) datasets at
30 m (NASA, 2013).

3.1.2 Experimental design

We conducted a range of simulations to investigate the model
behaviors using two steps. First, we evaluated the sensitiv-
ity of the hillslope definition to the drainage area threshold.
Specifically, we ran the HexWatershed model with different
drainage area thresholds in the study area and compared the
modeled (left, right, and headwater) hillslope geometric char-
acteristics (Table 2). After that, we selected the drainage area
threshold resulting in a river network closely resembling the
HydroSHEDS river flowline (Lehner and Grill, 2013) as the
baseline (Case 3 in Table 2) to set up the HLGF model simu-
lations.

Second, a customized E3SM compset was created for the
study area. This customized compset allows the E3SM At-
mosphere Model (EAM) and river (MOSART) components
to be run in data mode, i.e., DATM and DROF, serving as
the upper and lateral boundary conditions (BCs) for the land
component ELM. We ran the model simulations using the
following steps (Table A1):

Table 2. HexWatershed simulation configurations with indices. The
actual drainage area is calculated as the product of the maximum
and fraction drainage area.

Case Fraction Actual Number of
(Fdrai) drainage hillslopes

area (Pdrai , defined
units: m2)

1 0.001 8.62× 105 1445
2 0.002 1.73× 106 671
3 0.005 4.31× 106 253
4 0.007 6.04× 106 188
5 0.01 8.63× 106 133
6 0.02 1.73× 107 73
7 0.03 2.59× 107 58
8 0.04 3.45× 107 33
9 0.05 4.31× 107 33
10 0.1 8.63× 107 23

1. We ran a 90-year default ELM (ELM+DATM) simula-
tion for the study area to provide a consistent initial con-
dition.

2. We ran another 30-year (1979–2008) default ELM-
MOSART (ELM+MOSART+DATM) simulation for
the whole Amazon River basin to generate the river
gage height BC. The forcing data used to run the
ELM and MOSART simulations were obtained from the
Global Soil Wetness Project Phase 3 (GSWP3) datasets
(Department of Civil and Environmental Engineering,
2006).

3. We ran a 30-year (1979–2008) simulation using our
newly developed HLGF model (ELM+DATM+DROF)
with different configurations. These configurations in-
clude different hillslope definition methods and param-
eters (Tables 2 and 3).

Case 1 is the default ELM simulation. Case 2 is the refer-
ence HLGF simulation with the baseline hillslope definition.
Cases 3 to 5 investigate the roles of drainage area threshold
and, subsequently, surface slope in the HLGF model. Cases 6
to 9 investigate the roles of water table slope (Case 6), pref-
erential flow (Case 7), and river gage height (Cases 8 and 9)
in the HLGF model. Case 10 is based on the MOSART hills-
lope definition. We use observational datasets, i.e., WTD, to
evaluate the model performance.

3.2 Model results and analysis

3.2.1 Overview

We first analyze the impact of the drainage area threshold on
the hillslope definition, focusing on several geometric char-
acteristics, including hillslope length and slope. Then, we fo-
cus on the impacts of surface/water table slopes, river gage
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Figure 4. Surface elevation of the study area (unit: m) and locations of in situ measurement sites. Panel (a) is the 30 m resolution surface
elevation of the 0.5°× 0.5° ELM grid cell. The red lines are watershed boundaries. Panel (b) is a zoomed-in view of the hillslope transect.

Table 3. E3SM simulation configurations with case indices.

Case Model ELM MOSART

Hillslope method Drainage area threshold Water table slope Macropore fraction Gage height

1 Default not applicable not applicable not applicable not applicable not applicable
2 HLGF HexWatershed-based 8.62× 105 time-variant 0.1 time-variant
3 HLGF HexWatershed-based 1.73× 106 time-variant 0.1 time-variant
4 HLGF HexWatershed-based 1.73× 106 (headwater) time-variant 0.1 time-variant
5 HLGF HexWatershed-based 4.31× 107 time-variant 0.1 time-variant
6 HLGF HexWatershed-based 1.73× 106 surface slope 0.1 time-variant
7 HLGF HexWatershed-based 1.73× 106 time-variant 0.25 time-variant
8 HLGF HexWatershed-based 1.73× 106 time-variant 0.1 fixed at 0.1 m
9 HLGF HexWatershed-based 1.73× 106 time-variant 0.1 fixed at 5.0 m
10 HLGF MOSART-based not applicable time-variant 0.25 time-variant

height, and preferential flow on the LGF and WTD. Specifi-
cally, we compared the differences in LGF and WTD in dif-
ferent model configurations (Table 3). For WTD, we also
focused on the differences along the hillslope. For tempo-
ral analysis, we focus primarily on the representative months
of February and August, corresponding to the wet and dry
seasons, respectively.

3.2.2 Hillslope definition

As the drainage area threshold increases, the number of mod-
eled river segments decreases and so does the number of
modeled hillslopes (Table 2, Fig. 5). For example, when
Pdrai is 1.72× 106 m2 and 8.63× 107 m2, the model defined
671 and 23 hillslopes, respectively. For comparison, in the

MOSART elevation-profile-based method, we can only de-
fine 2 hillslopes.

Besides, the geometric characteristics of modeled hill-
slopes vary significantly. First, the individual hillslope ar-
eas increase by several orders of magnitude, and there
are much larger variations when there are fewer hillslopes
(Fig. B1). Second, the modeled hillslope length increases
as the drainage threshold increases. The average length is
around 1 km when Pdrai is 1.7×106 m2, whereas this is more
than 3 km when Pdrai is 8.63× 107 m2 (Fig. 6). Overall, the
modeled hillslope lengths are still slightly greater than those
reported in earlier studies (Grieve et al., 2016). Third, the
modeled hillslope width increases as the drainage threshold
increases, except for the headwater hillslopes (convergence
at the first cell of the river channel) (Fig. B2).
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Figure 5. HexWatershed-modeled hillslopes from Cases 2 and 10 (Table 2). The color bar represents the ID of each hillslope. The model
defines more hillslopes when the drainage area threshold is smaller.

Figure 6. Boxplot comparisons of HexWatershed-modeled hillslope length from Cases 1 to 10 (Table 2). The x axis represents different
drainage area thresholds. Each box group includes left, right, and headwater hillslope. The MOSART elevation-profile-based length is out of
the range.
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Lastly, the modeled hillslope slope decreases as the
drainage threshold increases. When Pdrai is small, i.e., at
1.7× 106 m2, the modeled average slope (∼ 0.07) is close to
the in situ measurement (∼ 0.047) at a hillslope transect in
the study area. In comparison, the modeled hillslope slopes
are mostly larger than the MOSART elevation-profile-based
slope (∼ 0.014, dashed blue line in Fig. 7).

3.2.3 Lateral groundwater flow

ELM-modeled lateral groundwater flow varies significantly
in magnitude and temporal patterns from Cases 1 to 10. First,
the default model (Case 1) produced the highest average
LGF (> 1.0× 10−4 mm s−1) in February. However, it also
produced the lowest average LGF (< 1.0× 10−6 mm s−1) in
August (Fig. 8). The pattern is a natural consequence of the
power-law behavior within Eq. (1).

Second, Cases 4, 5, and 10 produced relatively low LGF
(< 1.0× 10−5 mm s−1), primarily due to their gentler slopes
(0.03 and 0.014) or narrower hillslope widths (30 m) com-
pared to the other cases. Cases 2 to 5 showed that the
drainage area threshold can affect the LGF by around 20 %
to 40 % (Table 4). Cases 2 and 3 exhibited strong seasonality,
and the average LGF is around 2.0×10−5 mm s−1. In Case 6,
the modeled LGF is about twice that of Case 3 when the wa-
ter table gradient (WTG) matches the slope of the hillslope.

Third, Case 7 showed a slight decrease in LGF compared
with Case 3, with increased preferential flow. This occurred
because higher preferential flow reduced water infiltration
into the soil and groundwater systems, thereby limiting the
groundwater available for lateral groundwater flow. Lastly,
Cases 8 and 9 indicated that river gage height significantly
affects LGF. When the interface between the land and river
surface water rises, LGF increases 3 times despite slightly
increasing the water table gradient. Case 10 has a relatively
gentle slope with increased preferential flow. Therefore, its
LGF is even smaller than Case 7 (Table 4).

Compared to the default model Case 1, the hillslope-based
cases yielded higher LGF in the dry season. For example, the
average LGF in Case 3 is 1.7× 10−5 mm s−1, which is more
than 5 times that of Case 1 in August. Consequently, the ratio
of LGF between the wet and dry seasons in the hillslope-
based cases was close to 1.5, indicating relatively consistent
LGF across seasons. In contrast, the default Case 1 exhibited
a much larger variation (ratio up to 20.0) in LGF between the
wet and dry seasons.

3.2.4 Water table depth

ELM simulations revealed significant variations in WTD
along the hillslope across Cases 1 to 10. This disparity stems
from the inclusion of the hillslope concept in Cases 2–10,
while Case 1 (solid red line in Fig. 9) lacks this functionality.

In February, the default Case 1 produced a single WTD
(∼ 2.66 m). Case 6 produced the largest average WTD

(∼ 19.9 m) due to the simulated large LGFs (∼ 5.0×
10−5 mm s−1), which itself is caused by high WTG (0.07,
equal to surface slope) (Fig. 8 and Table 4). Cases 2 and 7
both produced relatively large average WTDs, approximately
5.9 and 5.5 m, respectively. However, the underlying mecha-
nisms differ. In Case 2, the large average WTD is attributed
to a high average WTG (0.026) induced by the hillslope def-
inition (Fig. 7). Conversely, Case 7 exhibited a large aver-
age WTD due to reduced infiltration resulting from increased
preferential flow bypassing the soil matrix (Table 3).

Cases 3 and 8 behaved similarly for both WTD (∼ 3.0 m)
and WTG (∼ 0.028). This is because although Case 8 has a
constant river gage height, its magnitude (∼ 0.1 m) is close to
the dynamic time series river gage height in Case 3. Case 9
produced the highest average water table (1.0 m above the
hillslope–river interface) profile with a seepage face, which
was the result of the constant high river gage height (5.0 m).
Cases 4, 5, and 10 produced similar average WTDs (< 1.0 m)
due to their relatively low LGFs (Table 4), which is accom-
panied by low WTGs (< 0.02).

During the dry season, ELM simulations showed a con-
sistent increase in modeled WTDs relative to the wet season
(Fig. 10). However, the magnitude of these increases varies
depending on the specific case. The default Case 1 produced
an increase of 1.3 m in WTD (Table 4). Cases 3 and 8 ex-
hibited a moderate increase of approximately 0.7 m. Cases 4,
5, and 10 displayed a more substantial increase, averaging
around 2.0 m. The simulations also showed that the increases
in WTD are often accompanied by decreases in WTG. It is
important to note that Cases 2 and 7 slightly deviate from
this general trend as their WTDs decrease by around 0.2 m
compared with the wet season.

The hillslope-based cases simulated the seasonal fluctua-
tions in WTD and WTG along the hillslope. For example,
Case 3 captured the rise and fall of the water table along the
hillslope from January to December. The water table pro-
file reaches its highest and lowest points around May and
December, the end of the wet and dry seasons, respectively
(Fig. 11). The relative relationships of WTD and WTG are
also consistent with earlier studies and our model assump-
tions. Results from other cases are provided in the Supple-
ment (Fig. A4).

3.2.5 Runoff partition

The simulation results demonstrated that the hillslope model
has a significant impact on runoff partitioning. In the de-
fault model (Case 1), overland and subsurface runoff account
for approximately 34 % and 66 % of the annual total runoff,
respectively. Although subsurface runoff contributes nearly
twice as much as overland runoff, its contribution varies con-
siderably across seasons. For instance, subsurface runoff can
account for up to 72 % in the wet season but drops to just
27 % during the dry season. (Fig. 12).
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Figure 7. Boxplot comparisons of HexWatershed-modeled hillslope slopes from Cases 1 to 10 (Table 2). The x axis represents different
drainage area thresholds. Each box group includes left, right, and headwater hillslope. The dashed blue line is the MOSART elevation-
profile-based slope.

Figure 8. Comparisons of E3SM Land Model (ELM)-simulated monthly lateral groundwater flow from the year 2000 to 2009 from Cases 1
to 10 (Table 3). The x axis is time. The y axis is the lateral groundwater flow (units: mm s−1). Panel (b) is a zoomed-in view of (a) from
2006 to 2009.

In contrast, in the hillslope-based cases, while the overall
contributions from surface and subsurface runoff are simi-
lar to those in Case 1, their temporal patterns differ. For in-
stance, in Case 3, subsurface runoff contributes 58 % during
the wet season and 80 % in the dry season (Fig. 13). As a re-
sult, subsurface runoff becomes the dominant component of
total runoff during the dry season.

Additionally, preferential flow further alters the runoff
partition. As the macropore fraction parameter increases,
the preferential flow increases and the overland runoff de-
creases. For example, when the macropore parameter in-
creases from 0.1 to 0.25, its contribution to the total runoff in-
creases from 17 % to 43 %. Meanwhile, the contribution from
overland runoff decreases from 34 % to 16 % (Fig. A5). How-
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Table 4. E3SM Land Model (ELM)-modeled average lateral groundwater flow (LGF), water table depth (WTD), and water table gradient
(WTG) in February (wet) and August (dry) from Cases 1 to 10. The WTG is the gradient of the water table along the hillslope.

Case Average LGF (mm s−1) WTD (m) WTG (ratio)

hillslope wet dry wet dry wet dry

1 none 5.9× 10−5 2.2× 10−6 2.66 3.9 0.0 0.0
2 0.08 2.7× 10−5 2.5× 10−5 5.90 5.70 0.026 0.026
3 0.07 1.9× 10−5 1.7× 10−5 3.08 3.73 0.028 0.026
4 0.04 3.6× 10−7 3.2× 10−7 0.19 1.78 0.019 0.017
5 0.03 1.7× 10−6 1.5× 10−6 0.25 1.88 0.014 0.013
6 0.07 5.0× 10−5 4.6× 10−5 19.93 19.99 0.07 0.07
7 0.07 1.7× 10−5 1.6× 10−5 5.50 5.14 0.023 0.024
8 0.07 1.8× 10−5 1.7× 10−5 2.94 3.64 0.028 0.027
9 0.07 5.6× 10−5 5.6× 10−5

−1.0 −1.0 0.034 0.034
10 0.014 6.8× 10−6 6.1× 10−6 0.52 2.75 0.013 0.013

Figure 9. Comparisons of ELM-modeled average water table elevation (surface elevation – water table depth) along the hillslope in February
from Cases 1 to 10 (Table 3). The blue lines are in situ observational data and the MOSART elevation profile. The x axis is the distance from
the hillslope–river interface (unit: m). The y axis is the elevation (unit: m). The x axis is cut off from the actual hillslope distance to 1000 m
for better visualization. Panel (a) is a zoomed-in view near the hillslope–river interface of (b).

ever, the impacts of preferential flow on subsurface runoff
from downslope and seepage are not significant.

4 Discussion

4.1 Hillslope characteristics

Our analysis suggests that the definition of hillslopes is a
key factor when modeling the lateral groundwater flow at
the hillslopes scale. However, accurately defining hillslopes
in large-scale hydrologic and Earth system models remains
challenging, primarily due to the fractal nature of landscapes,
including river networks and hillslopes.

Although land surface modeling has been conducted at
spatial resolutions ranging from hundreds of kilometers to
meters, there is no consensus on the optimal resolution to
capture all key hydrologic processes. Consequently, vari-
ous simplifications are needed to meet model assumptions.
Large-scale hydrologic and Earth system models, with their
relatively coarse spatial resolutions, cannot explicitly resolve
fine-scale river networks and associated hillslope structures.
As a result, these models struggle to accurately represent
the geometry (e.g., length, width, slope, aspect) and loca-
tion of individual hillslopes. Additionally, current ESMs are
not equipped to provide spatially explicit vegetation, soil, and
climate data at the hillslope scale. Furthermore, natural land-
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Figure 10. Comparisons of E3SM Land Model (ELM)-simulated average water table elevation along the hillslope in August from Cases 1 to
10 (Table 3). The blue lines are in situ observational data and the MOSART elevation profile. The x axis is the distance from the hillslope–
river interface (unit: m). The y axis is the elevation (unit: m). The x axis is cut off from the actual hillslope distance to 1000 m for better
visualization. Panel (a) is a zoomed-in view near the hillslope–river interface of (b).

Figure 11. E3SM Land Model (ELM)-simulated average water table depth (WTD) for each month along the hillslope from Case 3 (Table 3).
The blue lines are in situ observational data and the MOSART elevation profile. The x axis is the distance from the hillslope–river interface
(unit: m). The y axis is the elevation (unit: m). The x axis is cut off from the actual hillslope distance to 1000 m for better visualization.
Panel (a) is a zoomed-in view near the hillslope–river interface of (b).

scape features like hillslopes often do not align with the arti-
ficial boundaries of the meshes used in ESMs, particularly at
coarse resolutions where a single hillslope may span multiple
grid cells.

A promising solution is the use of high-spatial-resolution
or unstructured meshes, which can better capture these nat-
ural boundaries. However, this approach requires accounting

for lateral flow between cells (both surface and subsurface),
in addition to in-channel flow, within ESMs. In summary,
without explicitly representing individual hillslopes, existing
ESMs cannot accurately simulate lateral groundwater flow or
other critical hydrologic processes.

Alternatively, the approach presented in our study offers
an initial step toward addressing this challenge. First, it iden-
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Figure 12. Time series of runoff partition (overland and subsurface runoffs) from the default model Case 1 (Table 3). The x axis is the time.
The left y axis is the runoff fluxes (units: mm s−1). The right y axis is the gage height (unit: m).

Figure 13. Time series of runoff partition (overland runoff, subsurface runoff from macropore, seepage, and downslope) from the hillslope-
based Case 3 (Table 3). The x axis is the time. The left y axis is the runoff fluxes (units: mm s−1). The right y axis is the gage height
(unit: m).

tifies and defines individual hillslopes using high-resolution
DEM terrain analysis. Then, a conceptual model, the HLGF
model, is applied to simulate hydrologic processes, including
lateral groundwater flow, for an “averaged” hillslope. Despite
its simplification, this method holds significant potential for
enhancing the representation of hydrologic processes on the
land surface. While the conceptual hillslope is “averaged”,
it effectively captures the dominant characteristics of hill-
slopes within a large ESM grid cell. Furthermore, individ-
ual hillslopes could be directly represented without aggrega-
tion if current or future land surface and river-routing mod-
els adopt a hillslope-based subgrid structure. Second, our
method establishes a natural connection between hillslopes
and river networks, enabling two-way interactions between
the land surface and river systems. This is achieved through
the hillslope definition approach based on the HexWatershed
model, where each hillslope is linked to a specific river seg-
ment. When provided with dynamic river conditions for dif-
ferent segments, our method can explicitly account for vary-
ing hillslope–river interactions.

4.2 Runoff partition

Simulation results from Cases 1 and 3 highlight the signif-
icant role of the HLGF model in runoff partitioning. While
the annual contributions of lateral groundwater flow to total
runoff are similar between the existing model and the HLGF
model (both around 66 %), their differences become more
pronounced during the wet and dry seasons. For instance, the
HLGF-simulated LGFs remain relatively stable across sea-
sons and are the dominant contributor during the dry season
(Fig. 13).

In addition, simulation results from Cases 3 and 7 demon-
strate the significant influence of preferential flow on runoff
partitioning. Preferential flow bypasses the infiltration pro-
cess, leading to a substantial 18 % reduction in surface
runoff. This bypass mechanism also limits the availability of
water for lateral groundwater flow, resulting in a less pro-
nounced decrease (8 %) in LGF compared to surface runoff
(Figs. A5 and C1).
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The integration of hillslope-based groundwater flow
(HLGF) and preferential flow models into Earth system
models has profound implications for regional water cycles,
as these processes directly influence water availability. In
drought scenarios, for instance, the HLGF model can provide
valuable insights into water table conditions along hillslopes,
a critical factor for plant hydraulics and potential tree mortal-
ity. Moreover, preferential flow can significantly impact the
spatial distribution of soil moisture, both vertically and hori-
zontally, further influencing plant hydraulics.

4.3 Groundwater and stream water interactions

The HLGF model provides a physical-based control of lat-
eral groundwater flow, considering land and river water level
conditions. This method is robust and can model the seasonal
fluctuation in the water table and gradient along the hillslope
(Fig. 11). The time series of simulated LGFs from the HLGF
model aligns with other studies, reinforcing the notion that
subsurface groundwater flow is active throughout the year.
This consistency in findings suggests that groundwater may
contribute more to river discharge than surface runoff, espe-
cially during low-flow seasons.

The HLGF model allows us to explicitly consider ground-
water and stream water interactions. However, a challenge re-
mains in representing water table conditions along hillslopes
and river channels. First, as a linear feature, the water table
along the hillslope varies with location. Therefore, it is ad-
vantageous to divide the hillslope into multiple columns so
the model can compute the hydraulic head differences be-
tween the river and its adjacent land column, i.e., the column
with the lowest elevation next to the river channel (Fig. 14).
Second, the definition of hillslopes suggests that an average
hillslope may not be sufficient to represent the water table
conditions in complex landscapes. For example, the main
river channel with a low-lying hillslope may be losing water,
while a tributary with a steep hillslope may be gaining wa-
ter (Fig. C1). However, the HLGF model could still be use-
ful if we can represent and model each hillslope separately
(Fig. 14). In this scenario, the model can compute the head
differences for each hillslope–river pair and the correspond-
ing lateral groundwater flow, which supports both gaining
the losing streams simultaneously. Other approaches, such
as the Height Above the Nearest Drainage (HAND) model,
may also be utilized to link the land surface with the river
networks at an even finer scale (Nobre et al., 2011).

5 Limitations

Based on our analysis and discussion, we have identified a
few limitations that may be further improved in future stud-
ies:

1. While our sensitivity analysis focused on the impact of
drainage area on hillslope definition in relation to exist-

ing river network datasets, it is essential to acknowledge
the presence of both perennial and non-perennial river
channels within river systems. Hillslopes can be con-
nected to either type of channel. Therefore, the drainage
area threshold, HLGF model, and MOSART model
should be equipped to handle non-perennial river chan-
nels effectively.

2. The current HLGF model employs a simplified ap-
proach that represents hillslopes as a single, linear en-
tity, limiting its ability to capture the intricate topo-
graphic heterogeneity often encountered in complex
landscapes. Furthermore, the model’s inability to si-
multaneously simulate both gaining and losing streams
within a single grid cell restricts its applicability to di-
verse hydrological scenarios. To overcome these limita-
tions, ESMs should incorporate a hillslope-based sub-
grid structure within their land and river components.
This enhancement would enable the application of the
HLGF model to individual hillslopes.

3. Because the HLGF model uses an average hillslope, it
cannot accurately describe the divergence or conver-
gence of hillslopes (except the headwater hillslopes),
which may introduce large uncertainty in both overland
and subsurface flow. To address this, the hillslope-based
subgrid structure and an improved divergence or conver-
gence representation method are needed.

4. Our current method only considers all the hillslopes
within a single grid cell and ignores the area that is out-
side of the watershed. Therefore, the lateral groundwa-
ter flow may be underestimated when scaling up to the
whole grid cell.

5. Given that existing ESMs primarily focus on unconfined
aquifers, the HLGF model is currently limited to rep-
resenting unconfined shallow groundwater systems. To
address this constraint and expand the model’s appli-
cability, future research should explore and refine the
model’s structure and functionalities to incorporate con-
fined groundwater systems.

6 Conclusions

We have developed a hillslope-based lateral groundwater
flow model, HLGF, to consider the subgrid heterogeneity in
topography. This model was implemented in ELM and cou-
pled with MOSART within the E3SM. We applied this model
in a 30-year simulation using different configurations to ex-
plore how the model responds to various factors such as hill-
slope definitions and river gage conditions. Our analysis of
the results demonstrated that the model is both computation-
ally efficient and effective at simulating water table depth/-
gradient and runoff partition fluxes along the hillslope. There
is still uncertainty due to the differences in scale between
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Figure 14. Hillslope-based subgrid structure for land surface models: an LSM grid cell is decomposed into individual river segments and
hillslopes. Each hillslope is further subdivided into multiple columns, each representing a distinct vegetation distribution. The interaction
between river segments and neighboring hillslopes is facilitated through the lowest-elevation columns. Existing LSM subgrid structures are
supported at the column level. The upper-right panel is Fig. 1.

hillslopes and the larger-scale ESM grid cells. We believe
that this method could be further enhanced by developing a
hillslope-based subgrid structure within ESMs to represent
fine-scale lateral groundwater flow processes for individual
hillslopes.

Appendix A: E3SM and HLGF models

A1 HLGF model algorithms

For a specified hillslope with a slope of Ssurface, the model
initially calculates the transitional water table slope using the
shape parameter λ0, which ranges from 0 to 1.

Stransition = Ssurface× λ0 (A1)

Here Ssurface is the surface slope obtained from the hillslope
definition (ratio), and Stransition is the transitional water table
slope (ratio).

Following the determination of the transitional water ta-
ble, the model calculates the water table location under two
scenarios. In the first scenario, where the water table is com-
pletely below the land surface, the location is determined us-
ing three steps.

1. The lower end of the hillslope:

Rangelow = Thicknesslow, (A2)
Droplow = z∇ , (A3)

Figure A1. Illustration of water table along the hillslope when the
whole grid cell is flooded. Elevation and distance are not drawn to
scale.

Ratiolow =
z∇

Rangelow
, (A4)

Elevlow = Elevmin− z∇ , (A5)

where Rangelow is the range of water table change (m),
Thicknesslow is the (unconfined) aquifer thickness from
ELM (m), and Elevmin is the minimal elevation of the
hillslope.

Geosci. Model Dev., 18, 4601–4624, 2025 https://doi.org/10.5194/gmd-18-4601-2025



C. Liao et al.: Representing lateral groundwater flow in Earth system models 4617

Figure A2. Illustration of water table dynamics along the hillslope
without intersect. The blue line represents the initial water table
slope. As the water table rises, it should maintain a consistent slope
without intersecting previous water table levels, as demonstrated by
the green line. The red line, which intersects the blue line, represents
an unrealistic representation of water table dynamics.

2. The higher end of the hillslope:

Rangehigh = Thicknesslow+ Stransition×Lhillslope, (A6)

Ratiohigh = Ratiolow× λ1, (A7)
Drophigh = Ratiohigh×Rangehigh, (A8)

Elevhigh = Elevmax−Drophigh, (A9)

where Rangehigh is the range of water table change (m),
Lhillslope is the hillslope length (m), Elevmax is the max-
imal elevation of the hillslope (m), and λ2 is the seepage
shape parameter.

3. The water table slope:

SWT =
Elevhigh−Elevlow

Lhillslope
. (A10)

In the second scenario, where a portion of the water table
is above the land surface (indicating seepage), the water table
location is calculated using a similar approach.

1. The lower end of the hillslope:

Rangelow = Elevmax−Elevmin, (A11)
Riselow = Elevwt−Elevmin, (A12)

Ratiolow =
Riselow

Rangelow
, (A13)

where Elevwt is the water table elevation (m).

2. The higher end of the hillslope:

Elevtransition = Stransition×Lhillslope+Elevmin, (A14)
Rangehigh = Elevmax−Elevtransition, (A15)

Ratiohigh = Ratiolow× λ2, (A16)
Risehigh = Ratiohigh×Rangehigh, (A17)

Elevhigh = Elevtransition+Risehigh, (A18)

where Elevtransition represents the elevation at the top of
the transitional water table along the hillslope, and λ2 is
the seepage shape parameter.

3. The water table intersects the land surface at seepage:

Elevintersect = Elevwt, (A19)

Lintersect =
Elevwt−Elevmin

Ssurface
, (A20)

where Elevintersect is the elevation at the top of the seep-
age (m), and Lintersect is the length of the seepage (m).

4. The water table slope above seepage:

SWT =
Elevhigh−Elevintersect

Lhillslope−Lintersect
. (A21)
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Figure A3. Illustration of water table dynamics along the hillslope. Solid green, brown, and blue lines represent the water table under different
scenarios. Dashed lines are used to illustrate the slope and position only. Elevation and distance are not drawn to scale.

A2 E3SM configurations

Table A1. E3SM setups tailored for HLGF model simulations (IC: initial condition; BC: boundary condition).

Step ATM ELM MOSART Domain Forcing Time Purpose

1 DATM ELM inactive single grid cell GSWP3 1890–1979 land IC
2 DATM ELM MOSART Amazon River basin GSWP3 1979–2008 gage height BC
3 DATM ELM DROF single grid cell GSWP3+ in situ 1979–2008 HLGF

Geosci. Model Dev., 18, 4601–4624, 2025 https://doi.org/10.5194/gmd-18-4601-2025
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A3 E3SM results

Figure A4. E3SM Land Model (ELM)-simulated average water table depth (WTD) for each month along the hillslope from Cases 2 to 10
(Table 3). The blue lines are in situ observational data and the MOSART elevation profile. The x axis is the distance from the hillslope–
river interface (unit: m). The y axis is the elevation (unit: m). The x axis is cut off from the actual hillslope distance to 1000 m for better
visualization. Only a few cases (including Case 3) can produce reasonable water table scenarios.
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Figure A5. Time series of runoff partition (overland runoff, subsurface runoff from macropore, seepage, and downslope) from the hillslope-
based Case 7 (Table 3). The x axis is the time. The left y axis is the runoff fluxes (units: mm s−1). The right y axis is the gage height
(unit: m).

Appendix B: Hillslope definition

B1 HexWatershed model algorithms

The HexWatershed model defines the hillslope using the fol-
lowing steps (Steps 1 to 6 are described in Liao et al., 2023):

1. Perform depression removal using the priority-flood al-
gorithm.

2. Determine the dominant flow direction using the steep-
est slope.

3. Calculate the flow accumulation or upstream drainage
area.

4. Define the stream grid using the drainage area threshold.

5. Identify and delineate the stream segments.

6. Establish the boundaries of subbasins and watersheds.

7. To delineate hillslopes, each stream segment is divided
into left and right banks. For each mesh cell within
a subbasin, its entry point into the stream segment is
determined. Mesh cells entering from the left or right
riverbank are assigned to the corresponding hillslope,
while those entering from the initial stream cell are cat-
egorized as part of the headwater hillslope.
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B2 HexWatershed model configurations

Table B1. HexWatershed model configurations for hillslope definition.

Data Source Description

DEM global SRTM 30 m datasets the elevation datasets for watershed delineation and hillslope definition
global 1 arcsec V003

Pdrai based on total drainage area configured using the total drainage area and a fraction (Fdrai)

B3 HexWatershed model results

Figure B1. Boxplot comparisons of modeled hillslope area from Cases 1 to 10 (Table 2). The x axis represents different drainage area
thresholds. Each box group includes left, right, and headwater hillslope. The MOSART elevation-profile-based area is out of the range.

Figure B2. Boxplot comparisons of HexWatershed-modeled hillslope width from Cases 1 to 10 (Table 2). The x axis represents different
drainage area thresholds. Each box group includes left, right, and headwater hillslope. The MOSART elevation-profile-based width is out of
the range.
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Appendix C: Land–river water cycle interaction

Figure C1. Illustration of land (LND) and river (RIV) surface and groundwater interactions in an Earth system model. The land receives
precipitation from the atmosphere (ATM). A portion of the precipitation infiltrates into the soil matrix and recharges the groundwater system.
If the soil is saturated on the top layer, excess water forms surface runoff. Another portion of the precipitation bypasses the soil matrix in the
form of preferential flow. When there is a hydraulic head difference between LND and RIV, lateral groundwater flow emerges. The direction
of lateral groundwater flow depends on the head differences, and the river may gain or lose water.

Code and data availability. The data and code
used in this paper are available from Zenodo
https://doi.org/10.5281/zenodo.14003482 (Liao, 2024a).

The HexWatershed model used for the hills-
lope definition can be installed as a Python package
(https://doi.org/10.5281/zenodo.6425880, Liao, 2022a).

The E3SM with the hillslope-based subsurface lateral flow ca-
pability is available at https://doi.org/10.5281/zenodo.14338210
(Liao, 2024b).

Author contributions. CL: conceptualization, methodology, soft-
ware, visualization, writing (original draft), writing (review and
editing), formal analysis. LRL: supervision, methodology, writing
(review and editing), formal analysis. YF: methodology, writing
(review and editing), formal analysis. TT: data curation, resources.
RNJ: data curation, writing (review and editing).

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. This research was supported by the Next Gen-
eration Ecosystem Experiment (NGEE) Tropics project, funded by
the US Department of Energy, Office of Science, Biological and En-
vironmental Research, as part of the Environmental System Science
Program. This research used computational resources provided by
Research Computing at PNNL. PNNL is operated for DOE by Bat-
telle Memorial Institute under contract DE-AC05-76RL01830.

Financial support. This research has been supported by the US De-
partment of Energy, Office of Science (grant no. KP1702010).

Geosci. Model Dev., 18, 4601–4624, 2025 https://doi.org/10.5194/gmd-18-4601-2025

https://doi.org/10.5281/zenodo.14003482
https://doi.org/10.5281/zenodo.6425880
https://doi.org/10.5281/zenodo.14338210


C. Liao et al.: Representing lateral groundwater flow in Earth system models 4623

Review statement. This paper was edited by Lele Shu and reviewed
by Alexandre Gauvain and one anonymous referee.

References

Best, M. J., Pryor, M., Clark, D. B., Rooney, G. G., Essery, R. L.
H., Ménard, C. B., Edwards, J. M., Hendry, M. A., Porson, A.,
Gedney, N., Mercado, L. M., Sitch, S., Blyth, E., Boucher, O.,
Cox, P. M., Grimmond, C. S. B., and Harding, R. J.: The Joint
UK Land Environment Simulator (JULES), model description –
Part 1: Energy and water fluxes, Geosci. Model Dev., 4, 677–699,
https://doi.org/10.5194/gmd-4-677-2011, 2011.

Beven, K. and Germann, P.: Macropores and water flow in soils,
Water Resour. Res., 18, 1311–1325, 1982.

Brunke, M. A., Broxton, P., Pelletier, J., Gochis, D., Hazenberg, P.,
Lawrence, D. M., Leung, L. R., Niu, G.-Y., Troch, P. A., and
Zeng, X.: Implementing and evaluating variable soil thickness in
the Community Land Model, version 4.5 (CLM4.5), J. Climate,
29, 3441–3461, 2016.

Chaney, N. W., Torres-Rojas, L., Vergopolan, N., and Fisher,
C. K.: HydroBlocks v0.2: enabling a field-scale two-way
coupling between the land surface and river networks in
Earth system models, Geosci. Model Dev., 14, 6813–6832,
https://doi.org/10.5194/gmd-14-6813-2021, 2021.

Cheng, Y., Ogden, F. L., and Zhu, J.: Earthworms and tree roots:
A model study of the effect of preferential flow paths on runoff
generation and groundwater recharge in steep, saprolitic, tropical
lowland catchments, Water Resour. Res., 53, 5400–5419, 2017.

Department of Civil and Environmental Engineering: Global Mete-
orological Forcing Dataset for Land Surface Modeling, Princeton
University, https://rda.ucar.edu/datasets/dsd314000/ (last access:
27 August 2024), 2006.

Elson, P., Andrade, E. S. d., Lucas, G., May, R., Hatters-
ley, R., Campbell, E., Dawson, A., Little, B., Raynaud, S.,
scmc72, Snow, A. D., Comer, R., Donkers, K., Blay, B.,
Killick, P., Wilson, N., Peglar, P., lgolston, lbdreyer, An-
drew, Szymaniak, J., Berchet, A., Bosley, C., Davis, L., Fil-
ipe, Krasting, J., Bradbury, M., Kirkham, D., stephenwors-
ley, and Havlin, C.: SciTools/cartopy: v0.22.0, Zenodo [code],
https://doi.org/10.5281/zenodo.8216315, 2023.

Fan, Y. and Miguez-Macho, G.: A simple hydrologic framework for
simulating wetlands in climate and earth system models, Clim.
Dynam., 37, 253–278, 2011.

Fan, Y., Li, H., and Miguez-Macho, G.: Global patterns of ground-
water table depth, Science, 339, 940–943, 2013.

Fang, Y., Leung, L. R., Koven, C. D., Bisht, G., Detto, M.,
Cheng, Y., McDowell, N., Muller-Landau, H., Wright, S. J., and
Chambers, J. Q.: Modeling the topographic influence on above-
ground biomass using a coupled model of hillslope hydrology
and ecosystem dynamics, Geosci. Model Dev., 15, 7879–7901,
https://doi.org/10.5194/gmd-15-7879-2022, 2022.

Fisher, R. A. and Koven, C. D.: Perspectives on the future
of land surface models and the challenges of represent-
ing complex terrestrial systems, J. Adv. Model. Earth Syst.,
12, e2018MS001453, https://doi.org/10.1029/2018MS001453,
2020.

Golaz, J., Caldwell, P. M., Van Roekel, L. P., Petersen, M. R., Tang,
Q., Wolfe, J. D., Abeshu, G., Anantharaj, V., Asay-Davis, X. S.,

and Bader, D. C.: The DOE E3SM coupled model version 1:
Overview and evaluation at standard resolution, J. Adv. Model.
Earth Syst., 11, 2089–2129, 2019.

Golaz, J., Van Roekel, L. P., Zheng, X., Roberts, A. F.,
Wolfe, J. D., Lin, W., Bradley, A. M., Tang, Q., Maltrud,
M. E., and Forsyth, R. M.: The DOE E3SM model ver-
sion 2: Overview of the physical model and initial model
evaluation, J. Adv. Model. Earth Syst., 14, e2022MS003156,
https://doi.org/10.1029/2022MS003156, 2022.

Grieve, S. W., Mudd, S. M., and Hurst, M. D.: How long is a hills-
lope?, Earth Surf. Proc. Land., 41, 1039–1054,2016.

Guimberteau, M., Zhu, D., Maignan, F., Huang, Y., Yue, C., Dantec-
Nédélec, S., Ottlé, C., Jornet-Puig, A., Bastos, A., Laurent, P.,
Goll, D., Bowring, S., Chang, J., Guenet, B., Tifafi, M., Peng,
S., Krinner, G., Ducharne, A., Wang, F., Wang, T., Wang, X.,
Wang, Y., Yin, Z., Lauerwald, R., Joetzjer, E., Qiu, C., Kim, H.,
and Ciais, P.: ORCHIDEE-MICT (v8.4.1), a land surface model
for the high latitudes: model description and validation, Geosci.
Model Dev., 11, 121–163, https://doi.org/10.5194/gmd-11-121-
2018, 2018.

Hokkanen, J., Kollet, S., Kraus, J., Herten, A., Hrywniak, M., and
Pleiter, D.: Leveraging HPC accelerator architectures with mod-
ern techniques–hydrologic modeling on GPUs with ParFlow,
Comput. Geosci., 25, 1579–1590, 2021.

Langevin, C. D., Hughes, J. D., Banta, E. R., Niswonger, R. G.,
Panday, S., and Provost, A. M.: Documentation for the MOD-
FLOW 6 groundwater flow model, Tech. rep., US Geologi-
cal Survey, ISBN 2328-7055, https://doi.org/10.3133/tm6A55,
2017.

Lehner, B. and Grill, G.: Global river hydrography and network
routing: baseline data and new approaches to study the world’s
large river systems, Hydrol. Process., 27, 2171–2186, 2013.

Li, H., Wigmosta, M. S., Wu, H., Huang, M., Ke, Y., Coleman,
A. M., and Leung, L. R.: A physically based runoff routing model
for land surface and earth system models, J. Hydrometeorol., 14,
808–828, https://doi.org/10.1175/JHM-D-12-015.1, 2013.

Li, L., Fang, Y., Zheng, Z., Shi, M., Longo, M., Koven, C. D.,
Holm, J. A., Fisher, R. A., McDowell, N. G., Chambers, J., and
Leung, L. R.: A machine learning approach targeting parame-
ter estimation for plant functional type coexistence modeling us-
ing ELM-FATES (v2.0), Geosci. Model Dev., 16, 4017–4040,
https://doi.org/10.5194/gmd-16-4017-2023, 2023.

Liao, C.: HexWatershed: A mesh-independent flow direction
model for hydrologic models [Software], Zenodo [code],
https://doi.org/10.5281/zenodo.6425880, 2022a.

Liao, C.: PyEarth: A lightweight Python pack-
age for Earth science [Software], Zenodo [code],
https://doi.org/10.5281/zenodo.6109987, 2022b.

Liao, C.: Representing lateral groundwater flow from land to
river in Earth system models (0.1.4), Zenodo [code, data set],
https://doi.org/10.5281/zenodo.14003482, 2024a.

Liao, C.: A hillslope based subsurface lateral groundwater
flow model within E3SM (v1.0), Zenodo [code, data set],
https://doi.org/10.5281/zenodo.14338210, 2024b.

Liao, C. and Zhuang, Q.: Quantifying the role of permafrost dis-
tribution in groundwater and surface water interactions using a
three-dimensional hydrological model, Arct. Antarct. Alp. Res.,
49, 81–100, https://doi.org/10.1002/2017JF004214, 2017.

https://doi.org/10.5194/gmd-18-4601-2025 Geosci. Model Dev., 18, 4601–4624, 2025

https://doi.org/10.5194/gmd-4-677-2011
https://doi.org/10.5194/gmd-14-6813-2021
https://rda.ucar.edu/datasets/dsd314000/
https://doi.org/10.5281/zenodo.8216315
https://doi.org/10.5194/gmd-15-7879-2022
https://doi.org/10.1029/2018MS001453
https://doi.org/10.1029/2022MS003156
https://doi.org/10.5194/gmd-11-121-2018
https://doi.org/10.5194/gmd-11-121-2018
https://doi.org/10.3133/tm6A55
https://doi.org/10.1175/JHM-D-12-015.1
https://doi.org/10.5194/gmd-16-4017-2023
https://doi.org/10.5281/zenodo.6425880
https://doi.org/10.5281/zenodo.6109987
https://doi.org/10.5281/zenodo.14003482
https://doi.org/10.5281/zenodo.14338210
https://doi.org/10.1002/2017JF004214


4624 C. Liao et al.: Representing lateral groundwater flow in Earth system models

Liao, C., Tesfa, T., Duan, Z., and Leung, L. R.: Watershed delin-
eation on a hexagonal mesh grid, Environ. Model. Softw., 128,
104702, https://doi.org/10.1016/j.envsoft.2020.104702, 2020.

Liao, C., Zhou, T., Xu, D., Tan, Z., Bisht, G., Cooper, M. G.,
Engwirda, D., Li, H., and Leung, L. R.: Topological relation-
ship-based flow direction modeling: Stream burning and depres-
sion filling, J. Adv. Model.Earth Syst., 15, e2022MS003487,
https://doi.org/10.1029/2022MS003487, 2023.

Luo, X., Li, H.-Y., Leung, L. R., Tesfa, T. K., Getirana, A., Papa,
F., and Hess, L. L.: Modeling surface water dynamics in the
Amazon Basin using MOSART-Inundation v1.0: impacts of geo-
morphological parameters and river flow representation, Geosci.
Model Dev., 10, 1233–1259, https://doi.org/10.5194/gmd-10-
1233-2017, 2017.

Maquin, M., Mouche, E., Mügler, C., Pierret, M., and Viville, D.: A
soil column model for predicting the interaction between water
table and evapotranspiration, Water Resour. Res., 53, 5877–5898,
https://doi.org/10.1002/2016WR020183, 2017.

Marcais, J., De Dreuzy, J.-R., and Erhel, J.: Dynamic coupling of
subsurface and seepage flows solved within a regularized parti-
tion formulation, Adv. Water Resour., 109, 94–105, 2017.

Markstrom, S. L., Niswonger, R. G., Regan, R. S., Prudic, D. E., and
Barlow, P. M.: GSFLOW, Coupled Ground-Water and Surface-
Water Flow Model Based on the Integration of the Precipitation-
Runoff Modeling System (PRMS) and the Modular Ground-
Water Flow Model (MODFLOW-2005), US Department of the
Interior, US Geological Survey, https://doi.org/10.3133/tm6d1,
2008.

Miguez-Macho, G. and Fan, Y.: The role of groundwater in the
Amazon water cycle: 2. Influence on seasonal soil moisture
and evapotranspiration, J. Geophys. Res.-Atmos., 117, D15114,
https://doi.org/10.1029/2012JD017540, 2012.

Miller, M. P., Buto, S. G., Susong, D. D., and Rumsey, C. A.:
The importance of base flow in sustaining surface water flow in
the Upper Colorado River Basin, Water Resour. Res., 52, 3547–
3562, 2016.

Mortatti, J., Moraes, J., Victoria, R. L., and Martinelli, L. A.: Hydro-
graph separation of the Amazon river: A methodological study,
Aquat. Geochem., 3, 117–128, 1997.

NASA: NASA shuttle radar topography mission global 1 arc
second, NASA EOSDIS Land Processes DAAC, 10 pp.,
https://doi.org/10.5066/F7PR7TFT, 2013.

Negron-Juarez, R. I., Chambers, J. Q., Marra, D. M., Ribeiro, G. H.,
Rifai, S. W., Higuchi, N., and Roberts, D.: Detection of subpixel
treefall gaps with Landsat imagery in Central Amazon forests,
Remote Sens. Environ., 115, 3322–3328, 2011.

Nobre, A. D., Cuartas, L. A., Hodnett, M., Rennó, C. D., Ro-
drigues, G., Silveira, A., and Saleska, S.: Height Above the Near-
est Drainage – a hydrologically relevant new terrain model, J.
Hydrol., 404, 13–29, 2011.

Oleson, K., Lawrence, D., Bonan, G., Drewniak, B., Huang,
M., Koven, C., Levis, S., Li, F., Riley, W., Subin, Z., Swen-
son, S., Thornton, P., Bozbiyik, A., Fisher, R., Heald, C.,
Kluzek, E., Lamarque, J., Lawrence, P., Leung, L., Lipscomb,
W., Muszala, S., Ricciuto, D., Sacks, W., Tang, J., and Yang,
Z.: Technical Description of version 4.5 of the Commu-
nity Land Model (CLM), NCAR, Boulder, Colorado, USA,
https://doi.org/10.5065/d6rr1w7m, 2013.

Paniconi, C., Troch, P. A., van Loon, E. E., and Hilberts, A. G.: Hill-
slope-storage Boussinesq model for subsurface flow and variable
source areas along complex hillslopes: 2. Intercomparison with a
three-dimensional Richards equation model, Water Resour. Res.,
39, 1317, https://doi.org/10.1029/2002WR001730, 2003.

Qiu, H., Bisht, G., Li, L., Hao, D., and Xu, D.: Development of
inter-grid-cell lateral unsaturated and saturated flow model in the
E3SM Land Model (v2.0), Geosci. Model Dev., 17, 143–167,
https://doi.org/10.5194/gmd-17-143-2024, 2024.

Scudeler, C., Paniconi, C., Pasetto, D., and Putti, M.: Examina-
tion of the seepage face boundary condition in subsurface and
coupled surface/subsurface hydrological models, Water Resour.
Res., 53, 1799–1819, 2017.

Swenson, S. C., Clark, M., Fan, Y., Lawrence, D. M., and Perket,
J.: Representing intrahillslope lateral subsurface flow in the com-
munity land model, J. Adv. Model. Earth Syst., 11, 4044–4065,
2019.

Troch, P. A., Paniconi, C., and Emiel van Loon, A. E.: Hills-
lope-storage Boussinesq model for subsurface flow and vari-
able source areas along complex hillslopes: 1. Formulation
and characteristic response, Water Resour. Res., 39, 1316,
https://doi.org/10.1029/2002WR001728, 2003.

Wang, L., Xie, Z., Xie, J., Zeng, Y., Liu, S., Jia, B., Qin, P.,
Li, L., Wang, B., and Yu, Y.: Implementation of ground-
water lateral flow and human water regulation in CAS-
FGOALS-g3, J. Geophys. Res.-Atmos., 125, e2019JD032289,
https://doi.org/10.1029/2019JD032289, 2020.

Xie, J., Liu, X., Jasechko, S., Berghuijs, W. R., Wang, K., Liu, C.,
Reichstein, M., Jung, M., and Koirala, S.: Majority of global
river flow sustained by groundwater, Nat. Geosci., 17, 770–777,
https://doi.org/10.1038/s41561-024-01483-5, 2024.

Xu, D., Bisht, G., Zhou, T., Leung, L. R., and Pan, M.:
Development of land-river two-way hydrologic coupling for
floodplain inundation in the energy exascale Earth system
model, J. Adv. Model. Earth Syst., 14, e2021MS002772,
https://doi.org/10.1029/2021MS002772, 2022.

Zhang, X., Fang, Y., Niu, G., Troch, P. A., Guo, B., Le-
ung, L. R., Brunke, M. A., Broxton, P., and Zeng, X.: Im-
pacts of Topography-Driven Water Redistribution on Terres-
trial Water Storage Change in California Through Ecosys-
tem Responses, Water Resour. Res., 60, e2023WR035572,
https://doi.org/10.1029/2023WR035572, 2024.

Geosci. Model Dev., 18, 4601–4624, 2025 https://doi.org/10.5194/gmd-18-4601-2025

https://doi.org/10.1016/j.envsoft.2020.104702
https://doi.org/10.1029/2022MS003487
https://doi.org/10.5194/gmd-10-1233-2017
https://doi.org/10.5194/gmd-10-1233-2017
https://doi.org/10.1002/2016WR020183
https://doi.org/10.3133/tm6d1
https://doi.org/10.1029/2012JD017540
https://doi.org/10.5066/F7PR7TFT
https://doi.org/10.5065/d6rr1w7m
https://doi.org/10.1029/2002WR001730
https://doi.org/10.5194/gmd-17-143-2024
https://doi.org/10.1029/2002WR001728
https://doi.org/10.1029/2019JD032289
https://doi.org/10.1038/s41561-024-01483-5
https://doi.org/10.1029/2021MS002772
https://doi.org/10.1029/2023WR035572

	Abstract
	Introduction
	Method description
	Current method
	A new hillslope-based method
	Hillslope definition model
	Lateral groundwater flow model


	Model application and evaluation
	Model application
	Study area
	Experimental design

	Model results and analysis
	Overview
	Hillslope definition
	Lateral groundwater flow
	Water table depth
	Runoff partition


	Discussion
	Hillslope characteristics
	Runoff partition
	Groundwater and stream water interactions

	Limitations
	Conclusions
	Appendix A: E3SM and HLGF models
	Appendix A1: HLGF model algorithms
	Appendix A2: E3SM configurations
	Appendix A3: E3SM results

	Appendix B: Hillslope definition
	Appendix B1: HexWatershed model algorithms
	Appendix B2: HexWatershed model configurations
	Appendix B3: HexWatershed model results

	Appendix C: Land–river water cycle interaction
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

