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Abstract Horizontal water transport from hills to valleys widely dictates vegetation growth and modulates
terrestrial water and energy budgets. However, land cover on hillslopes remains oversimplified in many current
land surface models (LSMs) despite its critical role in controlling terrestrial water and energy fluxes. To this
end, we focused on Africa to investigate how explicit representation of hillslope water dynamics and land cover
conditions in LSM influences terrestrial water and energy budgets. A sub‐grid catchment‐based strategy was
implemented in the LSMMATSIRO, in which the hillslope water dynamics and land cover heterogeneity were
modeled in discretized height bands of representative hillslopes. Through several experiments that differed in
terms of complexity in representing water and vegetation heterogeneity along hillslope, the impact of
representing them in LSM is evaluated and validated. Increasingly accurate representation of the heterogeneities
amplified the variabilities of the simulated water and energy budgets, particularly in equatorial Africa. The hill‐
to‐valley water dynamics aside, more realistic representation of the hillslope vegetation distribution aligned
with known differences in soil water content (e.g., denser vegetation exists along riversides in arid regions).
Such representations changed the soil water contents, runoffs, and evapotranspiration of almost 5%, 7% and 18%
of the total African land areas studied, respectively. By better capturing hillslope‐scale rainfall interception and
transpiration with the improved model, the results are more consistent with observed discharges and leaf area
index. Overall, an LSM that considers hillslope water dynamics and land cover heterogeneity substantially
modulates and better captures the terrestrial water and energy budgets.

Plain Language Summary Accurate representation of hillslope water dynamics by a land surface
model is important when seeking to describe water and energy conditions precisely at fine space scales. That
being said, the complex land surface conditions (e.g., the land cover type) that directly affect these dynamics and
therefore influence the water and energy status of land are treated in a simple manner and yet to be thoroughly
addressed. In this study, we included hillslope heterogeneity in a LSM and assessed the impact thereof on
terrestrial water and energy budgets across the African continent. The results show that, hillslope water
dynamics aside, more realistic representations of hillslope vegetation distribution that roughly matched
differences in soil water contents (e.g., denser vegetation along riversides in arid regions) revealed several
distinct forms of soil water movement and evapotranspiration over the African continent. Compared to
observational data, the results of modeling that considered the complex land surface conditions were more
accurate. We emphasize the need to resolve hillslope water dynamics and land cover heterogeneity explicitly if a
LSM is to be appropriate.

1. Introduction
Over the last six decades, remarkable advances have been made in the development of land surface models
(LSMs) that simulate surface processes and the influences of weather and climate (Stephens et al., 2023).
Manabe (1969) was the first to propose a bucket model that calculated the feedback of latent and sensible heat
fluxes to the atmosphere. Since then, LSMs have gradually evolved to represent more complex land processes.
Topographic parameters were introduced to allow calculation of the terrestrial water surplus (runoff) that
constituted the surface water network (Milly et al., 2014; Ngo‐Duc et al., 2007). Later, grid cells were used to
represent the land–atmosphere flux exchanges over vegetation canopies and baer ground, facilitating represen-
tation of water transpiration by the canopy layer (Dickinson, 1984). However, even at the highest resolution
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(25 km) of modern climate models, land surface processes that span the various subdisciplines of biophysics and
hydrology can yield markedly different results for even a single climatic grid cell (Adachi et al., 2024; Fox
et al., 2008; Lundquist & Dettinger, 2005; Tai et al., 2017). As new data became available and computational
capacity increased, treatment of sub‐grid heterogeneity by LSMs advanced remarkably (Chaney et al., 2018;
Lawrence et al., 2019; Subin et al., 2014; Swenson et al., 2019; Wood et al., 2011). The spatial resolutions of
LSMs and associated atmospheric models are becoming increasingly refined. To allow simulations across
multiple land scales, most modern LSMs, such as MATSIRO (Takata et al., 2003), JULES (Burton et al., 2019),
CLM5 (Lawrence et al., 2019) and ORCHIDEE (Naudts et al., 2015) use a sub‐grid tiling scheme. Within a grid
cell, tiles are typically defined as spatially implicit aggregations of the areas affiliated with particular land surface
categories.

Although such efforts address the complexity of land surface processes to some extent, integration of LSMs using
new theories that better describe how land processes are governed has been slow (Byrne et al., 2024). Specifically,
current models of land surface complexity consider only vertical water exchange (to and from the atmosphere);
connections between neighboring land tiles are neglected. This does not close the gap between model resolution
and the spatial resolution at which certain key processes occur (Li et al., 2024; Swenson et al., 2019). For example,
hillslope water dynamics are greatly influenced by (often complex) local topographic conditions that are under‐
represented in large‐scale models, and it remains unclear how horizontal water fluxes affect land‐surface and
near‐surface processes (Simpson et al., 2024). Valleys tend to be wetter than ridges because water flows downhill.
In most cases, the resulting subsurface water gradient enhances vegetation growth on both the lower slopes of dry
catchments and the upper slopes of wet catchments owing to water stress and oxygen stress, respectively (Fan
et al., 2019; Li et al., 2024). In this context, modern LSMs seek not simply to represent land surface heterogeneity,
but rather to offer good resolution of both hillslope water dynamics and the variability in hillslope vegetation
distribution. This has posed some challenges in attempts to resolve the extensive terrestrial water and energy
fluxes that occur at sub‐grid scales better (Chaney et al., 2018). Despite the importance of the topic, many large‐
scale LSMs do not yet reflect hydrological processes optimally (Bierkens, 2015; Brooks et al., 2015; Clark
et al., 2015; Fan et al., 2019).

Given such concerns, many efforts have been made to enhance LSM hydrological process representations, and
several land models have been used to study water cycle changes at the catchment, continental, and global scales
(Clark et al., 2015). To capture horizontal water dynamics, some suggested segmenting terrestrial areas by hy-
drological response units along hillslopes (Fan et al., 2019; Swenson et al., 2019). Such schemes define hy-
drological response units as fractions of a grid cell, therefore representing the physical horizontal water flow
without dramatically elevating the computational costs. Based on this concept, LSM developers have recently
improved the hydrological processes of several models (Ajami et al., 2016; Chaney et al., 2018; Subin et al., 2014;
Swenson et al., 2019). For example, Subin et al. (2014) reported how the sub‐grid hillslope hydrology of the
GFDL model could be better resolved, and noted that improved representation of saturated lowland areas
increased the soil carbon budget. Using high‐resolution environmental data, Chaney et al. (2018) introduced a
hierarchical, multivariate clustering approach into the LM4‐HB model. This disaggregated hydrologically
interconnected tiles and ensured high‐level modeling efficiency. Swenson et al. (2019) implemented represen-
tative hillslopes into the CLM, and found that the impact of hydrological tiling was strongest in semi‐arid areas.
Despite these efforts, we do not yet fully grasp the importance of consistently resolving the water dynamics and
land cover heterogeneity along hillslopes. It remains unclear whether it is appropriate to consider that sub‐grid
vegetation distribution corresponds to the hill‐to‐valley water gradient. We suggest that accurate representa-
tion of how vegetation modifies precipitation, soil water transpiration, and evaporation would improve model
predictions of terrestrial water and energy budgets.

In this study, when incorporating the water dynamics and land cover heterogeneity along hillslopes into an LSM,
we employed a previously proposed catchment‐based strategy (Li et al., 2024) that considers horizontal water
flow. The modeling units are representative hillslopes divided into hydrologically connected height bands. These
were implemented in the LSMMATSIRO using an Integrated Land Simulator (ILS, Nitta et al., 2020; the details
are in Section 2). The boundary conditions of the hillslope topography and land cover were objectively extracted
from high‐resolution data currently available at both continental and global scales. In a variety of experiments, we
use the African continent as our test bed and discuss the significance of consistent LSM‐mediated representation
of hillslope water dynamics and land cover heterogeneity when evaluating terrestrial water and energy budgets.
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2. Models
This section overviews the previously developed land models. First, the LSM MATSIRO is described. Then, the
global hydrodynamic model CaMa‐Flood is introduced. Using the ILS framework, MATSIRO was de‐coupled
from the parent general circulation model (GCM) and offline simulations were then conducted using CaMa‐
Flood.

2.1. Land Surface Model: MATSIRO

The process‐based physical model MATSIRO (Takata et al., 2003), as the land component of the GCM termed
Model for Interdisciplinary Research on Climate (MIROC, Hasumi & Emori, 2004), was utilized in the present
study.

MATSIRO simulates water and energy status and their physical exchange between the land surface and the at-
mosphere, with consideration of soil moisture (SM, the volumetric water content), runoff, the latent heat flux
(Qle), the sensible heat flux (Qh), the water table depth, and other variables. In MATSIRO, the canopy is a single
layer, the albedo and bulk coefficients of which are evaluated using a multilayer canopy model. Interception of
evaporation by the canopy, and transpiration, are estimated using photosynthetic parameters of the Farquhar type
(Farquhar et al., 1980) and the SiB2 values (Sellers et al., 1986, 1996). Energy fluxes are calculated at the surfaces
of the ground and canopy in snow‐free and ‐covered portions of each grid cell. The snow layers are dynamic,
increasing (if necessary) to a maximum of three depending on the snow water equivalent. The soil column is
divided into six discrete layers at depth boundaries 5, 20, 75, 100, 200, and 1,000 cm from the surface and the soil
temperature, SM, and frozen SM calculated for each layer. A simplified TOPMODEL (Beven & Kirkby, 1979;
Stieglitz et al., 1997) simulates runoff generation and estimate surface and subsurface runoff separately.

2.1.1. Horizontal Water Flow

MATSIRO can simulate horizontal water dynamics by implementing a catchment‐based strategy (Adachi
et al., 2024; Li et al., 2024; Tozawa et al., 2019). Based on the high‐resolution hydrographic data set termed
MERIT Hydro, the flow directions of pixels are merged to create a terrestrial boundary map of the unit catchments
using the upscaling method termed Flexible Location of Waterways (FLOW, Yamazaki et al., 2009). FLOW
employs a uniform catchment size when exploring river channel connectivity, and then allocates outlets to all
river networks defined as the main river channels of the unit catchments. As a result, each rectangular grid unit
becomes spatially paired with a unit catchment of similar size (Figure 1a). A typical catchment generally includes
many complex hillslopes, among which the land cover transitions from channels to ridgelines are assumed to be
very similar. To ensure both conceptual clarity and computational efficiency, these complex hillslopes are then
theoretically collapsed into a concise representative hillslope based on the relative hillslope heights above the
main river channel (Figure 1b). Each representative hillslope is then discretized into 10 vertical height bands to
enable consideration of horizontal water flow. As hillslope water converges to the nearest stream rather than to the
lowest point of the catchment, the soil wetness generally aligns with the distance to the nearest stream. Thus,
during height band discretization, the elevation relative to the nearest stream point, not the absolute elevation, is
used. To discretize the height bands evenly, the areas of all bands are the same (Figure 1c).

Figure 1. A schematic of the catchment‐based strategy. (a) A terrestrial area is segmented into unit catchments of similar sizes; (b) a representative hillslope is used to
conceptually approximate the unit catchment; and (c) that hillslope is vertically discretized into 10 height bands, each of the same surface area.
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The horizontal water flux q between neighboring height bands is given by Darcy′s law:

q = −
KO

f
Ie(− f z) (1)

I =
(hi+1 − zi+1) − (hi − zi)

di
(2)

where KO is the saturation hydraulic conductivity at the ground surface, f denotes the reduction constant, I is the
hydraulic gradient between two neighboring bands, and z denotes the mean water table depth. hi and zi are the
mean relative height above the main river channel and the mean water table depth at height band i, respectively. di
denotes the horizontal distance between height band i and height band i + 1. Note that the horizontal water flux q
is considered only when the water table is above the frozen soil layer. The q simulation may affect the status of
source term Sw via:

Sw = − Froot − RO − q (3)

where Froot denotes the root water uptake and Ro is the total runoff. Then, the vertical SM movement is solved
using Richards′ equation:

ρw
wτ+1
(k) − wτ

(k)

∆tL
=
Fw(k+12) − Fw(k− 12)

∆zg(k)
+ Sw(k) (k = 1,… ,Kg) (4)

where ρw denotes the density of water,wτ+ 1
(k) − wτ

(k) is the change in SM content of the kth layer at time step τ,∆tL
denotes the time step length, Fw(k+12) − Fw(k− 1

2)
is the SM flux at the kth soil layer, ∆zg(k) denotes the thickness of

the kth soil layer, Sw(k) is the source term of the kth soil layer, and Kg is 6. Then the SM status within any height
band is updated using the LU factorization method as follows:

wτ+1
(k) = wτ

(k) + ∆w(k) (5)

As w is updated for each height band, both z and the fraction of the saturated area Asat change. This affects the
subsurface runoff ROb

, the saturation excess runoff ROs
, the infiltration excess runoff ROi

, and the total runoff RO:

ROb
=
K0 tan βs

f Ls
e(1− f z) (6)

ROs
= (Pr∗∗

c + Pr∗∗
l )Asat (7)

ROi
= AcRoci + (1 − Ac)Ronci (8)

Roci = max(Pr
∗∗
l − Ks(1), 0) (1 − Asat) (9)

Ronci = max(
Pr∗∗

c
Ac

+ Pr∗∗
l − Ks(1), 0) (1 − Asat) (10)

RO = ROb
+ ROs

+ ROi
+ ROo

(11)

where Pr∗∗
c denotes the convective rainfall intensity; Pr∗∗

l is the non‐convective rainfall intensity attributable to
rain interception by the canopy; Ac denotes the fraction of the precipitation area; Roci and Ronci are the ROi

for the
convective and non‐convective precipitation areas, respectively; Ks(1) denotes the saturation hydraulic conduc-
tivity in the uppermost soil layer; and ROo

is the overflow runoff.
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2.1.2. Land Cover

MATSIRO tiles the land surface to represent sub‐grid land surface types. This mimics the heterogeneous land
surface processes at higher resolutions only partially (MATSIRO6 Document Writing Team, 2021). Basically, a
single land surface grid can be both implicitly and flexibly divided into different numbers of tiles. Three sub‐grid
tiles—lake, potential vegetation and cropland—serve as MATSIRO defaults to control the computational cost.
The vegetation types of the Simple Biosphere Model 2 scheme (Sellers et al., 1986, 1996) fall into 10 categories
including continental ice (Table S1 in Supporting Information S1). The average fluxes at a land surface F are:

F = Flake flake +∑
n

i=1
Fi fi (12)

fi = fi̋ (1 − flake) (13)

∑
n

i=1
fi̋ = 1 (14)

where Flake denotes fluxes at a lake surface, flake is the fractional weight of lakes, Fi denotes the fluxes at a land
surface of land cover type i, fi is the fractional weight of land cover type i (the sum of flake and fi always equals 1),
and fi̋ denotes the sub‐fractional weights of land cover type i excluding the lake fraction.

2.2. Global Hydrodynamic Model: CaMa‐Flood

CaMa‐Flood is a physical, distributed, global, river routing model (Yamazaki et al., 2011). The model uses a local
inertial equation that is a simplified form of the one‐dimensional Saint‐Venant equation (Bates et al., 2010;
Yamazaki et al., 2013). The advection term is neglected to allow computationally efficient simulations of
continental‐scale river hydrodynamics.

By routing the runoff generated by the LSM to a pre‐derived river network map, CaMa‐Flood simulates the
hydrodynamics over both rivers and floodplains in 10‐min time steps. The model simulates river discharge, water
surface elevation, water surface area, and surface water storage. CaMa‐Flood uses catchments of similar size to
the LSM grid cell (the details are in Li et al., 2024). CaMa‐Flood considers channel length, channel width, channel
depth (bank height), surface altitude, Manning′s coefficient, and unit catchment area as parameters.

2.3. Integrated Land Simulator

The Integrated Land Simulator (ILS) framework was recently developed to improve the land surface component
of the Model for Interdisciplinary Research on Climate (MIROC) (Nitta et al., 2020). The ILS contains two land
models, MATSIRO and CaMa‐Flood. An I/O component that inputs and outputs files serves as an independent
executable. Based on a general‐purpose coupler termed Jcup, multiple terrestrial models are linked (Arakawa
et al., 2020). Currently, MATSIRO is one‐way coupled with CaMa‐Flood within ILS. Runoffs generated by
MATSIRO are input to CaMa‐Flood (via Jcup) to simulate hydrodynamic processes.

The pixels of the flow directions derived using a high‐resolution hydrographic data set are merged by the FLOW
upscaling method to create terrestrial boundary maps of unit catchments (Yamazaki et al., 2009). CaMa‐Flood
catchments are irregular in shape, but the grid units of typical LSMs such as MATSIRO are regular in shape.
To improve hydrological process representation, MATSIRO treats the unit catchment as a pseudo‐modeling unit
when coupling models of disparate grid coordinates. This facilitates data exchange within the ILS by establishing
a one‐to‐one interpolation wherein each unit catchment in CaMa‐Flood is spatially paired with a catchment in
MATSIRO. Then, an LSM catchment‐based strategy can simulate horizontal hydrological processes using the
discretized height bands.

3. Experimental Setting
3.1. Representation of Water Dynamics and Land Cover Heterogeneity Along Hillslopes in LSM

We performed four experiments to test the significance of explicitly representing the water dynamics and land
cover heterogeneity along hillslope in LSM (Figure 2 and Table 1).
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In experiment [1], land surface processes (water and energy fluxes) occurred only vertically and the terrestrial
boundary conditions such as the land cover type were homogeneous across the catchment. Specifically, the
dominant land cover type was identified by reference to the high‐resolution land cover map and represented the
only form of catchment land cover. The average high‐resolution leaf area index (LAI) corresponding to the
dominant land cover type served as the vegetation parameter.

Experiment [2] differed from [1] in terms of land cover heterogeneity representation. The tiling scheme widely
used bymodern LSMs was employed. The twomajor land cover types that occupied the largest and second largest
proportions of the catchment area were identified. To ensure concise representation, the land cover conditions of
the catchment were exclusively and implicitly represented by the two identified types, whose proportions over the
catchment area summed to 1. Then, the high‐resolution LAIs of the two types were averaged and treated as the
vegetation parameters. The simulations from the two land cover types were averaged by the area weights to
present an overall result for the catchment synthetically.

In experiment [3], the catchment‐based strategy is employed to represent the hillslope heterogeneity in land surface
modeling (Li et al., 2024). Based on elevations relative to the nearest streams, the entire catchment was evenly
discretized into 10 height bands with the same area. Each band served as an independent unit when modeling the
vertical energy and water fluxes. By Darcy′s law, subsurface water may flow between neighboring bands if
permitted by the subsurface hydraulic gradient. This affects the amount of subsurface water within each modeling
unit. Beginning with this experiment, the water dynamics were simulated in two dimensions (vertical and hori-
zontal). The height bands did not differ in terms of land cover, but the heterogeneity within each height band was
addressed by the tiling. As in experiment [2], in each band the land cover boundary was implicitly represented by
the two major land cover types identified at the catchment level. The average LAIs corresponding to the two types
were calculated and treated as homogeneous vegetation parameters for all height bands. The weighted average of
the simulation results derived using the two types represented the overall results for each height band.

Experiment [4] was similar to experiment [3] in terms of the representation of the hillslope water dynamics.
However, the representation of the land cover heterogeneity differed. The land cover of each height band was the

dominant land cover type in that band. It indicates a disparate strategy in
representing land cover heterogeneity in contrast to experiment [3]. Although
the land cover representations of the height bands are affected by several
forms of bias, these were assumed to be minor in hillslope‐/climate‐domi-
nated landscapes where the vertical land cover evolution is consistent with the
wetness or climatic gradient. Accordingly, the high‐resolution LAI corre-
sponding to the dominant land cover type of each band was averaged and
served as the vegetation parameter.

A comparison of the results of experiments [1] and [2] revealed how well land
cover heterogeneity was reflected by the tiling scheme. Specifically, both Fi

Figure 2. A schematic of the four experimental settings. The brown dashed lines between the different land cover tiles of experimental settings [2] and [3] indicate
separate simulations of the land surface processes in different tiles.

Table 1
Information on the Four Experimental Settings of Figure 2

Experiment Water dynamics Land cover

[1] Homogeneous Vertical Homogeneous

[2] Tiled Vertical Heterogeneous (TSa)

[3] Hillslope‐Water Vertical and Horizontal Heterogeneous (TSa)

[4] Hillslope‐Veg Vertical and Horizontal Heterogeneous (CBSa)
aTS and CBS: Tile scheme and catchment‐based strategy, respectively.
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and fi in Equations 12–14 changed. A comparison of the results of experiments [3] and [4] allowed further
evaluation of how two different representations of land cover heterogeneity impacted land surface processes.
Unlike a conventional tiling scheme, our catchment‐based strategy considers sub‐grid land cover heterogeneity by
assigning a unique land cover type to each band. This scheme can then become as efficient as a tiling scheme but
better reveals the impacts of hillslope land cover heterogeneity.

3.2. Validating the Modeling Results

A straightforward method of model validation is a comparison of point‐based observation data with the simu-
lations using a diagnostic metric (Wood et al., 2011). Such direct validation of SM, Qle, and Qh against the
observations from ISMN and FLUXNET is discussed in Text S1 in Supporting Information S1. However, given
the scaling error inherent between point‐based observations and the areal‐based modeling results for SM, Qle, and
Qh, local environmental conditions near gauge stations may be underrepresented by the model, possibly inducing
large biases during validation. It leads to the concern that direct observation from FLUXNET and ISMNmight not
be appropriate for validating LSM results.

Given this concern, we simply compared discharges observed at GRDC stations to those simulated by CaMa‐
Flood (running the ILS framework) in each catchment. The Nash–Sutcliffe efficiency (NSE; Nash & Sut-
cliffe, 1970) was used to evaluate the goodness of fit:

NSE = 1 −
∑

N
i=1 (Oi − Si)2

∑
N
i=1 (Oi − O)2

(15)

whereOi and Si denote the observed and modeled values at time i, respectively.O is the mean observational value.
NSE = 1 indicates a perfect correspondence between simulation and observation, NSE = 0 indicates that the
simulation is as good as the observation mean, and NSE< 0 indicates that the simulation is a worse predictor than
the mean observational value. GRDC stations for which the simulated (NSE < − 1) were excluded from the
validation analysis.

3.3. Study Region

The ILS ran over the African continent ranging from 38°N to 36°S latitude and 19°W to 52°E longitude
(Figure 3a). This test bed was selected for the following reasons.

1. A previous study revealed many hillslope‐ and climate‐dominated landscapes across the continent
(Li et al., 2024), implying a need to resolve sub‐grid hillslope heterogeneity. For example, the LAI gradient
(a proxy of vegetation growth) from the lower to the higher height bands calculated via linear regression is
shown in Figure 3b.

2. The continent is characterized by a mix of climatic and topographic conditions, aiding examination of the
hillslope water dynamics under different environmental conditions.

3. The natural environment is not greatly perturbed by human activity (urban and agricultural areas), aiding the
analysis of hillslope water dynamics.

A regional mapping table was created using the tool termed Spheroidal Coordinates Regridding Interpolation
Table Generator (SPRING, Takeshima & Yoshimura, 2024) to facilitate data exchange among the ILS
components.

Catchments equivalent to 15‐min rectangular grids (∼25 km at the Equator) served as the basic modeling units. A
resolution of 15 min is near the lower end of the spatial ranges widely used by Earth System Models (Bacmeister
et al., 2018; Kay et al., 2015) and was considered sufficiently fine to capture land surface processes at the sub‐
catchment scale. The simulation results are explicitly shown for four catchments that represent homogeneous
desert, homogeneous forest, gallery forest, and waterlogging (Figures 3c–3f). The geographical locations and
satellite images of the selected catchments are illustrated (Figure 3a). The LAI data for all height bands are shown.
The heights above the nearest drainage (HANDs) are specified at both the pixel and height band level. The area
percentages of the first and second most common plant functional types at the catchment level, and the dominant
plant functional type of each band, are illustrated.
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Figure 3.
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As lakes and lake depth data were few across the study region, land surface processes over open water were not
considered. Catchments in which the dominant land cover type was a water body (a lake or a large river) were
excluded.

3.4. Data

The data utilized are summarized in Table 2, including those employed for simulation and validation.

3.4.1. Data for Model Simulation

The MERIT DEM data set yielded the topographic data (Yamazaki et al., 2017) employed to create the boundary
conditions for MATSIRO and CaMa‐Flood. MERIT Hydro, derived from the MERIT DEM and water body data
sets (G1WBM, Global Surface Water Occurrence, and OpenStreetMap), yielded the hydrographic data that
represented the hydrographic network (Yamazaki et al., 2019).

MATSIRO requires boundary conditions including the land cover/land use type, soil type, albedo, and LAI. High‐
resolution land cover data were obtained from the GLCNMO (Kobayashi et al., 2017). Using the 2‐m temperature
data of JRA55 (Kobayashi et al., 2015), the land cover data were reclassified as plant functional types based on the
categorizations of the Simple Biosphere Model 2 (SiB2, Sellers et al., 1996). The details are in Table S1 in
Supporting Information S1. Soil types were obtained from the HWSD (FAO& ISRIC, 2012) and were assumed to
be uniform throughout each modeling unit. The forest floor albedos were those of ISLSCP I and were classified
into visible and near‐infrared (Sellers et al., 1996). The 8‐day LAIs obtained after re‐processing of the MODIS
data by Ichii et al. (2017) were resampled to become monthly LAIs with spatial resolutions of 15 arcsec (∼500 m
at the equator).

The spatial resolution of the climate forcing data was 30 min. Atmospheric forcing data covering the 10‐year
simulation period (2001–2010) were obtained from GSWP3 (Kim et al., 2016). The data include 3‐hourly pre-
cipitation (rainfall and snowfall), temperature, shortwave and longwave radiation, surface pressure, specific
humidity, and wind speed based on downscaling of the Twentieth‐Century Reanalysis (Compo et al., 2011).
Cloud cover derived in the same downscaling experiment were used to partition the shortwave radiation into
visible/near‐infrared components and direct/diffusive components.

The ILS was run for 160 years by cycling the climate forcing 16 times between 2001 and 2010. The first 150 years
were used for model spin‐up, and the final 10 years for the simulations analysis. The equilibrium status is detailed
and illustrated in Text S2 in Supporting Information S1.

3.4.2. Data for Validation

Data from ISMN, FLUXNET, and GRDC stations across the study region from 2001 to 2010 were selected (when
available) (Dorigo et al., 2011; Pastorello et al., 2020). Point‐based SM observations from ISMN/FLUXNET
stations, and Qle and Qh data from FLUXNET stations, have been used to validate MATSIRO simulations
directly. The discharges at GRDC stations have been employed to validate discharges simulated by CaMa‐Flood
directly. In addition, high‐resolution LAI data were used to indirectly validate the simulated SMs. The Koppen–
Geiger climate map was also employed to validate the SMs of different climatic conditions (Beck et al., 2018).

4. Results
4.1. Modulation of the Land Water and Energy Budgets

In this section, the modeling results of surface SM, runoff, discharge, Qle, and Qh derived with the four ex-
periments are illustrated. As the lake component of MATSIRO was deactivated, continental results were masked

Figure 3. (a) A static Google Earth map showing the geographical details of the African continent; (b) A map of the LAI gradients from valleys to hills within the
catchments (the slopes of the linearly fitted lines) where a positive (negative) value indicates relatively low (high) LAI values in the valley compared to the upslope. The
four catchments are representative of (c) a homogeneous desert (Touzougou, Libya), (d) a homogeneous forest (Mangu‐Mbale, Congo), (e) a gallery forest (Kinda–
Mwampu, Congo), and (f) a waterlogging (Mobenzélé, Congo). For each catchment, the static Google Earth map, the LAIs at the various height bands (dotted boundary
lines), the HANDs at the pixel and height band levels, the area percentages of the first and second most common plant functional types of the catchments, and the major
plant functional type of each height band, are shown.
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when the boundaries delineated water bodies. Since the performance of the default MATSIRO (experiment [2])
were evaluated and summarized in previous studies (Koirala et al., 2012; Nitta et al., 2020; Pokhrel et al., 2012),
here we mainly focus on the differences among the experimental results when hillslope heterogeneity was
considered.

To facilitate the interpretation of modeling results at the continental scale, we first present outcomes from four
representative catchments (Figure 4). For homogeneous desert and homogeneous forest catchments, representing
hillslope water and land cover heterogeneities has negligible impact on the catchment‐scale water and energy
budgets. In contrast, for gallery forest and waterlogging catchments, incorporating these heterogeneities into LSM
largely differentiates surface SM, runoff, Qle and Qh along hillslope. For these two catchment types, water and
energy budgets vary to different degrees at both the hillslope and catchment levels.

According to Figure 5, when land cover heterogeneity is represented using a tiled scheme, Qle and runoff are
affected by changes in canopy area of woody plants. When hillslope water dynamics are resolved, Qle and runoff
differ across elevation levels, leading to distinct water and energy budgets at catchment scale. Further incor-
porating land cover heterogeneity along the hillslope introduces additional modifications to Qle and runoff, as
vegetation patterns adapt to the water variability along hillslope. Given the spatial distribution of these two
catchment types, the variation patterns in water and energy budgets can be extrapolated to broader regions,
thereby informing the interpretation of model results at the continental scale in Sections 4.1.1 and 4.1.2.

4.1.1. Divergence of Modeling Results on Hillslope

The gradients of the intra‐annual mean surface SM, runoff, Qle, and Qh from lower to higher bands at the
catchment level are shown over the entire African continent in Figure 6, which reveals the divergence of modeling
result on hillslope.

When land cover heterogeneity was represented by the tiling scheme in experiment [2], the modeling results
exhibited no spatial variability. However, when horizontal water flow became in play in experiment [3], negative
hillslope gradients of SM, runoff, and Qle associated with parallel positive hillslope gradients of Qh were
observed across extensive areas of equatorial and southern Africa. In the Sahara Desert, which is extremely dry,
the hillslope gradients were negligible because the very limited water availability constrained horizontal flow
along hillslopes. For example, in the catchment representative of a homogeneous desert, the height band surface
SM and runoff reveals little variability among height bands (Figure 4). A similar pattern was observed in the wet
and flat Congo Basin. The hillslope gradients were negligible because, as the force of gravity is weak, homo-
geneous soil saturation of hillslopes substantially reduced horizontal water flow. For example, the catchment
representative of homogeneous forest exhibited limited SM and runoff variabilities across the height bands
(Figure 4). In comparison, in regions of intermediate water stress with topographic relief (e.g., the Sudanian

Table 2
Data Sets Used in This Study

Purpose Data set Name Spatial resolution Temporal range Reference

Model simulation Topography MERIT DEM 3 arcsec – Yamazaki et al. (2017)

Hydrography MERIT Hydro 3 arcsec – Yamazaki et al. (2019)

Land Cover GLCNMO 15 arcsec 2013 Kobayashi et al. (2017)

2 m Temperature JRA55 30 min 1958–2013 Kobayashi et al. (2015)

Soil Type HWSD 30 arcsec 2008 FAO and ISRIC (2012)

Surface Albedo ISLSCP I 60 min 1987–1988 Sellers et al. (1996)

Leaf Area Index MODIS 15 arcsec 2000–2016 Ichii et al. (2017)

Climate Forcings GSWP3 30 min 1960–2010 Kim et al. (2016)

Validation analysis Optical Satellite Image Google static map – – –

In situ SM ISMN Point‐based 1952–2024 Dorigo et al. (2011)

In situ SM, Qle, Qh FLUXNET Point‐based 1991–2014 Pastorello et al. (2020)

Discharge gauge data GRDC Point‐based 1987–2024 –

Climate Classification Koppen–Geiger map 30 arcsec 1980–2016 Beck et al. (2018)
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Savanna region), the modeling results clearly differed depending on hillslopes. The catchment representative of
the gallery forest further exemplified this pattern (Figure 5). Water ran down the hillslope to converge in valleys,
associated with wetter valleys and drier hills and thereby negative hillslope wetness gradients. The increasing
water availability in valleys enhanced evaporation associated with larger (smaller) Qle (Qh).

Compared to the results of experiment [3], further resolution of the land cover heterogeneity using the catchment‐
based strategy of experiment [4] revealed additional variations in the hillslope gradient of SM, Qle, and Qh for
equatorial Africa (∆([4]‐[3]) in Figure 6). On the one hand, for catchments with denser vegetation on the lower
slopes (landscape‐type gallery forests, Figures 3e and 5) (Li et al., 2024), explicit representation of the denser
woody vegetation on lower hillslopes contributed to more local transpiration and less surface runoff because the
canopy intercepted rainfall (Equation 7), which was associated with reduced runoff on land (Figure 5). On the
other hand, explicit representation of grasslands on upper hillslopes reduced the canopy area that hindered local
transpiration and increased rainfall interception, allowing more terrestrial water to sustain runoff generation
(Figure 5). Collectively, these results explain the increasing and decreasing negative hillslope gradients of the
simulated Qle and runoff (Figure 6), respectively. However, different hillslope gradient variations were apparent
for waterlogging catchments near certain major water bodies (e.g., the Congo River) (Li et al., 2024), where the
vegetation tends to be denser on upper hillslopes than elsewhere (Figures 3f and 5). When this was explicitly

Figure 4. The intra‐annual average surface SM, runoff, Qle, and Qh by height bands of the four representative catchments of the four experiments. The horizontal dashed
lines in each subplot denote the mean value for all height bands in experiments [3] and [4], respectively. To allow direct comparisons among the simulated SMs, runoffs,
and Qle and Qh, the runoff unit has been converted from kg/(m2·s) to mm/d.

Water Resources Research 10.1029/2025WR040706

LI ET AL. 11 of 26

 19447973, 2025, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025W

R
040706 by Shuping L

i , W
iley O

nline L
ibrary on [10/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



represented, local transpiration and canopy interception increased, and the sparser vegetation in the valley
reduced transpiration and canopy interception (Figure 5). The amounts of water on lower and upper hillslopes
increased and decreased respectively, enhancing and constraining runoff generation. Therefore, the Qle hillslope
gradient changed from negative in experiment [3] to positive in experiment [4], and those of the SM and runoff
exhibited increasingly negative trends in Figure 6.

4.1.2. Differences Among the Experimental Modeling Results

To explore differences among the experimental modeling results at the continental scale, the intra‐annual means
of experiments [1] and [2] and the average intra‐annual means of the 10 height bands of experiments [3] and [4]
were compared and mapped over the African continent in terms of SM (Figure 7), runoff (Figure 8), Qle
(Figure 9), Qh (Figure 10) and discharge (Figure 11). In general, SM, runoff, Qle, and Qh variations were mainly
confined to the equatorial regions where the hillslope gradients of LAI were marked (Figure 3b) and gallery
forests catchments were common (Figure 5).

4.1.2.1. Resolution of Land Cover Heterogeneity Afforded by Tiling

Compared to experiment [1], in which land cover of each catchment was based only on the dominant type, the
land cover heterogeneity was implicitly resolved using the tiling scheme in experiment [2]. This changed the
overall canopy areas at the catchment level, especially in semiarid regions.

In the catchment that was representative of homogeneous desert, the dominant land cover type (desert) occupied
up to 99.9% of the total area (Figure 3c), explaining the negligible difference in all tested variables across dry
northern Africa (Figures 4 and 7–11). This was also the case for the catchment representative of homogeneous
forest (Figures 4 and 7–11), where the dominant land cover type (evergreen forest) occupied most of the area
(98.3%). For the gallery forest catchments, however, tiling increased the canopy area in the catchment because the
second most dominant land cover type (evergreen forest) was explicitly represented (Figure 3e), enhancing Qle
and reducing runoff because the canopy intercepted rainfall (Figure 5). In contrast, for waterlogging catchments,
tiling decreased the canopy area because the second most dominant land cover type (grassland) was represented
(Figure 3f), decreasing the Qle but increasing runoff (Figure 5). These observations explain the Qle (Figure 9) and

Figure 5. A schematic of Figure 4 summarizing the latent heat flux (Qle, W/m2) and runoff (mm/d) in gallery forest and waterlogging catchments of four experiments.
Numbers on the arrows indicate flux values at the catchment scale, arrow thickness reflects flux magnitude. The main distributions of the two catchment types over
Africa are exhibited according to Li et al. (2024).
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Figure 6. The hillslope gradients of the intra‐annual mean surface SM, runoff, Qle, and Qh from lower to higher bands (the slopes of the linearly fitted lines) over the
African continent as revealed by experiments [2], [3], and [4] and the differences between experiments [4] and [3]. To allow direct comparisons among the simulated
SMs, runoffs, and Qle and Qh, the runoff unit has been converted from kg/(m2·s) to mm/d.
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runoff (Figure 8) data across the Congo Basin, the distinctly greater discharges (Figure 11) in the downstream of
the Congo River, and the notable increases or decreases in Qh across a wide range of the southern Congo Basin
(Figure 10). In continental terms, tiling increased the African SM, runoff, and Qh, but decreased the Qle
(Figures 4 and 7–10).

4.1.2.2. Resolution of Hillslope Water Dynamics

When horizontal water flow became available in experiment [3], it was assumed that water would flow along the
hillslope and then down to the valley to create a local water surplus (Figure 6). Compared to that of experiment
[2], runoff increased over all of Africa (Figure 8), as did Qh (Figure 10), but Qle decreased (Figure 9), particularly
near certain major water bodies (e.g., Lake Tanganyika and Lake Malawi).

On the one hand, over the flat terrain of tropical regions that exhibit trivial horizontal water flow and in which
energy is relatively limited (e.g., the Congo Basin), hillslopes minimally affected the overall availability of water
for evaporation. In mountainous regions, however, water substantially moved to lower hillslopes. Although this
minimally affected the Qle given the already saturated soil, less water was available for evaporation on upper

Figure 7. (a) Comparison among the intra‐annual mean surface SMs of experiments [1] and [2] and the means of those of the 10 height bands of experiments [3] and [4]
over the African continent; (b) the area percentages of the different categories. The colors of the bars match those shown in (a); (c) comparison of the continental mean
surface SMs of all four experiments.
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hillslopes (e.g.., in the gallery forest of Figure 5). Therefore, the overall catchment Qle decreased. In terms of the
SM, despite the hillslope soil water divergence shown in Figure 6, the differences were generally trivial.

On the other hand, a saturated area in a catchment expands when water is received via horizontal flow, except in
topographically flat tropical regions. This increases catchment runoff (Figure 8, see references to Equations 6–11).
It explains the increased discharge downstream of the Congo River (Figure 11). The various processes described
above contribute to greater water loss, increasing the Qh (Figure 10). Interestingly, water surpluses were apparent
in certain upper bands in addition to valleys, for example, in the bands of catchments that represented homogeneous
desert and forest (Figure 4). This is because, the altitude difference dominated the hydraulic gradient I (Equations 1
and 2): the marked altitude difference greatly enhanced water exchange between neighboring height bands,
saturating the soils of lower bands. Similar local phenomena in Switzerland and northern China were described by
Pellet and Hauck (2017) and Yan et al. (2024) respectively.

4.1.2.3. Resolution of Land Cover Heterogeneity by Height Bands

Land cover heterogeneity was addressed by the height bands of experiment [4], associated with decreases in the
SM (Figure 7), runoff (Figure 8), and Qh (Figure 10); but an increasing Qle (Figure 9), in equatorial Africa. Visual
examination revealed locations exhibiting significant variabilities. These overlapped with the catchments

Figure 8. As in Figure 7 with the exception of runoff. To allow direct comparisons among the simulated SMs, runoffs, and Qle and Qh, the runoff unit has been converted
from kg/(m2·s) to mm/d.
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evidencing marked LAI gradients (Figure 3b). The locations were those of gallery forests and waterlogging
described in previous study (Li et al., 2024).

On the one hand, for gallery forest catchments, woody and herbaceous vegetation dominated the lower and upper
hillslopes respectively (Figures 3e and 5). When land cover heterogeneity was represented by tiling (Equa-
tions 12–14), the second most common land cover type was considered, but this underestimated the extents to
which woody vegetation on lower hillslopes reduced local plant transpiration and canopy interception and
overestimated how woody vegetation on upper hillslopes enhanced local transpiration and rainfall interception. In
contrast, resolution of land cover heterogeneity using height bands homogeneously represented the woody
vegetation on lower hillslopes that enhanced (curbed) local Qle (runoff) and the herbaceous vegetation on upper
hillslopes that curbed (enhanced) local Qle (runoff) (Figure 5). Notably, subsurface water converged on lower
hillslopes to create wetter soils than on upper hillslopes, further increasing the Qle of lower hillslopes and
reducing that of upper hillslopes. For the representative catchment shown in Figure 3e, more bands were ho-
mogeneously represented by herbaceous vegetation (six bands of the upper hillslope) than by woody vegetation
(four bands of the lower hillslope), which reduces Qle and enhances canopy interception on the catchment scale
(Figure 5) and was associated with greater water loss from land, leading to less runoff and a higher Qh.

On the other hand, in waterlogging catchments, herbaceous and woody vegetation dominate the lower and upper
hillslopes respectively (Figure 3f). Likewise, compared to the tiling scheme, resolution of land cover

Figure 9. As in Figure 7 with the exception of latent heat flux Qle.
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Figure 10. As in Figure 7 with the exception of sensible heat flux Qh.

Figure 11. As in Figure 7 with the exception of discharge. The intra‐annual means are compared.
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heterogeneity using height bands homogeneously represented the herbaceous vegetation of lower hillslopes that
curbed (enhanced) local Qle (runoff) and the woody vegetation on upper hillslopes that enhanced (curbed) local
Qle (runoff) (Figure 5). However, unlike in gallery forests, where subsurface water converged at lower hillslopes
to create wetter soils than those of upper hillslopes, this further decreased the already reduced Qle of lower
hillslopes and the enhanced Qle of upper hillslopes. For the representative catchment shown in Figure 3f, more
bands were homogeneously represented by woody vegetation (eight bands of the upper hillslope) than by her-
baceous vegetation (two bands of the lower hillslope), contributing to the overall increase in Qle and canopy
interception at the catchment scale (Figure 5). As a result, land water loss fell, and runoff and Qh increased.
Overall, more locations exhibited increasing than decreasing Qle (Figure 9). This, combined with the runoff
decreases (Figure 8), explains the reduced discharges to the downstream Congo River (Figure 11).

However, the above processes are not in play in catchments characterized by homogeneous desert and forest
because of the homogeneously low or high LAI over the entire catchment (Figure 3c). This explains the negligible
differences among all tested variables in the Sahara, Sahel, Namibia Desert and the central Congo Basin. At the
sub‐catchment level, the simulated SMs were in good spatial agreement with the LAI of the four representative
catchments (Figure 13), implying that an LSM representation of land cover heterogeneity that considers the
hillslope wetness gradient rendered the simulated SM in excellent alignment with the distributions of woody
vegetation.

4.1.2.4. Resolution of Hillslope Water Dynamics and Land Cover Heterogeneity

A comparison of the results of experiments [4] and [2] showed that appropriate consideration of the hillslope
water dynamics and land cover heterogeneity revealed differences in the soil water budgets (usually reductions),
runoff generation, and energy flux over the African continent, especially in the equatorial regions. The surface
SMs (>0.01 m3/m3) differed in roughly 5% of the study region areas, with 4% and 1% evidencing decreasing and
increasing trends respectively (Figure 7). The annual decrease in the surface SM then became 0.0008 m3/m3

across each catchment. In addition, differences in runoff (>0.1 mm/d) were observed in 7% of the study region
areas, with 4% and 3% showing increasing and decreasing trends, respectively (Figure 8), translating to more and
less discharge to the mainstem of Nile and Congo Rivers respectively (Figure 11) and annual increases in runoff
of 0.002 m3/m3 for each catchment. Also, changes in Qle (>1 W/m2) were apparent in 18% of the study areas, of
which 10% and 8%were decreases and increases, respectively (Figure 9). Continent‐wide, the annual Qle increase
was 0.06 W/m2 for each catchment. Qh budget differences (>1 W/m2) were evident for >22% of the study areas,
with 12% and 10% decreasing and increasing, respectively (Figure 10). The overall annual Qh decrease was
0.14 W/m2 for each catchment.

4.2. Validation of the Modeling Results

4.2.1. Validation of Discharge

Validation of the discharges using the GRDC observations is illustrated in Figure 12. The data of certain GRDC
stations were excluded because of abnormally low NSEs (<− 1). Some such stations were on the mainstem of
large rivers (e.g., Kinshasha downstream on the Congo River). Critical inherent errors in baseline data such as
climate forcing may lead to arbitrary modeling characterized by extremely lowNSEs, compromising comparisons
among different experimental groups. The station NSE data used in the various experiments are shown in
Figure 12a, and detailed hydrographs from selected GRDC stations are shown in Figure 12b.

In general, accurately simulated discharges (blue points) were evident at many GRDC stations in all experiments.
The overall NSE exhibited a slightly increasing trend as hillslope heterogeneities became better represented from
experiment [1] to [4].

Compared to experiment [1], in [2], incorporation of tiling into MATSIRO slightly increased the overall NSE
(median NSE rise by 0.05). When the hillslope water dynamics were activated in [3], a further increase in the
overall NSE was observed, particularly over the lower quantile of NSEs because, when hillslope water flow was
considered, the discharges better captured the observed peak and base flows (Figure 12b; e.g., those at the
Senanga, Lukulu, and Mukwe stations). In addition, when changing from the tiling scheme of [3] to the
catchment‐based strategy of [4] for representation of land cover heterogeneity, the median NSE increased
markedly (by 0.07) despite the minor decreases in the upper and lower NSE quantiles.

Water Resources Research 10.1029/2025WR040706

LI ET AL. 18 of 26

 19447973, 2025, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025W

R
040706 by Shuping L

i , W
iley O

nline L
ibrary on [10/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Compared to the simple resolution of the hillslope water dynamics in [3], the simulation results derived after
further representation of the hillslope land cover heterogeneity in [4] afforded better agreement with the GRDC
observations, alleviating the earlier over‐ and under‐estimations for certain periods (e.g., 2001–2002 in Senanga,
2001–2003 in Lukulu).

Figure 12. Validation of the simulated discharges over the African continent. (a) Geographical locations of GRDC stations and their NSEs used in the various
experiments. The inset box plot summarizes the NSEs of the four experiments. (b) Discharge hydrographs simulated by the ILS for the various experiments and those
observed in selected GRDC stations from 2001 to 2005 across the study region (hydrographs for 2001–2010 are shown in Figure S8 in Supporting Information S1). For
each subplot, the NSEs were calculated based on the full period and on those derived in the four experiments.
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4.2.2. Validation of Soil Moisture

The study using height bands revealed the heterogeneities of the simulated SMs and the observed LAIs on
hillslopes (Figure 13). Importantly, on application of catchment‐based strategies ([3] and [4]), LAI and SM tend
to share similar spatial patterns at the sub‐catchment scale. For catchments in semiarid regions (e.g., gallery
forests), the associated water stress rendered the simulated SM values relatively high in bands characterized by
high rather than low LAIs. For the catchment in a humid (waterlogging) region, higher SMs were observed for
upper bands than for lower bands because the relatively high LAI values of the upper bands reflected lower
oxygen stress. These two patterns imply that the simulated SMs could alternatively be validated based on the
constraint imposed by the soil water content on vegetation growth. In general, there is a critical SM level below
which evapotranspiration constrains vegetation growth, but above which excessive soil water suppresses growth
(Fu et al., 2022, 2024). That level ranges roughly from 0.12 m3/m3 in arid regions to 0.26 m3/m3 in humid regions,
with a global average of 0.19m3/m3. In this section, the modeling of surface layer SMs in the various experiments′
settings is validated using the observed LAI values as the references (Figure 14; the details are in Text S3 in
Supporting Information S1).

In tropical regions (Af, Am, and Aw), the median simulated critical SM threshold was 0.2–0.3 m3/m3 but varied
with the experiment, fluctuating around the reference value of 0.26 m3/m3. The simulated critical SM thresholds
were generally larger in experiments [1] and [2] than in [3] and [4], and indeed outside the suggested range,
especially in the rainforest region (Af), implying SM over‐estimation. The critical SM simulated in [3] exhibited a
pattern similar to those of [1] and [2] but evidenced better performance in a relatively dry region (Aw), then fitting
better within the suggested SM range, indicating the importance of appropriately representing the hillslope water
dynamics. On further resolution of the land cover heterogeneity in [4], the simulated critical SM better fitted the
suggested values for both rainforest (Af) and monsoon regions (Am), again emphasizing the need to represent
hillslope land cover heterogeneity by height bands.

In arid and semiarid regions (BWh, BWk, BSh, and BSk), the simulated critical SMs were generally smaller than
in tropical regions, ranging from 0.1 to 0.2 m3/m3 and again varying by the experiment, fluctuating near the
reference value of 0.12 m3/m3. Specifically, the simulated critical SM for the desert region (BW) was generally
smaller than that for the steppe region (BS). Nevertheless, the simulated critical SMs barely differed among the

Figure 13. Intra‐annual averaged surface SM derived via experiments [4] and the LAI values derived by the height bands of the four representative catchments.
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four experiments, implying that in dry regions hillslope heterogeneities are not important in the SM context. This
was also true of critical SMs simulated for a cold region (Dsa).

In temperate regions (Cwa, Cwb, Cfa, and Cfb), the simulated critical SMs were 0.1–0.3 m3/m3 and fluctuated
around the reference value of 0.19 m3/m3 in the various experiments, basically well within the suggested range of
the critical SM. The relatively wide fluctuation reflected the weaker dominance of SM on LAI in such regions,
possibly because anthropogenic and climatic impacts perturbed vegetation growth.

5. Discussion
5.1. Representation of Hillslope Heterogeneity by LSMs

Over the equatorial region of Africa, significant variations in SM, runoff, Qle, and Qh across elevation bands
create distinct gradients along hillslopes (Figure 6), in turn influencing the local water conditions that shape
hillslope‐dominated landscapes such as desert riparian and gallery forests (Li et al., 2024; Rohde et al., 2024). The
modeling results accurately reproduced the discharges and SM levels, justifying the assumption that horizontal
water dynamics modulate the land surface processes to shape sub‐grid land cover heterogeneity (Fan et al., 2019;
Li et al., 2024). However, an exception was apparent in the Horn of Africa. Despite the dense existence of desert
riparian in this region, the SM, runoff, Qle, and Qh divergences were minor along the hillslopes (Figure 6),

Figure 14. The critical SM values for the different climatic regions of the African continent. In each panel, the background color of the text corresponds to the specific
region of the climatic classification map in the middle of the figure, and the light gray area corresponds to the critical SM range suggested by Fu et al. (2024).
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perhaps attributable to the relatively high altitude being associated with a strong climatic impact on the results
(von Humboldt, 1807; Li et al., 2024). Consequently, although the effects of hillslopes converged over the lower
bands of this catchment, when the data were combined with those of higher bands where climatic factors exert
significant impacts (e.g., increasing precipitation caused by orographic lift, associated with local water surpluses
in higher bands), the divergence across all bands may be canceled out, yielding only small hillslope gradients.

In previous studies, compared to conventional LSM settings, an overall deeper water table depth and a lower SM
were respectively shown by Swenson et al. (2019) and Adachi et al. (2024) when representing the hillslope water
dynamics of a global LSM. Using structures similar to those of representative hillslopes (Figure 1), Swenson
et al. (2019) and Adachi et al. (2024) simulated the horizontal water flows. Both results implied a trend toward
terrestrial water loss. Our simulation results reveal the same pattern and corroborate the previous conclusions.
With that being said, the current MATSIRO model addresses hillslope water dynamics within individual
catchments but does not account for long‐distance water transport at the regional scale. For example, Senay
et al. (2014) showed that large areas across the Sudd wetlands in the Nile Basin experience greater evapo-
transpiration than precipitation, implying substantial horizontal water input at the basin scale. This highlights the
need to represent horizontal water dynamics beyond the catchment scale. In addition, current water movement has
been unilateral from subsurface layers in MASTIRO to river channel in CaMa‐Flood. Swenson et al. (2019)
compared hillslope water dynamics predicted by Darcy′s law and the kinematic wave theory to find that, in arid
regions most soil water accumulation in riparian zones is driven by inflow from river surface water rather than
lateral subsurface flow from higher elevations. Future improvements in LSMs should therefore incorporate more
realistic representations of groundwater–river channel interactions to enhance subsurface water estimates.

The noteworthy finding is that improvements in the representation of heterogeneous sub‐grid water dynamics and
land cover consistently resulted in decreasing SM trends. This implies that soil water levels were often over-
estimated in previous studies that did not employ realistic representation of land cover heterogeneities (Figure 7).
Adachi et al. (2024) described an overall decrease in evapotranspiration and increasing runoff over the African
continent. Nevertheless, despite the dense vegetation canopies of catchment valleys that clearly contain water,
simplifying the representation of land cover heterogeneity tends to underestimate the canopy area and its ability to
enhance vegetation transpiration both locally and (possibly) at the catchment scale (Chaney et al., 2018). In light
of this, we improved the land cover heterogeneity in LSM and found an overall increase in evapotranspiration and
a decrease in runoff at the continental scale, particularly over the equatorial region. Combined with the multi‐
variable validation of the modeling results (Figures 12 and 14), explicit resolution of land cover heterogeneity
along hillslopes yielded results that are in better agreement with the observational data, underscoring the
importance of considering hillslope land cover heterogeneity in LSM.

5.2. Validation of the Land Surface Model Results

5.2.1. Directly With In‐Situ Observations

To justify the assumption that water flows along hillslopes from hilltops to valleys, two catchments with multiple
ISMN stations at different height bands were analyzed. The overall SM values were greater in the lower bands
than in the higher bands (Figure S9 in Supporting Information S1) although, in catchment iv, the SM of the lowest
band was never consistently higher than that of higher bands. Even at the same band height, the SMs observed by
stations built on different hillslopes differed. We assume that varying environmental conditions at local scales
(e.g., the microclimate and topography) may then dominate the water and energy fluxes (Chow et al., 2006),
explaining the SM heterogeneity at similar elevations.

By discretizing each large grid unit into small sub‐grid clusters (the catchment‐based strategy), the smaller
clusters approximated the scales over which in situ stations measure data (Chaney et al., 2018; Nicolai‐Shaw
et al., 2015). We thus used the available in situ observational data to validate modeling at the sub‐grid (height
band) level. However, Text S1 in Supporting Information S1 shows that validation of the simulated SM, Qle, and
Qh using single point‐based observations was less than perfect, perhaps because of gaps between the point‐based
observations and areal modeling results at various height bands. The environmental conditions near an in situ
station are not always representative of those over the broader sub‐grid scale, creating scaling errors (Gruber
et al., 2013). To close this gap, we argue that a denser implementation of flux towers across Africa in the future
will have wide‐ranging benefits for improving LSM and understating the sub‐grid land surface process.
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Given the limited availability of in situ data that validates modeling results at the sub‐grid scale, high‐resolution
satellite observations may be a better option. That being said, current high‐resolution satellite data are time‐
constrained. For example, SMAP has a spatial resolution of ∼10 km but data are available only from 2015 on-
wards (Entekhabi et al., 2014). These do not cover the temporal ranges of some climate forcing data such as
GSWP3. However, satellite observations would aid model validation when the temporal range of modeling
overlaps with that of the observational data.

5.2.2. Indirectly With SM‐LAI Relationships

Although the ranges of the simulated critical SMs for vegetation growth defined in this study are in reasonable
agreement with prior knowledge (Fu et al., 2024), the values remain to be effectively constrained to a sufficiently
narrow range (Figure 14). For example, the critical SM threshold spans the wide range of 0.1–0.4 m3/m3 in sub‐
tropical regions (climate type Aw of the Koppen–Gerger map; Beck et al., 2018). This implies that the simulated
SMs remain poorly validated, and that the sub‐grid water budget may be affected by other factors. Land cover
aside, some studies have highlighted the importance of incorporating the sub‐grid heterogeneity of soil properties
and climate into LSMs (Chaney et al., 2018; Fan et al., 2019; Fisher & Koven, 2020; Iseki et al., 2021). For
example, variations in hillslope soil properties affect runoff generation (Iseki et al., 2021) and climatic conditions
may differ significantly across topographic gradients (Chaney et al., 2018; Fan et al., 2019; Fiddes &
Gruber, 2014). Future studies should consider these factors explicitly to understand their impacts on terrestrial
water and energy budgets better.

6. Conclusion
In this study, to approximate realistic complex land surface conditions effectively, a catchment‐based strategy
was applied in the LSMMATSIRO within the ILS framework, and hillslope water dynamics were then modeled
as water exchanges among discretized height bands of representative hillslopes. Four experiments were con-
ducted to define the hillslope heterogeneities explicitly in terms of the horizontal water dynamics and land cover.
Using the African continent as the test bed, modeling revealed that:

1. Implementation of the catchment‐based strategy into an LSM effectively captured the horizontal water dy-
namics. Compared to the default LSM, addition of a catchment‐based routine revealed spatial variabilities in
water and energy budgets at the height band level.

2. The hill‐to‐valley water dynamics aside, more realistic representation of hillslope vegetation via reasonable
matching with the differential soil water contents introduced additional spatial variability to the water and
energy budgets. We explicitly explored the distribution of the vegetation canopy within each catchment
because this either enhances or suppresses transpiration and canopy rainfall interception, ultimately increasing
evapotranspiration and reducing runoff at the continental scale, particularly across equatorial Africa.

3. Modeling of hillslope heterogeneities in terms of the horizontal water dynamics and land cover showed that the
soil water content, runoff generation, and evapotranspiration varied over 5%, 7%, and 18% of the African
continent, respectively.

4. Explicit representation of the hillslope vegetation distribution in LSM yielded results that were generally in
better agreement with observational data than was previously the case. On the one hand, discharge was directly
validated by in situ observations. The NSE values calculated from available in situ station data exhibited an
overall increasing trend when increasing hillslope heterogeneities were considered. On the other hand, the SM
values were indirectly validated by the vegetation index. By considering increasing hillslope heterogeneities,
the simulated SM that corresponds to the optimal LAI value now aligns more closely with the critical SM value
suggested in the literature. The validation results underscore the need to characterize hillslope heterogeneity
appropriately. This will reduce biases arising during estimations of total soil water contents and energy fluxes
at the continental scale.

Overall, we have shown that incorporation of complex hillslope heterogeneities into an LSM substantially
modulated and better captured the terrestrial water and energy budgets than before, offering a new insight into
appropriate sub‐grid land surface modeling. Given the wide variabilities in land water content and land‐
atmosphere energy fluxes, we advocate explicit and appropriate treatment of hillslope processes by large‐scale
Earth system modelers. This study serves as a solid reference not only when assessing climatic impacts on
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ecosystems and human societies but also for reassessment of land feedback to the climatic system. This aids
systematic error reduction during modeling (Frassoni et al., 2023).
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