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A B S T R A C T   

Considering surface and subsurface interactions is imperative to predict water movement, water quantity and 
quality in the environment. However, substantial execution time and over-parameterization presently limit the 
applicability of integrated hydrologic models at larger scales. Herein, a new efficient coupling routine for one- 
dimensional (1D) surface–subsurface modeling was developed by externally coupling two widely used open- 
source codes. KINEROS2 (K2) solves the 1D kinematic wave equation for overland flow, and HYDRUS-1D 
(H1D) solves the Richards equation for subsurface flow. A novel approach, combined with water balance and 
boundary condition switching, is used to account for surface ponding and water exchange between the two 
model domains. A weighting factor related to the surface water depth is used to assign the time series of exchange 
fluxes in one H1D profile to multiple surface nodes in the K2 calculation. This novel approach enables us to 
represent the entire subsurface below each overland-flow plane by one vertical soil column with different soil 
layering. When soil properties vary horizontally, multiple soil columns can represent spatial heterogeneities. The 
performance of the coupled H1D-K2 model is examined by comparing simulation results with the HYDRUS-2D 
(H2D) model for six benchmark problems. The solution’s robustness, stability, and accuracy are assessed for a 
wide variety of cases, including multiple rainstorms, different slopes, heterogeneous subsurface, and different 
bottom boundary conditions resulting in 41 cases. The simulated hydrographs, surface water levels, and water 
balance components are all in good agreement. Relative mass balance errors are very small, typically not 
exceeding 4.0% for the coupled H1D-K2 model. Compared with the H2D model, the coupled model achieves a 
factor of 1.3–10 speedup by applying one H1D soil profile to an entire overland flow plane rather than to in-
dividual surface nodes.   

1. Introduction 

Global water demands for industrial, domestic, and agricultural 
users have increased by 600 % over the past century due to population 
growth and economic development (UN World Water Development 
Report, 2018). Climate change and anthropogenic activities have also 
influenced water quantity and quality (Haddeland et al., 2014). For 
example, climate change shifts precipitation patterns and increases the 
frequency of flooding and droughts (Vorosmarty et al., 2000). Managed 
aquifer recharge is a promising adaptation measure to reduce water 
vulnerability and maintain its sustainability (Niswonger et al., 2017, 
Sasidharan et al., 2018, Marwaha et al., 2021). This water management 
approach can maximize water storage in groundwater aquifers and in-
crease water supply during droughts (Niswonger et al., 2017, Kourakos 

et al., 2019). However, there are limitations in available modeling re-
sources for exploring integrated flow processes and impacts associated 
with managed aquifer recharge programs, climate change, etc. It is 
imperative to understand surface and subsurface water flow interactions 
to improve sustainable water resource management (Smith et al., 2004, 
Fan et al., 2019). 

A large number of models have been developed to predict the hy-
drologic behavior of coupled surface and subsurface systems in response 
to human activity and climate variability (Woolhiser et al., 1970, Freeze, 
1972, Smith and Hebbert, 1983, Qu and Duffy, 2007). These hydrologic 
models can be divided into four broad categories: empirical models, 
lumped conceptual models, semi-distributed models (e.g., AGWA/KIN-
EROS2, SWAT), and physically-based distributed models (e.g., HYDRUS 
(2D/3D), HydroGeoSphere, MIKE SHE, ParFlow-CLM, PIHM, 
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WASH123D) (Smith et al., 2004, Goodrich et al., 2012, Lawrence et al., 
2019, Liggett et al., 2012, Orth et al., 2015, ̌Simůnek, 2015, Kollet et al., 
2017, Fan et al., 2019). In comparison to empirical and lumped models, 
physically-based distributed hydrologic models are valuable tools for 
considering the full complexity of governing physiochemical processes 
(Singh and Woolhiser, 2002, Smith et al., 2004, Fatichi et al., 2016) and 
are capable of predicting the spatial and temporal distribution of water 
flow and pollutant transport at hillslope to watershed scales (Šimůnek, 
2015, Kollet et al., 2017, Wen et al., 2021). 

Benchmark simulation cases, ranging from simple homogenous cases 
with constant rainfall rates to more complex cases with subsurface 
heterogeneity and lateral flow, have been utilized to compare the per-
formance of different physically-based distributed coupled/integrated 
hydrologic models (Sulis et al., 2010, Smith et al., 2012, Maxwell et al., 
2014, Kollet et al., 2017). Results illustrate that all models can repro-
duce general hydrologic behaviors of benchmark cases (Liggett et al., 
2012, Maxwell et al., 2014, Kollet et al., 2017, Wen et al., 2021). 
However, fully integrated hydrologic models are computationally 
intensive, require extensive parameterization, and need substantial 
execution time. These limitations restrict their applicability at large 
scales. 

The surface–subsurface coupling strategy determines the volume and 
rate of exchange of water between the two domains (Huang and Yeh, 
2009), alters the rainfall-runoff behavior, such as peak flow and the 
onset of water ponding (Kollet et al., 2017), and eventually affects the 
accuracy, stability, and robustness of a hydrologic model (Liggett et al., 
2012, Coon et al., 2020) because of the faster dynamics of surface flow 
compared to subsurface flow. Coupling strategies are broadly classified 
into three categories: continuous pressure, first-order exchange (i.e., the 
exchange flux is determined by a calibrated coefficient and the head 
difference between the surface and subsurface nodes), and hybrid ap-
proaches (e.g., boundary condition (BC) switching, and regularization/ 
penalty methods) (Huang and Yeh, 2009, Coon et al., 2020). 

The continuous pressure approach enforces pressure continuity in 
the two domains (Kollet and Maxwell, 2006), but rapid changes in 
surface pressure can cause numerical instabilities at the subsurface 
boundary (Huang and Yeh, 2009, Liggett et al., 2012, De Maet et al., 
2015). The convergence is especially poor near the transition from dry 
surface to surface ponding (Coon et al., 2020). In addition, the same time 
step must be used for solving the surface and subsurface equations 
simultaneously, which greatly increases the associated computational 
cost because smaller time steps are required for surface water flow 
(Huang and Yeh, 2009, De Maet et al., 2015). 

In contrast, a conceptual interface is considered to represent the 
connectivity between the surface and subsurface in the first-order ex-
change approach (i.e., Ebel et al., 2009, Liggett et al., 2012). This 
coupling approach allows surface and subsurface equations to be solved 
separately (Panday and Huyakorn, 2004), and the exchange water flux 
through the interface layer is obtained as the product of the pressure 
difference in the two domains and an exchange coefficient (Qu and 
Duffy, 2007, Liggett et al., 2012). A properly calibrated exchange co-
efficient can enhance the solver convergence and produce similar results 
to the pressure continuity approach (Liggett et al., 2012). 

The BC switching approach calculates infiltration rates for stages 
with and without surface ponding (Camporese et al., 2010, Camporese 
et al., 2014). The subsurface flow equation is first solved for the 
atmosphere-controlled BC (i.e., specified time-dependent water fluxes), 
and then a mass balance calculation is performed to determine the 
ponding condition at each surface node. Once surface ponding occurs, 
the land surface BC is switched from an atmospheric-controlled BC to a 
soil-controlled BC (i.e., specified time-dependent pressure) (Sulis et al., 
2010). The BC switching approach causes a time lag between surface 
and subsurface flows on an overland plane, influencing the onset of 
runoff generation and the movement of the saturation front when inflow 
occurs uphill (Sulis et al., 2010). 

De Maet et al. (2015) introduced a hybrid coupling approach that 

combines the continuous pressure and first-order exchange approaches. 
This hybrid coupling approach can produce similar results to the first- 
order exchange approaches and improve the scheme’s robustness. 
Although current coupled/integrated hydrologic models reproduce 
similar hydrographs (Huang and Yeh, 2009, Kollet et al., 2017, Coon 
et al., 2020), the impact of coupling approaches has not been extensively 
examined under the complex boundary conditions that occur during 
multiple rainstorms. 

Furthermore, the application of existing coupled models to large- 
scale problems is limited due to simplified representation of the sub-
surface and empirical formulations for infiltration estimation (Giráldez 
and Woolhiser, 1996, Singh and Bhallamudi, 1998) or high computa-
tional burden (Morita and Yen, 2002). The computational burden is a 
significant obstacle that limits the implementation of hydrological 
models at larger scales. The numerical solution of the Richards equation 
usually requires fine spatial grids and small time steps, which greatly 
increase the computation cost (Niswonger et al., 2006; Šimůnek et al., 
2006). Small time steps are required to overcome numerical instabilities 
at the subsurface boundary due to rapid changes in surface pressure 
(Huang and Yeh, 2009, Liggett et al., 2012). Much effort has been 
devoted to improving the computational efficiency of integrated hy-
drologic models, including parallel computing (Kollet and Maxwell, 
2006, Brunner and Simmons, 2012), automatically adjusting time step 
size (Panday and Huyakorn, 2004, Simunek et al., 2005, Sulis et al., 
2010, Goodrich et al., 2012), nested discretization (Wang et al., 2018), 
and dimensionality reduction (Niswonger et al., 2006, Seo et al., 2007, 
Brunetti et al., 2018). Different (for overland and subsurface flow) and 
automatically adjusted time steps can significantly enhance the 
computational efficiency and robustness of the coupled models (Roberts 
2003, Simuunek et al., 2005, Goodrich et al., 2012). 

Alternatively, dimensionality reduction of the surface and subsurface 
flow domain can provide a comparative advantage. As unsaturated flow 
is predominantly vertical (Mantoglou 1992), a single or multiple vertical 
soil profiles representing one-dimensional (1D) water flow in the vadose 
zone can be coupled to a 1D overland flow plane. This simplification and 
dimensionality reduction could reduce computational time compared to 
variably saturated flow simulations in 2D or 3D (Panday and Huyakorn, 
2004, Niswonger et al., 2006, Seo et al., 2007). Several conjunctive 
surface/subsurface models have been developed to simulate the over-
land flow on a plane with 1D or 2D overland flow and 1D, 2D, or 3D flow 
in the vadose zone (Smith and Woolhiser, 1971, Abbott et al., 1986, 
Singh and Bhallamudi, 1998, Morita and Yen 2002, Panday and Huya-
korn, 2004, Thompson et al., 2004, He et al., 2008). Large-scale coupled 
hydrologic models, such as MIKE SHE (Thompson et al., 2004) and 
MODFLOW2000-H1D (Seo et al., 2007, Beegum et al., 2018) are ex-
amples of this dimensionality reduction approach. 

The general objective of this study is to develop a simple, accurate, 
and computationally efficient coupled hydrologic model for overland 
flow and variably saturated flow through the vadose zone at the hill-
slope scale. Two existing open-source 1D codes are coupled for this 
purpose: KINEROS2 (referred to below as K2) (Smith et al., 1999, 
Goodrich et al., 2012) for overland flow and HYDRUS-1D (referred to 
below as H1D) (Simunek et al., 2016) for vertical water flow in the 
vadose zone. The specific objectives are (i) to develop a novel coupled 
H1D-K2 model to reduce the dimensionality of the problem and improve 
the computational efficiency; (ii) to evaluate the robustness of the pro-
posed model by comparing its results with the two-dimensional version 
of HYDRUS (2D/3D) (referred to below as H2D) on six benchmark 
problems; and (iii) to investigate the roles of a rainstorm size and fre-
quency, slope, bottom BC, and soil heterogeneity on the surface and 
subsurface water flow. We pose the following hypotheses: (i) the 
coupled H1D-K2 model accurately represents the surface–subsurface 
water flow in response to multiple rainfall storms compared to H2D; (ii) 
computational time can be reduced by applying one H1D soil profile to 
an overland flow plane rather than to each individual surface node; and 
(iii) subsurface heterogeneity and bottom BC affect the runoff 
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generation mechanism, pattern, and magnitude, while the slope 
magnitude impacts the timing of the hydrograph and volume of cumu-
lative runoff. 

2. Hydrologic models and setups 

To achieve these objectives, a novel approach was developed to 
externally couple two well-established and widely used open-source 
codes to simulate hydrologic processes at the surface and in the sub-
surface using a MATLAB (R2021b) script. The K2 model simulates 1D 
overland flow via the kinematic wave equation (Goodrich et al., 2006), 
and H1D simulates 1D variably saturated flow in the subsurface 
(Simunek et al., 2005, Simunek et al., 2016). To evaluate the model 
performance, we compared the simulation results of the H1D-K2 model 
with the H2D model that includes an overland flow routine (Šimunek, 
2003, Simunek, 2015). The H2D model outputs are used as a reference 
for model comparison because the model is physically based (solves the 
Richards and kinematic wave equations simultaneously) and does not 
reduce the problem’s dimensionality (contrary to the coupled H1D-K2 
model). The conceptual models for H2D and coupled H1D-K2 are pre-
sented in Fig. 1c and 1d, respectively. 

2.1. Coupled H1D-K2 model 

The KINEmatic runoff and EROSion model (KINEROS2, K2) is a 

widely used and open-source watershed model representing a watershed 
by a cascade of overland flow planes and channels (Smith et al., 1999, 
Goodrich et al., 2012). The overland flow is described using the kine-
matic wave approximation of the Saint-Venant equations (assuming 
uniform flow and a friction slope approximately equal to the plane 
slope) (Woolhiser et al., 1970, Giráldez and Woolhiser, 1996). The ki-
nematic wave solution is accurate for most overland flow conditions 
(Woolhiser and Liggett, 1967, Goodrich et al., 2012). The kinematic 
wave equation can be expressed as follows: 

∂h
∂t

+
∂Q
∂x

= q(x, t) (1)  

where h is the surface water depth [m], t is time [s], x is the distance 
coordinate over the plane [m], Q is the discharge per unit width [m2/s], 
and q(x,t) is the change of the lateral inflow rate [m/s], which is equal to 
local precipitation rate minus local infiltration and evapotranspiration 
rates. 

Discharge per unit width (Q) is related to the surface water depth (h) 
by a simple power relation (Giráldez and Woolhiser, 1996): 

Q = αhm (2)  

where parameters α [m1/3s− 1] and m [-] are related to the slope, surface 
roughness, and flow conditions (laminar or turbulent flow). The 
Manning hydraulic resistance law is commonly used to obtain the 

Fig. 1. (a) The conceptual model of surface/subsurface hydrological processes; (b) a cascade of 1D soil columns connected with an overland flow plane, where each 
soil column is linked to one surface node (j = 1, 2, …, nk); (c) a conceptual model of a hillslope simulated by the H2D model; and (d) a conceptual model of a hillslope 
simulated by the coupled H1D-K2 model, where one or multiple H1D columns are linked to multiple surface nodes (one vertical soil column for a homogeneous 
system and three columns for a heterogeneous system in this study). Note: the red circle represents the discretization nodes for solving the surface flow equation. The 
red and yellow lines represent the applied boundary conditions (BCs) at the land surface and the bottom of a soil profile, respectively. No flow BCs were applied on 
the vertical sides of the 2D model. Different color zones represent different soil types at the soil surface (0 ~ 0.05 m), while the subsurface is uniform. Ks1, Ks2, and Ks3 
are the near-surface hydraulic conductivities of the uphill (purple zone), middle (red zone), and downhill (blue zone) sections, respectively. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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parameter α: 

α =
k
n

S1/2andm =
5
3

(3)  

where S is the slope [–], and n is a Manning’s roughness coefficient for 
overland flow [m1/3s− 1], k is a unit conversion factor between Inter-
national System (SI) and English units. k = 1 (m1/3 s− 1) for SI units and 
1.49 (ft1/3 s− 1) for English units. 

The K2 model has been applied to investigate the processes of 
interception, infiltration, runoff generation, erosion, and sediment 
transport (up to five particle sizes) for individual rainfall-runoff events 
(Giráldez and Woolhiser, 1996, Goodrich et al., 2006, Guber et al., 2014, 
Meles Bitew et al., 2020). Infiltration is described using an equation for 
cumulative vertical infiltration into a homogeneous (infinite) soil profile 
with uniform initial moisture content (Parlange et al., 1982). The K2 
model can also consider a two-layer soil profile without a bottom 
boundary condition to represent differences in soil texture in the sub-
surface. K2 cannot simulate saturation excess overland flow (Fig. S5) 
because it assumes an infinitely deep soil profile. Furthermore, the K2 
model does not provide information on the spatial and temporal vari-
ability of water content and neglects evaporation. These limitations 
restrict the ability of the K2 model to investigate surface–subsurface 
connectivity. 

To overcome the above-discussed limitations, we have developed a 
novel coupling approach to replace the empirical infiltration equation in 
the K2 model with the physically-based H1D model. H1D simulates 1D 
variably saturated water flow in the vadose zone by numerically solving 
the Richards equation (Fig. 1d) and using realistic BCs at the soil profile 
bottom (Simunek et al., 2005). Evapotranspiration processes are 
accounted in H1D but are not considered in this paper since their impact 

on the runoff generation is relatively small for the considered time 
scales. The total simulation time is divided into multiple periods (Δtp), 
which are usually larger than the individual time steps (Δti) for solving 
the surface and subsurface equations. Furthermore, convergence con-
ditions are employed to automatically adjust time steps in both the H1D 
(Simunek et al., 2005) and K2 (Goodrich et al., 2012) models. To 
improve computational efficiency, one soil profile is used to represent 
the entire subsurface domain when soil characteristics do not vary 
horizontally but may change in the vertical direction. When soil prop-
erties vary horizontally, the overland flow plane is divided into multiple 
sections, each connecting to one soil type (Fig. 1d). 

A MATLAB script executes the H1D and K2 codes sequentially. A 
series of MATLAB functions read and write the input and output files, 
initialize local and global variables, and update exchange information at 
a selected Δtp. Fig. 2 shows a flowchart depicting the coupling approach 
in the H1D-K2 model. This coupling sequence is summarized below: 

(1) The H1D code is executed with the applied land surface BCs (i.e., 
rainfall, evaporation) to obtain the actual infiltration and evaporation 
rates. The land surface BC of each H1D soil profile is determined using 
the surface water depth calculated in the previous Δtp. If there is no 
ponding, an atmospheric BC is used. When water starts ponding at the 
soil surface, the land surface BC is switched from an atmospheric BC to a 
constant pressure head BC. The corresponding pressure head value is 
equal to the average water depth of surface nodes in an overland flow 
plane. If multiple H1D soil profiles are set, a loop is employed to estimate 
infiltration for each soil profile (Fig. 2). 

(2) A water balance considering infiltration, rainfall, evaporation, 
and ponded water is performed to determine if the soil infiltration ca-
pacity (qsoil) exceeds the water supply (qsupply, the sum of rainfall, inflow 
from a neighboring plane, and ponded water minus evaporation). When 
the pressure head BC is imposed, the infiltration volume over a Δtp is 

Fig. 2. Flowchart depicting the data flow in the coupled H1D-K2 code. Orange color indicates computations in MATLAB. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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controlled by qsoil rather than by water supply, and calculated cumula-
tive infiltration may be larger than qsupply. The pressure head BC will 
overestimate infiltration when the soil infiltration capacity exceeds the 
water supply. The pressure head BC for the subsurface equation is 
therefore switched to an atmospheric BC if this exceedance occurs. The 
H1D code will maintain water balance when using an atmospheric BC 
that considers the actual infiltration rate and the maximum water supply 
volume during Δtp. The potential surface flux (q′

surf ) is set equal to 
rainfall rate (qr) plus the ponding water contribution given as: 

q
′

surf (t) = qr(t)+
∑nk

j=2h(j, t)
(nk − 1)Δtp

(4)  

where h(j,t) is the time-series of surface water depths at the surface node, 
and j is the surface node number starting from node 1 and ending with 
node nk. Note that the second term on the right side of Eq. (4) gives the 
mean surface water depth for all surface nodes (j = 1, 2, …, nk) divided 
by the Δtp. The subsurface equation is then solved with the surface water 
depths at the previous time as an initial condition and the new specified 
flux BC. The criterion used to stop each iteration cycle is the difference 
between cumulative infiltration and cumulative water supply over the 
time interval being less than 10-6 m2. 

(3) The time-series of net surface flux ql(j,t) (i.e., the difference be-
tween rainfall, evaporation, and actual infiltration) generated by the 
H1D is then applied to the corresponding surface nodes in the K2 code. 
When rainfall is larger than actual infiltration, positive ql is redistributed 
at the land surface and routed down over the overland flow plane. In the 
case of negative ql, ponded water infiltrates into the subsurface, and its 
absolute value is subtracted from the surface storage of each surface 
node while solving the surface water routing equation. Note that ql(j,t) in 
an H1D profile corresponds to vertical inflow from multiple surface 
nodes in the K2 calculation (Fig. 1d). Therefore, a new method is used to 
assign the time series of ql(j,t) in the overland plane. A weighting factor 
is calculated as a ratio of the surface water depth at each surface node 
and the average surface water depth of an entire plane at the end of the 
previous Δtp. It is reasonable to assume that cumulative infiltration into 
the soil with a higher ponding depth is larger than the one with a smaller 
ponding depth. When the surface water depth at a surface node is zero, 
ql(j,t) is zero as well. Additionally, the K2 code was modified to save and 
initialize local and global variables with the previously calculated re-
sults so that ql(j,t) is applied to the corresponding surface nodes. The net 
surface flux is obtained by: 

ql(j, t) =

⎧
⎪⎨

⎪⎩

qr(t) − qi(t)if qr(t)⩾qi(t)

h(j, t)
∑nk

j=2
h(j, t)/(nk − 1)

[qr(t) − qi(t) ]if qr(t) < qi(t)
(5)  

where qi is the infiltration rate. 
(4) The K2 code is executed to calculate lateral water flow on the 

land surface while considering the feedback of the subsurface hydro-
logical processes. Surface water depths at each surface node and the 
outflow rate from the overland plane are simulated during Δtp. 

(5) Calculated pressure heads are set as the initial condition for the 
H1D computation at the next Δtp. The information on water depths is 
updated for the K2. After that, a temporal loop is executed until the total 
simulation time (ti) reaches the final time (tmax). 

2.2. HYDRUS-2D (H2D) model with an overland flow routine 

The H2D (version 3) model with an overland flow routine was used 
to simulate runoff at the land surface and water infiltration and redis-
tribution processes in the vadose zone (Šimunek, 2003, Simunek, 2015). 
Water flow in the vadose zone is described using the Richards equation, 
while the overland flow is described using the kinematic wave equation 
(Eq. (1)). The water exchange rate between the surface and subsurface 

domain is represented using the source term in the surface flow equation 
(Eq. (1)), while the applied land surface BCs account for the effects of 
surface water conditions on subsurface flow. The soil-hydraulic func-
tions of van Genuchten (1980) are used to obtain unsaturated soil hy-
draulic properties. 

The atmospheric BC with surface runoff is applied on the land surface 
to reflect the surface conditions, and BC switching between the variable 
pressure head and the atmospheric-controlled conditions (i.e., precipi-
tation and evaporation) are implemented to represent ponding or no 
ponding conditions, respectively. At any given time step, the subsurface 
equation is solved first for prescribed initial conditions and an atmo-
spheric BC. After that, a water balance calculation is performed to 
calculate the exchange flux and distribute it to separate surface and 
subsurface nodes. Once surface ponding is reached at any surface node 
(once qsoil is smaller than ql(j,t)), overland flow is generated. The surface 
water is routed to the lower parts of the hillslope via a kinematic wave 
equation. When water is ponded at the soil surface, the land surface BC is 
switched to a variable pressure head BC. Surface water depths at each 
surface node are updated at each time step. The output information is 
printed for each node where the overland flow becomes active. Details 
concerning the theory, numerical solution techniques, and example 
applications of H2D are given by Šimunek and van Genuchten (2008) 
and Kohne et al. (2011). 

3. Benchmark cases 

The hydrological processes on a hillslope with a length (L) of 400 m 
and subsurface thickness of 1 m (Fig. 1a) were simulated and compared 
using the H2D and coupled H1D-K2 models. The subsurface was dis-
cretized into 100 finite elements with the mesh size varying from 
0.0053 m near the soil surface to 0.012 m at the soil bottom. The hor-
izontal mesh size was 2 m for the H2D model and 10 m for the K2 model. 
The total number of surface nodes was 41 in the K2 model. The first 
surface node was used to receive inflow from uphill (not considered in 
this study). Finer horizontal discretization was used in the H2D model 
because coarse (>2 m) spatial discretization causes numerical oscilla-
tion problems for the heterogenous hillslope with a steep slope. The 
subsurface spatial heterogeneity in the horizontal direction determines 
the number of H1D profiles. At least three H1D soil profiles were needed 
to reflect the spatial heterogeneity in Fig. 3b and 3c. For the model with 
three soil profiles, the uphill, middle, and downhill H1D soil profiles 
correspond to 15, 10, and 15 surface nodes, respectively. For the coupled 
H1D-K2 model with 40 soil profiles, each surface node relates to one 
H1D soil profile. Furthermore, an analytical solution of overland flow on 
an impermeable plane served as a base case to evaluate the model 
performance. The subsurface with the saturated hydraulic conductivity 
of 10-11 m/min was assumed to be impermeable, and modeled results 
were compared with the analytical solution. 

The performance of the coupled H1D-K2 code was tested against 
H2D for homogeneous and heterogeneous conditions with horizontally 
different saturated hydraulic conductivities (Ks), initial water content 
distributions, bottom BCs (i.e., no flow and free drainage), slope ratios, 
and rainfall intensities and durations. Detailed model setups are listed in 
Table 1. Four slopes (0.0005, 0.001, 0.0025, and 0.01) were selected to 
test the impact of the surface flow speed on infiltration and overland 
flow, while two bottom BC types were employed to test the feedback 
between the subsurface and surface flow processes. The bottom BC is 
used to represent the exchange flux between the vadose zone and 
groundwater. The no-flow BC represents an impermeable bottom layer, 
while the free drainage BC allows for water to drain from the bottom of 
the soil profile by gravity (Simunek et al., 2005). 

Time step and iteration criteria settings in the H1D and H2D models 
were the same to obtain comparable results. The pressure head and 
water content tolerances were equal to 0.01 m and 0.001, respectively. 
The initial pressure head distribution was assumed to be hydrostatic 
equilibrium with a given top pressure head. The same initial pressure 
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head distribution was used for both the H1D and H2D models. Both 
initial and minimum time steps were set at 10-6 min, and the maximum 
time step was set to 1 min. The maximum number of iterations was equal 
to 10. All simulations were carried out for 300 mins, except for cases 
with multiple rainstorms (1200 mins). The rainfall rate was applied for 
200 mins, followed by 100 mins of recession (qr = 0). For the coupled 
H1D-K2 model, the duration of water exchange (Δtp) between surface 
and subsurface varied from 2 to 100 mins, depending on the slope and 
heterogeneity of the overland plane. Simulation outputs were reported 
at a one-min interval. The van Genuchten parameters are listed in 
Table 1. 

The performance of the coupled H1D-K2 code was evaluated by 
comparing its results with the output of the H2D model, including the 
time-series of outflow rates, surface water depths at three observation 
points (h1, h2, and h3, shown in Fig. 3), and the surface water storage. 
Furthermore, the relative mass balance error (MBE) evaluated the errors 
caused by the coupling strategy and numerical methods used in the two 
domains. The relative MBE was computed for the entire hillslope 
domain using the following equation: 

RelativeMBE=

⃒
⃒
⃒
⃒
⃒

∫ tmax
0 [qr(t) − qe(t)− qd(t)]dt⋅L −

∫ tmax
0 qout(t)dt − Δqsurf − Δqsub

∫ tmax
0 qr(t)dt

⃒
⃒
⃒
⃒
⃒

(6)  

where Δqsurf (m2) and Δqsub (m2) are the changes in the surface and 
subsurface storages over the total simulation time, respectively, qe is the 
evaporation rate (m/min), qd is the drainage at the soil profile bottom 
(m/min), and qout is the outflow rate (m2/min). 

The ability of the coupled H1D-K2 model to predict spatial and 
temporal water content distributions depends on the number of vertical 
soil profiles employed. We, therefore, simulated and compared three 
models: H2D (served as a reference), the coupled H1D-K2 model with 
one (for a homogeneous case) or three (for a heterogeneous case) soil 
profiles, and the coupled H1D-K2 model with 40 soil profiles. Kriging 
interpolation with a linear semi-variogram model was used to estimate 
the water content distribution. Water content variations with depth and 
time were also compared to evaluate vadose zone flow (Figs. S1 and S2). 
To illustrate the accuracy and robustness of the proposed H1D-K2 model 
over a wide range of conditions, we simulated and compared outflow 

Fig. 3. The conceptual model simulated by the coupled H1D-K2 model for (a) a homogeneous case, (b) heterogeneous case 1, and (c) heterogeneous case 2. The 
subsurface of an overland plane is uniform, except for the blue zones with a Ks of 6.94 × 10-6 m/min. The blue points h1, h2, and h3 are observation nodes. nh1d is the 
number of the H1D soil profiles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Mesh size, initial and boundary conditions, and parameters for the benchmark cases.   

Homogeneous subsurface Heterogeneous subsurface  

Base case Excess saturation Excess infiltration Multiple rainstorms Case 1 Case 2 

Mesh size 
HYDRUS-2D 
Horizontal mesh size, Δx (m) 2.0 2.0 2.0 2.0 2.0 2.0 
Coupled H1D-K2 model 
Horizontal mesh size, Δx (m) 10.0 10.0 10.0 10.0 10.0 10.0 
Exchange period, Δtp (min) 10, 100* 10, 100* 10, 100* 2**, 10 10 10 
Number of H1D soil profiles 1 1 1 1 3 3 
Initial and boundary conditions 
Depth of initial water table, IWT (m) 0.0 0.5, 0.75, 1.0 1.0 1.0 1.0 1.0 
Rainfall rate, qr 

(×10-4 m/min) 
3.3 3.3 3.3 0.33, 3.3 3.3 3.3 

Bottom BCs no flow no flow no flow no flow, free drainage free drainage no flow 
Slope, (-) 0.0005 0.0005 0.0005 0.0005 0.01 0.0005 
Manning’s roughness coefficient, (×10-4) 3.31 3.31 3.31 3.31 3.31 3.31 
Saturated hydraulic conductivity, Ks (×10-5m/min) 10-6 69.4 69.4, 6.94, 0.694 6.94 0.694, 69.4 0.694, 69.4 
van Genuchten parameters 
θsat (-) 0.4 0.4 0.4 0.4 0.4 0.4 
θres (-) 0.08 0.08 0.08 0.08 0.08 0.08 
n0 (-) 2.0 2.0 2.0 2.0 2.0 2.0 
α0 (1/m) 1.0 1.0 1.0 1.0 1.0 1.0 

Notes: Symbol “*” indicates that the exchange period of 100 mins was used to simulate a hillslope with a no-flow BC. Symbol “**” indicates that the exchange period of 
2 mins was used to simulate a hillslope with a no-flow BC and a slope of 0.01. The initial water table depth (IWT) is defined as the water table depth relative to the 
ground surface at the beginning of the calculation. θsat and θres are the saturated and residual water contents, respectively. α0 is a parameter corresponding 
approximately to the inverse of the air-entry value, cm− 1, and n0 is an empirical shape-defining parameter. 
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rates and cumulative runoffs for 32 cases with those obtained by the 
H2D model. The detailed descriptions of the sensitivity analysis, the 
related results, and the discussion are given in the Supporting Material 
(Fig. S3). In general, simulation results show that the coupled H1D-K2 
model can accurately and efficiently simulate the surface and subsur-
face hydrological processes on a hillslope under scenarios with different 
spatial heterogeneities (Fig. 3), slopes (i.e., 0.0005, 0.001, 0.0025, and 
0.01), and bottom BCs (i.e., no flow and free drainage). The overland 
flow plane connecting one (homogeneous cases) and three (heteroge-
neous cases) H1D profiles with different soil layering can capture the 
general hydrological behavior at the surface and in the subsurface 
(Fig. S3), which is similar to the results of integrated hydrologic models 
used in previous studies (e.g., Simunek 2003, Sulis et al., 2010, Kollet 
et al., 2017, Coon et al., 2020). Under a uniform rainfall storm, the 
runoff pattern was sensitive to the spatial heterogeneity, while its 
magnitude was related to the drainage condition at the bottom (Fig. S3). 

3.1. Runoff generation on a homogeneous hillslope with uniform rainfall 

Two homogeneous and isotropic planes with impervious and 
pervious soils and a slope of 0.0005 were used to evaluate the model 
performance in predicting surface runoff in response to uniform rainfall. 
For the coupled H1D-K2 model, one soil profile was used to simulate 
water flow in the subsurface (Table 1). The rainfall rate (qr = 3.3 × 10-4 

m/min) was applied for the first 200 mins, followed by 100 mins of 
recession (qr = 0 m/min). The total simulation time was 300 mins 
(Table 1). 

An analytical solution of the kinematic wave equation on an 
impervious rectangular plane (Gottardi and Venutelli, 1993) was used to 
compare simulated outflow rates using the coupled H1D-K2 and H2D 
models. The parameters used in the analytical solution (base case) are 
listed in Table 1. The detailed information, including the mathematical 
equation, parameters, and BCs can be found in Gottardi and Venutelli 
(1993) and Jaber and Mohtar (2003). 

The mechanism for runoff generation is mainly classified into two 
types: saturation excess (Dunne) runoff and infiltration excess (Horton) 
runoff (Smith and Woolhiser, 1971, Fatichi et al., 2016). For the Dunne 
runoff, surface ponding occurs after the soil saturates and water fills the 
subsurface storage. To realize this runoff generation mechanism, the 
saturated hydraulic conductivity (Ks = 6.94 × 10-4 m/min) was specified 
to be larger than the rainfall rate (qr = 3.3 × 10-4 m/min). Three sim-
ulations with different depths of the initial water table (IWT) were tested 
(Table 1). Conversely, for the Hortonian overland flow, the surface 
ponding occurs when the rainfall rate exceeds the infiltration rate (Ks <

qr). Three simulations with the same IWT depth of 1 m and different Ks 
(6.94 × 10-5 m/min, 6.94 × 10-6 m/min, and 6.94 × 10-11 m/min) were 
considered. 

3.2. Runoff generation on a heterogenous hillslope 

A hillslope transect with two soil materials was simulated to consider 
spatial heterogeneity of subsurface hydraulic properties on the runoff 
generation. To demonstrate the robustness of the coupled H1D-K2 
model, we considered two heterogeneous cases in which high or low 
permeability zones are near the surface (0–0.05 m) compared to the rest 
of the soil materials. Heterogeneous case 1, similar to a test problem 
introduced in Šimunek (2003), uses a high permeable near-surface 
(0.05 m) middle section (Fig. 1d and 3) with a Ks value of (6.94 × 10- 

4 m/min) that is two orders of magnitude higher than the rest of the 
uniform subsurface with a Ks of 6.94 × 10-6 m/min. Heterogeneous case 
2 is similar to Kollet and Maxwell (2006) with a low permeable near- 
surface (0.05 m) soil in the middle of the hillslope, and a Ks value two 
orders of magnitude smaller (6.94 × 10-6 m/min) than the remaining 
soil (Ks = 6.94 × 10-4 m/min). Both heterogeneous cases employed three 
H1D soil profiles to describe subsurface water flow in the hillslope’s 
uphill, middle, and downhill sections (see Fig. 1b and S1). 

The length of the middle section was 100 m, while it was 150 m for 
both uphill and downhill sections. A rainfall rate (qr = 3.3 × 10-4 m/ 
min) was applied for the first 200 mins, followed by the 200 mins of 
recession (qr = 0 m/min). The slopes were 0.01 and 0.0005 for case 1 
and case 2, respectively. Free drainage and no flow BCs were applied at 
the bottom of the soil profiles in case 1 and case 2, respectively. These 
two benchmark cases have been used in the intercomparison of inte-
grated hydrologic models (e.g., Sulis et al., 2010, Simunek 2015, Kollet 
et al., 2017, Coon et al., 2020). 

3.3. Runoff generation on a homogeneous hillslope with multiple 
rainstorms 

Four different configurations (slopes of 0.0005 and 0.01, and no flow 
and free drainage bottom BCs) with multiple rainstorms were consid-
ered to examine the stability of the coupled H1D-K2 model. The rainfall 
rate (qr = 3.3 × 10-4 m/min) was applied for the first 200 mins, then 
decreased to 1.0 × 10-4 m/min for the next 200 mins, followed by 200 
mins of recession (qr = 0 m/min). The rainfall events were repeated in 
the next 600 mins. The total simulation time was 1200 mins. The soil 
was assumed to be homogeneous and isotropic with a Ks of 6.94 × 10-5 

m/min. The H1D-K2 model only employed one soil profile to represent 
vadose zone flow in these simulations (Table 1). 

4. Results 

4.1. Surface runoff over a homogeneous subsurface with a uniform 
rainfall rate 

Simulation results for the H2D and coupled H1D-K2 models have 
excellent agreement with the analytical solution for the low- 
permeability subsurface (6.94 × 10-11 m/min) (Fig. 4a) and saturated 
condition (Fig. 4b). The average errors were less than 0.5 % in both 
cases. Simulated outflow rates for the H2D and H1D-K2 models were in 
good agreement for both infiltration excess (Fig. 4a) and saturation 
excess (Fig. 4b) conditions. Differences were less than 0.9 % in outflow 
rates and less than 0.5 % in the cumulative outflow. 

4.2. Surface runoff over a heterogeneous hillslope with a uniform rainfall 
rate 

4.2.1. Heterogeneous case 1 
The hydrograph simulated by the H2D model (Fig. 5a) shows that 

outflow began at 3.8 mins, experienced a steep increase to 6.52 × 10-4 

m2/s, remained constant until the arrival of the second wave at 145 
mins, and then gradually increased and reached peak flow (6.99 × 10-4 

m2/s). After rainfall stopped (t = 200 mins), the outflow rate decreased 
gradually to zero at 229 mins. Similar outflow rates were obtained for 
case 1 by the coupled H1D-K2 model when a high-permeability zone was 
placed near the surface in the middle section of the hillslope. The onset 
and cessation of surface runoff were almost identical for the three hy-
drological models. 

Simulated surface water depths at observation points h1 and h3 were 
almost identical for all three models (Fig. 5b). The biggest difference 
occurred in predicting the onset of water ponding at h2 node located on 
the high permeability section of the hillslope. The corresponding values 
for the H2D model, the coupled H1D-K2 model with 40 soil profiles, and 
the coupled H1D-K2 model with three soil profiles were 92 mins, 82 
mins, and 122 mins, respectively. The maximum differences in the 
surface water depth were less than 0.2 mm among the three models. 

Table 2 shows that differences in simulated water balance compo-
nents of heterogeneous case 1 were very small among the three models. 
Compared to the results produced by H2D, peak flow predicted by the 
coupled H1D-K2 model with 40 and three soil profiles was approxi-
mately 8.0 % higher, while the cumulative outflow was quite similar 
(2.2–3.4 % difference). The shortest computation time was for the 
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coupled H1D-K2 model with three soil profiles (21.36 s), followed by the 
H2D model (32.49 s), while the coupled H1D-K2 model with 40 soil 
profiles had the longest computation time (321.74 s). 

Fig. 6 demonstrates similar subsurface water content distributions 
simulated by the three models in response to the rainfall-runoff pro-
cesses in case 1. Since the rainfall intensity exceeds the infiltration ca-
pacity of the lower and upper sections of the hillslope, water ponding 
occurs quickly in these two sections and is routed downslope, either off 
the hillslope or to the midsection (Fig. 6a). As rainfall intensity does not 
exceed the infiltration capacity of the midsection, no ponding due to 

rainfall occurs. Instead, the ponded water from the upper part of the 
hillslope was routed downslope and infiltrated into the subsurface in the 
midsection causing earlier arrival of the saturation front in the middle 
section of the hillslope with higher permeability. After the cessation of 
the rainfall, water drained out from the bottom of the soil profile, 
causing a decrease in the water content. The H2D model and the coupled 
H1D-K2 model with 40 soil profiles very well reproduced the overland 
and subsurface water movement behavior. Conversely, as expected, only 
the horizontally averaged saturation front characteristics were captured 
in the middle section by the coupled H1D-K2 model with three soil 

Fig. 4. Outflow rates for (a) infiltration excess and (b) saturation excess, simulated by the H2D (dashed color lines) and coupled H1D-K2 codes (solid color lines). The 
hillslope is homogeneous, with a no-flow BC applied at the bottom. Note: IWT represents the initial water table. The solid black lines represent the base case 
(analytical solution). 

Fig. 5. (a) Outflow rates for heterogeneous case 1 with a slope of 0.01 and the free drainage BC applied at the bottom; and (b) surface water depth at the observation 
points of h1, h2, and h3, simulated by the H2D (dash-dotted lines) and coupled H1D-K2 codes with three soil profiles (solid lines) and 40 soil profiles (dashed lines). 

Table 2 
Mass balance components for heterogeneous case 1 with a slope of 0.01 and the free drainage BC applied at the bottom.   

Cum. 
precip. 
(m2) 

Cum. outflow 
(m2) 

Cum. 
drain. 
(m2) 

Surface 
storage 
(m2) 

Subsurface 
storage 
(m2) 

Relative MBE 
(%) 

Onset of 
outflow 
(mins) 

Peak flow 
(m2/s) 

Comp. 
time 
(s) 

H2D  26.40  7.57  28.90  0.00  − 10.04  0.01  3.8 6.99 × 10- 

4  
32.49 

H1D-K2 
(nh1d* =
40)  

26.40  8.07  30.49  0.00  − 11.97  0.72  3.0 7.60 × 10- 

4  
321.74 

H1D-K2 
(nh1d* = 3)  

26.40  7.97  29.58  0.00  − 11.09  0.22  3.0 7.60 × 10- 

4  
21.36 

Note: *nh1d – the number of the H1D soil profiles. 
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profiles, where this section was represented by only one soil profile. 
Although this model significantly simplifies the real conditions, it could 
produce the overall hydrological behavior of this entire system (e.g., 
outflow rate and peak, average subsurface saturation) sufficiently well 
for most practical problems. 

4.2.2. Heterogeneous case 2 
Fig. 7a shows the hydrograph simulated by the three models for 

heterogeneous case 2 (low-permeability zone located in the middle of 

the hillslope). H2D predicts that the outflow occurs at 108.3 mins, ex-
periences a step increase to 1.25 × 10-3 m2/s after several mins, then 
remains constant for about 50 mins before gradually reaching the peak 
flow (2.08 × 10-3 m2/s) and a slow recession once rainfall stops (at 200 
mins). After cessation of the rainfall (t = 200 mins), the outflow rate 
decreased gradually, dropping to 1.59 × 10-4 m2/s at the end of the 
simulation. The coupled H1D-K2 model shows very similar outflow 
behavior as the H2D model, with the only difference in the early onset of 
predicted surface runoff of 4 and 17 mins for the H1D-K2 models with 40 

Fig. 6. Simulated water content distributions for heterogeneous case 1 with a free drainage BC at the bottom of the soil profile below the overland flow plane with a 
slope of 0.01 at times of 0, 60, 90, 110, and 300 mins (top to bottom) simulated by H2D (left), coupled H1D-K2 with 40 soil profiles (middle), and coupled H1D-K2 
with three soil profiles (right). The vertical distance is not at scale. nh1d is the number of the H1D soil profiles. 
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and three soil profiles, respectively. All three models predicted the same 
trend of surface water depths at points h1 and h2 (Fig. 7b), with the only 
minor differences in the onset of runoff at point h3 (Fig. 6b). 

Fig. 8a shows the water content distributions simulated by H2D at 
selected times. Ponded water from the low-permeability zone (the 
middle section of the hillslope) was routed toward the outlet and infil-
trated into the downhill portion of the hillslope. The saturation front 
gradually moved downward and toward the outlet. Because of the 
additional water source from the midsection, full surface saturation was 
achieved faster in the downhill section than in the uphill portion of the 
hillslope. Similar water content distributions were observed for the H2D 
model and the H1D-K2 model with 40 soil profiles (Fig. 7a and 7b). 
Conversely, the coupled H1D-K2 model with three soil profiles could not 
fully capture the same water content distribution dynamics. In partic-
ular, the routed surface water infiltrated and redistributed in the vertical 
direction and reached saturation after 90 mins in the downhill portion of 
the hillslope. 

Table 3 summarizes components of the simulated water balance for 
the three models for heterogeneous case 2. Differences in cumulative 
outflow and peak flow were less than 0.3 % for the coupled H1D-K2 
model with 40 and three soil profiles compared to H2D. The simulated 
peak flow and time were the same for all three models. Moreover, the 
coupled H1D-K2 model with three soil profiles had the shortest 
computation time (16.71 s), followed by the H2D model (24.35 s). The 
coupled H1D-K2 model with 40 soil profiles had the longest computa-
tion time (145.92 s). 

4.3. Surface runoff over a homogeneous subsurface with multiple 
rainstorms 

4.3.1. No flow bottom BC 
Fig. 9a shows hydrographs simulated by the H2D and H1D-K2 (with 

a single soil profile) models in response to multiple rainstorms when the 
slope is 0.0005 and 0.01, the subsurface is homogeneous, and a no-flow 
bottom BC is applied. Even though a single soil profile was employed in 
the coupled H1D-K2 model, the hydrograph shapes were very similar for 
both models. The only discrepancy was in the cumulative runoff for 
relatively flat (0.0005) and steep (0.01) slopes was only 0.14 % and 0.22 
%, respectively (Table S1). There was also a slight difference (less than 
5.0 × 10-5 m2/s) in peak outflow during the second rainfall event (t =
200–400 mins). Similarly, the simulated water depths by the coupled 
H1D-K2 model were in good agreement with those obtained by the H2D 
model at the three observation points (Fig. 9b and 9c for slopes of 0.0005 
and 0.01, respectively). Furthermore, the timing of the predicted onset 
and cessation of surface runoff were the same for all surface points using 

the coupled H1D-K2 and H2D models (Fig. 9c). The biggest difference in 
ponding depths between the two models was observed during the second 
rainfall event (about 1 mm) because H2D predicts ponding at the lower 
part of the hillslope. 

4.3.2. Free drainage bottom BC 
Fig. 10 illustrates that the coupled H1D-K2 model reproduced similar 

hydrographs to the H2D model for homogeneous hillslopes with a free 
drainage bottom BC subjected to multiple rainstorms. The free drainage 
BC causes dryer soil conditions and facilitates surface water infiltration 
compared to a no-flow bottom BC. The free drainage BC resulted in 
decreased peak amplitudes of surface runoff for all rainfall events 
(Fig. 10a) compared to the no-flow BC (Fig. 9a). During the low-intensity 
rainfall (0 < qr < Ks), the outflow rate decreased gradually. The second 
wave of surface runoff (present in the previous example due to satura-
tion excess) did not occur because the subsurface storage was not 
entirely filled due to the continued draining of the subsurface. 

Fig. 10b shows the temporal evolution of the surface water depth at 
observation points h1, h2, and h3. While the results simulated by the 
H1D-K2 model agree closely with the H2D model’s results for all test 
cases, there was a small difference in the timing of surface runoff 
cessation. The water depth at the three observation points decreased to 
zero simultaneously in the H1D-K2 model, whereas they gradually and 
successively dropped to zero in the H2D model. 

5. Discussion 

The H2D and coupled H1D-K2 models predict similar hydrological 
behaviors at the land surface and in the subsurface of homogeneous and 
heterogeneous hillslopes subject to a uniform rainfall (Figs. 4, 5, and 7) 
or multiple rainstorms (Figs. 9 and 10). The simulated components of 
the water balance are very close to each other (Tables 2, 3, and S1). 
Discrepancies in the onset and cessation of surface runoff and spatial and 
temporal water content distributions simulated by the two models are 
caused mainly by the coupling strategy, the time interval Δtp, and the 
number of the H1D soil profiles (nh1d). 

First, the coupled H1D-K2 model uses the BC switching approach to 
execute the two codes sequentially. This results in the subsurface flow 
equation being solved before the surface flow equation, with subsurface 
flow affecting surface flow at the current time level while surface flow 
affecting subsurface flow only at the next time level. 

Second, the fixed Δtp also contributes to discrepancies because of a 
time lag in updating BCs. The H1D model calculates the actual infil-
tration rate with applied surface conditions obtained at the end of the 
previous period (Fig. 2). Although water inflows and outflows are 

Fig. 7. (a) Time-series of the outflow rate and (b) variations of surface water depths at observed points h1, h2, and h3 for a heterogeneous hillslope (case 2) with a 
slope of 0.0005 and a no-flow BC applied at the bottom, simulated by the H2D (dash-dotted lines), and coupled H1D-K2 code with three soil profiles (solid lines) and 
40 soil profiles (dashed lines). 
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balanced during particular time steps of the simulation, the time-lagged 
approach may cause uncertainty in the distribution of net surface fluxes 
in surface nodes (Eq. (5)), which eventually affects the accuracy of the 
simulated results. Despite adopting the same sequential solution pro-
cedure, the H2D model updates BCs in each individual time step, which 
is much smaller than Δtp. This is the main reason for discrepancies in the 
simulated outflow rate between two models (Fig. 5a and S3). Similar 
conclusions about the limitation of this time-lagged approach have been 
discussed in the literature (e.g., Panday and Huyakorn, 2004, Huang and 

Yeh, 2009). 
Third, the number of H1D soil profiles causes discrepancies in spatial 

and temporal water content distributions (Figs. 6 and 8), onset of the 
second outflow wave, and the surface water flow depths (Fig. 5b and 7). 
When only one H1D soil profile is used to represent the entire subsur-
face, the volume of infiltrated water contributed by ponding at multiple 
surface nodes is redistributed to one soil profile. This process causes 
higher water contents at an earlier stage (Fig. S1c and S2c) and delays 
soil saturation (Fig. S1e and S2e). Water fluxes at multiple surface nodes 

Fig. 8. Simulated water content distributions for heterogeneous case 2 with a no-flow bottom BC at times of 0, 60, 90, 110, and 300 mins (top to bottom) simulated 
by H2D (left), coupled H1D-K2 with 40 soil profiles (middle), and coupled H1D-K2 with three soil profiles (right). The vertical distance is not at scale. nh1d is the 
number of the H1D soil profiles. 

L. Chen et al.                                                                                                                                                                                                                                    



Journal of Hydrology 614 (2022) 128539

12

are also applied to only one soil profile (Eq. (5)), causing ponding 
(Fig. 9) or infiltration (Fig. 10), in all nodes. 

Furthermore, differences between H1D-K2 and H2D models for a 
homogeneous hillslope (Fig. 4) were much smaller than for the hetero-
geneous hillslope (Figs. 5 and 7). The main reason is that the direction of 
unsaturated water flow in a homogeneous hillslope is predominantly 
vertical, and water starts ponding on the entire plane at the same time. 
Also, a relatively small surface flow depth (a maximum of 3.0 cm) does 
not significantly impact the infiltration rate (Fig. S4), resulting in a 
nearly uniform infiltration rate along the homogeneous hillslope. This 
indicates that one H1D soil profile is sufficient to accurately simulate 
water flow in the homogeneous hillslopes. Previous studies have re-
ported similar conclusions (e.g., Smith and Woolhiser, 1971, Singh and 

Bhallamudi, 1998). On the other hand, the H1D-K2 model with three 
soil profiles only broadly approximates the movement of the surface- 
water front at a heterogeneous hillslope (Figs. 6 and 8). The H1D-K2 
model can fully capture (similarly to H2D) the general behavior of 
heterogeneous hillslopes when more vertical H1D soil profiles are 
employed (Fig. 6b and 8b). When users do not need accurate spatial 
moisture distribution (Figs. 6 and 8), it is better to use the H1D-K2 model 
due to the higher computational efficiency. 

The simulation results of the H1D-K2 model also agree closely with 
those presented in an integrated hydrologic model intercomparison 
project (Maxwell et al., 2014). In this project, seven broadly used inte-
grated hydrologic models were compared, including ATS (Coon et al., 
2020), CATHY (Sulis et al., 2010), HydroGeoSphere (Brunner and 

Table 3 
Mass balance components simulated by the coupled H1D-K2 and H2D models for heterogeneous case 2 with a slope of 0.01 and a no-flow BC applied at the bottom.   

Cum. precip. 
(m2) 

Cum. outflow 
(m2) 

Surface storage 
(m2) 

Subsurface storge 
(m2) 

Relative MBE 
(%) 

Onset of outflow (mins) Peak flow 
(m2/s) 

Comp. time 
(s) 

H2D  26.40  12.65  0.68  13.35  0.54  108.3 2.08 × 10-3  24.35 
H1D-K2 

(nh1d* = 40)  
26.40  12.69  0.70  13.44  1.64  103.0 2.10 × 10-3  145.92 

H1D-K2 
(nh1d* = 3)  

26.40  12.65  0.70  13.45  1.50  91.0 2.10 × 10-3  16.71 

Note: *nh1d – the number of the H1D soil profiles. 

Fig. 9. (a) Comparison of outflow rates for the homogeneous hillslopes with a no-flow BC and a slope of 0.0005 and 0.01 simulated by the H2D (dash lines) and 
coupled H1D-K2 (solid lines) models; (b) simulated surface water depths for the hillslope with a slope of 0.0005; and (c) simulated surface water depths for the 
hillslope with a slope of 0.01. h1, h2, and h3 are three observation points located at 320 m (uphill), 260 m (middle), and 0 m (downhill) away from the outlet, 
respectively. 
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Simmons, 2012), MIKE SHE (Thompson et al., 2004), and ParFlow 
(Kollet and Maxwell, 2006). For the homogeneous cases (infiltration 
excess and saturation excess, Fig. 4), the peak flow and the onset of flow 
are almost identical to the results obtained by the seven integrated hy-
drologic models (Maxwell et al., 2014). For heterogeneous case 2 (Fig. 7 
and Table 3), the peak flow (mean relative error of 7.1 % with a devi-
ation of 4.8 %) and the onset of flow (mean value of 17.7 % with a 
deviation of 13.4 %) fell within the range of results presented in Maxwell 
et al. (2014). Similar to our findings, these discrepancies have mainly 
been attributed to differences in the coupling strategy, Δtp, and the 
number of soil profiles (Huang and Yeh, 2009, Sulis et al., 2010, 
Maxwell et al., 2014). 

Compared to H2D, the H1D-K2 code can reduce the computational 
time (Tables 2, 3, and S1) because the dimensionality reduction de-
creases the number of elements and nodes for calculation. The BC 
switching approach allows surface and subsurface flow equations to be 
separately solved using dynamic time steps (Fig. 1), which overcomes 
numerical instabilities of subsurface solutions caused by fast surface 
flow. Our approach calculates infiltration rates for the entire plane when 
ponding occurs using the average surface water depth (Eq. (4)) and 
rearranges the net surface flux to surface nodes based on individual 
surface water depths (Eq. (5)). Similarly, Singh and Bhallamudi (1998) 
demonstrated up to 10 times speedup when using a uniform infiltration 
rate compared to a non-uniform infiltration rate at surface nodes. 

The surface flow on a hillslope can be represented by a cascade of 1D 

overland flow planes, while the subsurface flow is assumed to occur only 
in the vertical direction. Our water balance and BC switching approach 
enables the H1D-K2 model to accurately consider the feedback of sub-
surface processes (e.g., evaporation, infiltration, drainage) on surface 
water flow. Furthermore, by replacing the empirical infiltration equa-
tion in the K2 model with a physically based H1D model, the H1D-K2 
model can overcome the limitation of predicting the surface runoff 
generated by the saturation excess conditions (Fig. S5) and can provide 
spatial and temporal water content distributions (Figs. 6, 8, S1, and S2). 
The H1D-K2 model can consider multiple soil layers with different soil 
textures, whereas the standard K2 model can only consider two-soil 
layers, while the lower layer must be infinite. Spatial variations in the 
subsoil characteristics in the vertical direction can be accurately 
captured by the H1D-K2 model, which presently does not account for 
lateral water flow in the vadose zone. 

Note that MATLAB only serves as a platform to exchange information 
between the H1D and K2 codes and assignes exchange fluxes to separate 
surface and subsurface nodes based on the surface water depth. When 
access to a comprehensive set of MATLAB and Simulink products is 
restricted, one could use other programming languages (e.g., R, Python, 
C++, etc.) to create the coupling routine with the same structure and the 
spatial and temporal loops described in section 2.1 and Fig. 2. Our 
external coupling approach keeps two codes independent, allowing 
users to use their latest versions in the coupled H1D-K2 code. Another 
advantage of this approach is the ease of parallel computing 

Fig. 10. (a) Comparison of outflow rates for the homogeneous hillslopes with a free drainage BC and a slope of 0.0005 and 0.01 simulated by the HYDRUS-2D (dash 
lines) and coupled H1D-K2 (solid lines) models; (b) simulated surface water depths for the hillslope with a slope of 0.0005; and (c) simulated surface water depths for 
the hillslope with a slope of 0.01. h1, h2, and h3 are three observation points located at 320 m (uphill), 260 m (middle), and 0 m (downhill) away from the outlet, 
respectively. 
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implementation since hydrological processes in an H1D soil profile are 
independent of other soil profiles. Furthermore, the users can also run 
the coupled H1D-K2 code on high-performance computing cluster sys-
tems after integrating with the MATLAB Parallel Server. 

However, the main advantage of the H1D-K2 model compared to K2 
is that it can consider complex meteorological conditions (rainfall 
variability), different soil textures, different initial water conditions, 
different bottom BCs (e.g., free drainage, seepage face, variable fluxes/ 
pressures), and the effects of vegetation, which are the dominant factors 
for subsurface flow conditions. Moreover, since the physical nonequi-
librium flow model (e.g., dual-porosity and dual-permeability) has been 
developed in the computational module of H1D (Simunek et al., 2005), 
the same conceptualization can be used in the coupled H1D-K2 model to 
simulate the impacts of physical nonequilibrium on surface water flow. 
Future research will extend this computationally efficient model to a 
watershed scale by dividing the domain into a cascade of overland flow 
planes and channels. 

6. Conclusions 

A novel approach was developed to couple open-source codes for 
vadose zone flow (HYDRUS-1D) and overland flow (KINEROS2), 
resulting in the H1D-K2 model. This new coupling routine sequentially 
solved the Richards equation for subsurface flow and the kinematic 
wave equation for overland flow. A water balance and BC switching 
approach was used to couple the surface and subsurface hydrological 
processes. The water exchange flux in an H1D profile was assigned to 
multiple surface nodes in the K2 calculation using a weighting factor 
related to the water depth. 

Six benchmark problems were performed over a wide range of con-
ditions with different saturated hydraulic conductivities, initial condi-
tions, bottom BCs, slopes, and multiple rainstorm events. The simulated 
hydrographs, surface water depth, and water components by the 
coupled H1D-K2 model closely agree with those obtained by the H2D 
model. The coupled H1D-K2 model is a simple, accurate, and compu-
tationally efficient hydrologic model. It can simulate surface runoff 
generated by infiltration excess and saturation excess in response to 
rainfall or inflow. It can also provide spatial and temporal water content 
distributions and surface water depths. Its computational efficiency is 
improved by adopting a dynamic time step approach and applying one 
H1D soil profile to an entire overland flow plane rather than to indi-
vidual surface nodes. A heterogeneous hillslope can be divided into a 
cascade of planes with different slopes, spatial variations of soil char-
acteristics, and different drainage conditions at the bottom. The novel 
coupling approach and the H1D-K2 model can be extended to larger 
scales by dividing a watershed into a cascade of overland flow planes 
and implementing parallel computing to improve computational 
efficiency. 
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