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Abstract In arid and semiarid climate catchments, where annual evapotranspiration (ET) and rainfall are
typically comparable, modeling ET is important for proper assessment of water availability and sustainable
land use management. The aim of the present study is to assess different parsimonious schemes for repre-
senting ET in a process-based model of coupled surface and subsurface flow. A simplified method for com-
puting ET based on a switching procedure for the boundary conditions of the Richards equation at the soil
surface is compared to a sink term approach that includes root water uptake, root distribution, root water
compensation, and water and oxygen stress. The study site for the analysis is a small pasture catchment in
southeastern Australia. A comprehensive sensitivity analysis carried out on the parameters of the sink term
shows that the maximum root depth is the dominant control on catchment-scale ET and streamflow. Com-
parison with the boundary condition switching method demonstrates that this simpler scheme (only one
parameter) can successfully reproduce ET when the vegetation root depth is shallow (not exceeding
approximately 50 cm). For deeper rooting systems, the switching scheme fails to match the ET fluxes and is
affected by numerical artifacts, generating physically unrealistic soil moisture dynamics. It is further shown
that when transpiration is the dominant contribution to ET, the inclusion of oxygen stress and root water
compensation in the model can have a considerable effect on the estimation of both ET and streamflow;
this is mostly due to the water fluxes associated with the riparian zone.

1. Introduction

Integrated surface-subsurface hydrological models (ISSHMs) are useful for simulating the terrestrial water
cycle and the spatiotemporal variability of its components in catchments with a detailed resolution of
topography [Sebben et al., 2013; Maxwell et al., 2014]. ISSHMs commonly feature a Richards equation-based
description of variably saturated subsurface flow coupled with a de Saint Venant equation-based descrip-
tion of routing for overland and channel flow [e.g., VanderKwaak and Loague, 2001; Morita and Yen, 2002;
Panday and Huyakorn, 2004; Ivanov et al., 2004; Rigon et al., 2006; Kollet and Maxwell, 2006; Weill et al., 2009;
Camporese et al., 2010; Shen and Phanikumar, 2010; Brunner and Simmons, 2012; An and Yu, 2014]. ISSHMs
can simulate the dynamics of distributed variables, such as water table position and soil moisture content,
yet streamflow at the catchment outlet has been the main response variable for calibrating and validating
these models. However, the ability of ISSHMs to accurately reproduce other hydrological variables and
fluxes is becoming increasingly important in applications that involve, for instance, remote sensing data for
land surface processes, intensively monitored field and laboratory experiments, and catchments where
streamflow is intermittent [e.g., Vivoni et al., 2010; Xiang et al., 2014; Niu et al., 2014a]. In arid and semiarid
climates, where rainfall and evapotranspiration (ET) roughly balance each other on an annual basis and
streams are typically ephemeral, an adequate representation of ET is crucial to provide a correct assessment
of water availability, in support of sustainable land use and other resource management objectives.

The dominant component of ET is often represented by root water uptake [Jasechko et al., 2013; Coenders-
Gerrits et al., 2014; Wang et al., 2014], whose accurate mechanistic modeling would require coupling plant
transpiration and photosynthesis along with a three-dimensional evolving soil moisture field capable
of accounting for interactions among plants [Manoli et al., 2014]. However, models based on precise
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representations of root architecture [e.g., Doussan et al., 2006; Javaux et al., 2008; Kalbacher et al., 2011; Jav-
aux et al., 2013; Manoli et al., 2014] are not yet feasible for large-scale hydrological simulations, due to the
difficult parameterization of root architecture for interacting plants and the high computational effort
required. Therefore, approaches of varying degree of complexity, typically relying on a vertically distributed
root water uptake approximation, are used in existing ISSHMs to describe ET. Perhaps the simplest scheme
is based on boundary condition (BC) switching [Camporese et al., 2010], whereby a single threshold parame-
ter marks the transition between atmosphere-controlled evaporation, equal to the potential rate, and soil-
limited evaporation in water stress conditions. A popular macroscopic approach that explicitly accounts for
vegetation uses a sink term to represent the root system and calculates root water uptake from different
soil layers as a function of potential evapotranspiration, ETp, root density distribution, and soil moisture con-
tent [Skaggs et al., 2006; �Simůnek et al., 2013]. Potential evapotranspiration is distributed over the root depth
according to the root density to calculate the potential root water uptake; the actual root water uptake is
assumed to be a fraction of the potential uptake expressed as a function of the water content at different
depths. The sum of the contributions to actual root water uptake over different depths yields the actual
evapotranspiration, ETa. A common formulation to estimate actual root water uptake from its potential
value is the Feddes reduction function [Feddes et al., 1976, 1978]. Some ISSHMs use variations of the Feddes
function [Heppner et al., 2007; Shen and Phanikumar, 2010], while others embed the calculation of ETa within
the surface energy balance [Ivanov et al., 2004; Rigon et al., 2006]. More recently, some ISSHMs have been
coupled to land surface models, thereby integrating subsurface flow and surface routing to energy, water,
and carbon flux exchanges between the land surface and the atmosphere [Ivanov et al., 2008; Kollet and
Maxwell, 2008; Shen et al., 2013; Niu et al., 2014b].

Although the approaches based on sink terms, and in particular the Feddes reduction function, can easily
account for oxygen stress, i.e., reduction of root water uptake in waterlogged soils due to lack of oxygen
[Bartholomeus et al., 2008], and root water compensation, i.e., the ability of plants to adjust their distribution
of water uptake along the soil profile as a function of local soil water content [e.g., Jarvis, 1989; Verma et al.,
2014], their impact on the catchment water balance has never been evaluated in applications of ISSHMs.

In this paper, we compare two methods for modeling ET, studying the effects of these methods on the sim-
ulation of catchment-scale hydrological fluxes within the Catchment Hydrology (CATHY) model [Camporese
et al., 2010]. As shown in Camporese et al. [2014], the BC switching can be effectively used to reproduce ET
fluxes in catchments with shallow rooted vegetation. The limitations of this method when modeling catch-
ments with deeper root systems are discussed here. An alternative model, which describes water uptake
over the root depth, was thus implemented in CATHY, and the role of the parameters involved is discussed
in detail. The two schemes are selected because both are parsimonious and can be implemented into exist-
ing flow models without the added effort and parametric complexity of integrating energy and carbon bal-
ance equations or root system architecture into the model. The analysis was carried out for a semiarid
catchment in southeastern Australia, already investigated in Camporese et al. [2014]. In addition to compar-
ing the two schemes, the roles of oxygen stress and root water compensation in driving ETa and streamflow
at the catchment scale are discussed.

2. Methods

2.1. Site Description
The study area (Figure 1) is a 0.48 km2 catchment located in Mirranatwa, southwest Victoria (Australia). The
catchment is predominantly used as pasture for sheep and its subsurface consists of a granite aquifer with
well-weathered, porous, permeable saprolite in the upper 10–20 m and a relatively fresh and fractured bed-
rock below 20 m [Hergt et al., 2007; VandenBerg, 2009]. The topography of the site suggests that the catch-
ment is a local system, with negligible regional groundwater input [Dean et al., 2015]. Of 13 bores drilled to
varying depth, eight are equipped with data loggers that record groundwater levels at a 4 h time interval,
but only three of them (B2274, B2275, B2296 in Figure 1) are screened at depths relevant for this study
[Camporese et al., 2014]. A V-notch weir located at the outlet of the catchment (adjacent to bore B2296)
measures streamflow at 30 min intervals. An eddy covariance station was in operation from March 2012 to
February 2013, providing almost 1 year of actual evapotranspiration measurements. Daily rainfall and
atmospheric temperature data are available from nearby weather stations located at Mirranatwa and
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Hamilton, respectively; both stations are operated by the Bureau of Meteorology (station numbers 089019
and 090173, www.bom.gov.au). The average annual rainfall for the period 1901–2013 was 672 mm, while
the average annual pan evaporation (Class A) was estimated at about 1350 mm [Dean et al., 2015]. A further
description of the site and installed instrumentation can be found in Camporese et al. [2014] and Dean et al.
[2015].

2.2. Model Description and ET Schemes
The CATHY model combines the three-dimensional (3-D) Richards equation for subsurface flow in variably
saturated porous media with a one-dimensional diffusion wave approximation of the de Saint Venant equa-
tions for surface water dynamics [Camporese et al., 2010]. Forced by rainfall and potential evapotranspira-
tion at the soil surface, the model output includes spatially distributed quantities (e.g., moisture content,
surface and subsurface flow velocities, aquifer water levels, and ponding heads) and integral quantities
(e.g., streamflow at the catchment outlet and total groundwater storage). To take into account surface
roughness and microtopography, surface flow occurs when a minimum water depth (hmin) on the surface is
exceeded. Overland flow is assumed to concentrate in rills or rivulets confined to hillslope cells, while chan-
nel flow occurs on stream cells [Orlandini et al., 2003; Camporese et al., 2010]. Input for the model, besides
atmospheric forcing, includes surface flow parameters, such as Gauckler-Strickler conductance coefficients
for hillslopes and channels, and subsurface properties, such as saturated hydraulic conductivity and soil
retention curves. CATHY uses an adaptive time stepping strategy, whereby time steps are adjusted within a
user-defined range on the basis of the number of iterations required to achieve convergence of the nonlin-
ear subsurface module [D’Haese et al., 2007]. Further details on the numerical methods used to solve the
equations can be found in Paniconi and Putti [1994] and Orlandini and Rosso [1998].

CATHY can model evapotranspiration in two different ways. The first method is based on the original formu-
lation for modeling soil evaporation [Camporese et al., 2010]. Evaporation from the soil surface is calculated
with a procedure that switches the boundary condition between prescribed flux (Neumann condition) and
water pressure head (Dirichlet condition) depending on the water pressure head of the nodes at the sur-
face. As long as the water pressure head at the soil surface is larger than a threshold value, Wmin, the bound-
ary condition is a flux that equals the potential evaporation rate. When the water pressure head at the
surface reaches Wmin, the boundary condition switches from a flux to a constant pressure head, equal to

Figure 1. (left) Location of the study catchment within Australia and (right) 20 m resolution digital elevation model with monitoring bore-
holes and the location of the eddy covariance station. Observations in bores B2274, B2275, and B2296 are compared to the simulations to
assess the model performance, while the location of bore B2280 is used for analyses reported in sections 3.3 and 3.4.
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Wmin, and the flux becomes soil limited. Although this method was developed to model soil evaporation, it
has been shown that with a proper calibration of Wmin, the evaporative fluxes at the surface can be inter-
preted as evapotranspiration from catchments with shallow rooted vegetation [Camporese et al., 2014]. We
refer to this ET scheme as BC switching.

The second method, which is a simplification of the model implemented in CATHY by Niu et al. [2014b],
includes a sink term (S) in the Richards equation to account for root water uptake varying with depth
[�Simůnek et al., 2013]. The potential transpiration is distributed across the root depth as a function of the
root distribution, bðzÞ, expressed as [Vrugt et al., 2001]:

bðzÞ5 12
z

zm

� �
e2

pz
zm

z; (1)

where z is depth (i.e., positive downward), zm is the maximum rooting depth, and pz is an empirical parame-
ter. Transpiration depends on the soil water content in the root zone. If the soil is dry, vegetation can experi-
ence water stress and transpiration reduces to limit water losses; in nearly saturated conditions, the low
availability of oxygen to roots might also cause a decrease in transpiration rates. The effect of low and high
soil moisture, h, on root water uptake, and thus transpiration, is commonly modeled by multiplying the
potential root water uptake by a reduction function, a (Figure 2) [Feddes et al., 1976]. The reduction function,
commonly referred to as the Feddes function, is zero at saturation, when oxygen stress is inhibiting root
water uptake. As h decreases, a is assumed to increase linearly up to 1 at the anaerobiosis point (han). When
soil moisture falls below hd, associated with incipient water stress, transpiration is assumed to decrease line-
arly, reaching zero at the wilting point, hwp. Between han and hd, the soil is in well-watered conditions and
roots can take up water at the potential rate (i.e., a 5 1). Other reduction functions have been proposed in
the literature to account for nonlinearities in the relationship between soil moisture and water stress [Metse-
laar and De Jong Van Lier, 2007] and to improve the estimate of han when considering oxygen stress [Bartho-
lomeus et al., 2008]. Because of its wide use, and because it requires fewer parameters, we use in this work a
function with linear reductions for both water and oxygen stress and a constant value of han [Feddes et al.,
1976].

The sink term, which represents actual root water uptake rate at the ith node along each vertical series of
nodes in the 3-D grid, can thus be calculated as

SðziÞ5aðhiÞ
bðziÞDziXm

i51
bðziÞDzi

ETp; (2)

where Dzi is the layer thickness associated with the ith node, and m is the total number of nodes along the
vertical direction with depth not exceeding zm. When using this method to calculate evapotranspiration, we
assumed that evaporation from bare soil was negligible compared to transpiration. In arid and semiarid
environments, values for the ratio of transpiration over total evapotranspiration have been reported as high
as 80–95% [Moran et al., 2009; Wang et al., 2014]. Although other studies report values as low as 7%
[Reynolds et al., 2000], we do not account for soil evaporation in this study because our goal is to clearly dis-
tinguish two methods to describe ET: the BC switching, which only accounts for water fluxes at the soil sur-
face, and the root water uptake model, which accounts for water fluxes across the soil depth interested by
the root system.

Compensatory mechanisms for root water uptake can be taken into account using the model introduced
by Jarvis [1989] [see also �Simůnek and Hopmans, 2009; Jarvis, 2010, 2011]. Accordingly, the water stress
index, 0 � x � 1, defined as

x5
ETa

ETp
5

Xm

i51
aðhiÞbðziÞDziXm

i51
bðziÞDzi

; (3)

is introduced to characterize the water stress of the whole plant. When x is larger than a critical value, xc,
the vegetation is able to redistribute root water uptake over the root depth to maintain transpiration at the
potential rate, ETp. When x becomes lower than xc, the vegetation starts suffering from water stress and
the actual transpiration falls below ETp, decreasing linearly with x.
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When accounting for root water compensation, the sink term can thus be written as

ScðziÞ5aðhiÞ
bðziÞDziXm

i51
bðziÞDzi

ETp

maxðx;xcÞ
: (4)

When xc51, equations (2) and (4) coincide and there is no compensation; in the extreme (and theoretically
undefined) case xc50, transpiration always occurs at the potential rate, sustained by the part of the root
system in the wetter areas of the soil.

2.3. Model Setup and Parameter Calibration
Starting from a 20 m 3 20 m resolution digital elevation model (DEM) (Figure 1), a 3-D subsurface grid was
constructed by subdividing each DEM cell into two triangles and then projecting this 2-D surface mesh verti-
cally for the total depth of the domain. Based on the geology at the site, the soil depth was assumed to be
10 m, and this depth was discretized into 16 vertical layers. The thickness of the layers varies with depth, start-
ing from 0.05 m at the surface, where a fine mesh is needed to accurately resolve the strong nonlinearities
associated with water fluxes near the soil surface, and reaching a maximum thickness of 2.0 m at the bottom
of the soil domain. The resulting 3-D grid consists of 22,066 nodes and 116,160 tetrahedral elements.

Calibration of the model was performed using data collected from 16 February 2011 to 15 February 2012,
while model validation was performed against data from 16 February 2012 to 31 January 2013. The atmos-
pheric boundary conditions consisted of measured daily rainfall and estimated ETp, which was calculated
from air temperature data using the Hargreaves-Samani formula [Hargreaves and Samani, 1982; Camporese
et al., 2014]. Daily atmospheric inputs were uniformly distributed across 24 h for each day of the simulations,
while the maximum time step was set to 6 h, meaning that short-term processes such as infiltration excess
runoff and ET daily cycles were not taken into account. We focus here on the annual water budget, for
which these short-term dynamics are less relevant. Consistent with the hypothesis of the catchment as a
local system and the absence of regional groundwater inputs [Dean et al., 2015], no-flow conditions were
assigned to the bottom of the grid and to all lateral boundaries. The initial conditions for the calibration
were generated by running a warm-up period for the previous 10 years, using measured rainfall rates and
estimated ETp fluxes. The warm-up period was long enough to obtain an initial state for the calibration run
that was independent of the arbitrary conditions assigned at the beginning of the warm-up simulation. The
water pressure head profiles and surface discharge at the end of the warm-up period were then used as ini-
tial conditions for the calibration simulation, while the states at the end of the calibration provided the ini-
tial conditions for the validation simulation.

The model was calibrated and validated against observed streamflow and further assessed by comparing
modeled and measured groundwater levels and actual ET. Model parameters were assigned as described in
Camporese et al. [2014] and are reported in Table 1. The only parameters that needed calibration to achieve
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Figure 2. Feddes et al. [1976] function for the reduction of root water uptake due to water and oxygen stress. Typical values of pressure
head corresponding to the model parameters in terms of soil moisture are reported under the horizontal axis.
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a satisfactory match between simu-
lated and observed streamflow
were hmin and the parameters of
the Feddes function. Parameter cal-
ibration was only carried out for
the model with the root sink term.

A sensitivity analysis was carried
out by Camporese et al. [2014] to
investigate the dependence of ETa

and streamflow on the parameter
Wmin of the BC switching scheme.
To compare the two approaches
for computing ETa, a similar sensi-
tivity analysis was performed for
the parameters of the sink term

scheme. For this analysis, we used the same initial and boundary conditions and model parameters as the
validation simulation. Only the parameters of the Feddes function were varied, one at a time, according to
the values reported in Table 2, for a total of 24 simulations on top of the validation run.

The catchment used in the study is in a dry climate, where precipitation is almost completely balanced by
ET. To extend our results and conclusions to different climatic conditions, we ran additional simulations for
a hypothetical wetter scenario, where rainfall was increased by 50% for both the warm-up period and the
analysis simulations. We will refer to these two different cases as the dry and wet scenarios.

3. Results

3.1. Model Calibration and Validation
A minimum water ponding (hmin) of 431024 m provided a good fit between simulated and observed
streamflow (Figure 3b), with values of the Willmott index of agreement [Willmott, 1981] ranging from 0.90
in calibration to 0.88 in validation, coefficients of determination (R2) larger than 0.63, and root mean square
errors not exceeding 0.09 mm d21 (Table 3). The calibrated value of hmin is slightly different from that
reported in Camporese et al. [2014], because in the present study, we used depth-variable root water uptake
for both calibration and validation instead of BC switching driven by Wmin. The values of the parameters in
the root water uptake model were within the ranges suggested by Feddes et al. [1976]. Table 3 also reports
indices of model performance for water table levels in a few representative boreholes and ETa. Considering
that the model was calibrated exclusively against streamflow data, the ability of the model to reproduce
measured annual ETa was deemed satisfactory for the purpose of this study (Figure 3c and Table 3). Some
model underestimation in winter and overestimation in summer may be due to the fact that the root water
uptake parameters were kept constant throughout the simulations, while typically the grass grows in winter
and partially wilts in summer. The ETa data could perhaps be better reproduced using more complex ETp

formulations (e.g., Penman-Monteith) than the Hargreaves-Samani formula, which was selected based on
availability of air temperature data. Fig-
ure 3 also reports the results of an
uncalibrated simulation carried out
using the BC switching scheme with a
value of Wmin equal to 2128 m. Over-
all, Table 3 and Figure 3 demonstrate
that the model captures well the
annual hydrological dynamics of the
catchment.

3.2. Sensitivity Analysis
Figure 4 shows the results of the sensi-
tivity analysis in terms of cumulative
ETa and streamflow percent change as

Table 1. Values of the Main Parameters Used in the Calibration and Validation
Simulations

Model Parameter Value

Saturated hydraulic conductivity (K)a K51:01 3 1025z20:27 m s21

Specific storage coefficient (Ss) 1:0 3 1023 m21

Porosity (hs) 0.40
van Genuchten [1980] coefficients (hr, a, n) 0.03, 1.85 m21, 1.52
Gauckler-Strickler Conductance Coefficient (GS)

Channel 10 m1=3 s21

Hillslope 1 m1=3 s21

Minimum ponding head (hmin)b 4:0 3 1024 m
Root water uptake parameters

(han, hd, hwp, pz, zm)b
0.40, 0.16, 0.06, 0, 0.4 m

Critical water stress index (xc) 1

az denotes depth from the ground surface (positive downward).
bCalibrated.

Table 2. Values of the Parameters Used for the Sink Term Model Sensitivity
Analysis and Comparison With BC Switching

Parameter

Values

Run 1 Run 2 Run 3 Run 4 Run 5

Root Sink Term
hd 0.08 0.12 0.16 0.20 0.24
zm (m) 0.2 0.4 0.8 1.6 3.2
pz 0 1 2 5 10
han 0.32 0.34 0.36 0.38 0.40
hwp 0.06 0.08 0.10 0.12 0.14
xc 0.025 0.25 0.50 0.75 1.00

BC Switching
Wmin (m) 232 264 2128 2256 2512
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a function of standardized parameter percent change. The standardized percent change of a parameter
(e.g., hd) was calculated as the difference between the value of the parameter in a particular run (Table 2)
and the central value of the same parameter (e.g., hd50:16 for Run 3 in Table 2); this difference was then
divided by the total range of variation of the parameter (e.g., Table 2; Dhd50:2420:08) [Pannell, 1997]. The
analysis points out that the primary control for both ETa and streamflow is the maximum root depth zm, fol-
lowed by hd and hwp. The shape of the root depth distribution, controlled by pz, had a minor effect, while
han was significant only when it switched oxygen stress on, i.e., when it varied from 0.40 (no oxygen stress)
to 0.38. Further decreases of han had minor impacts on the catchment water balance. Similarly, the critical
water stress index xc had a more significant impact than hd and hwp only when approaching 0 (i.e.,
xc50:025). All the parameters had a relatively larger impact on streamflow compared to ET, due to the
small magnitude of the former term (around 4% of ETa) and thus larger percent change for the same abso-
lute variations.

The sensitivity analysis, limited to the parameters zm, han, and xc, was repeated for the wet scenario. All
other inputs were the same as in the validation simulation. The results are reported in Figure 5, where they

are compared with those for the
dry scenario. The maximum root
depth, zm, is still the primary con-
trol, especially on ETa, although
the sensitivity for the wet sce-
nario is smaller due to the less
frequent occurrence of water
stress conditions. The sensitivity
to han also shows a pattern simi-
lar to the dry scenario, but with
different magnitude. As in the
previous case, differences in ETa

and streamflow are evident
between the case without and
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Figure 3. Comparison between observed and simulated (b) streamflow and (c) evapotranspiration for the validation period (from 16 Feb-
ruary 2012 to 31 January 2013), with input rainfall rate reported in Figure 3a. Observed ET data are only available from 15 March 2012. The
uncalibrated simulation with the BC switching method was carried out using Wmin52128 m.

Table 3. Indices of Goodness-of-Fit Between Modeled and Measured Streamflow,
Water Table Levels, and Actual ET for the Calibration and Validation Runsa

Calibration Validation

WIA R2 RMSE WIA R2 RMSE

Streamflow (mm d21) 0.90 0.66 0.06 0.88 0.63 0.09
B2274 (m) 0.22 0.84 1.47 0.20 0.84 1.70
B2275 (m) 0.28 0.18 0.76 0.29 0.27 1.10
B2296 (m) 0.86 0.81 0.39 0.89 0.81 0.54
Actual ET (mm d21)b N/A N/A N/A 0.62 0.20 1.68

aWIA 5 Willmott [1981] index of agreement, R2 5 coefficient of determination,
RMSE 5 root-mean-square error; the results shown are for the sink term model; results
for calibration and validation obtained with the BC switching procedure are reported
in Camporese et al. [2014].

bN/A 5 not available (actual ET measurements are only available for the validation
period).
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with oxygen stress, but lowering han does not generate any appreciable additional reduction of ETa or
increase in streamflow. The effect of the presence of oxygen stress is more pronounced as a larger portion
of the catchment becomes wetter. The sensitivity of cumulative ETa on xc does not change from the dry to
the wet scenario, while, similar to zm, the sensitivity of streamflow decreases, due to higher soil moisture
content and less frequent periods of water stress.

3.3. Comparison of BC Switching and Sink Term Schemes
For a direct comparison between fluxes computed through the BC switching and sink term schemes, we
show in Figure 6 the cumulative ET and streamflow as a function of Wmin and zm for both the dry and wet
scenarios. The values of Wmin used for the comparison are also shown in Table 2. The fluxes are shown as
interval ranges corresponding to an uncertainty of 65% with respect to the values computed by the model.

Figure 6a shows that overlapping of cumulative ETa occurs for values of maximum root depth smaller than
approximately 0.5 m, with corresponding values of Wmin larger (i.e., closer to zero) than 2100 m. More nega-
tive values of minimum pressure head are not only unrealistic when compared to the chart proposed by
Feddes (Figure 2), but also cannot keep up with the increased root water uptake caused by larger values of
root depth. Even though no overlap is detected in Figure 6b for cumulative streamflow, the catchment
response is not very different between the two models for the same range of Wmin and zm values found for
overlapping ETa, as shown previously in Figure 3. Changes in Wmin and zm have similar effects on ground-
water recharge. Subsurface storage changes are well correlated with ETa, which is the dominant catchment
water loss. As a result, recharge is more sensitive to zm in the root sink term approach than Wmin in the BC
switching scheme, and overlap occurs again (not shown) only for zm smaller than 0.5 m and Wmin not
smaller than 2100 m.

Analogous to Figures 6a and 6b, Figures 6c and 6d show that, although both fluxes are now larger in magni-
tude, due to higher water availability in the wet scenario, ET calculated with the two methods is similar
when zm does not exceed 0.5 m and Wmin is not smaller than approximately 2100 m.

For a closer investigation of the processes occurring in the root zone, Figure 7 shows the modeled soil mois-
ture evolution at two depths (28 and 90 cm) in the location of borehole 2280, and for values of Wmin and zm

in the range where ETa calculated with the two methods overlaps (i.e., Wmin5264 m and zm50:4 m) and
where it does not overlap (Wmin52512 m and zm53:2 m). Figures 7a and 7c demonstrate that, as long as
the root depth is smaller than 0.5 m, soil moisture in the root zone profile calculated with the two methods
is similar. This suggests that, for shallow rooted vegetation, a single-parameter, surface boundary-controlled
calculation of evapotranspiration performs as well as the root water uptake model in terms of both ETa (Fig-
ure 6a) and soil moisture dynamics.

This result did not extend to the case of vegetation with deep root systems. Figures 7b and 7d show
that decreasing Wmin to match the ETa obtained for deeper root distributions led to very different soil
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Figure 4. Sensitivity of (a) cumulative evapotranspiration, ETa, and (b) streamflow to the parameters of the sink term model in the dry
scenario.
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moisture profiles. Very low and unrealistic values of Wmin tended to dry the soil surface very quickly,
thereby reducing percolation and groundwater recharge. Accordingly, the seasonal cycle of soil moisture
could not be reproduced and soil moisture at different depths remained fairly constant throughout the
year. When compared to the results obtained with the sink term reduction function, soil moisture calcu-
lated with BC switching tended to be larger in summer, because of the lower ETa rates, and much lower
in winter, because of the fast evaporation from the surface after rainfall events. Low values of Wmin also
caused numerical artifacts, as shown by sudden soil moisture drops after rainfall events toward the
beginning of autumn (about day 100 in Figure 7d) and spring (about day 270 in Figure 7b). This is due
to sharp switches from ET to rainfall and then again to ET; in such cases, the soil surface is initially
extremely dry (pressure head around or equal to Wmin) and the wetting front produced by the rain can-
not propagate to deeper soil layers because of very low values of hydraulic conductivity. After the rain,
the soil surface is still unsaturated but with pressure head larger than Wmin, resulting in high evaporation
fluxes (equal to the potential rates) that eventually propagate downward and cause delayed decreases
in soil moisture.

Figure 5. Sensitivity of (a, c, and e) cumulative ETa and (b, d, and f) streamflow on (a and b) zm, (c and d) han, and (e and f) xc for the dry
and wet scenarios.
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Figure 8 shows the full vertical profiles of soil moisture at the same location (borehole 2280) and for the
same values of Wmin and zm immediately after a major rainfall event and after a prolonged dry period. The
comparison between the profiles for Wmin5264 m and zm50:4 m confirms that the soil moisture dynamics
modeled with the two methods are similar for shallow rooted vegetation (about 0.5 m), while they are
strongly mismatched for vegetation with depeer root systems.

The comparison between the BC switching and sink term schemes is completed by a look at the computa-
tional time required by the model to complete the simulations of the sensitivity analysis. Due to the adapt-
ive time stepping strategy, the computational time in CATHY is roughly proportional to the total number of
subsurface time steps required to complete the simulation, so we used this number as a proxy for the over-
all computational effort. Figure 9 shows the total number of subsurface time steps as a function of Wmin and
the sink term scheme parameters for each of the model configurations reported in Table 2. These results
refer to the case with measured rainfall (dry scenario); the wet scenario gave similar results.

Consistently with Camporese et al. [2014], decreasing Wmin increased the computational time due to slow
convergence of the Richards equation solver for very dry soils. The parameters of the sink term scheme
exhibited a similar impact: for instance, as hd, hwp, and xc increased, ETa decreased and so did the number
of time steps. A noticeable increase in time steps was caused by increasing pz, i.e., by progressively concen-
trating the transpiration flux toward the surface nodes; this effect is not dissimilar to that of Wmin, even

Figure 6. (a and c) Cumulative ETa and (b and d) streamflow) as a function of Wmin and maximum root depth (zm) in the (a and b) dry and
(c and d) wet scenarios. Filled regions represent uncertainty intervals computed as 65% of the model output.
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though not as pronounced. Although increasing the maximum root depth zm increases ETa, the computa-
tional time decreased, probably due to more evenly distributed outgoing fluxes along the nodes located
within the root zone. The activation of oxygen stress (i.e., changing han from 0.40 to 0.38) and decreasing
the parameter han increased dramatically the computational time, probably due to convergence difficulties
arising from the coexistence of nodes in the riparian zone that are nearly saturated with an outgoing
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Figure 7. Saturation simulated in the location of borehole 2280 (Figure 1): (c) at 28 cm depth with zm50:4 m and Wmin5264 m; (d) at
28 cm depth with zm53:2 m and Wmin52512 m; (e) at 90 cm depth with zm50:4 m and Wmin5264 m; (f) at 90 cm depth with zm53:2 m
and Wmin52512 m. Blue and black lines indicate simulations with the BC switching and sink term schemes, respectively. Figures 7a and
7b report the input rainfall rate.

Figure 8. Soil moisture vertical profiles simulated in the location of borehole 2280 (Figure 1) at (a) 240 days (13 October), immediately after
a significant rainfall event, and (b) 350 days (31 January), after a prolonged dry period. The two horizontal lines represent the two maxi-
mum root depths at 0.4 and 3.2 m.
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evaporative flux and that are sat-
urated with a ponding boundary
condition. Overall, the computa-
tional effort required by the BC
switching method is similar to
that of the sink term scheme for
Wmin values in a physically
meaningful range.

3.4. Roles of Oxygen Stress
and Root Water Compensation
The reduction of transpiration
associated with oxygen stress
and the mechanism of root
water compensation can be
taken into account by the sink
term approach but cannot be
reproduced by the BC switching
scheme. As reported in section
3.2, activation of oxygen stress
(i.e., han < hs) not only has a sig-
nificant impact on ETa in the wet
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Figure 9. Number of subsurface time steps required to complete model runs in the sensi-
tivity analysis for the dry scenario. Run numbers correspond to the parameter values
reported in Table 2.

Figure 10. Spatial distribution of ETa (mm/d) on simulation day 270 (12 November) of the dry scenario with (a) no oxygen stress
(han5hs50:40) and no root water compensation (xc51:0), (b) oxygen stress (han50:34) and no root water compensation (xc51:0), (c) no
oxygen stress (han5hs50:40) and root water compensation (xc50:5), and (d) oxygen stress (han50:34) and root water compensation
(xc50:5).
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scenario, but also on total streamflow for both the dry and wet scenarios (Figures 4 and 5), while root water
compensation plays an important role on streamflow, especially in the dry scenario. In addition, the compu-
tational time can increase dramatically when oxygen stress is taken into account in CATHY (Figure 9).

Further insights into these processes can be gained by plotting maps of ETa for different combinations of
han and xc values. The plots in Figure 10 show that the main contribution to actual ETa comes from the
riparian zone, which is more prone to saturation than the hillslopes and thus provides more water to meet
the evaporative demand. However, this is also the area within the catchment that is more subjected to oxy-
gen stress, when activated, as shown by the increase in the areas where ETa 5 0 (i.e., white parts of the
catchment in the figure) as han decreased from 0.40 (Figure 10a) to 0.34 (Figure 10b). The fraction of regions
affected by oxygen stress is relatively low compared to the total catchment area but significant compared
to the saturated area, which is responsible for the generation of streamflow. For this reason, the percentage
impact of decreasing han on cumulative ET in the dry scenario (504 versus 483 mm, for han50:40 and 0.34,
respectively) is not as strong as the impact on streamflow (21 versus 28 mm). On the other hand, in the wet
scenario, the effects of changing han on cumulative ET (687 versus 578 mm) and streamflow (163 versus
193 mm) are similar, because in this case the fraction of saturated area is much larger than in the case with
measured rainfall data.

A close comparison between Figure 10a and Figure 10c, i.e., xc51:0 versus xc50:5, highlights a small but
visible increase in the size of the black region, i.e., where actual ET rates are maximal. This is clearly due to
the activation of root water compensation, which plays an important role at the outer limits of the riparian
zone, where surface soil moisture gradually declines but deeper soil layers can still sustain high evapotrans-
piration rates.

Figure 11. Vertical profiles of saturation and root water uptake in the location of borehole 2280 on simulation day 270 (12 November) of
the dry scenario with (a) no root water compensation (xc51:0), (b) xc50:75, (c) xc50:5, and (d) xc50:25. Red dots and blue diamonds
indicate root water uptake and saturation, respectively, while the dashed black line denotes maximum root depth zm.
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A combination of the impacts due to oxygen stress and root water compensation is shown in Figure 10d,
which exhibits a significant reduction of white regions thanks to the compensatory effect of increased root
water uptake from alternative soil layers.

Note that these analyses are only valid under the assumption that transpiration is the dominant factor contrib-
uting to ET. In fact, even in the case of soil saturation, when transpiration reduces to zero, ET should equal
bare soil evaporation if the latter is significant. However, this situation should not be very frequent in our
study region, where saturation mainly occurs in winter, when radiation availability at the ground is not high.

To further clarify the role of root water compensation on catchment dynamics, we show in Figure 11 the
simulated vertical profiles of saturation and root water uptake at borehole 2280 on simulation day 270 (12
November) of the dry scenario. The figure shows how the root uptake moves deeper into the profile, where
the soil is wetter, as xc gets smaller. The nonmonotonic behavior of root water uptake with depth is the
result of the complex feedback between the root distribution bðzÞ (linear in this case) and soil moisture
dynamics.

4. Summary and Conclusions

In a recent study, Camporese et al. [2014] showed that a boundary condition switching procedure, imple-
mented in a process-based distributed model, was able to correctly reproduce evapotranspiration (ET) at
the catchment scale with only one parameter (a minimum pressure head Wmin) and by lumping the evapo-
transpiration fluxes to the surface nodes. In order to investigate under what conditions the assumptions of
this method are valid, we compared this simplified approach with the root water uptake model proposed
by Feddes et al. [1976]. The root water uptake scheme represents the ET process as a sink term in the subsur-
face hydrological model, and can also account for the reduction of plant transpiration due to oxygen stress
and compensatory mechanisms of root water uptake.

The BC switching and sink term schemes are implemented in the CATHY model [Camporese et al., 2010] and
tested on a catchment in southeastern Australia. A sensitivity analysis of the sink term reduction function
parameters showed that the maximum root depth provides a key control on ET and streamflow, with the
soil moisture threshold at incipient water stress and the wilting point also being important. The shape of
the root distribution with depth has only a minor effect, while the critical water stress index, which controls
root water compensation, exerts a significant influence especially on streamflow. Oxygen stress has an on/
off impact, being significant when activated, but with a scarce sensitivity to its soil moisture threshold.

The direct comparison of ET and streamflow computed through the two schemes highlighted that the BC
switching procedure is suitable to correctly assess evapotranspiration only for rooting systems shallower than
0.5 m, using values of Wmin compatible with the range of pressure head values suggested by Feddes et al.
[1976]. Within this range of applicability, the BC switching method is no more computationally expensive than
the sink term scheme and requires the calibration of only one parameter. For deeper rooting systems, the BC
switching procedure is unable to match the larger values of ET and is affected by numerical artifacts that pre-
vent a correct reproduction of the drying and wetting processes occurring in the unsaturated zone.

Our analyses were also aimed at investigating the significance of features included in the sink term model
that cannot be taken into account by the BC switching procedure, i.e., oxygen stress and root water com-
pensation. We found that these processes can alter significantly the hydrological dynamics in the riparian
zone, which is typically the region where streamflow is generated. Therefore, neglecting oxygen stress and/
or root water compensation factors may cause significant errors in the modeled water balance of arid and
semiarid catchments.

Although the specific results of this study are catchment dependent, some general conclusions, valid for
arid and semiarid environments where plant transpiration is the dominant contribution to ET, can be drawn
from our analyses. First, the BC switching approach cannot reproduce ET rates from vegetation with deep
root systems. Values of Wmin lower than about 2100 m might result in a correct quantification of ET fluxes,
but a poor representation of other components of the water balance, such as soil moisture dynamics. In
describing the root distribution, root depth is one of the parameters most affecting catchment-scale ET. The
parameterization that allows inclusion of oxygen stress affects ET and streamflow, although the soil mois-
ture level defining the onset of oxygen stress is not very important. This is because oxygen stress occurs
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mostly along the riparian zone, which is often not very large compared to the size of the catchment. Finally,
root water compensation sustains larger ET rates and affects the soil moisture profiles, thereby affecting
groundwater recharge rates.

Future developments of this research include the application of the two schemes in larger catchments with
several vegetation types, which would require the use of a different set of parameters for each vegetation
class. While for root water uptake with the Feddes function parameter values are available for a large num-
ber of crops [�Simůnek et al., 2013], for the BC switching approach no analogous database of Wmin values is
available and thus this parameter would need to be calibrated for each vegetation class.
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