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The new, two-way coupled, distributed and transient MARMITES-MODFLOW

(MM-MF) model, coupling land surface and soil zone domains with groundwater,

is presented. It implements model-based partitioning and sourcing of subsurface

evapotranspiration (ETss) as part of spatio-temporal water balance (WB). The

partitioning of ETss involves its separation into evaporation (E) and transpiration (T),

while the sourcing of E and T involves separation of each of the two into soil zone

(Esoil and Tsoil) and groundwater (Eg and Tg) components. The objective of that

developmentwas to understand the systemdynamics of a catchmentwith shallow

water table, through spatio-temporal quantification of water fluxes and evaluation

of their importance in water balances, focusing on the Eg and Tg components

of ETss. While the Eg is computed using formulation from published study,

the Tg is obtained through a novel phenomenological function, based on soil

moisture availability and transpiration demand driven by climatic conditions. The

MM-MF model was applied in the small La Mata catchment (∼4.8 km2, Salamanca

Province, Spain), characterized by semi-arid climate, granitic bedrock, shallow

water table and sparse oak woodland. The main catchment characteristics were

obtained using remote sensing, non-invasive hydrogeophysics and classical field

data acquisition. The MM-MF model was calibrated in transient, using daily data

of five hydrological years, between 1st October 2008 and 30th September 2013.

The WB confirmed dependence of groundwater exfiltration on gross recharge.

These two water fluxes, together with infiltration and Esoil, constituted the largest

subsurface water fluxes. The Eg was higher than the Tg, which is explained by low

tree coverage (∼7%). Considering seasonal variability, Eg and Tg were larger in dry

seasons than in wet season, when solar radiation was the largest and soil moisture

the most depleted. A relevant observation with respect to tree transpiration was

that during dry seasons, the decline of Tsoil, associated with the decline of soil

moisture, was compensated by increase of Tg, despite continuously declining

water table. However, in dry seasons, T was far below the atmospheric evaporative

demand, indicating that the groundwater uptake by the tree species of this study

constituted a survival strategy and not a mechanism for continued plant growth.

The presented MM-MF model allowed to analyze catchment water dynamics and

water balance in detail, accounting separately for impacts of evaporation and

transpiration processes on groundwater resources. With its unique capability of

partitioning and sourcing of ETss, the MM-MF model is particularly suitable for

mapping groundwater dependent ecosystems, but also for analyzing impacts of

climate and land cover changes on groundwater resources.
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1. Introduction

Numerical groundwater flow models constitute a powerful
tool for groundwater management as they allow to predict
aquifers’ dynamic responses in relation to climate, land use and
abstraction changes (Batelaan et al., 2003). Such models require
both a physical representation of aquifer system and appropriate
boundary conditions. While aquifer parameters, as saturated
hydraulic conductivity and storativity, are spatially dependent and
time invariant, groundwater fluxes such as gross recharge (Rg),
groundwater evapotranspiration (ETg), groundwater exfiltration
(Exfg) and groundwater inflow/outflow can vary in both space and
time. Multiplicity of combinations between parameters and fluxes
leads to non-uniqueness of model solutions, which limits their
reliability and forecasting capability (Moore and Doherty, 2006;
Batelaan and de Smedt, 2007; Schilling et al., 2019).

A possible approach to complement the classic model
calibration against hydraulic heads and to minimize non-
uniqueness of a model solution is to invest in a dense spatial
parametrization of the subsurface domains. However, subsurface
data are generally scarce, because invasive methods, such as
borehole drilling and associated aquifer tests, are expensive and
time-consuming. An alternative is to apply hydrogeophysical
and remote sensing techniques (Francés and Lubczynski, 2011;
Baroncini-Turricchia et al., 2014; Francés et al., 2014, 2015).
Hydrogeophysics (HG) provides efficient, non-invasive methods of
subsurface data acquisition to complement the invasive methods
and identify subsurface rock heterogeneities and potential high
water yield zones (Kirsch, 2009). Remote sensing (RS) techniques
focus on Earth observation from space. They are used to detect
the main hydrological and hydrogeological features such as
groundwater expressions at the surface (springs, wetlands etc.),
surface water bodies, but also distinct linear features detectable
from space, called lineaments. Lineament detection based on
analysis of digital terrain model (DTM) allows to identify the main
fault zones, while geomorphological classification supports the
mapping of pediments (sub-horizontal hard rock erosion front),
inselbergs and weathered areas (Meijerink et al., 2007).

Another complementary approach is to constrain groundwater
flow models with spatio-temporally variable groundwater fluxes
(Jyrkama et al., 2002; Lubczynski and Gurwin, 2005). However,
such assessment is complex and uncertain (Kinzelbach et al.,
2002; Hendricks et al., 2003; Xu and Beekman, 2003; Lubczynski
and Gurwin, 2005; Lubczynski, 2011) because: (i) subsurface
water fluxes, due to their inaccessibility, are by far more difficult
to quantify than surface water fluxes and consequently the
methods of their estimation are highly uncertain; (ii) subsurface
water fluxes are controlled by spatio-temporal variability of
precipitation (P) and evapotranspiration (ET) but also by
surface and subsurface heterogeneity of geology, soil texture,
topography, drainage, vegetation, etc.; (iii) groundwater fluxes
are generally small and Rg cannot be reliably determined by
subtracting ET from P, since unavoidable small errors in the
two lead to high inaccuracy of Rg (Lubczynski, 2011); (iv)
ETg is generally neglected or underestimated (Lubczynski, 2000,
2009), which results in the overestimation of the net recharge
(Rn = Rg − Exfg − ETg) and therefore erroneous model
calibration; and (v) standard, standalone groundwater flow models

do not take into account interactions with unsaturated zone,
so also do not quantify Exfg that can represent important
component of groundwater balance, especially in shallow water
table environments (Hassan et al., 2014; El-Zehairy et al., 2018;
Daoud et al., 2022).

A common practice in using standalone groundwater flow
models, such as the well-know MODFLOW (Harbaugh et al.,
2000), is to apply arbitrary, simplistic estimates of groundwater
fluxes (typically ETg and Rg) as model input. These fluxes were
adjusted a-posteriori during model calibration. Such practices
have often been leading to large biases in parameter estimation
and erroneous groundwater balances (Batelaan and de Smedt,
2007; Lubczynski, 2009, 2011). The relevance of integrating
subsurface fluxes, i.e. not only groundwater but also unsaturated
zone fluxes, in hydrological models and water balances, has
been emphasized by many researchers (Niswonger et al., 2006;
Markstrom et al., 2008; Twarakavi et al., 2008; Lubczynski, 2011;
Hassan et al., 2014; Langevin et al., 2017) and important advances
have been made during the last two decades in the development of
powerful, hydrological models (Paniconi and Putti, 2015; Barthel
and Banzhaf, 2016; Amanambu et al., 2020; Haque et al., 2021;
Refsgaard et al., 2022). Indeed, these distributed, transient models
that simulate surface, unsaturated zone and groundwater processes,
called coupled models, also known as integrated hydrological
models (IHMs), constitute an efficient and realistic way to compute
spatio-temporally catchment water balances through partitioning
of precipitation into evapotranspiration, runoff, storage and
infiltration. Such coupled models also allow the integration of
independent state variables from different sources, such as soil
moisture and stream discharge, on top of groundwater heads, to
constrain the model calibration (Schilling et al., 2019). Moreover,
coupled models can implement the separation, here referred
as sourcing, of ET into unsaturated zone and groundwater
evapotranspiration (respectively ETu and ETg).

It is already well-known and scientifically accepted that in dry
conditions, when shallow soil moisture is depleted, the ET can
substantially affect not only the surface and unsaturated zones
but also the groundwater (Banta, 2000; Lubczynski, 2000, 2009;
Maxwell and Condon, 2016). In water limited environments,
the ETg may represent important component of water balance
(Miller et al., 2010; Lubczynski, 2011; Balugani et al., 2017).
Since its first version, MODFLOW incorporates the EVT Package
that computes ETg based on a linear relationship depending
on depth to water table. Later, Banta (2000) developed the
ETS1 Package for MODFLOW-2000 (Harbaugh et al., 2000),
which allows to model ETg using a segmented relationship
with water table depth. However, as the evapotranspiration
represents two physically different processes, i.e. evaporation
(E) and transpiration (T), with two different spatial and
temporal characteristics (Guan and Wilson, 2009; Lubczynski,
2011; Orellana et al., 2012; Yang, 2015; Maxwell and Condon,
2016), hydrogeological models need to account them separately.
Therefore, not only the sourcing but also the partitioning of ET
have to be implemented into hydrological models, by considering
the following subsurface evapotranspiration (ETss) components:
unsaturated zone evaporation (Eu), groundwater evaporation (Eg),
unsaturated zone transpiration (Tu) and groundwater transpiration
(Tg). Such partitioning and sourcing of ET would be relevant not

Frontiers inWater 02 frontiersin.org

https://doi.org/10.3389/frwa.2023.1055934
https://www.frontiersin.org/journals/water
https://www.frontiersin.org


Francés and Lubczynski 10.3389/frwa.2023.1055934

only to improve the reliability of models and water balances but
also to make prediction scenarios of climate and land use changes,
as well as to understand the role of vegetation and soil processes
in the water cycle (Lubczynski, 2011; Balugani et al., 2017). Some
of such studies have already been performed, but most of them
either on transpiration or on evaporation and most of them at the
plot or local scales (Shah et al., 2007; Pinto et al., 2014; Balugani,
2021). Therefore, there is a need to implement the partitioning
and sourcing of ET fluxes in hydrological distributed models. In
particular, the importance of Tg in water use strategy by trees in
semi-arid to arid environments was emphasized in the literature
(Lubczynski and Gurwin, 2005; Naumburg et al., 2005; David et al.,
2007, 2013; Gou and Miller, 2014; Barbeta et al., 2015; Osuna et al.,
2015; Barbeta and Peñuelas, 2017; Puertes et al., 2019; Miguez-
Macho and Fan, 2021). Complex models at the tree scale, taking
into consideration the whole groundwater-soil-plant-atmosphere
continuum system and its parameterization, were developed to
source T (David et al., 2013; Gou andMiller, 2014). However, to our
knowledge, there is only one solution to compute Tg in distributed
models (Baird and Maddock, 2005), that was developed for the
special case of riparian vegetation. It is thus necessary to integrate
Tg of facultative phreatophyte vegetation in hydrological models
(Gou and Miller, 2014; Puertes et al., 2019; Knighton et al., 2021).

This paper presents a new distributed and transient model,
coupling MARMITES land surface and soil zone model with
MODFLOW-NWT groundwater flow model (Niswonger et al.,
2011), capable to compute a detailed spatio-temporal water balance
at the catchment scale. The objective of such development was
to understand the system dynamics of a catchment with shallow
water table, through spatio-temporal quantification of water fluxes
and evaluation of their importance in water balances, focusing
on the Eg and Tg components of ETss. The main novelties
of the proposed approach are: (i) partitioning of ETss into
evaporation and transpiration; and (ii) sourcing of evaporation
(Shah et al., 2007) and transpiration (new phenomenological
equation) into unsaturated zone and groundwater components.
To demonstrate the MARMITES-MODFLOW model capability in
simulating complex hydrological systems, the code was applied in
the small La Mata catchment (∼4.8 km2), located in the Salamanca
Province of Spain (Figure 1). That catchment was previously
characterized through integration of RS techniques and non-
invasive HG (electrical resistivity tomography, frequency domain
electromagnetic survey and magnetic resonance soundings) with
hydrogeological field data, to define the geometry and the
hydrogeological parameters of the local hard rock aquifers (Francés
et al., 2014).

FIGURE 1

La Mata sub-catchment. Labels indicate monitoring and observation points: G-points in granite outcrops, I-points in irrigation plots and O-points at

the outlet.
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2. MARMITES-MODFLOW coupled
model description

The MARMITES-MODFLOW (MM-MF) model computes
water balances at the catchment scale (typically ∼10–∼1,000 km2)
considering storage and flux exchange of water between the
following four main hydrological domains (Figure 2, left): land
surface, soil zone, percolation zone (unsaturated zone below
the bottom of the soil zone and above the water table) and
groundwater—in the text below, the index surf refers to the surface,
index soil to the soil zone, index p to the percolation zone and the
index g to groundwater. Both models, i.e. MM and MF, share the
same spatial and temporal discretization. A catchment is divided
into squared-grid cells, all of them with the same size (typically
from a few meters to several hundred meters). The structure of
one cell of the MM-MF is shown in Figure 2 (right). The MM is
composed of the surface (MMsurf) and the soil zone (MMsoil)

components. The percolation zone is modeled using MODFLOW
UZF1 Package (Niswonger et al., 2006), while the groundwater
flow is handled by MODFLOW-NWT (Niswonger et al., 2011).
The two-way coupling schema (Supplementary Figure 1) allows
the boundary flux exchanges between MM and MF. The MM-MF
output is a daily, grid-based water balance of a catchment. For each
component, the closure of amass balance is verified using equations
shown in Supplementary material (Section 1). More details about
the structure and coupling of the MM-MF model are available in
Francés (2015).

2.1. Surface domain (MARMITES surface)

The main function of MMsurf (Figure 2, right) is to compute
the driving forces (effective precipitation, potential evaporation
and potential transpiration) on daily basis. Each cell of the MM

FIGURE 2

Conceptual schema of the coupled MARMITES-MODFLOW model, showing the water flux components and the partitioning and sourcing concept.

(Left) General scheme describing the exchange of water fluxes between hydrological domains. (Right) Structure of one vertical cell showing the

exchange of water fluxes. P, precipitation; EI, interception; Pe, e�ective precipitation; Eow , open water body evaporation; Ro, surface runo�; Ssurf ,

land surface storage; I, infiltration; Esoil, soil evaporation; Tsoil, soil transpiration; Ssoil, soil zone storage; n, number of soil layers; Exfg, groundwater

exfiltration into soil zone; Rp, percolation from the soil zone; Ep, evaporation from percolation zone; Tp, transpiration from percolation zone; Sp,

percolation zone storage; Rg, gross recharge; Eg, groundwater evaporation; Tg, groundwater transpiration; Sg, groundwater storage; Qi/Qo, lateral

groundwater inflow/outflow; m, number of aquifer layers. Note that both Ep and Tp are considered negligible and are not computed (indicated with

dash lines).
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grid supports only one soil type and one or more plant species
individuals (mapped by their canopy areas), contributing to the cell
occupancy by their fractional areas (Figure 2, right top). The time
discretization is automatically performed by MMsurf based on the
precipitation time series analysis.

The surface water balance equation is written as:

dSsurf

dt
= Pe+ Exfg1 − I − Eow − Ro (1)

where

Pe = P − EI (1a)

and

I = min
[

Ssurf ; Dsoil,1(φ1 − θ1)
]

(1b)

where Ssurf is actual surface water storage, P is precipitation, Pe
is effective precipitation, EI is interception by vegetation, Exfg1 is
groundwater exfiltration from the topmost soil layer to the surface,
I is infiltration into the soil, Eow is evaporation from open water
bodies, Ro is surface runoff, φ1, θ1 and Dsoil,1 are porosity, actual
soil moisture and thickness of the topmost soil layer, respectively.
All water fluxes are expressed in [L·T−1] and storage in [L], in
mm and in day (also in all the following water balance equations).
The land surface in MMsurf is composed of 2 sub-domains
(Figure 2, right): the vegetation domain that simulates interception
from precipitation and the surface water domain that handles
water storage in land depressions and stream channels. When the
maximum capacity of the surface water storage is reached, then
Ro occurs.

The MMsurf land surface component computes: (i) hourly
interception (EI); (ii) daily bare soil potential evaporation (PE); (iii)
daily vegetation and agricultural crop potential transpiration (PT);
and (iv) daily open water evaporation (Eo). These driving forces
are used to compute Pe, Esoil, Tsoil and Eow. The MMsurf requires
as input continuous hourly time series of the basic meteorological
data, as well as parameters and variables of the meteorological
stations, plant species, crops and soil.

The hourly precipitation intensity and duration are used to
simulate interception from different plant species, including crops.
The storm-based analytical model (Gash, 1979), revised by Gash
et al. (1995), was used to estimate interception in sparse forest.
This model considers a unit area of canopy to compute wet
canopy evaporation, addressed here as rainfall interception (EI).
It combines advantages of low data demand with simplicity, still
maintaining a realistic approach of the interception process.

A patch model (Yang, 2015) was used to partition the potential
evapotranspiration (PET) into potential evaporation (PE) and
potential transpiration (PT). In that patch model, the land surface
is decomposed into patches with the same plant species or the same
soil type. All patches receive the same radiation input but each one
is parameterized independently, depending on the soil and plant
species, and weighed in each cell of the model as a function of
the relative area it occupies. The mapping of plant species and
soil patches can be optimally performed using high-resolution (i.e.
∼1 m) remote sensing image analysis (Francés and Lubczynski,
2011; Reyes-Acosta and Lubczynski, 2013; Francés et al., 2014), as
explained in Section 3.2.

For each soil type, plant species and crop, respective PE and
PT are computed using the Penman-Montheith (P-M) equation
(Monteith, 1965). In addition to the four meteorological variables
(wind speed, air relative humidity, air temperature and incoming
solar radiation), the model requires parameters and variables of
plant species, crops and soil types (the full lists of parameters are
presented in Supplementary Tables 1–3). The definition and values
of these parameters and variables of plant species, crops and soil
types can be measured in the field (Salinas Revollo, 2010; Balugani
et al., 2018). Otherwise, standard values can be found in literature,
as for instance in Dingman (2002). To estimate PE, the P-M
equation was used with surface resistance of bare soil, computed
following van de Griend and Owe (1994). To estimate PT of trees,
crops and grass, the P-M equation was also used, defining for each
plant species its own set of parameters (Supplementary Tables 1, 2),
in particular to compute the canopy resistance (Dingman, 2002).
Plant species, crops and soil variables (e.g. albedo, leaf area index)
were considered seasonally-constant and a transition period was
defined between seasons (Supplementary Tables 1, 2). The model
also computes the open water evaporation Eo rate as defined by
Penman (Gieske, 2003). Finally, once PT and PE are computed for
each plant species, crop and soil type, a weighted averages of PT and
of PE are defined at each grid cell, taking into account the fractional
area coverage of the plant species, crop and soil type present in that
cell.

An irrigation option allows to consider irrigated fields, each
one characterized by type of crop, daily irrigation amount and
crop schedule (date of seeding and date of cropping). In the cells
occupied by crops, the computing of Esoil is seasonally dependent:
(i) during the cropping season, it is assumed that the crop coverage
is 100% (thus no soil outcropping and Esoil is null); while (ii) when
the fields are in fallow, the vegetation coverage, and thus Tsoil, is
null and Esoil is computed.

2.2. Soil domain (MARMITES Soil)

The precipitation partitioning and related water balance in the
soil zone are computed on daily basis by the MMsoil component
using lumped-parameters and linear relationships between fluxes,
driving forces and soil moisture.

In each cell of the MM grid, one single soil type is defined.
The soil zone is vertically discretized into superimposed layers
(Figure 2, right) that are parameterized with basic soil hydraulic
properties (Supplementary Table 3). Generally these soil layers are
defined using textural criterion and correspond to the A and
B horizons, which are the zones of eluviation and illuviation,
respectively (Dingman, 2002; Food and Agriculture Organization,
2006). The user can alternatively define one single soil zone
corresponding to the root zone.

The water balance in the soil zone is computed as:

n
∑

i=1

(dSsoil)i
dt

= I + Exfg −

n
∑

i=1

[

(Rp)i + (Exfg)i + (Esoil)i + (Tsoil)i
]

(2)
where Ssoil is actual soil storage, I is infiltration into the topmost
soil layer (downward flux), Exfg is groundwater exfiltration into
the bottom soil layer (upward flux), Rp is percolation between soil
layers (downward flux), (Exfg)i is groundwater exfiltration from soil
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FIGURE 3

Linear relationship (black straight line) between soil moisture (θ ) and

soil percolation (Rp, Equation 3). The gray dots represent the

experimental percolation rates measured on a soil sample (silty

loam) from the study area, first saturated and next exposed to free

drainage. φ, porosity; θfc, experimental soil moisture at field

capacity; θ ′

fc, model-adjusted soil moisture at field capacity; Ksat,

saturated hydraulic conductivity.

layer i to soil layer (i−1) (upward flux), Esoil is bare soil evaporation,
Tsoil is vegetation transpiration from soil zone, i is the soil layer
index, counted from top to bottom and n is the total number of
soil layers.

The Rp of the i-th layer is computed for each layer in the
sequence of n-layers using its linear relationship with soil moisture
(van der Lee and Gehrels, 1997; Gehrels and Gieske, 2003):

(Rp)i = (Ksat)i

(

θi − (θ ′
fc
)i

φi − (θ ′
fc
)i

)

(3)

where Ksat is soil saturated hydraulic conductivity, θ is actual soil
moisture, φ is porosity and θ ′

fc
is adjusted soil moisture at field

capacity.
The linearization of the percolation (Equation 3) is shown

in Figure 3, where the linear relationship is compared with the
percolation rate measured on a soil sample collected in the study
area (Section 3). The error associated with the linearization is
affecting mainly the low percolation rates (<50 mm.d−1), which is
minimized by adjusting the soil moisture at field capacity parameter
(θfc) with θ ′

fc
during model calibration. Another assumption of

Equation (3) is that the capillary forces are negligible as compared
to the gravitational forces (van der Lee and Gehrels, 1997; Gehrels
and Gieske, 2003), which is similar to the assumption made in
the UZF Package (Niswonger et al., 2006). That assumption is
acceptable in sandy soils but may not be true in clayey soils,
particularly in shallow water table environments.

Esoil and Tsoil are obtained using the commonly used linear
relationships with soil moisture (van der Lee and Gehrels, 1997;
Dingman, 2002) and are computed for each i-th soil layer in the
sequence of n-layers as following:

(Esoil)i = PEi

(

θi − (θwp)i
φi − (θwp)i

)

(4)

where

PEi = PEi−1 − (Esoil)i−1 if i > 1 (4a)

and

(Tsoil)i = PTi

(

θi − (θwp)i
φi − (θwp)i

)

(5)

where

PTi = PTi−1 − (Tsoil)i−1 if i > 1 (5a)

and where θwp is permanent wilting point.
At each time step of MM, Esoil and Tsoil are first taken from

the most superficial layer, then from the second soil layer and then
further from subsequent layer down to the lowest MMsoil layer.
At each soil layer, evaporation and transpiration are subtracted
from PE and PT, respectively (Equations 4a and 5a). The sequential
computing of Tsoil, from shallow to deepest soil layers, allows to
reproduce the observed-pattern of plant water withdrawal (Hillel,
2003; Gou and Miller, 2014; Barbeta et al., 2015). The Equation (4)
is applied for bare soil land cover, while the Equation (5) for each
plant species, taking into account their fractional area of the grid
cells. The computing of Tsoil depends also on the root depth (Zr)
defined for each plant species. If the top of a given soil layer is
deeper than Zr, i.e. below maximum roots depth, then Tsoil for that
layer is null.

2.3. Percolation zone and groundwater
(UZF1 and MODFLOW-NWT)

The UZF1 Package (Niswonger et al., 2006) of MODFLOW-
NWT (Niswonger et al., 2011), used in the MM-MF coupling
framework, simulates the water flow through the percolation zone,
i.e. the zone below the soil bottom and above the water table. This
zone corresponds to the C and R soil horizons, i.e. parent material
and bedrock respectively (Dingman, 2002; Food and Agriculture
Organization, 2006). The UZF1 considers only one single uniform
layer and converts the percolation from the soil zone (output of
MMsoil) into gross groundwater recharge applying a 1D kinematic-
wave approximation of the Richards’ equation, which considers
gravitational forces, but neglects capillary forces (Niswonger et al.,
2006). If the water table rises above the bottom of the deepest
MM soil layer, groundwater exfiltration (Exfg) from the aquifer
into the MMsoil zone occurs, eventually creating saturation-excess
overland flow (also known asDunnian flow) if all the soil layers turn
saturated. Finally, groundwater flow and storage are computed by
MF.

The water balance in the UZF1 percolation zone is:

dSp

dt
= Rp − Rg − ETp (6)

where Sp is actual percolation zone storage, Rp is percolation
from the soil zone, Rg is gross groundwater recharge and ETp is
evapotranspiration from the percolation zone.

The relationships between unsaturated hydraulic conductivity
and water content used in UZF1 to simulate the water percolation
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between the soil zone and the water table are based on the Brooks-
Corey equation (Niswonger et al., 2006). That equation requires 4
variables: initial and saturated water contents, saturated hydraulic
conductivity and the Brooks-Corey exponent (respectively thti, thts,
vks and eps). Despite in UZF1 it is possible to compute ETp, there is
no partitioning option. As such, it is not considered in the MM-MF
framework and the option to compute ETp is deactivated.

The groundwater balance equation is:

dSg

dt
=

m
∑

i=1

[

Rgi + Qii − Qoi − (Eg)i − (Tg)i − (Exfg)i
]

(7)

where Sg is groundwater storage, Eg is groundwater evaporation,
Tg is groundwater transpiration, Qi and Qo are groundwater
inflow and outflow, respectively, Exfg is groundwater exfiltration
into the soil zone and m is the total number of MF layers. Eg
and Tg are computed by Equations (8) and (9), respectively (see
Section 2.4). In this study, the ETg = Eg + Tg is assigned to
groundwater extraction (Qw), implemented in MF using the Well
Package (see Supplementary Figure 1 and related explanations in
the Supplementary material). The other fluxes are computed by the
MODFLOW-NWT code.

The groundwater flow equation (Harbaugh, 2005) is
numerically solved in MODFLOW-NWT using the finite-
difference method and is applied to both confined and unconfined
aquifers after correction of the storage term. The time domain is
divided into stress periods (SP), during which the water fluxes are
constant. When a SP corresponds to several days, the MM water
flux rates provided to MF are averaged.

2.4. Partitioning and sourcing of
evapotranspiration

After computing Esoil and Tsoil, if PE and PT are not fully
satisfied, then Eg and Tg are computed.

In the MM, the bare soil Eg is computed according to Shah
et al. (2007) who found a soil-texture dependent, exponential
relationships between the Eg and the water table depth (d) [Figure 4
and Equation (8)].

kE = Eg/PEg =















1 if d ≤ d′′

y0 + e−b(d−d′′) if d > d′′

0 if d ≥ D

(8)

where

PEg = PE− Esoil (8a)

where kE is the groundwater evaporation sourcing factor, PEg is the
potential groundwater evaporation, d′′ is the decoupling depth, y0
is a correction, b is the decay coefficient and D is the evaporation
extinction depth. At water table depth lower or equal than d′′, PEg
is fully satisfied by groundwater, i.e. Eg/PEg = 1. Otherwise the
exponential relationship is applied up to the extinction depth D.
Equation (8) is applied on bare soil using specific set of parameters
d′′, b and y0 defined by Shah et al. (2007) for several soil texture
classes or locally derived (Table 1).

FIGURE 4

Groundwater evaporation (Eg) curves (Equation 8) of the main soil

texture classes (after Shah et al., 2007). The soil texture class labeled

“sandy loam (field)” corresponds to the results of Balugani et al.

(2016) obtained from the La Mata catchment. PEg, groundwater

potential evaporation; d, water table depth. Refer to Table 1 to

consult the corresponding parameters and to Section 2.4 for

detailed explanations.

TABLE 1 Parameters of Equation (8) of: (a) standard soil type (Shah et al.,

2007); and (b) La Mata catchment soil type (Balugani et al., 2016).

Soil type d′′ y0 b D

Sand (a) 16.0 0.000 0.171 50

Loam (a) 33.0 0.004 0.028 265

Silt (a) 31.0 0.007 0.021 430

Clay (a) 45.0 0.006 0.019 620

Sandy loam (field) (b) 115.3 0.023 0.013 1000

d′′ , decoupling depth (cm); y0 , correction ([-]); b, decay coefficient (cm−1); D, extinction

depth (cm).

To quantify the groundwater transpiration (Tg), a novel
phenomenological function based on soil moisture availability and
transpiration demand, driven by climatic conditions, is proposed.
This function was built to reproduce the plant behavior observed
during field experiments conducted in the La Mata study area by
Reyes-Acosta (2015) and in similar environment in Portugal by
David et al. (2013), on three oak tree species (Q.i.,Quercus ilex;Q.p.,
Quercus pyrenaica; Q.p., Quercus suber). These authors quantified
the total tree transpiration and contributions from the soil zone and
the groundwater. They sampled simultaneously the sap from the
tree stems and water of soil layers and groundwater to analyze the
stable isotopes content, measuring at the same time the sap flow, the
soil moisture and the depth to the water table. Reyes-Acosta (2015)
performed the sampling of the tree stem, soil and groundwater
once at the end of the wet period (early June 2010) and once
at the end of the dry period (September 2009), while measuring
sap flow and other variables (long-term monitoring), to study the
behavior of Q.i. and Q.p. The soil and groundwater contributions
were derived using a model of the whole-tree, constrained by the
collected data. David et al. (2013) monitored continuously the
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FIGURE 5

Sourcing transpiration function (Equation 9) and sensitivity analysis of the plant species sourcing parameters: s, f, kTmin and kTmax. (A) kTsoil and kTg as

function of normalized soil moisture (θnorm); dots correspond to the observed values of kTsoil of three tree species (Q.i., Quercus ilex; Q.p., Quercus

pyrenaica; Q.s., Quercus suber), while labels indicate the month of the measurement. (B–D) Time series of transpiration simulation under constant

PT = 3.5 mm.d−1 and declining soil moisture, each with its set of parameters: s, f, kTgmin
and kTgmax

representing riparian, phreatophytic and

vadophytic vegetation; PTg, groundwater potential transpiration; T, total transpiration; Tsoil, soil transpiration; Tg, groundwater transpiration. In the

simulations, the following parameters were used: porosity φ = 0.45, soil moisture at wilting point θwp = 0.05 and soil thickness = 1.0 m.

hydrological, meteorological, soil and tree variables betweenMarch
2007 and December 2008 and sampled the trees stem and roots,
soil and groundwater in June and August 2007 and August and
September 2008. By analyzing the seasonal sources of sap flow in
roots and stem, they were able to model the water uptake and
hydraulic redistribution by the shallow, deep and sinker roots and
retrieve the monthly contributions of soil and groundwater sources
to the tree transpiration.

Using the results of David et al. (2013) and Reyes-Acosta (2015),
we computed the soil transpiration sourcing factor kTsoil = Tsoil/T

and plotted it against the actual soil moisture (θ) normalized by
porosity and wilting point (θnorm) (Figure 5). Next, a sigmoid curve
was fitted by adjusting the four plant species sourcing parameters
f , s, kTsoilmin and kTsoilmax of the Equation 9. The two parameters
f and s define the shape of the sigmoid curve, i.e. f corresponds
to the inflection point and s defines the slope. The two other
parameters, kTmin and kTmax, set the lower and upper values of
kT . These parameters lump together the soil properties and the

plant physiology specificities, in particular the hydraulic properties
of the conveyance in the plant system (conductance of stem and
roots).

kT = Tg/PTg =



















kTmax if (θnorm)i = 1
∑n

i=1

[

kTmax −
kTmax − kTmin

1+ e [(θnorm)i−f ]/s

]

if 0 < (θnorm)i < 1

kTmin if (θnorm)i = 0

(9)

where

(θnorm)i =
θi − (θwp)i
φi − (θwp)i

(9a)

and where

0 ≤ kTmin < kTmax ≤ 1 (9b)

and where

PTg = PT − Tsoil (9c)
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where f , s, kTmin and kTmax are plant species sourcing parameters,
θnorm is normalized soil moisture and PTg is the groundwater
potential transpiration.

As the transpiration mechanism is the same to source Tsoil and
Tg , we assumed that the groundwater transpiration sourcing factor
kTg shares the same parameter f and s but with lower and upper
boundaries defined as:

kTgmin
= 1− kTsoilmax (10a)

and

kTgmax
= 1− kTsoilmin (10b)

The four plant species sourcing parameters f , s, kTgmin
and

kTgmax
allow to adjust the phreatophytic behavior of plants (further

explanations related to applications and interpretation of the
Equation 9 can be found in Section 4.2.2). Note that the computing
of Tg is also controlled by the root depth (Zr) defined for each plant
species, i.e. if the water table depth is deeper than Zr, then Tg is set
to zero.

Finally, the subsurface evapotranspiration (ETss) can be
computed as:

ETss = ETsoil + ETg + ETp (11)

where

ETsoil = Esoil + Tsoil (11a)

and where

ETg = Eg + Tg (11b)

The net groundwater recharge (Rn) can be computed as follows:

Rn = Rg − ETg − Exfg (12)

3. La Mata catchment study case and
model setup

3.1. General description

This study uses the La Mata catchment (∼4.8 km2, Figure 1),
located west of Salamanca (Spain), to present the functionality of
the MM-MF model. The La Mata catchment is a sub-catchment
of the Sardón catchment (∼80 km2), where extensive research
on subsurface water fluxes has been carried out (Lubczynski
and Gurwin, 2005; Lubczynski, 2009, 2011; Reyes-Acosta and
Lubczynski, 2013; Francés et al., 2014; Hassan et al., 2014; Balugani
et al., 2016; Daoud et al., 2022). The LaMata catchment was selected
because of a semi-arid, water-limited environment, negligible
groundwater use, availability of monitoring data and shallow water
table enhancing Eg , Tg and Exfg . The study area is characterized by
heterogeneous granitic rock substratum, low to moderate hydraulic
conductivity and low storage, typical of hard rock, water scarce
condition.

The La Mata catchment has been equipped with an automatic
data acquisition system (ADAS, located at P0, Figure 1), which
records hourly hydro-meteorological variables since 1996.
The water table fluctuation is monitored in one piezometer

(∼3 m b.g.s.) at the P0 location (automatic, hourly measurement)
and at several groundwater-connected ponds (C1–C5, with
seasonal observations). Soil moisture was recorded at four depths
(0.25, 0.50, 0.75 and 1.00 m) in the alluvium at P0 and in the
eluvium at SM (Figure 1). Moreover, an 18 m high eddy covariance
(EC) flux tower (Figure 1) was installed at ∼140 m NE from the
ADAS at P0. That EC tower acquired data between June 2009 and
October 2010 allowing to estimate ET (van der Tol, 2012).

The study area, situated at elevation of ∼800 m a.s.l., has
semi-arid climate, typical for the central part of the Iberian
Peninsula. The long-term, 23-years mean precipitation estimated
on the base of six Spanish Meteorological Institute rain gauges,
located in the surroundings of the study area, is ∼500 mm.y−1,
while PET ∼1,015 mm.y−1. The warmest and the driest months
are July and August with an average temperature of ∼22◦C,
average PET of ∼5 mm.d−1 and precipitation <20 mm.month−1.
The coldest months are January and February with an average
temperature of ∼5◦C and the lowest PET ∼0.5 mm.d−1, while
the wettest are November and December, with precipitation above
100 mm.month−1 (Lubczynski and Gurwin, 2005). The daily
EC tower estimates of actual evapotranspiration ranged from
0.2 mm.d−1 in dry September to 3.5 mm.d−1 in wet April (van der
Tol, 2012).

The landscape of the catchment is characterized by a pediment
with gentle slopes that corresponds to present and old planation
surfaces. It is erratically interrupted by inselbergs, exposed
corestones and granite outcrops. A dense drainage network of
incised streams, typical for hard rock catchments, is developed
along faults. Those are intermittent streams, with water flowing
only in wet season and after substantial precipitation events. While
the pediment is covered by a thin (0.10–0.75 m) sandy-loam
inceptisol (eluvium), alluvial deposits 1–3m thick, are located along
the centrally elongated in approximately N-S direction thalweg
(line defining the deepest channel in a valley). The main part of the
alluvium profile is composed of silty sand deposited above a 0.5 m
thick layer of centimeter to decimeter size pebbles. The shallow
subsurface was documented by invasive field methods (portable
percussion hammer with sampling gauge, augering and digging).
The collected soil samples were analyzed in laboratory to retrieve
the hydraulic properties and soil texture.

The land cover is represented by open woodland composed of
sparsely distributed evergreen oak Quercus ilex subsp. ballota Desf.
(Samp.) and broad-leafed deciduous oak Quercus pyrenaica wild.
The canopies of these two oak trees cover∼7% of the La Mata sub-
catchment. Their parameters and properties were measured in the
field in order to derive PT (Salinas Revollo, 2010; Reyes-Acosta,
2015, see Supplementary Table 1). The entire area is covered by
grasses that sprout in March–May, starting to wilt in June and
shortly after disappear due to the drying soil and cattle grazing.
A shrub species, known as Scotch Broom (Cytisus scoparius), is
sparsely distributed in the grass fields.

The water table depth, as monitored in the study area, varies
between 0.0 and 3.0 m below ground surface (m b.g.s.) along the
thalweg and between 1.0 and 10.0 m b.g.s. at the catchment divides.
As the groundwater system is unconfined, the water table follows
the topography and is largely influenced by the surficial drainage
network. The groundwater pattern is natural due to negligible
groundwater abstraction.
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3.2. Remote sensing and hydrogeophysics
data acquisition

The MM-MF model requires as input spatially distributed
parameters that were obtained through field sampling and
hydrogeophysical (HG) point and transect measurements that were
extrapolated at the catchment scale using remote sensing (RS)
techniques (Francés and Lubczynski, 2011; Francés et al., 2014,
2015). The land cover, i.e. soil types, rock outcrops including
fracture density, tree species and canopy areas were all identified
and mapped using RS techniques at the scale of the Sardón
catchment, to which the La Mata sub-catchment belongs. The
partitioning of ET at the grid cell scale requires soil and plant
species fractional area contributions. The soil types and granite
outcrops were mapped as in Francés et al. (2014) using a
supervised classification technique applied on two high-resolution,
multispectral satellite images: QuickBird from September 2009
(dry season) and WorldView-2 from December 2012 (wet season),
to increase the contrast on spectral information between objects.
The classification method was based on object-oriented fuzzy-
logic analysis (Benz et al., 2004), available in the eCognition
software. Two main soil types, i.e. the alluvium and elluvium,
were identified and separated from granite outcrops (Figure 1).
The mapping of the ground projection of species-dependent tree
canopies was made by Reyes-Acosta and Lubczynski (2013), using
the same remote sensing technique and the same two images as
used for the soil classification. They obtained a map of the canopy
areas, including every single tree with 90% probability of being
well species-classified. The fractional areas of tree canopies were
derived from the mapped canopy covers, following the assumption
that tree-root water uptakes affect areas equal to the ground
projection of the canopy areas (Naumburg et al., 2005). The
areas outside tree canopies, with seasonal grass and patches of
Cytisus scoparius (Scotch Broom), including granite outcrops, were
lumped together.

Francés et al. (2014) characterized geometrically and
parametrically the Sardón catchment using invasive point
measurements and non-invasive hydrogeophysical methods
such as electrical resistivity tomography, frequency domain
electromagnetic survey and magnetic resonance soundings. The
results were integrated and distributed at the catchment scale using
auxiliary remote sensing data, allowing to define a hydrogeological
conceptual model, which identified two main hydrostratigraphic
layers, i.e. the saprolite and the fissured layers. That conceptual
model was the base of the numerical groundwater flow model of
this study.

3.3. Spatial and temporal discretization

The spatial discretization of the La Mata sub-catchment was
made on a regular square grid of 50 m resolution, corresponding
to 60 columns and 65 rows. The model simulation was carried
out during five successive hydrological years, i.e. from 2009 to
2013 (a hydrological year starts from the 1st of October of the
previous year and ends on the 30st of September of the specified
year), corresponding to 1,949 days converted into 1,240 stress
periods (MMsurf aggregated periods of successive 10 days without

precipitation). According to the long-term yearly precipitation
average (500mm.y−1), the penultimate simulated hydrological year
(2012) was dry (331 mm.y−1) while the last hydrogeological year
(2013) was medium-wet (657 mm.y−1), so these two subsequent
and contrasting years were selected for graphical presentation of
water balances. An initialization “warm-up” period of 4 months
(31/05/2008–30/09/2008) was applied to allow the model to reach
equilibrium. The first stress period of the “warm up” was run in
steady-state conditions, allowing to start the model with average,
long-term initial conditions of UZF1 soil moisture and MF
hydraulic heads. Input maps of the MM and MF parameters are
presented in Supplementary Figures 2–27.

3.4. MM boundary conditions and
parametrization

The basic hydro-meteorological variables necessary to obtain
the time series of driving forces (P, PE and PT) were acquired from
the ADAS station. The soil data obtained by sampling campaigns
(Figure 1) and processed in laboratory (Balugani et al., 2016)
allowed to retrieve the soil texture and its hydraulic properties
(Supplementary Table 3). The lack of sampling at the SE top of the
catchment is due to the prohibition of the land-owner to access his
area. The alfalfa crop growing inMarch and cropped inOctober can
be identified in Figure 1 as the two, circle-shape crop fields located
in the eastern part of the La Mata sub-catchment. The related
irrigation schedule was defined using the program CROPWAT
v8.0 (Food and Agriculture Organization, 2009). The initial soil
moisture in MMsoil was assigned at porosity minus 0.5%.

3.5. MF boundary conditions and
parametrization

The two main hydrogeological layers referred in Section 3.2
(i.e. saprolite and fissured layers) were simulated subdividing each
one into three MF sublayers with the same parameterization,
but different thicknesses (Supplementary Table 4), to ease model
convergence (Barnett et al., 2012). The heterogeneities detected
thanks to the geophysical survey (Francés et al., 2014) were
respected by implementing the conceptual model into the
numerical groundwater flow model. As such, zone-specific
parameterization was used for each hydrogeological layer, i.e. along
the main fault of Sardón river (talweg), along the secondary
faults and in areas without fault. Initial values of parameters, i.e.
thickness, hydraulic conductivity, specific yield and specific storage
were introduced using values specified in Francés et al. (2014) (see
Supplementary Figures 2–27).

The La Mata catchment divide was defined as no-flow
boundary, except of the small section near the catchment outlet,
which was represented by six cells of MODFLOW Drain Package
(DRN) simulating the groundwater outflow of the catchment
(points O1 and O2 on DRN cells in Figure 1). The main parameters
required by the MF model are listed in Supplementary Table 4.
The initial hydraulic heads of the first stress period, ran
in steady-state conditions, were assigned at the base of the
soil layer.
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TABLE 2 Vegetation sourcing parameters (f, s, kTgmin
and kTgmax

,

dimensionless) of Equation (9) defined for the La Mata catchment.

Veg. type f 1/s kTgmin
kTgmax

kTsoilmin
kTsoilmax

Quercus (s.l) 0.101 21.6 0.044 0.870 0.130 0.956

Grass 0.500 1.0 0.050 0.010 0.990 0.950

Alfalfa 0.500 1.0 0.050 0.010 0.990 0.950

As Hassan et al. (2014) found that the 18-year (hydrological
years 1994–2012) mean value of ETp was only 1.14 mm.y−1, the
ETp was not considered in this study. However, in areas with
thick unsaturated zone, the ETp may be a significant component
of the water balance (Lubczynski, 2009, 2011) and should
be considered.

3.6. Parameterization of partitioning and
sourcing processes

The sourcing of E was performed using Equations (4) and
(8). Both equations were parameterized based on the soil analysis
described in Section 3.4. The parameters of the Eg equation (d′′,
y0, b and D), specific for the La Mata soil texture (Table 1),
were computed using the same methodology as in Shah et al.
(2007), described by Balugani et al. (2016). First, they acquired
field data of soil texture, soil moisture and matric potential in
the La Mata catchment. Next, they implemented a HYDRUS-1D
simulation based on these data. Eg and Eu (Eu = Esoil + Ep)
were separated from the output of HYDRUS-1D model using
the SOURCE code of Balugani et al. (2016). The value of Eg
was thus obtained as a function of water table depth. Finally, a
curve was fitted to this dataset using Equation (8) by varying
parameters d′′, y0 and b.

The sourcing of T was performed on both tree species, Q.i. and
Q.p., using Equation (5) and Equation (9) and the parameters of
Table 2 and Figure 5C. The maximum depth of the tree roots was
obtained from direct observations along escarpments in the field
and from bibliographic references, e.g. Canadell et al. (1996) and
David et al. (2004). The grass, Cytisus scoparius and alfalfa crops,
which are not considered as phreatophytes, were parameterized
to obtain a null to very low Tg , i.e. low values of kTgmin

, kTgmax
(Table 2) and root depth (Supplementary Tables 1, 2).

Based on the fractional areas occupied by each tree species and
by soil at every grid cell, Esoil, Eg , Tsoil and Tg fluxes were converted
into volumes and extracted from the respective domains.

3.7. Calibration

The transient calibration of the MM-MF coupled model was
done against: (i) soil moisture in MM at P0 and SM monitoring
points; and (ii) hydraulic heads in MF observed at P0. The
episodic records of the water level observed in ponds hydraulically
linked with groundwater (respectively observation points C1–C5,
Figure 1) were also qualitatively used in calibration. The simulated
ET was compared with the ET measured by the EC tower.

Finally, virtual observation points were inserted in the model to
extract water balance and time-series of the hydrological fluxes in
different locations with different hydrological conditions (G-points
in granite outcrops, I-points in irrigation plots and O-points at
the outlet, all identified in Figure 1), which allowed to confirm the
coherency of the model solution.

The runoff of the La Mata catchment was estimated on the base
of the flume measurement at the Sardón catchment outlet (Ro obs),
taking into account the ratio between the two areas, La Mata and
Sardón catchments, which is justified due to the same hydrological
conditions. Note that the flume-measured Ro obs (up to 145 L.s−1)
was sufficient to monitor the baseflow but did not register quick
runoff of extreme events.

The calibration process was carried out using trial and
error method, aiming to obtain a balanced calibration
producing a meaningful water balance and respecting the
observation data. The MMsoil component was calibrated by
adjusting the soil hydraulic parameters and thickness. The MF
model was calibrated adjusting hydraulic conductivity (hk),
specific yield (Sy), DRN conductance, UZF1 vertical saturated
hydraulic conductivity and UZF1 epsilon factor (vks and
eps, respectively).

To analyze the goodness of fit between simulated and observed
soil moisture and hydraulic heads, three calibration criteria were
used after Moriasi et al. (2007): (i) Pearson’s correlation coefficient
(r); (ii) root mean square error (RMSE); and (iii) ratio of the RMSE
to the standard deviation of the observed heads (RSR).While RMSE
and RSR measure the discrepancy between simulated and observed
values, r shows how well model and observation trends fit each
other. The calibration process focused on minimizing RMSE and
RSR and maximizing r.

4. Results and discussion

4.1. MM-MF modeling results

The capability and potential of the MM-MF model are
presented through the 5-year (hydrological years 2009–2013) of the
real case study simulation of the surface groundwater interactions
in the La Mata catchment in Spain. The calibrated time series of
soil moisture and hydraulic heads at the monitoring points P0
and SM are presented in Figure 6, while the respective calibration
criteria in Supplementary Table 5. The fitting between simulated
and observed soil moisture is characterized by r varying between
0.5 and 0.9. RSR and RMSE are also satisfactory, indicating small
deviation in relation to observed data. The hydraulic heads at P0
are also well calibrated, respecting the trend and amplitude of the
observed data. Its relatively low r = 0.6 and RMSE = 0.9 m can
be explained by a temporal shift between simulated and observed
data. The calibration also ensured consistent simulated water levels
at the catchment outlet (O1 and O2) and at the ponds (C1–C5)
in relation to the observed values (Supplementary Figures 28–35).
The runoff at the catchment outlet shows expected low calibration
indicators due to the limitation of the measurement method, as
explained in the Section 3.7, i.e. the flume device was designed
to register only low flows, mainly base flow and installed close,
but outside the La Mata catchment. The Figure 6 shows a good
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FIGURE 6

Calibration plots. Locations of SM, P0, La Mata catchment outlet and EC tower as in Figure 1. θn obs, observed soil moisture in the field; θn, simulated

soil moisture; n, soil layer index varying between 1 and the total number of soil layers (in this case 2); h obs, observed hydraulic head; hl, simulated

hydraulic head; l, MF layer index varying between 1 and the total number of MF layers (in this case 2); m a.s.l., meters above sea level; m b.g.s., meters

below ground surface; Ro obs, runo� measured at the Sardón catchment outlet (<145 L.s−1, measured by flume) and corrected using the area ratio

(see Section 3.7); Ro, runo� simulated; ET obs, observed evapotranspiration; ET, simulated evapotranspiration; P, precipitation.

agreement between themeasured low flow and the baseflow derived
from the simulated Ro, except in hydrological year 2009, which
is close to the “warm-up” period, so influenced by uncertainty of
initial conditions. The model simulations of ET time series are also
in agreement with the measurements at the EC tower (Figure 6),
with r = 0.5 and RMSE = 0.8 mm (Supplementary Table 5). The
simulated daily ET varied between 0.1 mm in December 2011 and
2.3 mm in July 2010, which is within a realistic range and shows

the same trend as the ET measured by the EC tower (van der Tol,
2012). However, the measured ET amplitude was larger than the
simulated, because the tower ET corresponded to the acquisition of
almost instantaneous values, while the simulated ET by MM was
based on daily simulation.

The daily time series of simulated surface and subsurface
water fluxes, averaged at the catchment scale, are presented in the
Figure 7. The 1st plot from the top shows the daily precipitation (P)
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FIGURE 7

Time series of surface and subsurface water fluxes averaged at the La Mata catchment scale. PE, potential evaporation; PT, potential transpiration. Ro

obs, runo� measured at the Sardón catchment outlet and corrected using the area ratio (see Section 3.7). See Figure 2 for other explanations. Soil

moisture and hydraulic heads time series are available in Supplementary Figure 35.

and the effective precipitation (Pe, Equation 1). As the interception
(EI) is low (4% of P) due to the low spatial coverage of trees (∼7%)
and low storage capacity of alfalfa crops and grass, the Pe differs
only a little from the P. The infiltration into soil (I) is important,
representing more than 90% of Pe in half of the P events. The
surface runoff (Ro) is periodically significant, especially during the
last, medium-wet hydrological year 2013. Note that in the current
version of the MM-MF model, surface water is not routed to
streams, thus the simulated runoff is instantaneous, although in
such a small catchment as the La Mata, the routing is not very
relevant because the residence time in streams is short, i.e. <1 day.
However, for bigger catchments, this MM-MF limitation should be
resolved. The 3rd plot shows subsurface evaporation (E) sourced
into soil evaporation (Esoil) and groundwater evaporation (Eg) next
to potential evaporation (PE). The 4th plot is similar, showing
transpiration sourced into soil transpiration (Tsoil), groundwater

transpiration (Tg) next to potential transpiration (PT). During the
dry seasons neither PE nor PT were reached by E and T, despite
the contribution of Eg and Tg , with the lowest difference in the
medium-wet hydrological year 2013, when PE and PT were the
lowest. The E varied between 0.2 and 2 mm.d−1, reaching its
annual maximum just before soil moisture depletion, in April–
July (see years 2010 and 2012 in Supplementary Figure 35). The Eg
was relatively stable-low during all the years, being almost null in
winter and around 0.2 mm.d−1 in dry season, which is much lower
than PE. The T contribution to ET was much lower than the E,
i.e. similar as in the experimental study by Balugani et al. (2017),
showing the maximum of 0.4 mm.d−1 in June 2010 and in June
2012. This is due to the low tree cover in the catchment, which also
explains the low value of Tg , which did not reach even 0.1 mm.d−1.
The yearly Tg patterns and values were similar throughout the
years, except of the last, much wetter year 2013 (annual P was
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FIGURE 8

Sankey diagrams representing the yearly water balance at the catchment scale for dry year 2012 (top) and medium-wet year 2013 (bottom). Units in

mm.y−1, labels of water fluxes lower than 1E−2 mm.y−1 not shown. 1—change in storage, DRN—lateral groundwater outflow (Qo) at the catchment

outlet simulated using the Drain Package of MODFLOW. See Figure 2 for other explanations.
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TABLE 3 Water balance components in mm per hydrological year (a hydrological year starts from the 1st of October of the previous year and ends on

the 30th of September of the specified year).

Water flux 2009 2010 2011 2012 2013 Min. Average. Max.

P 327.0 568.6 432.0 330.8 659.3 327.0 463.5 659.3

EI 17.0 23.3 18.5 16.5 26.0 16.5 20.3 26.0

Pe 310.0 545.3 413.5 314.3 633.3 310.0 443.3 633.3

I 265.2 411.1 288.2 291.7 400.5 265.2 331.4 411.1

PE 477.6 443.1 414.0 450.5 248.2 248.2 406.7 477.6

PT 76.7 60.7 62.2 73.8 34.3 34.3 61.6 76.7

ET 243.1 295.1 217.7 231.4 196.1 196.1 236.7 295.1

Eow 0.4 0.5 0.3 0.3 0.4 0.3 0.4 0.5

ETss 242.8 294.7 217.4 231.1 195.7 195.7 236.3 294.7

ETsoil 202.4 253.5 181.8 196.6 173.5 173.5 201.5 253.5

Esoil 163.6 212.6 147.3 158.9 148.6 147.3 166.2 212.6

Tsoil 38.8 40.9 34.5 37.7 24.9 24.9 35.3 40.9

ETg 40.4 41.2 35.6 34.5 22.2 22.2 34.8 41.2

Eg 30.2 35.2 27.8 25.7 20.3 20.3 27.9 35.2

Tg 10.2 6.0 7.8 8.8 1.9 1.9 6.9 10.2

Exfg 42.0 77.8 82.3 29.0 122.6 29.0 70.7 122.6

Ro 70.9 173.2 154.6 34.7 292.6 34.7 145.2 292.6

Rg 75.4 135.6 112.5 62.9 163.0 62.9 109.9 163.0

Rn −7.0 16.5 −5.4 −0.6 18.2 −7.0 4.3 18.2

1Ssurf −0.1 0.0 0.0 0.0 0.2 −0.1 0.0 0.2

1SSoil −7.4 21.6 −24.2 33.6 21.5 −24.2 9.0 33.6

1Sp 8.0 16.7 31.4 3.6 62.4 3.6 24.4 62.4

1Sg 2.7 −7.5 4.5 −0.3 −8.4 −8.4 −1.8 4.5

Qo −4.4 −4.4 −4.4 −4.4 −4.4 −4.4 −4.4 −4.4

PE, potential evaporation; PT, potential transpiration; 1, change in storage; Qo, lateral groundwater outflow at the catchment outlet simulated using the Drain Package of MODFLOW. See

Figure 2 for other explanations.

657 mm), when all transpiration components were substantially
lower than in other years because of lower PT. The Tg contribution
to T is an important input to reduce water stress in plants,
being in this study higher than 50% of T in the peak dry season
(typically July–September). However, the T was always lower than
the PT, pointing at hydric stress, as reported by David et al.
(2004), Gou andMiller (2014). The 5th plot of the Figure 7 presents
percolation (Rp), gross recharge (Rg), groundwater exfiltration
(Exfg) and groundwater evapotranspiration (ETg). Note that the
difference between Rg and Rp is mainly attributed to the storage
in the percolation zone, as the ETp is typically, and was indeed,
negligible (Equation 6). As expected, the Rg occurred during the
wet season, reaching the maxima of 2 mm.d−1 in December 2010
and November 2012. The Rg is only slightly delayed as compared
to the Rp, due to shallow water table condition, implying short
travel time across the percolation zone. The Exfg is dependent on
Rg, resembling its pattern, although with substantially attenuated
shape. The Rn (Equation 12) varies between 2 and −0.5 mm,
showing positive peaks correlated with P events in wet season.
Generally, these peaks are followed by negative values of Rn due to

consecutive groundwater exfiltration. In dry season, Rn is negative
because of ETg .

The yearly, catchment scale water balance (WB) is presented in
Table 3 and illustrated in Figure 8 by Sankey diagrams (Schmidt,
2008), selecting two contrasting hydrological years, the dry
year 2012 (P = 331 mm.y−1) and the medium-wet year 2013
(P = 657 mm.y−1). The Esoil, Tsoil, Eg and Tg are higher in 2012
than in 2013, due to larger PE and PT, reflecting climatic conditions
with larger solar energy supply. The Esoil and the Exfg represent
the highest outfluxes: the Esoil reached 48% of P in 2012 (158 mm)
and 23% in 2013 (148 mm), while Exfg was 8% (27 mm) and
15% (102 mm), respectively. The yearly variability of Exfg confirms
limited system storage capacity. The Eg is quite stable across 2012
and 2013 (respectively 26 and 20 mm), but its proportion to P

is quite different between the 2 years (8 and 3%, respectively),
meaning that under shallow water table conditions, such as the one
in La Mata catchment, yearly Eg constitutes a relatively constant
outflux, independent of the P input. Remarkable is that the Tg

reached a value of 9 mm in 2012 against only 2 mm in 2013,
which points at its importance for tree survival in dry years. The
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FIGURE 9

Five-year average of soil evaporation (Esoil, top left), groundwater evaporation (Eg, top right), soil transpiration (Tsoil, bottom left) and groundwater

transpiration (Tg, bottom right). Note that each map has its own color scale. The gray dots correspond to the monitoring and observations points of

Figure 1.

Rg was much lower in 2012 than in 2013 and Rn was negative in
2012 (−1 mm) but positive in 2013 (18 mm). As a consequence,
the superficial aquifer layer, corresponding to the saprolite, shows
a loss of storage during the dry year of 2012 (−1 mm) and a
subsequent replenishment in 2013 (14 mm). The deeper layer,
corresponding to the fractured layer, shows the same behavior,
but with very little water flux exchange (Figure 8), which is in
agreement with the conceptual hydrogeological model of Francés
et al. (2014) that characterized the first layer with higher storage
and lower transmissivity and the second layer with lower storage
and higher transmissivity.

The spatial variability of water fluxes is visualized in Figures 9,
10 through presentation of selected water fluxes averaged for
the five hydrological years of the model simulation. The Esoil is
larger than Eg (Figure 9) because in dry season, between July and
September, when Esoil is depleted, the Eg , computed following

Shah et al. (2007) (Equation 8 and Figure 8), is limited by the
depth of the water table, i.e. it is negligible below 5 m. The Esoil
is dominant and quite uniformly distributed within the eluvium
(Figure 1), while the Eg is high along the stream courses, where
the water table is the shallowest (Supplementary Figure 35) and
downstream of the agricultural crops due to the irrigation leakage
into the groundwater system. The largest Tsoil is observed within
the two irrigation plots located at the SE catchment water divide
and along the stream courses (Figure 9). The Tg is much lower
than the Tsoil, the largest in the southern part of the catchment,
where the density of trees is the highest (Supplementary Figure 20).
The Figure 10 shows the spatial distribution of the Rg and
outfluxes Exfg and ETg , as well as the resultant Rn map,
which clearly shows the recharge (Rn > 0, bluish colors)
and discharge areas (Rn < 0, reddish colors). The Exfg is
related to Ro (Supplementary Figure 36) and concentrated along
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FIGURE 10

Five-year average groundwater evapotranspiration (ETg, top left), groundwater exfiltration (Exfg, top right), groundwater gross recharge (Rg, bottom

left) and groundwater net recharge (Rn, bottom right). Note that each map has its own color scale. The gray dots correspond to the monitoring and

observations points of Figure 1.

the streams, showing the dynamic relationship between surface and
groundwater in the catchment and the importance of the Dunnian
excess overland flow, especially in the medium-wet hydrological
year 2013 (Figure 7), when important part of Rg was converted
to Exfg .

4.2. Partitioning and sourcing of
evapotranspiration

4.2.1. Groundwater evaporation function
The parameterization of the Equation (8) for the sandy loam

soil, based on the soil samples collected in the La Mata catchment
and computed by Balugani et al. (2016), is presented in Table 1 and
in Figure 4, next to parameters of different soil types presented by

Shah et al. (2007). The sandy loam parameters of this study, i.e. d′′,
y0 and b, are substantially larger than the corresponding parameters
defined by Shah et al. (2007). For example, their d′′ increases with
clay content, being the largest (0.45 m) for the clay, while in this
study, the d′′ is much larger (1.15 m), even for the sandy loam soil
type with lower clay content. The possible reason of that difference
could be that Shah et al. (2007) used former version of HYDRUS-
1D that considered only liquid water flow (Šimůnek et al., 1998),
while Balugani et al. (2016), whom we follow in this study, used the
HYDRUS-1D version of Saito et al. (2006), which incorporates heat
and vapor transport by diffusion.

The importance of the vapor flow in the dry bare soil conditions
has already been emphasized by many researchers (Shokri and
Or, 2011; Assouline et al., 2013; Or et al., 2013; Balugani et al.,
2016, 2018). However, more recently, Balugani et al. (2021) and
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Balugani (2021) found that in dry soil layer (DSL) condition,
when DSL>5 cm, the vapor diffusion following Saito et al. (2006)
plays negligible role. Moreover, Balugani et al. (2023) found that
HYDRUS-1D was not able to simulate properly evaporation under
DSL> 5 cm, neither in lysimeter nor in-situ, concluding that under
DSL> 5 cm dry condition, other than diffusion forces drive vapor
flow but those forces are not known, so also not implemented in any
numerical flow solution (also not in HYDRUS-1D), yet. Therefore,
the sandy loam soil parametrization of bare soil evaporation under
very dry soil condition, as it was seasonally the case of this study,
could result in substantially different sets of parameters than those
provided by Shah et al. (2007).

Experimental estimates of Eg were also carried out by Johnson
et al. (2010) and Ma et al. (2019). The former authors used semi-
spherical chamber in sand and loam soils, with water table depth
varying between 0.1 and 3.3 m, in arid and semi-arid areas of
Northern Chile. At shallow depth, they found an exponential
relationship relating Eg with water table depth, while at deeper
water tables they applied power laws. Their d′′ was low, i.e. between
2 and 12 cm, while b varied between 0.036 and 0.072 cm−1. The
other authors (Ma et al., 2019) combined in-situ field experiments
using a lysimeter with HYDRUS-1D numerical simulations of heat,
vapor and liquid water flow in arid Ordos Basin (Inner Mongolia,
China) characterized by fine sandy soil. Their d′′ was 0.52 m, so
higher than the Shah et al. (2007) value of sand (0.16 m) and even
higher than the value of clay (0.45m). In their study, an exponential
relation between water table depth and evaporation was observed
below d′′ and until an extinction depth of 1.05 m.

The differences between parameters of the Equation (8),
especially in d′′, between the present study, Shah et al. (2007),
Johnson et al. (2010) and Ma et al. (2019) suggest that these
parameters are site-specific, so should be defined using field data.

4.2.2. Groundwater transpiration function
The four plant species sourcing parameters f , s, kTgmin

and
kTgmax

of Equation (9) allow to adjust the phreatophytic behavior of
plants. They were defined using the experimental data set of David
et al. (2013) and Reyes-Acosta (2015). Note that the kT values of
Reyes-Acosta (2015) in the end of the wet season (June), observable
in Figure 5A, are outliers in relation to the other data. Because this
author did the experiment with very shallow water table (75 and
125 cm depth) in fine-grained alluvium soil, we assume that there
was a bias in the data due to a high capillary fringe and the related
mixing of water from soil and groundwater.

The sensitivity analysis, illustrating control of the four plant
species sourcing parameters upon the plant behavior in relation
to water sources, assuming a constant PT, is presented in
Figures 5B–D for three different vegetation behaviors: (i) riparian
behavior (Figure 5B): in this case, high values of kTgmin

and kTgmax
ensure a preponderance of Tg over Tsoil, starting at relatively high
soil moisture (∼ 20%), while parameters f and s have negligible
influence; T almost reaches PT along the whole time series; (ii)
phreatophytic behavior (Figure 5C): the beginning of the curves
is similar to (i), but as soon as θnorm becomes lower than f , the
Tg curve reaches its maximum and start to decrease to stabilize
toward a minimum value controlled by kTgmin

, but also by f

and s; and (iii) minor to null phreatophytic behavior (Figure 5D):

low values of kTgmin
and kTgmax

ensure that Tg is residual and
T is dependent on the soil moisture. As such, the use of the
four plant species sourcing parameters allows to reproduce the
transpiration behavior of plants, including complex behavior of the
riparian plants, which keep roots constantly tapping groundwater,
but also phreatophytic plants, which can survive droughts by
temporal tapping groundwater, such as the oak trees in the La Mata
catchment.

The modeling of Tg in the MM-MF framework brought us to
the following observations and comments:

(a) Water table depth (d) dependency on Tg : the Figure 5A
shows the groundwater transpiration sourcing factor (kTg =

Tg/PTg) as function of normalized soil moisture (Equation 9),
with groundwater-related constrain that the roots reach the
water table. To our knowledge, the only distributed modeling
study of sourcing of transpiration is by Baird and Maddock
(2005), although they presented quite different transpiration-
related approach. They developed a MF package to compute
riparian and wetland Tg based on plant physiological
characteristics, applying a bell-shaped Tg relation with water
table depth (d) that requires plant species specific parameters.
As such, that solution was developed for environments with
very shallow water table condition, with frequently rising
water table above the land surface, creating unfavorable
anaerobic conditions leading to a reduction of transpiration
and wilting of plants by anoxia. The bell-shaped function,
developed for such ecosystems, reflects well their behavior by
simulating a Tg decline with water table rise to the surface.
However, it is questionable if their solution is applicable to
other ecosystems such as the open oak woodland ecosystem
of this study or any other, characterized by deeper water table
and deeply rooted trees, with access to both soil zone and
groundwater. For such settings, it is assumed in this study
that if a tree is phreatophytic, i.e. have roots deep enough
to be able to tap groundwater, and, if soil moisture is not
sufficient to fulfill the tree water demand, then Tg occurs with
the rate independent on depth to water table. In fact, there is
some impact of declining water table upon Tg as trees require
more energy to uplift groundwater. In California savanna with
arid climates, Gou and Miller (2014) showed by modeling
that, during dry period, both the water table depth (7–12 m
b.g.s.) and the plant hydraulic conductance determined the
water stress of Quercus douglasii (blue oaks), thus the water
table depth might have an influence on the amount of water
uptake by trees. However, that dependence was not evident in
Barbeta and Peñuelas (2017) (see their Figure 2) as they stated
that “the relative contribution of groundwater to transpiration

is not affected by the depth of the water table,” although
the edaphic conditions (soil vs. fractured bedrock) might
have an influence. In our Equation (9), the Tg is dependent
on soil moisture depletion, together with climatic demand
and maximum depth of roots relative to water table. The
effect of a declining water table is not explicit, but indirectly
introduced through declining soil moisture. Indeed, at low
normalized soil moisture, the kTg factor declines and tends
to kTgmin

, limiting the amount of groundwater extracted by
phreatophytic tree.
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(b) Seasonal sourcing of T: the MM-MF model shows that during
the wet season, the main contribution to T is from the
soil zone, but, during the dry season, Tg contributes with a
substantial proportion to T (Figure 7). Indeed, David et al.
(2007, 2013), Paço et al. (2009), Miller et al. (2010), Gou and
Miller (2014) and Barbeta et al. (2015) independently found
that oak trees in savanna environment could compensate
low or lack of shallow soil moisture in dry season by taping
groundwater at depth of 7–13 m. Barbeta et al. (2015)
studied the use of plant-water sources of Q.i and Phillyrea

latifolia at the hillslope scale in Mediterranean climate, in
hard rock substratum, by inducing long-term (12 years)
experimental drought in 150 m2 plots. They found that “the
plants extracted water mainly from the soil in the cold and

wet seasons but increased their use of groundwater during

the summer drought.” Miller et al. (2010) and Gou and
Miller (2014) stated that groundwater uptake during dry
seasons was thermodynamically favorable over soil water
uptake, because “the influence of gravity on water uptake

was insignificant compared with the tremendous decline in

soil water potential associated with soil drying” (and related
increase of rhizosphere and lateral root resistance in the soil
layers). David et al. (2004) and David et al. (2007) focused on
tree physiology and explained the mechanisms of Tg in oak
trees, reproducing the groundwater uptake behavior through
modeling at the tree scale (David et al., 2013), which led to
an estimate of 30% of stem flow originated from groundwater
source on annual basis, which was comparable to the results
of Reyes-Acosta (2015), who found that at the end of the
dry season (August–September 2009), the Tg of Q.i. varied
between 42 and 75% of T during the day, while the Tg of Q.p.
between 25 and 35% of T. This confirms that in water limited
environments, where trees (e.g. phreatophytes) are adapted
to droughts, having deep roots tapping deep soil moisture
or groundwater (Lubczynski, 2009), tree transpiration is
primarily dependent on climatic forcing and less on shallow
soil moisture.

(c) Relatively constant values of T during dry season: the
experimental results of Balugani et al. (2017), who partitioned
and sourced ET based on field measurements (EC tower,
sap flow, soil moisture, groundwater level, isotopes tracing)
and HYDRUS modeling, indicate an almost invariant
transpiration rate during the late spring throughout the
summer period, although the soil moisture was progressively
depleted and the water table dropped down more than 1 m
(maximum d was 3 m). Throughout that period, the T was
stable, because the Tsoil decrease was compensated by the
increase of Tg , which took place despite lowering of water
table. Gou and Miller (2014) also found that blue oaks were
resilient to drought, as during a significantly drier year,
the tree transpiration showed just a slight decrease, thanks
to substantial increase of the groundwater contribution.
This behavior is well reproduced in the MM-MF modeling
framework: the transpiration time series (Figure 7) show that
for the same order of PT values during the dry season, the T
remains almost constant (see also detailed analysis of T time
series in previous section).

(d) Tg as a survival strategy: David et al. (2013) and Reyes-Acosta
(2015) observed that during the dry period, phreatophytic oak
trees do not fully substitute the lack of soil moisture (θ) by
groundwater source, i.e. the amount of water needed to fulfill
PT is not completely replaced by groundwater. David et al.
(2004) monitored oak trees during 2 years in South Portugal
and concluded that: “Although there was no increase in water

stress during the summer drought, the transpiration rates

showed an upper limit well below the atmospheric evaporative

demand. This was consistent with the occurrence of a maximum

limit for the root water uptake capacity determined by the

summer value of whole-plant hydraulic conductance and by

stomatal control, which prevented leaf water potential from

falling below a cavitation threshold.” Gou and Miller (2014)
showed that during droughts, not only the groundwater
contribution to T of blue oak was reduced, but also the
modeled leaf water potential dropped to low values (−4
to −5 MPa), indicating water stress. As such, groundwater
uptake constitutes a tree strategy to mitigate the impacts of
drought and not a mechanism for continued plant growth;
moreover, groundwater does not constitute a sufficient source
of nutrients (Gou andMiller, 2014). As observed in Figure 5A,
the ratio kTg = Tg/PTg decreases with decreasing θnorm,
which seems counter intuitive, since general understanding is
that phreatophytes compensate the shortage of θ by tapping
groundwater. However, this way, the Equation (9) allows to
limit the amount of extracted groundwater and to compensate
the shortage of θ , without fully replacing it, as it was
experimentally observed by David et al. (2013), Gou and
Miller (2014) and Reyes-Acosta (2015). The results of the
MM-MF modeling framework are in agreement with these
observations: the transpiration time series (Figure 7) show
that besides the Tg contribution to T, also the T is far below
the evaporative demand (PT) during the dry period, when the
soil moisture is depleted (see Supplementary Figure 35).

(e) Similarity in water use strategy between similar tree species:
in our study, we used the same set of parameters of Equation
(9) for the two tree species, Q.i. and Q.p., that were mainly
derived frommeasurements made on Q.s. (David et al., 2013).
Q.i., Q.p. and Q.s. are assumed to have similar phreatophytic
behavior, which may be acceptable at the catchment scale
but requires a comparison of water use strategy of different
tree species. O’Grady et al. (2009) noted a considerable
convergence in plant structure and function, and therefore
in water use, among four species of eucalyptus and acacias.
Although those species exhibited distinct morphological and
physiological patterns, they appeared to operate along what
they called a “common physiological continuum.” Knighton
et al. (2021) analyzed large dataset of tree species and
also found that root water uptake strategies, including
groundwater use, are similar among closely related species.
David et al. (2007) and Reyes-Acosta (2015) show similarity
in trends and water use strategies between the three tree-
species of Quercus (Q.i., Q.p. and Q.s.), although the
amount of water they extracted varied seasonally. Barbeta
et al. (2015), in the same experiment as described above,
observed notable differences between Q.i. and Phillyrea
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TABLE 4 Comparison between the results of: (a) the experimental approach of Balugani et al. (2017); (b) the modeling approach of this study; and (c)

eddy tower measurements of evapotranspiration (ET).

Year Experimental approach Modeling approach Eddy
tower

Eg Eu Tg Tu ET Eg Esoil Tg Tsoil ET ET

2009 0.14 0.39 0.02 0.02 0.56 0.12 0.58 0.05 0.10 0.86 0.57

2010 0.17 0.48 0.02 0.02 0.69 0.20 0.27 0.05 0.08 0.60 0.52

Values in mm.d−1 . Period of comparison between 29/07 and 07/09 of years 2009 and 2010. See Figure 2 for other explanations.

latifolia, where Q.i. showed an increase of stem mortality
and crown defoliation during extreme drought, together
with a decrease of groundwater uptake as compared to
previous dry years, indicating a limited access to groundwater,
probably due to reduced recharge and deepening of the water
table, becoming inaccessible to deep roots. However, these
authors observed also that, despite different physiological and
morphological characteristics, the Q.i. and Phillyrea latifolia

tree species showed similar water use strategy. Therefore,
specific characteristics of tree species should be defined
experimentally using similar method as proposed by David
et al. (2013), Reyes-Acosta (2015), Barbeta et al. (2015), i.e.
by performing measurements of sap flow, soil moisture and
water table depth, as well as of stable isotopes of all these three
media. Recent developments of portable in-situ stable isotopes
measurement techniques (Beyer et al., 2020; Mennekes et al.,
2021) open an avenue for easier and more reliable than
before, in-situ stable isotope data acquisition at high temporal
resolution to describe similarities and differences between
water use strategies of different plant species; such studies
will allow to generalize the parameterization of Equation (9)
per groups of similar species. Moreover, the influence of
local factors such as topography, geomorphology or edaphic
conditions should be also studied to verify their impact on
water use strategy of same tree species.

4.3. Comparison with previous studies

In parallel to this study, various other studies were carried
out in the same area such as: (i) the ET study, using
eddy covariance (EC) tower measurement (van der Tol, 2012);
(ii) the tree transpiration studies, first assessing spatial tree
transpiration (T) variability by remote sensing upscaling of sap flow
measurements (Reyes-Acosta and Lubczynski, 2013), secondary
assessing temporal tree transpiration variability by sap flow
measurements (Reyes-Acosta and Lubczynski, 2014) and the third
sourcing into Tu and Tg using stable isotope experiments (Reyes-
Acosta, 2015); (iii) bare soil evaporation (E) study (Balugani et al.,
2016, 2018, 2021, 2023; Balugani, 2021), focusing on dry season
sourcing of E into Eu and Eg , when grass was dormant, so its T
= 0 could be assumed. Moreover, all the three study types were
integrated in one, experimental partitioning and sourcing study
by Balugani et al. (2017), where Eu, Eg , Tu and Tg were defined
separately within the footprint of the EC tower. Their results were
compiled in Table 4 and compared with the ET of the EC tower
and with the results of the present study. It is remarkable that

FIGURE 11

Comparison of the main water fluxes (mm.y−1) of this La Mata study

with corresponding water fluxes computed by Hassan et al. (2014)

and Daoud et al. (2022) in the Sardón catchment, all presented for

the common period of four hydrological years 2009–2012. See

Figure 2 for other explanations.

the partitioning and sourcing of the ET of this study, simulated
by MM-MF, was in good agreement with the other corresponding
experimental results. The partitioning and the sourcing results
of all these studies confirmed the large importance of typically
underestimated groundwater evaporation in water balances of
savannah type of environments with sparse tree occurrence, such
as the La Mata oak woodland study area. Moreover, the consistency
between the simulated in this study and the experimental results of
Balugani et al. (2017) is an indicator of the good quality of the water
flux assessment by the MM-MF modeling.

Subsurface water fluxes in the Sardón catchment, in which La
Mata is a sub-catchment, were modeled by Hassan et al. (2014),
who used a GSFLOW model (Markstrom et al., 2008) and also
by Daoud et al. (2022), who used MODFLOW 6 (Langevin et al.,
2017), both representing transient, distributed solutions. As there
is an uniformity of geology, soil, land use and climatic conditions
in the two areas, the results of the three models can be compared.
For that purpose, we selected the commonly simulated hydrological
years 2009–2012 (Figure 11). All the three models show similar
results, especially the MM-MF and the one by Daoud et al. (2022),
despite different codes and different approaches used. The model
of Hassan et al. (2014) provided some differences in water fluxes,
mainly because of simplifications in the assignment of driving
forces (Daoud et al., 2022), implying higher ETsoil than in the
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other two models, thus lower Rg and Exfg . Nevertheless, it is
remarkable that all these three models, despite using different
approaches and parameterization, show consistency. All of them
confirm the importance of typically underestimated Exfg in water
balances, low catchment storage and low, highly spatio-temporally
variable Rn. Although the ETg is about one order of magnitude
lower than the ETsoil, it is not negligible, while its Tg component
is indispensable for tree survival during droughts, as stated in the
Section 4.1 and 4.2.

5. Conclusions

This study presents a new, two-way coupled, distributed
and transient MM-MF code that implements the partitioning
and sourcing of the evapotranspiration fluxes. In particular, a
novel phenomenological function was developed to reproduce the
behavior of plant transpiration and to quantify the groundwater
transpiration (Tg). This function (Equation 9), in contrast to
any other available distributed model implementation, is not
explicitly dependent on water table depth, but is based on
soil moisture availability and transpiration demand, driven by
climatic conditions. The parametrization of the Equation 9 requires
experimental measurements of sap flow, soil moisture and water
table depth as well as of stable isotopes of all these three media.
Further studies are required to verify similarities and differences
between water use strategies and groundwater uptake by different
plant species living in same environment.

The MM-MF code is presented through the model of the La
Mata catchment (∼4.8 km2), located in water limited environment.
The model showed the relevance of Tg during droughts. Indeed,
when soil moisture was completely depleted, the Tg allowed to
cover important part of plant water demand. The proposed model
solution reproduced well the predominant role of climate as driving
force of T and the importance of Tg for tree survival during
droughts, as pointed by David et al. (2004, 2007), O’Grady et al.
(2009), Miller et al. (2010) and Gou and Miller (2014). A relevant
issue with respect to transpiration was also that during dry seasons
the T/PT ratio was almost constant because the decline of soil
moisture and of Tsoil were compensated by increase of Tg occurring
simultaneously with decline of water table. This indicates that once
trees have roots tapping groundwater, the Tg is then independent
(or negligibly dependent) on water table fluctuation. Such trees,
known as phreatophytes, can tap interchangeably deep and shallow
water resources in order to satisfy the transpiration requirements
driven by the climatic conditions. However, in dry seasons, T was
far below the atmospheric evaporative demand, indicating that the
groundwater uptake by the tree species of this study constituted a
survival strategy and not a mechanism for continued plant growth.
This behavior was observed in experimental studies carried out in
the same area (Reyes-Acosta and Lubczynski, 2014; Balugani et al.,
2017) and is also in agreement with other studies performed in
other, similar open oak woodland ecosystems (David et al., 2004,
2007, 2013; O’Grady et al., 2009; Paço et al., 2009; Miller et al., 2010;
Gou and Miller, 2014).

The groundwater evaporation (Eg) of bare soils was
implemented in MM-MF following the methodology proposed by

Shah et al. (2007) and Balugani et al. (2016), calibrated with field
observations. Our results showed that the Eg was an important
component of the water balance (6% of P). However, in other
similar studies, local observations must be made a-priori to
compute local parameterization for the Equation (8) (Shah et al.,
2007). Moreover, the recent research by Balugani et al. (2023)
showed that the Eg under dry condition, when DSL>5 cm is
developed, can be substantially underestimated.

The MM-MF modeling results of partitioning and sourcing
of ET are consistent with corresponding experimental results of
Balugani et al. (2017) and with modeling results of Hassan et al.
(2014), Daoud et al. (2022), emphasizing the relevance of Exfg in the
water balance, as well as generally low, but highly spatio-temporally
variable Rn, all representing typical characteristics of hard rock
systems with shallow water table such as the La Mata catchment.

The proposed MM-MF modeling framework is applicable not
only to hard rocks as in this study but also to other areas, even
data scarce. The parametrization of the domains can be facilitated
by the use of local measurements extrapolated at the catchment
scale using RS and/or HG methods (Francés and Lubczynski,
2011; Francés et al., 2014, 2015). Considering parametrization of
temporal variables, the MM-MF may be modified in future to
incorporate RS products such as albedo and leaf area index to
improve the assessment of driving forces, while ET products can
be used as an additional constrain in the model calibration process
(Schilling et al., 2019).

The MM-MF model constitutes an effective tool to integrate,
at the catchment scale, the fluxes of the surface, soil, percolation
zones and groundwater, providing a detailed, spatio-temporal
water balance, which includes partitioning and sourcing of ET, to
our knowledge not available in any other numerical, distributed,
hydrological model. The MM-MF allows also for easy integration
of the results of remote sensing and hydrogeophysical data, as well
as of the field experimental studies to calibrate or validate model
simulation. The specific ability of MM-MF model to partition and
source subsurface fluxes constitutes a particularly valuable and
novel modeling tool to analyze hydrological and ecohydrological
role of tree water uptake and bare soil evaporation, particularly
in water limited environments. Such option is expected to be
a critical support for land and water management, particularly
in assessing the impact of climate and land cover changes on
groundwater resources and for mapping groundwater dependent
ecosystems.
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