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Abstract

Trees in semi-arid conditions survive despite water scarcity and shallow soils because
they commonly have access to subsoil water resources. Currently, conventional models
do not include groundwater transpiration and the results frequently underestimate the
actual evapotranspiration and overestimate the net recharge. Therefore, in this work we
focus on how a multi-variable calibration with a multi-objective approach may improve
model robustness leading to a more realistic closure of the water balance in two models
(LEACHM and TETIS) of different conceptualisation taking into account the specific
characteristics of a facultative phreatophytic forest. The results suggest that the common
single-variable and single-objective calibration is not able to measure all system’s
characteristics. However, the multi-variable and multi-objective calibration proved a good
option to reproduce the water dynamics of a facultative phreatophytic forest and
confirmed that groundwater transpiration is an important water source for them.
Therefore, hydrological models should include this mechanism and both LEACHM and

TETIS proved an acceptable tool to be applied in the regions covered by these species.
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1 Introduction

Semiarid areas are characterised by their limited water availability, shallow soils (Eliades
et al.,, 2018) and deep groundwater table (Fan et al., 2013). Trees in water-limited
environments are exposed to long dry seasons and many species have developed
several adaptation mechanisms (Lubczynski, 2009; Rodriguez-Iturbe et al., 2001). One
of these mechanisms is the development of deep groundwater tapping roots. These
species are termed facultative phreatophytes, characterised by the infrequent or partial
use of groundwater resources to survive (Macfarlane et al., 2018), a process commonly
known as “groundwater transpiration”. Quercus ilex (holm oak) is one of the main
Mediterranean evergreen oaks in the lberian Peninsula that grows in its semiarid areas.
In these environments, Q.ilex has developed the morphological adaptive mechanism of
deep tap roots (Barbeta and Pefiuelas, 2016) and its rooting system can reach depths
up to 3.7 m (Canadell et al., 1996). Therefore, Q.ilex is able to access the water table or

extend its root system through fractured rock to access stored water (Schwinning, 2010).

Most of these Q. ilex forests grow in the upper part of catchments and their actual
evapotranspiration can heavily influence downstream water availability (Vicente et al.,
2018). Globally, mean annual evapotranspiration accounts for 67% of mean annual
precipitation (Zhang et al., 2016), while this value can exceed 85% (Morillas et al., 2013;
Pifiol et al., 1991; Yaseef et al., 2010) in water-limited environments, such as complex
Mediterranean ecosystems with wide inter- and intra-annual precipitation variability
(Gallart et al., 2002; Garcia-Ruiz et al., 2011). Thus groundwater transpiration in these
ecosystems cannot be neglected, and several studies have shown its key contribution to
total plant transpiration (Barbeta and Pefiuelas, 2017; David et al., 2004; Miller et al.,
2010; Swaffer et al., 2014; Witty et al., 2003). Nevertheless, this groundwater
transpiration is not often considered when conventional hydrological models are used
and, consequently, the results frequently underestimate the actual evapotranspiration

and overestimate the net recharge (Balugani et al., 2017; Eliades et al., 2018).
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Hence, more attention needs to be paid to groundwater transpiration because it is a
critical aspect, and one that should be included in the hydrological models used under
semiarid conditions to obtain a more realistic water balance closure. For this reason, and
in order to not make the conclusions model-dependent, two models with different
conceptualisations were calibrated in this study using the experimental data recorded in
a Q. ilex experimental plot with a semiarid climate. Soil moisture, interception and
transpiration measurements are available, and the impairment between soil moisture
and transpiration during summer drought periods suggests that Q. ilex may have access
to subsoil water resources, at least during these periods (del Campo et al., 2019a;

Vicente et al., 2018).

The first model was the widely used LEACHM model (Hutson, 2003). LEACHM is a
process-based model that was developed to simulate water and solute transport in
unsaturated or partially saturated soils. The second model was based on the
parsimonious conceptual eco-hydrological model TETIS (Pasquato et al., 2015; Ruiz-

Pérez et al., 2016a), which was adapted to incorporate groundwater transpiration.

Both LEACHM and TETIS models are, however, mathematical representations of reality
in a simplified form. Their parameters are representative of the modelling scale and differ
from those measured in the field (Mertens et al., 2005). Therefore, model calibration is
crucial but, generally, a single criterion in a calibration process does not suffice to
measure all system’s characteristics (Guo et al., 2013; Yapo et al., 1998). Single-variable
and single-objective calibration may lead to a hydrologically parameter set not being
considered acceptable (Vrugt et al., 2003) because the potential for obtaining equally
acceptable fits to observational data with different parameter sets increases. This
problem, introduced by Beven (1993), is called equifinality, and these non-hydrologically
acceptable parameter sets are called non-behavioural. Hence in order to reduce them
by constraining the model, many studies have used multi-site (Cao et al., 2006; Hasan

and Pradhanang, 2017; Her and Chaubey, 2015; Nkiaka et al., 2018; Zhang et al., 2015)
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and multi-variable (Haas et al., 2016; Lopez Lépez et al., 2016; Medici et al., 2012;

Rientjes et al., 2013) calibrations.

Three different calibration approaches were considered herein: (1) single-variable and
single-objective calibration by using soil water content as the target; (2) single-variable
and single-objective calibration by using transpiration as the target; (3) multi-variable and
multi-objective calibration by using both soil water content and transpiration and,
additionally, interception only in the case of TETIS (LEACHM does not consider
interception). These results were compared to one another and the results obtained with

the multi-variable and multi-objective approach were analysed in-depth.

Within this framework, this study firstly aims to better understand the hydrological
behaviour of facultative phreatophytes with two models of different conceptualisations,
and by means of a multi-variable and multi-objective calibration. It secondly aims to serve
as a springboard to improve future hydrological models to make them more suitable to
be applied in regions covered by such species. And finally, as the Mediterranean region
has shown a negative precipitation trend throughout the 20" century (Cook et al., 2018),
and as it stands out in climate change projections as an area where total drought severity

increases in either scenario (Spinoni et al., 2018), it aims to improve future predictions.

2 Materials and Methods

2.1 Study area

The study area (Fig.1) is an experimental plot covering 1,800 m? located in the forest
Monte de la Hunde in east Spain (39°04°29-30” N, 1°14°25-26" W elevation 1,080-1,100
m a.s.l.). It corresponds to the non-treated plot described in del Campo et al. (2019a).
Soil texture is loam with a high degree of stoniness, a basic pH and high calcium
carbonate content (Table 1). The slope is 31% with a NW aspect. Soil thickness ranges
from 10 cm to 40 cm, and underneath a karstified Jurassic limestone parent rock arises

with faults and fissures, which were revealed by the boreholes (depth up to 4 m) drilled
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all over the plot (del Campo et al., 2019b). The water table was not found within these 4
m, but the parent rock is a significant reservoir of deep water (del Campo et al., 2019b).
The mean annual precipitation, temperature and reference evapotranspiration
(Hargreaves and Samani, 1985), are respectively 466 mm, 12.8°C and 1,200 mm,
according to the meteorological dataset (1960-2011) of a nearby weather station.
According to the Kdppen climate classification, it is a water-limited environment with a
semiarid climate. The forest is a high-density stand of Q. ilex where other species (Pinus
halepensis, Q. faginea, Juniperus phoenicea and J. oxycedrus) are barely present. The
forest structure was characterised in May 2012 and the results were: 10.7 cm and 7.7
cm of diameter at the basal and breast heights, respectively, 5.6 m?ha* basal area and
a density of 1,059/1,133 trees ha! (holm oak/all trees) (del Campo et al., 2019a). The

Leaf Area Index (LAI) was seasonally measured (approximately 3 times a year) and the

average measured value was 1.13+0.22 m? m? (2012-2016).

Layer Stoniness (%) pH CaCOs3 (%) SOC (g kg™) Texture
L Layer 48.4+10.7
H Layer 59.247.1 7.84+0.09 15.3£5.6 131.2+32.0
0-10 cm 63.948.5 8.05+0.11 21.1+6.7 73.2+17.4 44; 33; 23
10-30 cm 58.6+7.3 8.25+0.12 34.11+6.2 42.3+21.4 57;23;20
30-40 cm 55.5+7.2 8.34+0.04 36.7+1.7 25.1+6.4 48;32;19

Table 1 Soil characteristics of the study site. SOC means soil organic carbon. Particle fractions in the
following order: sand, silt and clay (%).(Bautista et al., 2015; del Campo et al., 2018)

Figure 1 Location of the experimental plot study site
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2.2 Meteorological data and field measurements

In this plot, all the meteorological data and field measurements were recorded every 10
minutes, and averaged on a daily basis during the observational period from 01/10/2012

to 26/04/2016.

Air temperature and relative humidity were recorded by a Decagon Device T/RH sensor
at a 2-metre height above the ground surface. Precipitation was continuously measured
in an open area 20 m away from the plot using a Davis tipping bucket rain gauge with a
resolution of 0.2 mm. Throughfall was measured according to the methodology described

in del Campo et al. (2018).

The soil water content measurements were taken with a Decagon Device EC-5. Fifteen
probes were installed at depths of 5, 15, and 30 cm. The default calibration of the probes
for the mineral soils was used. Runoff was measured in a collecting trench by a Diehl

Metering Altair v4 volumetric counter.

The heat ratio method (Burgess et al., 2001) was followed to measure sap flow velocity
in 14 trees, which were divided into four different diametrical distributions. In each tree,
an ICT International sap flow sensor was installed on the north trunk side. These
measurements were upscaled to stand transpiration, and accounted for tree density and

tree diameter frequency distribution.

It should be highlighted that in summer months, a positive difference between
transpiration and soil water content changes was observed (i.e. transpiration > soil water
content changes) (Fig. 2). This impairment between soil moisture and transpiration
during summer drought periods is only possible if Q.ilex takes groundwater resources,

hence the hypothesis of additional groundwater transpiration is justified.



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

0.3 T T T T — 0.9
Soil water content
Transpiration J08
025
t \ H0.7
L _
5 0.2 l 10.6 E
5 | {05 5
€015} 5
© | ’ T 0.4 &
5 M ' ’ i\‘ 2
[ [
= 041 L ’ 0.3 =
= R
: | Wl 0z
0.05 1 ‘
J J ! { 0.1
0 r 1 1 I 1 1 1 1 1 0
NG N N N > & N o
N\ QS N N\ Q N )
¥ o v N i o ¥ N
A N \ N N N N N
Q Q Q Q Q

Figure 2 Observed soil water content and transpiration series

The LAI was seasonally measured in the field 12 times during the observational period
by an LAI-2000 sensor. The series was completed with estimations made from the level-
4 MODIS global LAI satellite product (NASA, LPDAAC). The MODIS LAI dataset was
reprojected on the UTM projection system, and linear regression was calculated between
it and the LAl measured in the field to adjust the MODIS LAl dataset. The resultant LAI

was linearly interpolated to obtain daily results.

A complete description of the methodology employed to obtain the meteorological
variables and field measurements can be found in del Campo et al. (2018) and in del

Campo et al. (2019a).

2.3 The LEACHM and TETIS models

On the one hand, this study used the LEACHM model (Hutson, 2003), which has been
widely used for simulating water and solutes movement in unsaturated soils (Asada et
al., 2013; Deng et al., 2017; Lidon et al., 2013; Nasri et al., 2015). LEACHM is a one-
dimensional model that divides the soil profile into a user’s fixed number of horizontal
layers of equal thickness. It employs finite differencing approximation and is composed

of 24 parameters. Nine of these parameters are defined for each soil layer and, therefore,
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using more layers considerably increases the number of parameters to be estimated or

calibrated.

On the other hand, the TETIS eco-hydrological model (GIMHA, 2018) was also used. It
is a conceptual model based on a tank type conceptualisation (Fig. 3) and water moves
downwardly as long as the tank outflow capacity is not exceeded. TETIS divides soil into
two horizontal layers, and is composed of 20 parameters and one correction factor used
to adjust total evapotranspiration. Additionally, the model offers the possibility of
activating a dynamic vegetation submodel. However, for simplicity, the LAl values
simulated by the dynamic vegetation submodel were introduced as inputs, keeping the

vegetation submodel deactivated.

Evaporation
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\\ — (ED
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T1: Interception

Bare soil evaporation (€)
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Figure 3 Schema of the adapted TETIS hydrological submodel to the case study
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The main difference between both models is the way in which water flow in the
unsaturated zone is calculated. LEACHM employs Richards’ equation and is solved by

the Crank and Nicolson (1947) implicit method:

08 0 oh
5= _Z[K(e)g + 1] —U(z,t) (1

where 6 is volumetric water content (m® m=3), h is soil water pressure head (mm), K(6) is
hydraulic conductivity (mm day?) at the 6 water content, t is time (day), z is depth (mm)
and U(z,t) is plant transpiration, represented as water lost per unit time (day?). Although
some calculations are made daily, this equation is solved for each soil layer and each
water flow interval, with a periodicity of 0.1 day, or less, and may be automatically
reduced during high water flux periods. The model offers the possibility of simulating a
fixed depth water table as the lower boundary condition. The hydraulic head gradient is
assumed to be zero between the phreatic surface and the bottom of the simulated profile
and, hence, upward water flow is considered (capillary fringe). Thus no modification in
the code is needed to reproduce the facultative phreatophytes’ behaviour. The soil water
pressure head and hydraulic conductivity are calculated as proposed by Campbell

(1974):
h=a(8/6,)7" (2)
K(6) = K, (8/65)20*2+p 3)

where Ks is hydraulic conductivity at saturation (mm day?), 6s is volumetric water content
at saturation (m® m3), a and b are constants, although a is sometimes regarded as an
air-entry value, and p is a pore interaction parameter set at 1 in the code. If infiltration
capacity is exceeded, the difference is assigned to runoff. The water infiltration depth is
reduced according to both the SCS curve number approach and the slope (Williams,

1991).
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In contrast, TETIS employs simpler equations. The first tank (T:) represents the

intercepted water, which can only exit by direct evaporation:
Dy (t) = min[X,(t) ; Is LAI(D) fo — T1 (¢t = 1)] (4)

where t is time, D, is the intercepted water (mm), X is precipitation (mm), ls is maximum
leaf storage (mm), LAl is Leaf Area Index (m? m), f. is vegetation cover factor and T; is
the interception tank storage (mm). Tanks T. and Ts represent the static storage of soil.

Water flows to these tanks according to:

_na—nf“{

Di(t) = min [Xl (t) (1 H‘Ll,l- ; Hul- - Ti(t - 1) (5)

where i refers to either the shallow soil layer (2) or the deeper soil layer (3), Di is the
water retained in soil by capillary action (mm), X; is throughfall or excess (mm), T; is the
shallow or deeper static storage (mm), Hu; is the maximum static storage water content
of each layer (mm) and expi is a constant. This exponent takes values between 0 and 3.
A value that differs from 0 means that there is excess before the static storage tank
reaches its maximum capacity. Vertical flows are calculated as a balance in nodes.
Hence any water not retained moves downwardly whenever the outflow capacity is not
exceeded (surface infiltration capacity or percolation capacity). The excess supplies

tanks T4 and Ts, which act as linear storages characterised by residence times.

The other difference between both models is the way in which evapotranspiration is
calculated. To simulate soil evaporation, LEACHM adjusts the soil water pressure head
by changing the upper boundary condition of Richards’ equation, and transpiration is

calculated following Nimah and Hanks (1973):

U(Z, t) _ K(@, t) [Hroot +z (RCZ_XZ)Z_ h(t) B S(t)] RDF (6)

where Hioot is the water potential at the root-soil interface (mm), (Rc+1) is a root resistance

term (mm), s is the osmotic potential (mm), RDF is the fraction of active roots in the soil

10
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layer, Az is the soil layer thickness (mm) and Ax is the conceptual distance from the point
where h and s are calculated to the plant root (fixed at 10 mm in the code). Daily potential
evapotranspiration is calculated as one seventh of the weekly reference
evapotranspiration values supplied by the user. It is split into potential evaporation and
potential transpiration according to the vegetation cover fraction. Actual evaporation is
calculated in accordance with the potential evaporation and the maximum possible
evaporative flux density. The potential transpiration may be increased by the deficit if the

actual evaporation is less than the potential evaporation.

TETIS calculates evaporation from the interception as:

EI(t) = min[ET,(¢t) fgr; T1(0)] 7

where El is evaporation from the interception (mm), ETo, is the potential
evapotranspiration (mm) and fer is a correction factor for the total evapotranspiration.
Therefore, transpiration is calculated using the remaining ETo. This point is where TETIS
has been improved. Firstly, the previous transpiration equation expressed the
dependence of transpiration on the LAl as min(1,LAI(t)). This term indicates that
transpiration is not reduced if the LAl is above 1. However, some studies have found that
this LAl value is around 6 and varies depending on climate and vegetation (Granier et
al., 2000; Li et al., 2019). Nevertheless, instead of fixing this value at 6, it was added as
a parameter to be calibrated. It was called LAly and represents the LAl value above which
transpiration is not limited because of the LAI. Secondly, the possibility of transpiration
from an intermediate tank (Ts) between the soil and the aquifer was added for this case
study. Consequently, two new parameters were included: a soil moisture threshold 9,
(cm cm™) and a groundwater root percentage Zq. The former represents the profile soil
moisture value below which the groundwater resources transpiration is triggered. The
groundwater root percentage represents the percentage of roots located in the second
soil layer that grows through the fractured rock to access these subsoil water resources.
The new equations used to calculate transpiration are:

11
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min(LAI(t), LAl,)

t,(t) = min l(ETO(t) for— El(t)) WO f; T, (t)l (8)

LAI,
t3(t)
[ / min(LAI(¢t), LAl,) \ 1

| (ETo@f g = EIO) =17 60 +Z) fe 9 2 061
= min m(LAI(D), LAI ; T30 (9)

\ (ETO(t)fET - El(t)) min( LA(ItO) o) §(t) Z; fe 9(t) < 19GT)
te(t)

0 9(t) = Var
=mi in(LAI(t), LAl :
"N o0~ B10) T 7 g o) <0 | 1O GO

where t; is transpiration from soil layer i (mm), & is a water stress factor, fc is the
vegetation cover factor and Z; is the percentage of roots in layer i. The sum of Z;, Z, and

Zq should equal one. Soil evaporation is calculated as:
e(t) = min[(ETo(6) — EI(1)) §(O)(1 = ) ; T2(t)] (11)

where e is soil evaporation and ¢ is a water stress factor or a soil water limitation for bare

soil.
2.4 Parameterisation and implementation

Hydrological models represent reality in a simplified form. Their parameters are
representative of the modelling scale, but differ from those measured in the field (Mertens
et al., 2005). These parameters are usually known as effective parameters and the main
purpose of a calibration process is to obtain them, which is a priority to make precise
predictions. The objective of these effective parameters is to compensate for the error in
the model structure, the spatial and temporal scale effects, and the error in the measured

inputs and output variables (Abbaspour et al., 2007; Francés et al., 2007).

12



268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

2.4.1 Parameterisation and manual calibration

The simulation period of both models included the period with available observations
(01/10/2012 to 26/04/2016), and a previous warming-up period (01/08/2012 to
30/09/2012) during which only meteorological data were available. The objective of the
warming-up period was to eliminate the effect of the initial condition. The first two
hydrological years were selected to calibrate the models and the remaining period was
used to validate them. LEACHM was used with a 0.05 day time-step, although the output
data are expressed daily. TETIS was used directly with a daily time-step. Both were
implemented by using the field measurements of soil water content and transpiration.
The soil water content data were daily averaged, but transpiration was averaged on a
weekly basis because, as mentioned in Section 2.3, LEACHM employs the weekly
reference evapotranspiration and, although daily results are calculated, it is expected to
simply match the weekly transpiration value. The interception data were used in the
calibration of TETIS. LEACHM does not consider the process of interception, and
throughfall (net precipitation) is the required input. Therefore, as the interception process
in TETIS is represented in a very simplified form, the interception data were used as
accumulated for the whole calibration period to improve the hydrological annual balance

representation and to reduce the error.

With LEACHM, some of the required parameters were already measured in the field and
were not included in the calibration process. The parameters to be calibrated were the
three hydraulic parameters for each soil layer, the root distribution of the soil profile, the
vegetation cover fraction, the pan factor that corrects the potential evapotranspiration
series, and the water table depth. LEACHM is able to represent the capillary fringe
because it can consider a fixed water table. However soil depth is 30 cm in this case, but
Q. ilex roots are deeper because this species is able to extend its root system through
fractured rock. Hence, extra layers had to be added as an artefact to reproduce

transpiration from fractured rock (groundwater transpiration). Consequently, six layers (5

13
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cm thick) represented soil (30 cm) and 16 extra layers of the same thickness were added
to represent the Q. ilex groundwater resources transpiration. All the layers had to have
the same thickness in LEACHM. This number of extra segments was determined in an
initial manual calibration because, as each layer has different parameters, it can lead to
a cumbersome programming procedure. The initial calibration values used were those
found in the literature, calculated from the soil texture data, field observations and
previous experience (Table 2). The soil physical properties of the first six layers
representing soil were grouped as pairs, and homogenous physical properties were
considered in the 16 extra segments. From the 7™ layer, the percentage of roots was
proportionally lowered in depth, and only the percentage of roots in the 7" soil layer was
calibrated. Soil water content and water flows were calculated until the 6" soil layer
because these layers are those that represent soil. Groundwater transpiration was
calculated from the 16 extra layers, which represented fractured rock. These final

parameters are listed in Table 2.

The TETIS eco-hydrological model at plot scale is composed of 20 parameters and one
correction factor used to adjust total evapotranspiration (Table 3). In this case study,
interflow was not observed throughout the monitoring period and, consequently, the
percolation capacity and residence time in the gravitational storage took a value of
infinite, which meant that all the water was percolated. Thereafter, the initial calibration
was also carried out manually using the values recommended in the literature and by

taking field observations and previous experience into account (Table 3).

2.4.2 Automatic calibration: from single- to multiple-objective approaches

Both models were automatically calibrated after the manual calibration. The automatic
calibration was performed using the Multiobjective Shuffled Complex Evolution
Metropolis (MOSCEM) algorithm (Vrugt et al., 2003), which is based on the concept of
Pareto-optimal solutions. The interaction among the objective functions during the

calibration process leads to a set of solutions, called Pareto front. This Pareto front

14
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represents the trade-offs among the different objectives with the property of improving
the representation of one objective, while deteriorating the other one (Medici et al., 2012;

Ruiz-Pérez et al., 2016b; Vrugt et al., 2003).

Population size was set at 50,000 and the number of complexes came to 200. The
goodness-of-fit index selected to measure the performance of the models was the Nash
and Sutcliffe efficiency index (EI) for soil water content (Elswc) and transpiration (Eltg).
Elswc was calculated from the daily results, while Eltr was calculated from the weekly
averaged results. The volume error was used to measure the performance of TETIS in
reproducing the accumulated interception (VEix). The algorithm was programmed to
minimise the objective function. Thus instead of using the EIl indices directly in the

calibration, (1-EIl) was used.

Three different calibration approaches were considered: (1) single-variable and single-
objective calibration by using soil water content (Best Elswc); (2) single-variable and
single-objective calibration by using transpiration (Best Eltr); (3) multi-variable and multi-
objective calibration by using soil water content, transpiration and accumulated
interception with TETIS (Multi-variable). The single-objective and single-variable
solutions were chosen from the extremes of the Pareto front, which correspond to the
parameter sets with the lowest (1-Elswc) and (1-Elvr) values (i.e. univariate solutions).
With the multi-objective and multi-variable calibration, a compromise solution from the
Pareto front was chosen according to these criteria: minimum Euclidean distance
calculated using (1-Elswc) and (1-Eltr) and VEix less than 40% only with TETIS. The
VEin criteria were chosen to reduce the interception error in TETIS. The Euclidean
distance is a mathematical criterion that represents the distance between a point of the
Pareto Front and the ideal point (Guo et al., 2014; Herman et al., 2018). The ideal point
is the point of the Pareto Front that simultaneously minimizes both criteria, (0,0) in this

case.
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The performances of both models using the multi-variable and multi-objective
compromise solution were compared to that obtained using the single-variable and
single-objective solution (soil water content and transpiration). The hydrological annual
balances, groundwater transpiration and the distribution between the water that flows out
of the ecosystem (“blue water”) and evapotranspiration (“green water”), the B/G rate,

were analysed in the multi-variable and multi-objective approach.

3 Results

The scatterplots shown in Figures 4 and 5 present the 50,000 function evaluations made
by the MOSCEM algorithm (Vrugt et al., 2003). A point represents each model evaluation
and its components represent the trade-offs in the decision space. With LEACHM, seven
parameter sets formed the Pareto front, while 113 formed the Pareto front in TETIS,
which included a third objective function (VEir). The more the objective functions, the
more the Pareto optimal solutions because the possible solution space enlarges (Khu
and Madsen, 2005). The parameter values obtained during the calibration process for
each calibration approach, chosen according to the above-described criteria, are

compiled in Tables 2 and 3.
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Figure 4 Multi-variable and multi-objective scatterplot for the LEACHM model
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368

369

Parameter Units Ml.m" Best Best Range Reference
variable Elswc Elr

Depth to water table m 47.92 54.10 39.91 20-100 Personal experience
Pan factor [-] 0.278 0.252 0.251 0.25-1 Hutson (2003)
Vegetation cover factor [] 0.416 0.690 0.467 0.4-0.7 Field observation

. Baquedano and Castillo (2007); Lidén et al.
Roots percentage in layer 1 [] 0.008 0.009 0.028 0.005-0.2 (1999); Personal experience
Roots percentage in layer 2 [] 0.190 0.107 0.150 0.01-0.2 I(?;L%%lge)qgg?sinnilceiitglr?e(nzt:??); Lidon et al.
Roots percentage in layer 3 [] 0.235 0.157 0.239 0.1-0.3 I(?;L%%lge)qgg?sinnilceiitglr?e(nigm); Lidon et al.
Roots percentage in layer 4 [] 0.199 0.283 0.174 0.1-0.3 I(?;L%%lge)qgg?sinnilceiitglr?e(nzt:??); Lidon et al.
Roots percentage in layer 5 [] 0.180 0.221 0.236 0.1-0.3 I(?;L%%lge)qgg?sir;ilceisgglr?e(ni%O?); Lidon et al.
Roots percentage in layer 6 [] 0.146 0.011 0.065 0.01-0.2 a%%l;e)qgg?s?)?]ilii?glr?efc%m); Lidon et al.
Roots percentage in layer 7 [] 0.008 0.14 0.085 0.005-0.2 Ié%%%?Qgg?si?]glii?glr?eﬁ??); Lidon et al.
a coefficient Campbell’'s equation (layers 1-2) kPa -1.687 | -2.763 | -1.769 | (-3.5)-(-1.5) | Lid6n et al. (1999)
b coefficient Campbell’s equation (layers 1-2) [-1 2.153 3.227 3.868 2-5 Lidon et al. (1999); Wohling et al. (2013)
Saturated hydraulic conductivity (layers 1-2) mm d 83.50 108.10 44.08 30-150 Lidén et al. (1999); Wohling et al. (2013)
a coefficient Campbell’'s equation (layers 3-4) kPa -2.398 | -3.148 | -2.214 (-4)-(-2) Lidon et al. (1999)
b coefficient Campbell’s equation (layers 3-4) [-1 4.024 3.052 7.007 3-8 Lidon et al. (1999); Wohling et al. (2013)
Saturated hydraulic conductivity (layers 3-4) mm d-* 30.82 72.02 38.86 30-100 Lidon et al. (1999); Wohling et al. (2013)
a coefficient Campbell’'s equation (layers 5-6) kPa -2.951 | -3.719 | -3.723 (-4)-(-2.5) | Lidon et al. (1999)
b coefficient Campbell's equation (layers 5-6) [] 5.760 5.105 6.462 5-11 Lidon et al. (1999); Wohling et al. (2013)
Saturated hydraulic conductivity (layers 5-6) mm d* 74.57 99.73 36.53 30-100 Lidon et al. (1999); Wohling et al. (2013)
a coefficient Campbell's equation (layers 6-22) kPa -3.777 | -3.480 | -3.533 (-4)-(-3) Lidén et al. (1999)
b coefficient Campbell’s equation (layers 6-22) [-] 13.920 8.941 10.967 8-14 Lidon et al. (1999); Wohling et al. (2013)
Saturated hydraulic conductivity (layers 6-22) mm d 39.223 | 36.350 | 32.953 30-50 Lidon et al. (1999); Wohling et al. (2013)

Table 2 Parameter values obtained during the calibration process of the LEACHM model. Only the parameters included in the automatic calibration are listed.
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Parameter Units Ml.“t" Best Best Range Reference
variable | Elswc Elrr
Soil depth m 0.296 0.310 0.282 0.28-0.32 | Field observation
Evaporation depth m 0.138 0.098 0.132 0.05-0.15 | Field observation
Puddle storage mm 0.074 0.092 0.033 0-0.1 Field observation
Wilting point soil moisture cm cm? 0.037 0.032 0.054 0.03-0.07 | Caylor et al. (2005); Field observation
Optimal point soil moisture cmcm? 0.194 0.193 0.186 0.18-0.2 Caylor et al. (2005); Field observation
Field capacity soil moisture of the layer 1 cm cm? 0.232 0.227 0.209 0.2-0.24 Caylor et al. (2005); Field observation
Field capacity soil moisture of the layer 2 cmcm? 0.210 0.206 0.210 0.2-0.22 Caylor et al. (2005); Field observation
Infiltration exponent of the first layer [-] 1.618 1.094 1.615 0-2 GIMHA (2018)
Infiltration exponent of the second layer [] 0.360 0.786 0.671 0-1 GIMHA (2018)
Correction factor for ETo [-] 0.701 0.833 0.817 0.65-1 GIMHA (2018)
Vegetation cover factor [-] 0.419 0.552 0.421 0.4-0.7 Field observation
Maximum leaf water storage mm 2.528 1.621 1.830 1.5-3.5 Ruiz-Pérez et al. (2016a)
LAlo m?2 m-2 2.701 1.728 4.329 1.5-6.5 Li et al. (2019)
Soil moisture deficit nonlinearity parameter [] 3.237 2.957 3.073 2.8-3.3 Porporato et al. (2001)
Baquedano and Castillo (2007); Pasquato et al.
Roots percentage in the first layer [-1 0.334 0.286 0.241 0.1-04 (2015); Ruiz-Pérez et al. (2016a); Personal
experience
Fixed roots percentage in the second layer [-] 0.241 0.250 0.229 0.2-0.5 Personal experience
Soil moisture threshold cm cm? 0.155 0.159 0.150 0.14-0.18 Personal experience
Surface infiltration capacity mm d-* infinite infinite | infinite - Field observation
Residence time in the surface storage days 1 1 1 - Field observation
Percolation capacity to groundwater storage mm d-? infinite infinite infinite - Field observation
Residence time in gravitational storage days infinite infinite infinite - Field observation

Table 3 Parameters values obtained during the calibration process of the TETIS model.
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When the single-variable and single-objective calibration was performed by using the
soil water content data (Best Elswc approach), both models accurately reproduced the
observed soil water content. As expected, LEACHM, as a model specifically designed to
reproduce water movement in soil, obtained better results. Both models reached Elswc
indices above 0.75 (Table 4), which is considered very good performance (Moriasi et al.,
2007). A good agreement between the observed and simulated series was observed
(Fig. 6) during both calibration and validation periods. Nevertheless, none was able to
reproduce the driest periods during which a significant disagreement between the
observed and simulated series was obtained. Transpiration was poorly represented.
Negative Elswc values were obtained (Table 4), which meant that the mean observed
value was a better predictor than the simulated one (Moriasi et al., 2007). Transpiration
was greatly overestimated (Fig.7) and this overestimation led to a compensation
between different fluxes. In the case of TETIS, the simulated transpiration value more

than doubled the observed one, which led to an almost null net percolation (Table 5).

Calibration Validation

o
w

)

o
[}
o

<
o

0.15

Soil water content {cm/cm

Figure 6 Observed and simulated soil water contents in the single-variable and single-objective calibration
by using soil water content
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Figure 7 Observed and simulated transpirations in the single-variable and single-objective calibration by
using soil water content

Likewise, when the models were calibrated based exclusively on the transpiration data
(Best Eltr approach), they acceptably reproduced the transpiration observed values.
None reproduced it accurately, but both models presented a satisfactory agreement
between the observed and simulated transpiration series (Fig. 8), as well as Elr indices
above 0.5 during the calibration and validation periods (Table 4), which meant
satisfactory performance (Moriasi et al., 2007). However, it is worth noting that the
performance of both models in reproducing transpiration during the warmest months
(June — September), when groundwater transpiration was important, was poor. In
contrast to transpiration, soil water content was poorly represented. In LEACHM, soll
water content was overestimated (Fig. 9), the Elswc index dropped down below 0.5
(Table 4) and it led to an unrealistic water balance. The runoff value was 173.2 mm when
the observed one was 4.6 mm, and net percolation was negative (Table 5). However,
TETIS presented better results. The disagreement reached between the observed and
simulated soil water content during the driest months was exacerbated, but a generally

satisfactory agreement was shown (Fig. 9) and the Elswc index was above 0.5 (Table 4).
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Figure 9 Observed and simulated soil water contents in the single-variable and single-objective calibration
by using transpiration

Finally, when the multi-variable and multi-objective calibration was computed (Multi-
variable approach), the models’ performance to reproduce soil water content or
transpiration was generally worse than in the previous calibration approaches (Table 4)
when comparing only the calibrated variable results. Moreover, the previous problems
were not solved (the lowest soil water content values during the driest periods and
transpiration in spring and summer) (Figs. 10 and 11). Nonetheless, both models
reproduced the general water dynamics of Q. ilex with acceptable accuracy. The sail

water content and transpiration data during both the calibration and validation periods
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421  were acceptably reproduced (Figs.10 and 11). Realistic values were obtained when the
422  annual balance was calculated, but some differences were found between both models

423  (Table 5).
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425 Figure 10 Observed and simulated soil water contents in the multi-variable and multi-objective calibration
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427 Figure 11 Observed and simulated transpirations in the multi-variable and multi-objective calibration

428
Soil water content Transpiration
Calibration | Validation | Calibration | Validation

Best Elswc 0.825 0.773 - -0.218

LEACHM | Best Eltr - 0.286 0.655 0.616
Multi-variable 0.741 0.737 0.641 0.625

Best Elswc 0.757 0.764 - -6.735

TETIS Best Eltr - 0.636 0.639 0.624
Multi-variable 0.700 0.595 0.619 0.721

429  Table 4 E indices obtained in each calibration approach
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LEACHM model TETIS model
Flows (mm) Obs Multi- Best Best Multi- Best Best
! variable Elswc Eltr variable Elswc Eltr
Precipitation 426.2 - - - 426.2 426.2 426.2
Interception 129.2 - - - 814 86.7 72.9
Net
precipitation 297.1 297.1 297.1 297.1 344.8 339.6 353.4
Soil . - 64.4 48.2 44.9 118.7 114.7 123.2
evaporation
soil - 68.9 101.0 | 55.1 49.6 70.5 42.1
transpiration
Groundwater - 21.0 37.3 29.9 44.2 156.6 | 40.1
transpiration
Total
S 101.6 89.9 138.3 85.0 93.7 227.1 82.2
transpiration
Runoff 4.6 3.0 0.0 173.2 0.0 0.0 0.0
Percolation - 161.8 151.1 26.4 181.6 160.2 193.0
nNet - 140.8 113.9 -35 137.5 3.6 152.9
percolation

Table 5 Mean annual water balances (2012-2015)

The main difference remained in evapotranspiration partitioning. Despite including
interception in the calibration process, TETIS underestimated it, which led to higher soil
evaporation. Although both models obtained similar total transpiration values, the soll
transpiration in LEACHM was higher than that calculated by TETIS. In any case, these
ecosystems showed a strong dependence on groundwater. The relative contributions of
groundwater transpiration to total transpiration, summer transpiration and
evapotranspiration were calculated (Table 6). TETIS showed a stronger dependence for

Q.ilex on groundwater resources.

Transpiration
(summer months)
LEACHM 23.4% 42.3% 7.4%
TETIS 47.2% 76.4% 15.0%
Table 6 Relative contributions of groundwater transpiration to total transpiration, summer transpiration and
total evapotranspiration

Transpiration Evapotranspiration

The annual balances of each hydrological year and their B/G rates were calculated.
These results also showed that Q.ilex depended on increased groundwater resources
when precipitation reduced (Table 7). Both models obtained low soil transpiration values
and high groundwater transpiration in the driest year (2013-2014), while dependence

was weaker in the wettest year (2012-2013). Both models obtained B/G rates below 1.
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This value was around 0.1 in the driest year, and bigger differences were obtained in the

wettest year (Table 8). LEACHM and TETIS respectively obtained a value of around 0.6

and 0.8.
Flows (mm) LEACHM model TETIS model

12-13 13-14 14-15 12-13 13-14 14-15
Precipitation - - - 581.2 271.1 426.4
Interception - - - 105.4 63.0 75.9
Net precipitation 395.1 190.8 305.3 475.9 208.1 350.5
Soil evaporation 80.1 53.8 59.3 135.6 87.9 132.7
Soil transpiration 75.1 59.4 72.1 62.1 36.1 50.5
Groundwater transpiration 18.5 23.6 20.9 290.8 53.7 48.9
Total transpiration 93.6 83.0 93.0 92.0 89.8 99.4
Runoff 7.6 0.0 1.3 0.0 0.0 0.0
Percolation 241.5 57.8 186.2 297.4 69.4 178.1
Net percolation 223.0 34.2 165.3 267.5 15.7 129.2
Storage variation -10.8 +19.5 -14.7 -19.3 +14.7 -10.8

Table 7 Annual water balances obtained from the multi-variable and multi-objective calibration for the three
complete hydrological years

del Campo et al.
LEACHM model TETIS model (2019a)

12-13 | 13-14 | 14-15 | 12-13 | 13-14 | 14-15 | 12-13 | 13-14 | 14-15
359.8 | 217.1 | 273.4 | 333.0 | 240.7 | 308.0 | 312.6 | 211.0 | 254.9

Green water
(mm)
I(Bn'qurﬁ)""ater 230.6 | 342 | 166.6 | 267.5 | 157 | 129.2 | 268.6 | 60.1 | 171.6
B/G ratio 0.64 0.16 0.61 0.80 0.07 0.42 0.86 0.28 0.67
Table 8 The Blue (runoff+percolation) and Green (evapotranspiration) rates of each model

4 Discussion

Both the single-variable and single-objective calibration approaches indicated problems
in reproducing the state variable not included in the calibration process, and led to
unrealistic annual balances. As previously mentioned, a single-variable and single-
objective calibration is usually inadequate for measuring all system’s characteristics
(Guo et al., 2013; Yapo et al., 1998), a problem that was evidenced in this case. Both
models reproduced the calibrated variable with a high degree of accuracy, but were
unable to represent the other state variable and fluxes compensated one another, which
led to unrealistic hydrological balance representations (Li et al., 2018; Rankinen et al.,
2006). When the models were calibrated with only the soil water content data, the

parameters were optimised to obtain the best soil water content representation, and
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transpiration in both models increased. LEACHM obtained high values for vegetation
cover fraction and hydraulic conductivities, and TETIS obtained high vegetation cover
fraction values, but low field capacity soil moisture values. These parameter values
allowed the models to properly reproduce fast soil water content changes because
transpiration increased, but they were not optimum to represent the whole system.
Likewise when they were calibrated by using transpiration, LEACHM obtained lower
vegetation cover factor and hydraulic conductivity values, while TETIS also obtained
lower vegetation cover factor and field capacity soil moisture values. Consequently,
transpiration was reduced to fit the observed values, but soil water content and

hydrological balance were poorly represented.

Conversely, the multi-variable and multi-objective calibration obtained a compromise
solution between both single-variable and single-objective calibrations. The two models
acceptably reproduced the water dynamics of Q.ilex. Soil water content was reproduced
more accurately than transpiration, despite the disagreement between the observed and
simulated soil water contents in the driest months. Nonetheless, this disagreement and
their poor performance in reproducing transpiration can be explained by both models’
simple transpiration representation. LEACHM uses weekly averaged potential
evapotranspiration values, but its time step is not weekly and it does not consider
interception, which leads to a very low pan factor value to compensate the energy used
during intercepted water evaporation. TETIS divides soil into only two layers and,
although the introduction of parameter LAl, improved its performance, it can be

oversimplified.

Regarding the hydrological balance obtained with the multi-variable and multi-objective
calibration, the results of both models showed how Q. ilex strongly depends on
groundwater resources. Hence given the climate change projections in the
Mediterranean region (Spinoni et al., 2018), proper transpiration quantification, as well

as correct distribution between the water that flows out of the ecosystem and
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evapotranspiration, are crucial to face problems related to water resource assessments,

forest management or agriculture (Reyes-Acosta and Lubczynski, 2013; Tie et al., 2018).

In this case, both models were able to reproduce the observed total transpiration, but
differences were found in evapotranspiration partitioning. Firstly, TETIS underestimated
the interception and this error was compensated by an increment in soil evaporation.
LEACHM, which does not consider interception, obtained an average soil evaporation
value of 64.4 mm, which comes very close to the value reported by del Campo et al.
(2019a) in this same plot, which was 47 mm (43-51 mm). The value obtained by TETIS
was 118.7 mm, but the error in interception was 47.8 mm, which is almost the difference
between the soil evaporation simulated by LEACHM and that simulated by TETIS.
Secondly, different soil and groundwater transpiration values were obtained. The
average contribution of groundwater transpiration to total transpiration was 23.4% and
47.2%, while the contribution to total evapotranspiration was 7.4% and 15%, both
respectively in LEACHM and TETIS. These differences seem high, but these values fall
within the ranges indicated in previous studies. Hubbert et al. (2001) found that the
contribution of weathered bedrock to total transpiration was 70% in a Pinus jeffreyi
plantation in a Mediterranean climate. Hassan et al. (2014) reported that the groundwater
contribution to total evapotranspiration was 6.7% in a mixed Q. ilex and Q. pyrenaica
open forest in a semiarid climate. Nonetheless, it should be highlighted that the tree
density at our study site was higher than that indicated in Hassan et al. (2014), thus this
value may be higher. Moreover, if the contribution of groundwater transpiration to total
transpiration is computed in summer months when dependence increased, these values
were 42.3% and 76.4% in LEACHM and TETIS, respectively, and were similar to the
results obtained in previous studies. David et al. (2007) found that groundwater
transpiration was 70% of total transpiration in summer months in a Q. ilex and Q. suber
woodland in a semiarid climate, and in the above-mentioned Q. ilex and Q. pyrenaica

woodland, Balugani et al. (2017) reported that groundwater transpiration was 50% of
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total transpiration. In addition, both models showed similar dynamics. The dependence
of Q.ilex on groundwater resources increased in the driest year in both models, which
coincides with Eliades et al. (2018) in a Pinus brutia forest in a Mediterranean climate,

where groundwater transpiration increased from 65.6% to 77% of total transpiration.

Finally, no conspicuous differences were found in the B/G rates estimations. Both models
obtained rates below 1, which indicates that less than half the precipitation supplies the
system. These values were compared to those obtained with the data of del Campo et
al. (2019a) and they were alike. However, LEACHM obtained more similar rates than

TETIS did. In TETIS, the difference between both rates for the driest year was significant.

5 Conclusions

In this study, a multi-variable calibration with a multi-objective approach was carried out
to explain the hydrological behaviour of facultative phreatophytes under semiarid
conditions using two models with different conceptualisations. This multi-variable and
multi-objective calibration was compared to the traditional single-variable and single-
objective calibration approach. Our results suggest that a multi-variable and multi-
objective calibration, provided enough data are available, is a necessary tool to
reproduce the water dynamics of a facultative phreatophytic forest keeping the
parameter sets as realistic as possible. In contrast, the single-variable and single-
objective calibration was able to reproduce the calibrated state variable (soil moisture or
transpiration) with a high degree of accuracy, but poorly represented other state
variables of the system or led to an unreal water balance closure. Moreover, the similarity
of the results obtained by both models, despite their different conceptualisations,

reinforces the robustness of using multi-variable and multi-objective calibration.

The multi-variable and multi-objective calibration results showed how Q. ilex strongly
depends on groundwater resources. In semiarid environments with shallow soils, water

transpiration from groundwater is an important water source for these forests, especially
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in dry years. This dependence in the driest year in our case study increased and, in
summer months due to fast soil water depletion, this contribution reached crucial values.
Consequently, during prolonged drought periods, such forests will suffer severe effects.
Therefore, it is clear that hydrological models applied in semiarid regions should include
the groundwater transpiration mechanism because such forests can heavily influence
future water availability. In this sense, both LEACHM and TETIS mechanisms to
reproduce groundwater transpiration proved an acceptable tool to be applied in the
regions covered by these phreatophytic species. However, it is worth noting that

LEACHM has high parameter requirements compared to TETIS.
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