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Abstract

The profitability of hydropower in Costa Rica is affected by soil erosion and sedimentation in
dam reservoirs, which are in turn influenced by land use, infiltration and aquifer interactions
with surface water. In order to foster the provision and payment of Hydrological
Environmental Services (HES), a quantitative assessment of the impact of specific land uses
on the functioning of drainage-basins is required. The present paper aims to study the water
balance partitioning in a volcanic coffee agroforestry micro-basin (1 km?, steep slopes) in
Costa Rica, as a first step towards evaluating sediment or contaminant loads. The main
hydrological processes were monitored during one year, using flume, eddy-covariance flux
tower, soil water profiles and piezometers. A new Hydro-SVAT lumped model is proposed,
that balances SVAT (Soil Vegetation Atmosphere Transfer) and basin-reservoir routines. The
purpose of such a coupling was to achieve a trade-off between the expected performance of
ecophysiological and hydrological models, which are often employed separately and at

different spatial scales, either the plot or the basin. The calibration of the model to perform
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streamflow yielded a NS coefficient equal to 0.80, while the validation of the water balance
partitioning was consistent with the independent measurements of actual evapotranspiration
(R?=0.79, energy balance closed independently), soil water content (R?=0.49) and water table
level (R?=0.90). An uncertainty analysis showed that the streamflow modelling was precise
for nearly every time step, while a sensitivity analysis revealed which parameters mostly
affected model precision, depending on the season. It was observed that 64% of the incident
rainfall R flowed out of the basin as streamflow, 25% as evapotranspiration and the remaining
11% was attributed to deep percolation. The model indicated an interception loss equal to 4%
of R, a surface runoff of 5% and an infiltration component of 91%. The modelled streamflow
was constituted by 63% of baseflow originating from the aquifer, 29% of subsurface non-
saturated runoff and 8% of surface runoff. Given the low surface runoff observed under the
current physical conditions (andisol) and management practices (no tillage, planted trees, bare
soil kept by weeding), this agroforestry system on a volcanic soil demonstrated potential to
provide valuable HES, such as a reduced superficial displacement-capacity for fertilizers,
pesticides and sediments, as well as a streamflow regulation function provided by the highly
efficient mechanisms of aquifer recharge and discharge. The proposed combination of
experimentation and modelling across ecophysiological and hydrological approaches proved
to be useful to account for the behaviour of a given basin, so that it can be applied to compare

HES provision for different regions or management alternatives.

1 Introduction

The ability of ecosystems to infiltrate rainfall, sustain aquifers, and avoid erosion is a key
determinant for the provision of hydrological environmental services (HES), especially in the
humid tropics where surface fluxes can be very high (Millenium Ecosystem Assessment,
2005). Woody plants and in particular agroforestry (AF) systems associating shade trees and
perennial crops with deep root systems are assumed to enhance these HES in comparison to
traditional intensive cropping systems (Ataroff and Monasterio 1997; Vaast et al., 2005; Siles
et al., 2010), but it is crucial to verify and quantify this hypothesis. Costa Rica is renowned as
a promoter of HES by charging water users for the HES they receive from land owners (e.g.
forest conservation), focusing on water quality (Pagiola, 2008). Hydropower producers,
generating 78% of the total electricity consumption in Costa Rica during 2008 (ICE, 2009),
are major HES payers. Coffee is one of the most traded agricultural commodities in the world
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employing 100 million people (Vega and Rosenquist, 2001). In Costa Rica, coffee accounted
for 15% of the agricultural exports in 2008 and covered 2% of the territory (SEPSA, 2009).
As coffee plantations are present in the main basins used for hydroelectric generation in Costa
Rica, the eventual trade-offs of the payment of HES from hydropower producers to coffee
farmers become evident. Negotiation for these payments is facilitated between providers and
purchasers when the service, or the impact of a given practice on the provision of the service,
are clearly evaluated. However, links between land use, tree cover and hydrology in Costa
Rica have not been thoroughly investigated by quantitative research (Anderson et al., 2006).
There is a need of both, experimentation at the basin scale in order to evaluate the main
hydrological processes, and of integrated modelling to understand the behaviour of all water

compartments, including hidden ones (e.g. the aquifer).

The partitioning of the water balance (WB) is a pre-requisite to evaluate HES such as
infiltration, aquifer regulation capacity, erosion control and contaminants retention in coffee
AF systems. Comprehensive WB studies at basin scale, including closure verification by
independent methods, have been carried out in the developed world and for other land covers,
like those reported by Roberts and Harding (1996), Dawes et al. (1997), Ceballos and
Schnabel (1998), Wilson et al. (2001) and Maeda et al. (2006). Some experimental basins are
located in the tropics, like those in Brazil, Costa Rica, Guadeloupe and Panama (Fujieda et al.,
1997; Genereux et al., 2005; Charlier et al., 2008; Kinner et al., 2004), but no coffee AF
basins have been equipped so far. Some reports are available for coffee AF systems but at the
plot level and for some particular fluxes such as throughfall and stemflow (Siles et al., in
rev.), tree and coffee transpiration (van Kanten and Vaast, 2006; Dauzat et al., 2001), surface
runoff (Harmand et al, 2007), energy balance and latent heat flux (Gutiérrez et al., 1994). To
our knowledge, there is no comprehensive study of the water balance partitioning of coffee
AF systems at the basin level, including the behaviour of the aquifer.

Truly balanced combinations of hydrological and ecophysiological experiments and models
remain scarce, although they intrinsically carry a more realistic and comprehensive
representation of plant, soil and aquifer components at plot and basin scales. Most
hydrological studies at basin scale use flumes for monitoring the streamflow and simply
estimate evapotranspiration (ET), which prevents a true verification of the water balance

closure or the estimation of deep percolation.
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As in the tropics we assumed that ET, including the re-evaporation of intercepted water (Ryp),
is an important component of the water balance, even for precipitations around 3000 mm
year, we decided to measure it directly by eddy-covariance (Baldocchi and Meyers, 1998;
Wilson et al. 2001; Roupsard et al., 2006), choosing a 0.9 km? micro-basin embedded in a
very homogeneous coffee AF plantation. As an additional advantage, the eddy-covariance

method can be validated itself by closing the energy balance (Falge et al., 2001).

Lumped, conceptual rainfall-streamflow models have been used in hydrology since the 1960s
(e.g. Crawford and Linsley, 1966; Cormary and Guilbot, 1969; Duan et al., 1992; Bergstrom,
1995; Donigan et al., 1995; Havng et al., 1995; Chahinian et al., 2005). These models
consider the basin as an undivided entity, and use lumped values of input variables and
parameters. For the most part (for a review, see Fleming, 1975; Singh, 1995), they have a
conceptual structure based on the interaction between storage compartments, representing the
different processes with mathematical functions to describe the fluxes between the
compartments. Most hydrological models simplify the ET component based on potential ET
routines (FAO, 1998) or using very empirical, non-validated models for actual ET. However,
improper parameterization of the crop coefficient may severely affect the parameterization of
hydrological resistances and fluxes. In constrast, ecophysiological models may operate
efficiently at plot level but miss the partitioning between lateral subsurface runoff and vertical
drainage, and the dynamics of water in aquifers and rivers. This is a major limitation for the

assessment of HES, which is mainly desired at the basin scale.

In the present study we attempted to couple two lumped models into a new and original
approach, chosen to be scalable and parsimonious: a basin reservoir model similar to the
CREC model (Cormary and Guilbot, 1969) and employing the Diskin and Nazimov (1995)
production function as proposed by Moussa et al. (2007a, 2007b), and the SVAT model
proposed by Granier et al. (1999). While the basin model was considered appropriate for its
simplicity and capacity to support new routines, the SVAT model was chosen for its
parsimony (three parameters in its basic formulation), its robustness (uses simple soil and
stand data in order to produce model runs for many years, avoiding hydraulic parameters that
are difficult to measure and scale up), its ability to quantify drought intensity and duration in
forest stands, and for its successful past validation in various forest stands and climatic

conditions, including tropical basins (Ruiz et al., 2010).
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This paper aims to explain and model the hydrological behaviour of a coffee AF micro-basin
in Costa Rica, assessing its infiltration capacity on andisols. The methodology consists of
experimentation to assess the main water fluxes and modelling to reproduce the behaviour of
the basin. First, we present the study site and the experimental design. Second, we develop a
new lumped hydrological model with balanced ecophysiological/hydrological modules (that
we called Hydro-SVAT model). This model was tailored to the main hydrological processes
that we recorded (streamflow, evapotranspiration, water content in the non-saturated zone and
water table level) and that are described in the subsequent sections. Third, we propose a
multi-variable calibration/validation strategy for the Hydro-SVAT model so we calibrate
using the streamflow and validate using the remaining three variables. Fourth, we make an
uncertainty analysis to produce a confidence interval around our modelled streamflow values,
and a sensitivity analysis to assess from which parameters this uncertainty might come.

Finally, we discuss the main findings concerning the water balance in our experimental basin.

2 The study site

2.1 Location, climate and soil

The area of interest is located in Reventazén river basin, in the Central-Caribbean region of
Costa Rica (Fig. 1a,b). It lies on the slope of the Turrialba volcano (central volcanic mountain
range of the country) and drains to the Caribbean Sea. The Aquiares coffee farm is one of the
largest in Costa Rica (6.6 km?), “Rainforest Alliance™ certified, 15 km from CATIE
(Centro Agrondémico Tropical de Investigacion y Ensefianza). Within the Aquiares farm, we
selected the Mejias creek micro-basin (Fig. 1c) for the “Coffee-Flux” experiment. The basin
is placed between the coordinates -83°44°39 and -83°43°35” (West longitude), and between
9°56’8” and 9°56°35” (North latitude) and is homogeneously planted with coffee (Coffea
arabica L., var Caturra) on bare soil, shaded by free-growing tall Erythrina poeppigiana
trees. The initial planting density for coffee was 6,300 plants ha™, with a current age >30
years, 20% canopy openness and 2.5 m canopy height. It is intensively managed and
selectively pruned (20% per year, around March). Shade trees have a density of 12.8 trees ha’
! with 12.3% canopy cover and 20 m canopy height. The experimental basin has an area of

0.9 km? an elevation range from 1,020 up to 1,280 m.a.s.l. and a mean slope of 20%.
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Permanent streams extend along 5.6 km, implying a drainage density of 6.2 km km™. The

average slope of the main stream is 11%.

According to the classification by Mora-Chinchilla (2000), the experimental basin is located
along a 1.3 km wide strip of volcanic avalanche deposits, characterized by chaotic deposits of
blocks immersed in a matrix of medium-to-coarse sand, which is the product of the collapse
of the south-eastern slope of Turrialba volcano’s ancient crater. The general classification
given by the geological map of Costa Rica (MINAE-RECOPE, 1991) describes the general
stratigraphy as shallow intrusive volcanic rocks, and the particular region as proximal facies
of modern volcanic rocks (Quaternary), with presence of lava flows, agglomerates, lahars and
ashes. Soils belong to the order of andisols according to the USDA soil taxonomy, which are
soils developing from volcanic ejecta, under weathering and mineral transformation
processes, very stable, with high organic matter content and biological activity and very large

infiltration capacities.

According to Koppen-Geiger classification (Peel et al. 2007), the climate is tropical humid
with no dry season and strongly influenced by the climatic conditions in the Caribbean
hillside. The mean annual rainfall in the study region for the period 1973-2009 was estimated
as 3014 mm at the Aquiares farm station (Fig. 2). At the experimental basin the rainfall in
2009 (3208 mm) was close to the annual mean, but showed a monthly deviation of £100 mm
around the historical regime. Mean monthly net radiation ranged in 2009 from 5.7 to 13.0 MJ
m2d™, air temperature from 17.0 to 20.8 °C, relative humidity from 83 to 91 %, windspeed at
2 m high from 0.4 to 1.6 m s™* and potential evapotranspiration (FAO, 1998) from 1.7 to 3.8

mm d.

2.2 Experimental setup

The “Coffee-Flux” experimental basin and instrument layout was designed to trace the main
water balance components employing spatially representative methods (Fig. 1c). It is part of
the FLUXNET network for the monitoring of greenhouse gases of terrestrial ecosystems. The

hydrological measurements were recorded from December 2008 up to February 2010.

Rainfall and climate: rainfall was monitored at 3 m above ground in the middle of 3 transects
of the basin, using three lab-intercalibrated ARG100 tipping-bucket (R.M. Young, MI, USA)
connected to CR800 dataloggers (Campbell Scientific, Shepshed, UK), and integrated every
10 min. Other climate variables were logged on top of the eddy-flux tower with a CR1000,

6
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every 30 s, integrated half-hourly and using: Net radiation: NR-Lite (Kipp & Zonen, Delft,
The Netherlands); PPFD: Sunshine sensor BF3 (Delta-T devices Ltd, U.K.); temperature and
humidity: HMP45C in URS1 shelter (Campbell Scientific); wind-speed and direction: 03001
Wind Sentry (R.M. Young, MI, USA). The theoretical evapotranspiration from a wet grass

placed under local climate conditions, ETy, was computed in accordance with FAO (1998).

Streamflow: a long-throated steel flume (length: 3.9 m; width: 2.8 m; height: 1.2 m) was
home-built to measure the streamflow at the outlet of the experimental basin, to record up to 3
m® s, the maximum estimated discharge for the study period from an intensity-duration-
frequency analysis. The flume was equipped with a PDCR-1830 pressure transducer
(Campbell Scientific) to record water head at gauge point (30 s, 10 minutes integration), while
the rating curve was calculated considering the geometric and hydraulic properties of the
flume using Winflume software (Wahl et al., 2000). A validation of the rating curve was

made successfully using the salt dilution method as well as a pygmy current meter.

Soil water content: a frequency-domain-reflectometry portable probe (FDR Diviner2000,
Sentek Pty Ltd) was used to survey 20 access tubes distributed in the three study transects to
provide the mean volumetric soil water in the basin. The sensor measures at 10 cm intervals,
reaching a total depth of 1.6 m. A measurement campaign through the 20 sites was carried out
every week. The sensors were calibrated by digging sampling pits in the vicinity of six test
tubes, to obtain the actual volumetric soil water content from gravimetric content and dry bulk

density.

Evapotranspiration: the actual evapotranspiration from the soil, coffee plants and shade trees
was measured at reference height (26 m) on the eddy-covariance tower, similarly to Roupsard
et al. (2006). 3D wind components and temperature were measured with a WindMaster sonic
anemometer (Gill Instruments, Lymington, UK) at 20 Hz. H,O fluctuations were measured
with a Li-7500 open path (LiCor, Lincoln, NE, USA). Raw data were collected and pre-
processed by “Tourbillon” software (INRA-EPHYSE, Bordeaux, France) for a time-
integration period of 300 s, then post-processed using EdiRe software (University of
Edinburgh, UK) into half-hourly values and quality checked. A validation was made by direct
comparison of the measured net radiation R, with the sum of sensible heat flux (H) and latent
heat flux (1E): at daily time step, this yielded H+AE=0.92 R, (R®> = 0.93) which was
considered sufficiently accurate to assume that advection effects on AE could be neglected

here. Due to lighting and sensor breakdown, 45 days of data were lost between July and
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August 2009. To gap-fill the missing period we used the Penman-Monteith model, whose

canopy conductance was adjusted using measured values.

Leaf Area Index (LAI): the coffee light transmittance was measured monthly in diffuse light
conditions, for five rings at different zenital angles (LAI2000, Li-COR Corvallis, USA), along
three 50 m-long transects through the flux tower plot, similarly to Roupsard et al. (2008).
Effective coffee LAI, obtained from this light transmittance, was converted into actual LAl
according to Nilson (1971), using a ratio of effective to actual LAI that was estimated from a
dedicated calibration. The actual coffee LAl was measured directly on a small plot by
counting total leaf number of 25 coffee plants, measuring leaf length and width every 20
leaves and using empirical relationships between leaf length and width and leaf area (LI-
3100C, Li-COR) (R? > 0.95). On the same small plot, the effective LAl was measured with
LAI2000. The ratio of effective to actual LAl was then calculated on this small plot (1.75) and
was considered to be constant with time and space in the micro-basin, allowing the estimation
of the actual LAI on the three LAI2000 transects. The LAI for shade trees was estimated using
their crown cover projection (on average 12.3% over the whole basin) observed on a very
high resolution panchromatic satellite image (WorldView image, February 2008, 0.5 m
resolution). As we did not have measurements of LAI for shade trees, we considered this LAI
in the order of magnitude of coffee LAl on a crown-projected basis, and therefore we
multiplied the actual coffee LAl measured on transects by 1.123, to estimate the ecosystem
LAI (tree and coffee). In order to monitor the time-course of ecosystem LAI at the basin scale,
we combined these ground measurements with time series of remotely-sensed images. We
used time series of Normalized Difference Vegetation Index (NDVI) from Moderate
Resolution Imaging Spectroradiometer (MODIS) data products MOD13Q1 and MYD13Q1
(16-Day composite data, 250m resolution). NDVI is known to be correlated with the green
LAI if it is low, for most ecosystems (Rouse et al., 1974). Twenty-three MODIS pixels
covering the experimental basin were selected, and their NDV1 time series were downloaded.
We filtered the raw NDVI time series according to quality criterion given in the MODIS
products, and we adjusted a smooth spline function on it as in Marsden et al. (2010). Then, a
linear regression between the smoothed NDVI of the pixel including the flux tower and
ground values of actual ecosystem LAI was calibrated (R* = 0.69). This regression was used

on other pixels of the basin, and averaged to have the annual time-course of actual LAI.
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Water table level: four piezometric wells measuring up to 4 m depth were built in the three
main transects of study. They were equipped with pressure transducers (Mini-Divers,
Schlumberger Water Services) that measure and record the water table level every 30

minutes.

Period of measurement, data gaps and gap-filling: the recording information is given in Table
1 for the five hydrologic variables. The frequency of measurement varies, but is finally
calculated at the 30 minutes time step (except for soil water content that is a non-continuous
measurement). When gaps are present in the measurements, a gap filling method was applied.

3 Hydro-SVAT lumped model

We designed a lumped, five-reservoir-layer model to predict the water balance (WB)
partitioning (stocks and fluxes) at the scale of the whole basin. It is based on the water
balance models developed by Moussa et al. (2007a, 2007b) and Granier et al. (1999), and
built to reproduce the main hydrological processes measured at the experimental basin, which
will be presented in Sect. 4. The model of Moussa et al. (2007a, 2007b) works at the basin
scale and simulates the ecosystem evapotranspiration rather roughly, while the one of Granier
et al. (1999) works at the plot scale and totally ignores the lateral water fluxes through the soil
and the role of the basin aquifers. The main novelties of the Hydro-SVAT model with respect
to the model structure of Moussa et al. (2007a, 2007b) are the inclusion of a land cover
reservoir to separate the intercepted rainfall from the combined throughfall/stemflow
component, and the partition of non-saturated soil into two reservoirs, one with and one
without roots of plants and trees. The first of these innovations intends to take into account
the non-negligible interception loss in coffee AF systems, as reported by Jiménez (1986),
Harmand et al. (2007) and Siles (2007). The second innovative addition to the model is to
better represent the water dynamics in the non-saturated soil, given that only its upper layer
will lose humidity by root extraction. The water balance model of Granier et al. (1999) is
incorporated in this superficial reservoir but in a simplified form, so that both, the root
distribution and the soil porosity, are homogeneous through the vertical, non-saturated profile.

Hence, the water content in this reservoir is the variable linking our two parent models.

The modelling hypotheses governing the model architecture were: a) the interception loss
component is not negligible in the WB and is a function of rainfall intensity, b) infiltration is a

function of the soil water content in the non-saturated reservoirs, c) evapotranspiration is a

9
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significant component in the WB and is best described using a SVAT model that couples
evapotranspiration to root water extraction from the soil, d) the aquifer has a higher discharge
rate above a threshold level, and e) there is a net water outflow from the system as deep
percolation.

The model was implemented using Matlab® V. R2007a (The MathWorks Inc., USA).

3.1 Model structure

The model structure is presented in Fig. 3. The next three sections will describe the model
structure according to its three major routines and five layers. The first layer is called “land
cover reservoir” and separates the total rainfall into an intercepted loss and a joint
throughfall/stemflow component. The second layer or “surface reservoir” regulates the
surface runoff. The infiltration process from the second layer is controlled by the joint water
content at the third and fourth layers, called “non-saturated root reservoir” and “non-saturated
non-root reservoir”, respectively. The evapotranspiration flux is calculated at the ‘“non-
saturated root reservoir”, while both non-saturated layers control the drainage, the percolation
and the non-saturated runoff processes. The fifth and last layer is the “aquifer reservoir”,
which determines the baseflow and the deep percolation. Finally, we will explain the sum of
the total runoff and baseflow components and the routing procedure to generate the modelled
streamflow. Let A(t), B(t), C(t), D(t) and E(t) [L] be the water levels at time t in the five
reservoirs A, B, C, D and E, respectively (or land cover reservoir, surface reservoir, non
saturated root reservoir, non-saturated no-root reservoir and aquifer reservoir). Let Ay, Bx, Cx,
Dyx and Ex [L] be the water levels corresponding to the maximum holding capacities for the

five reservoirs.

3.1.1 Infiltration and actual evapotranspiration
a. Infiltration

The infiltration process i [LT™] occurs from the second layer (surface reservoir) to the third
one (non-saturated root reservoir), and eventually to the fourth one (non-saturated non-root
reservoir) when i fills the third one. The infiltration capacity fi(t) [LT™] is a state variable that
depends on the joint water level in these non-saturated reservoirs, given by the conceptual
state variable CD(t) = C(t) + D(t) [L]. Similarly, we define CDx = Cx + Dx [L] and CDg = C¢
+ Dg [L] as the conceptual joint water levels for maximum and field holding capacities,

10
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respectively, in the two coupled non-saturated soil reservoirs. Then, fi(t) is calculated as (see
Fig. 4a):

If CD(t)< CD, then f,(t)=f, +(f - f,)cD(t)cD.” )
If CD(t)> CD, then f.(t)= f_ )

where fo [LTY] is the maximum infiltration capacity (f,=a f.) and f. [LT"] is the
infiltration rate at field capacity. The infiltration i both modifies and depends on B' (t)

is the water availability in the second reservoir before i is extracted, according to:

which
If B' (t)At"f,(t) theni=B' (t)A and B(t)=0 3)
< t
If B' (t)At™f,(t) theni=f,(t) and B(t)=8B' (t)- f,(t) (4)
> At

The infiltration module calculates the infiltration i as output variable, using the state variables
B(t), C(t), D(t) and fi(t). Six parameters (Cx, Dx, Cg, D, f; and a) are demanded.

b. Evapotranspiration

The evapotranspiration component ET [LT™] acts directly on the third layer (non-saturated
root reservoir) and is the sum of E, [LT™] the understory and soil evaporation, and of T [LT]

the transpirational water uptake by roots.
ET=E, +T (5)

According to Shuttleworth and Wallace (1985), the fraction of total evapotranspiration
originating from the plants is close to 100% of the total evapo-transpiration of the ecosystem
when LAI >3 an when the soil is not saturated at its surface, which was always the case in our

study. We thus assumed for simplicity that E,, the evaporation from the soil, was nil.

Transpiration T is obtained by solving T from the lightly modified ratio: r = T ETo™
[dimensionless] proposed by Granier et al. (1999). We substituted the original Penman
potential evapotranspiration PET in that ratio by the Penman-Monteith potential
evapotranspiration ETo [LT™] (FAO, 1998). While ET, was calculated at each time step At,
we estimated r as a function of the relative extractable water REW(t) [dimensionless], a state

variable given by Granier et al. (1999) as:

11
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REW (t)=c(t)c,™

(6)
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The REW(t) is linked to the soil water content according to:

REW (t) = ' ©)

with 6(t): volumetric soil water content [L*L™] at time t 6;: residual soil water content [L3L"]
and 6y soil water content at field capacity [L*L™].

The parameter REW, [dimensionless] is the critical REW(t) below which the transpiration of
the system begins to decrease. Figure 4b shows an example of some r curves as a function of
REW(t). Each curve can be defined only by REW, and the rm_,;, a maximum value for the

ratio r that depends on the LAI of the system as:

rm,,, = LAl LAl ', (8)

where LAl is the maximum measured LAI during the modelling period and ry, is a parameter
indicating the maximum ratio T ET,™ that can be found in this system. Then:

If REW (t) < REW, then r = rm_,, REW (t) REW,™ (9)
If REW(t)> REW, then r =rm_,, (10)

Finally, we find the transpiration as T =r ET,. The total modelled evapotranspiration

including the interception loss, can be calculated as:ETR ,, = E, +T +R,,, with R, [LTY]

In?

being the intercepted/evaporated rainfall loss that will be explained in the next section. Hence,

ETRy, can be directly compared to the evapotranspiration that we measured at the flux tower.
This module provides the evapotranspiration ET as a function of the state variable C(t), two
input variables (LAl and ETy) and three parameters (Cx, REW, and ry,).

3.1.2 Water balance in the model reservoirs

a. Land cover reservoir

The first layer of the model, denoted “land cover reservoir”, represents the soil cover in the
basin and controls the partition of the total incident rainfall R [LT™] in intercepted (then
evaporated) rainfall loss Ry, [LT ] and the combined troughfall/stemflow Rys [LT™]. A simple

water balance of this reservoir is established to calculate a proxy A' (t [L] of the final water

level A(t) for each time step t, by adding the incident rainfall R and subtracting the Penman

13
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potential evapotranspiration PET [LT ] from the existing land cover humidity level A(t - 1):
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A (t)=Alt-1)+R- (11)

We calculated the water level A(t) in this reservoir as well as Rys and R, by differentiating

three cases:

If A" ()< then Alt)=0 and R, = At-1)+R and R; =0 (12)
0

If0< A (t)< then Alt)=A" (t) R, =PET and R =0 (13)
A, and

If A (t)2 then Alt)= A, and R, = PET and R, = A' (t)- (14
A, Ay

The land cover module calculates at each time t the water level A(t) as a state variable,
demanding two input variables (R and PET) and one parameter (Ax). It yields the partition of
R into R, and Rys.

b. Surface reservoir

The second layer is called “surface reservoir” and acts as a sheet top soil with a given
roughness and surface runoff delaying properties. The water balance in this surface reservoir

for a given interval At is:

B(t) = B(t - 1)+ RTS = Qg — Qg - (15)

where Rys [LT™] is the combined throughfall/stemflow component from the previous layer

and Qg and Qg, [LT™] are the non-immediate and immediate surface runoffs calculated as:
Qg = kg Bt) (16)
where kg [T™] is a discharge parameter, and:

If Bt)< B, then Q,, =0 (17)

If B(t)> B, then Q,, =[B(t)- B,]At™ (18)

If Qg, > 0 then the water level B(t) is reset to By. The infiltration i [LT™] is a function of the

coupled water content in the third and the fourth layers and is the last component to be
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evaluated in the surface reservoir.

This surface reservoir module calculates the water level B(t) as a state variable and demands

one input variable (Rrs), and two parameters for the reservoir (Bx and kg). It produces three

output variables: i, Qg and Qg,. The two latter variables constitute the surface runoff in the

basin (Fig. 4c).
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c. Non-saturated root reservoir

The “non-saturated root reservoir” is the third layer of the model and it represents a soil layer

with presence of root systems from trees and plants. The water balance here is:

ct)=clt-1)+i-ET-d, - d, - (19)

where C(t) [L] is the state variable of the water level at a given time t, i is the infiltration from
the second layer, ET [LT™] is the evapotranspiration, d; and d, [LT™] are the non-immediate
and immediate drainages to the fourth layer, respectively and Qc [LT™] is the non-saturated

runoff from the root reservoir.

There will be immediate drainage d, if at anytime the Rrs component fills the reservoir above
Cx. Then d, =[C(t)- C,]At*goes to the fourth layer and C(t) is reset to Cx. Both non-

immediate drainage d; and non-saturated runoff Qc occur whenever C(t) is higher than the

field capacity threshold Cg [L] according to:

p =lclt)-c.] (20)

where p [LTY] is the total outflow capacity in this reservoir and ke [T?] a discharge
parameter. The partition of p in d; and Qc depends on a parameter S [dimensionless], with 0 <
B <1. Then:

d,=(1-B) and Q. =B (21)
p

The root soil module calculates the water level C(t) as state variable using two input variables
(i and ET) and four parameters (Cx, Cr, kc and [3 ). It provides three outputs (d1, d2 and Qc).

d. Non-saturated non-root reservoir

The fourth layer of the model is denoted “non-saturated non-root reservoir” and represents a
soil layer with total absence of root systems and hence, of root water extraction. The water

balance here is given by:

D(t)=D(t-1)+d, +d,-Q, - 9,- g (22)

where D(t) [L] is the state variable of the water level at a given time t, d, and d, [LT™] are the
17
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non-immediate and immediate drainages from the third layer, respectively; Qp [LT™] is the
non-saturated runoff from the non-root reservoir and g, and g; [LT™] are the immediate and

non-immediate percolation to the fifth model layer, respectively.
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Immediate percolation g, will be produced if at anytime the drainage (d, and/or d,) fills the
reservoir above Dx. Then g, = [D(t)— DX]A t™* moves to the aquifer reservoir and D(t) is

reset to Dx. Both non-immediate percolation g; and non-saturated runoff Qp occur whenever
D(t) is higher than the field capacity threshold Dg [L]:

n =[blt)- . ]k (23)

where 5 [LT™] is the total outflow capacity of this reservoir and kp [T] a discharge

parameter. The partition of # in g; and Qp depends on the parameter S [dimensionless]. Then:

g,=(1-B ) and Q, =B (24)
n

The non-root soil module calculates the water level D(t) as state variable using two input
variables (d; and dy) and four parameters (Dyx, D, kp and 3 ). It provides three outputs (g1, 92

and Qp).
e. Aquifer reservoir

A fifth layer called “aquifer reservoir” represents the groundwater system and controls
baseflow and deep percolation. The reservoir is composed by a shallow aquifer that acts
whenever the water level in the reservoir is higher than Ex, and by a deep aquifer with a

permanent contribution. The water balance here is:

E(t) = E(t - 1)"' 9,9, - Qg ~ Qg - (25)

where E(t) [L] is the state variable of the water level at a given time t, g; and g, [LT™] are
respectively the non-immediate and immediate percolation from the fourth layer, Qg1 and Qg
[LT™] are the baseflow from deep and shallow aquifers respectively (Fig. 4d), and DP [LT]

is the deep percolation.

If E(t)< E, then Q,, =k.E(t)and Q., =0 (26)
If E(t) > Ey then Qg = kg Ey and Qg, = kEZ[E(t)_ Ex] (27)
DP = k_,E(t) (28)

where kg1, Kez, and kes are discharge parameters controlling deep/shallow aquifers and deep

percolation, respectively.
15
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This module calculates the water level E(t) as state variable using two input variables (g, and

g1) and four parameters (Ex, Ke1, Ke2 and kgs), to provide three outputs (Qg1, Qg2 and DP).
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3.1.3 Total runoff, baseflow and streamflow

The components of surface runoff, non-saturated runoff and baseflow are added to obtain the
total runoff Qr [LT™]:

Qr=Qs+Qc+ Qo+ Qe (29)
As explained in Moussa and Chahinian (2009) the streamflow Q [LT™] at the outlet of the
basin is obtained by the routing of Q+ using a transfer function (to take into account the water
travel time). The Hayami (1951) kernel function (an approximation of the diffusive wave
equation) is developed to obtain a unit hydrograph linear model for this purpose. That is:

t

Qlt)= [ Qfr JH(t-T )dr (30)

0

H(t) is the Hayami kernel function, equal to:

H(t)=(WZFJ\2e and [ Ht)dt =1 (31)

where w [T] is a time parameter that represents the centre of gravity of the unit hydrograph (or
the travel time) and z¢ [dimensionless] a form parameter. Q in [LT™*] units can be transformed

to volume units [L3T™] multiplying it by the basin area [L?].

3.2 Model parameterization, calibration and validation

Summarizing, this Hydro-SVAT model uses four input variables: rainfall R, Penman-
Monteith ET,, Penman PET and leaf area index LAI to generate five main output variables:
interception Ry, infiltration i, evapotranspiration ET, discharge components Q = Qg + Q¢ +
Qo + Qe (from surface, non-saturated and aquifer reservoirs, respectively) and deep

percolation DP.

Five state variables are calculated for every time step, the water levels in the five reservoirs:
A(t), B(t), C(t), D(t) and E(t). C(t) and D(t) are summed to calculate CD(t) an equivalent water

content for the non-saturated reservoirs, producing a coupled discharge Qcp.

In our experimental basin we applied the model for a one-year period (2009), a time step
At=30 minutes (1800 s) and a basin area equal to 0.886 km?.
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This model contains 20 parameters that are used to calculate infiltration (Cx, Dx, Cf, D, fc
and «), evapotranspiration (REW, and rp), the exchange between reservoirs (Ax, Bx, Ks, ke, kp,

B , Ex, ke, kez and kes) and the basin transfer function (w and zg).

Four out of these 20 parameters (Cx, Dx, Cr, Dg) were estimated using field data. For
instance, two excavation experiments down to 3.5 m showed that very few roots were present
below 1.5 m, where the andisol layer turns into a more clayey, compact and stony deposit.
Then, the depth of the non-saturated root soil layer was fixed at Cy = 1.6 m (for simplicity,
equal to the length of our FDR probe tubes). The depth of the non-root layer was estimated in
Dy = 1.0 m. Following the relationships C, =(6 ., -8 ,)Cand D, =(8 . -6 ,) D, the

" levels

for maximum water holding capacit