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Abstract. In agricultural areas, the downstream flow can be
highly influenced by human activities during low-flow pe-
riods, especially during dam releases and irrigation with-
drawals. Irrigation is indeed the major use of freshwater in
the world. This study aims at precisely taking these factors
into account in a watershed model. The Soil and Water As-
sessment Tool (SWAT+) agro-hydrological model was cho-
sen for its capacity to model crop dynamics and management.
Two different crop models were compared in terms of their
ability to estimate water needs and actual irrigation. The first
crop model is based on air temperature as the main deter-
mining factor for growth, whereas the second relies on high-
resolution data from the Sentinel-2 satellite to monitor plant
growth. Both are applied at the plot scale in a watershed of
800km? that is characterized by irrigation withdrawals. Re-
sults show that including remote sensing data leads to more
realistic modeled emergence dates for summer crops. How-
ever, both approaches have proven to be able to reproduce
the evolution of daily irrigation withdrawals throughout the
year. As a result, both approaches allowed us to simulate the
downstream flow with a good daily accuracy, especially dur-
ing low-flow periods.

1 Introduction

The water cycle is substantially affected by climate change.
The scientific consortium World Weather Attribution has
shown that the 2022 climatic and agricultural drought in Eu-
rope would have been about 5 times less likely to happen in

the 1900s, and the frequency of such drought will increase
further in the coming years. This 2022 drought event has
been triggered not only by heatwaves but also by a lack of
soil water storage (Schumacher et al., 2022). Many regions
suffer from water scarcity, inducing some conflicts between
users. Water demands for drinking water and irrigation are,
in addition, expected to increase due to population growth.
Water management during low-flow periods will therefore be
one of the major challenges in future years. Agriculture cur-
rently accounts for about 70 % of withdrawals in the world
(UNESCO, 2015). In this context, it is important to better
assess water needs for agriculture. Efficient tools are then
needed to better know the cultivation practices, including ir-
rigated areas, crop dynamics and irrigation practices. These
parameters must be assessed in terms of the spatial extents
relevant for water management, such as at the river basin or
sub-basin scale.

Watershed models are already used by multiple actors on
multiple timescales and to different spatial extents. Com-
bined with climate change scenarios, they allow a better un-
derstanding of the upcoming challenges for the next decades.
For instance, the Explore2070 project (Carroget et al., 2017)
has shown with high confidence that the summer stream-
flow in France in the years 2050-2070 will be, on aver-
age, 30 % to 70 % lower than during the years 1990-2010.
Combined with management scenarios, watershed models
can support decision making for agricultural policies (Mur-
gue et al., 2014; Allain et al., 2018). Furthermore, dam
managers and local authorities can make use of short-term
forecasts to optimize the low-flow management (E-tiage
software: https://www.e-tiage.com/, last access: 9 October
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2022; PREMHYCE platform https://webgr.inrae.fr/projets/
projets-en-cours/onema-premhyce/, last access: 18 October
2022; Nicolle et al., 2020). Hence the need for continuous
improvement of these models.

However, most studies at the watershed scale do not pre-
cisely include human activities, especially withdrawals for ir-
rigation. For instance, most users of the SWAT (Soil and Wa-
ter Assessment Tool) model do not explicitly include with-
drawals in their studies (Fohrer et al., 2014; Boithias et al.,
2014; Martin et al., 2016; Cakir et al., 2020). In such stud-
ies, dam releases and withdrawals are indirectly taken into
account through the calibration performed to fit the down-
stream flow. As a result, the performance of low-flow simu-
lation is quite low, as highlighted by Boithias et al. (2014).

Some modelers include cultivation practices through de-
fault crop management or through past years’ statistics, but
these models have shown limitations for the prediction of ir-
rigation. Indeed, Leenhardt and Lemaire (2002) describe a
case in which the sowing of summer crops was delayed due
to the unusually wet spring, but the model did not account for
this and predicted the maximum irrigation demand 1 month
too early. In the same way, Senthilkumar et al. (2015) high-
light the impact of cultivar earliness on their water needs.
Models that better fit the actual crops dynamics and man-
agement are therefore needed. Remote sensing (RS) offers a
real added value for spatial and temporal variability. Since
2016, thanks to the Copernicus program, optical satellite im-
ages (Sentinel-2) with high spatial (10 m) and temporal (5 d)
resolutions are available anywhere in the world. These reso-
lutions are appropriate to get information on crops dynamics
and cultivation practices at the plot scale over a whole water-
shed.

Methods to retrieve the cultivation practices from RS data
have been in development for more than 20 years (Guérif and
Duke, 1998; Launay and Guerif, 2005) and have bloomed
since short-revisit-time satellites were launched (Courault
et al., 2010; Ferrant et al., 2014). The Sentinel constellation,
offering a high spatial resolution and high revisit time, has
made this task easier and more accurate (Pageot et al., 2020,
for irrigated areas; Bazzi et al., 2021, for irrigation events;
Rolle et al., 2022, for sowing dates).

For the purpose of water management, RS can also be
combined with crop water requirements models. The FAO-
56 method (Allen et al., 1998) is the most widely used land
surface model in which the potential evapotranspiration (ET)
is adjusted with a crop coefficient and a stress coefficient.
The classical method uses standard values of crop coefficient,
which implies standard growth conditions, but an increasing
number of studies replace these with remote sensing data
(Saadi et al., 2015; Etchanchu et al., 2017; Battude et al.,
2017; Yousaf et al., 2021; Kharrou et al., 2021; Maguire
et al., 2022) in order to account for the current-year con-
ditions. In particular, Etchanchu et al. (2017) highlight the
contribution of remote sensing data at the plot scale, making
more robust calculations of LAI (leaf area index) and ET in
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comparison to the classical method. In addition to ET cal-
culation, these methods can be used to estimate irrigation
through the soil water balance (Saadi et al., 2015; Battude
et al., 2017; Kharrou et al., 2021; Maguire et al., 2022) or a
comparison with a reference crop coefficient (Yousaf et al.,
2021). Even if the retrieval of irrigation suffers from large un-
certainties at the farm scale (Saadi et al., 2015, for instance),
Olivera-Guerra et al. (2023) have shown that proper calibra-
tion can greatly reduce the uncertainties at the irrigation dis-
trict scale.

Despite these recent advances in the modeling of crop dy-
namics and water needs, very few works investigate the effect
of those cultivation practices on streamflow at high spatial
and temporal scales. The MAELIA platform (Modelling of
socio-Agro-Ecological system for Landscape Integrated As-
sessment, Murgue et al., 2014) appears as an exception since
it combines the SWAT hydrological model with an agent-
based model to perform dam operation and crop manage-
ment. In this case, modelers have inferred a large set of deci-
sion rules either from surveys (Leenhardt et al., 2004; Maton
et al., 2005, 2007; Murgue et al., 2014) or from a farm ad-
visor (Clavel et al., 2011). The authors were able to check
the relevance of the annual irrigation amount predicted by
the model but not the timing of irrigation due to the lack of
daily data. The present study intents to go further than the
MAELIA project in terms of spatialization by substituting
part of the decision rules with remote sensing estimates. In-
deed, feeding the model with observations could improve its
robustness while avoiding the complexity of an agent-based
model.

Some studies already aimed to assess the benefits of opti-
cal remote sensing in agro-hydrological models without fo-
cusing on crop irrigation. They intended to improve the ET
component of the water balance by forcing (Martin et al.,
2016; Paul et al., 2021; Jin et al., 2022, all in SWAT model)
or assimilating (Kumar et al., 2019, in Noah-MP model; Mo-
hammadi Igder et al., 2022, in SWAT+ model) the RS LAI
(remote sensing leaf area index) in the model and short-
cutting the plant growth algorithm. Under temperate or arid
climate types, ET indeed appears to be the main component
of the water balance; hence, a small relative error in ET could
lead to a larger relative error in the river discharge. However,
even if these authors report an improvement in the yield or
carbon fluxes, they report little modification to the stream-
flow, ranging from 2 % to 7 %. Explanations for these results
could be that the modeled LAI, even if uncertain, is enough
to compute ET or that the uncertainties in other hydrolog-
ical or anthropogenic fluxes are larger than the one in ET.
As Paul et al. (2021) and Jin et al. (2022) both performed
calibrations with and without remote sensing data, this also
raises the following question: can calibration correct the er-
rors in ET values in a way that it hides the possible benefits
of RS data? Moreover, as far as we know, no studies at the
watershed scale used remote sensing data at the plot scale,
even though Sentinel data would be suitable for that.
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The objective of this study is to take into account human
activity during low-flow periods in the modeling process of
an agricultural watershed. Unlike previous studies, our work
is located on a watershed where irrigation has a huge im-
pact on streamflow: in summer, the downstream flow can be
4 times lower than the upstream flow due to withdrawals. To
reach this objective, crop models at the plot scale are used to
predict crop water requirements and irrigation withdrawals,
and the SWAT+ model is used to compute water stocks and
fluxes. The native crop growth module of SWAT is compared
to a new module that uses Sentinel-2 high-resolution data to
compute ET. An innovative calibration method for hydrolog-
ical fluxes is introduced to address several calibration issues:
the short time depth of Sentinel-2 data, the fact that cali-
bration can hide the possible benefits of RS data, and the
highly influenced streamflow. Numerous data sources have
been used to carry out the calibration of the irrigation trig-
ger threshold, the estimation of irrigation sources, and the
assessment of daily withdrawals. Finally, the relevance of a
such model — combining the plot scale and watershed scale
during the low-flow period — is assessed.

2 Materials and methods
2.1 Study area

The Gimone watershed (800 kmz) has been selected for this
study. It is located in southwestern France, in a temperate-
climate zone. (Fig. 1). The average rainfall is 700 mm. The
flow rate at the outlet ranges from 0.4 to 40 m3s!, with an
average of 3m3s~!. Agricultural land is dominant (85 %)
in this watershed. Irrigated crops (mainly corn, soybean,
orchards and vegetables) represent about 10 % to 15 % of
the total area, and irrigation water is withdrawn from rivers
and from individual reservoirs. Other crops, mainly winter
wheat, winter rapeseed and sunflower, are not irrigated. Due
to the high water demand and low water availability in sum-
mer, two dams were built upstream in the 1990s on the Gi-
mone and Marcaoué rivers, with capacities, of respectively,
24 and 1.5Mm? (Fig. le). The biggest dam is filled with wa-
ter diverted from the Neste river. Both dams are managed
by the CACG (Compagnie d’ Aménagement des Coteaux de
Gascogne), and their purpose is to maintain a minimal flow
rate in rivers during low-flow periods (DOE — Débit Ob-
jectif d’Etiage — minimum target flow of 0.4 m>s~!) and to
limit the frequency of irrigation restrictions. As a result, the
streamflow during irrigation periods is strongly influenced by
dam releases and irrigation withdrawals and has little to do
with hydrological processes.

2.2 Data overview

The topography of the watershed derives from the SRTM
(Shuttle Radar Topography Mission, USGS, 2018) digital el-
evation model at ~ 30 m resolution (Fig. 1b). Daily weather
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data — precipitation, air temperature, wind velocity, solar ra-
diation and air humidity — were extracted from the SAFRAN
product (Durand et al., 1993). It is an interpolation based on
weather measurements and model reanalysis on a 8 km res-
olution grid. Soil properties, namely the depth, bulk density
and clay and sand content, were found in the French soil map
RRP (Référentiel Régional Pédologique — regional reference
document for pedology, GisSol, 2014) at 1/250000 resolu-
tion (Fig. 1¢); the maximal root depths were set according to
Rigou (2016); the available soil water content (AWC) was
derived from Bruand et al. (2003) pedotransfer functions;
the initial estimate of the saturated hydraulic conductivity
comes from measurements. Land use data come from the
French database of agricultural land use (RPG — Registre Par-
cellaire Graphique, IGN, 2021) for the years 2015 to 2021,
completed by the OSO map (Inglada et al., 2017) for non-
agricultural areas (Fig. 1d) (Inglada et al., 2018). Streamflow
coming out of the two dams was provided by the CACG.

In addition to the classical data to set up the SWAT+
model, high-resolution remote sensing data were used. Since
2017, the two Sentinel-2 satellites provide images every 5d,
with resolutions ranging from 10 to 60 m depending on the
wavelength (Drusch et al., 2012; ESA, 2012). The level-
2A images from two Sentinel-2 tiles, 31TCJ and 30TYP
(Fig. 1a), are used in this study. They are post-processed
through the MAJA chain (Hagolle et al., 2015) that corrects
atmospheric effects and produces a cloud mask. These clouds
masks are used in the interpolation process to obtain gap-
filled time series.

River discharge at the outlet was also provided by the
CACG and has been used for calibration and validation. In
order to get an overview of the origin of withdrawals, the
PAR (Plan Annuel de Répartition — annual plan for water al-
location) database was used. It gathers individual withdrawal
permissions issued every year by the French administration
and contains the authorized volumes in each type of wa-
ter resource. The PKGC (Pratiques Culturales en Grandes
Cultures — agricultural practices in field crops) database
(Agreste, 2020), carried out every 5 years, consists of a large
survey that covers all French departments, with information
for about 28 000 agricultural plots. The dataset from 2017
has been used in this study, particularly the sowing dates and
amounts of annual irrigation of 160 corn and soybean fields
in southwestern France.

A large part of the irrigation pumps of the Gimone wa-
tershed are equipped with networked meters (Fig. le). These
provide daily measurement of water withdrawn from the two
main rivers, the same two that are regulated with dams and
for which low flows are sustained during summer (Gimone
and Marcaoué). Not all intake points are equipped for the
years considered in the present study: 33 % of the pumps
were equipped in 2019, 62 % were equipped in 2020, and
72 % were equipped in 2021. For this reason, only 2020 and
2021 data were used and were corrected with a proportional-
ity coefficient to convert those data into total withdrawals.

Hydrol. Earth Syst. Sci., 28, 49-64, 2024
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Figure 1. Maps of the study area. (a) Location of the Gimone watershed in southwestern France, as well as Sentinel-2 footprints; (b) digital
elevation model (1” resolution); (¢) soil map (1/250000 resolution); (d) crop pattern for year 2017 (plot scale); (e) hydrological network

setup of the model.

2.3 SWAT+ model

2.3.1 Global overview

The Soil and Water Assessment Tool (Arnold et al.,
1993, 2012) is a agro-hydrological semi-distributed and
process-based model. To set up this semi-distributed ap-
proach, the simulated watershed is divided into multiple sub-
basins according to topography. Each sub-basin is divided
into HRUs (hydrological response units), which are homo-
geneous areas in terms of slope, soil and land use. Calcula-
tion of the process-based water balance is then carried out at
the HRU level on a daily basis (Neitsch et al., 2001). Daily
rainfall is split between surface runoff and infiltration us-
ing the curve number method (Soil Conservation Service,
1972; Rallison and Miller, 1982). Soil water sustains evap-
otranspiration and leads to subsurface runoff and percola-
tion into aquifers. If the simulated water table of the shallow
aquifer is high enough, ground water flow from the aquifer
supports river flow. This contribution of aquifers to the river
flow is called baseflow. Land use management (e.g., planting,
irrigation, fertilization, harvest) occurs on the basis of user-
defined decision rules. When irrigation is applied, the origin
of withdrawals (river, aquifer, reservoir) must be specified
so that the amount can be subtracted from the appropriate
source. All fluxes reaching the rivers (surface and subsurface
runoff, ground water flow) are aggregated at the sub-basin
level and routed through the stream network to the next sub-
basin downstream until reaching the watershed outlet.
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2.3.2 Model setup

The 60.5.3 version of SWAT+ has been used in this study as
the baseline model, to which features and options were added
(see “Code availability” section).

The watershed has been divided into 149 sub-basins
(Fig. 1). In this study, we forced HRUs to match individual
fields in all agricultural land so that using remotely sensed in-
dices at the plot scale would be consistent. This delineation
resulted in about 26 000 HRUs. The model was fed with the
true crop rotation from 2015 to 2021 according to the French
database RPG.

2.4 Two approaches for crop growth and management

Two methods have been compared to simulate crops seasonal
dynamics. The first one is the native crop growth module of
SWAT, based on a simplified version of EPIC (Erosion Pro-
ductivity Impact Calculator). The second one consists of ob-
servations of measured crop growth through the normalized
difference vegetation index (NDVI), a remote-sensing-based
index linked to vegetation development. The two approaches
are hereafter called SWAT-O and SWAT-NDVI, respectively.
The SWAT-O setup has also been run without any irrigation
to assess the impact of withdrawals on the streamflow. Below
is a short description of both methods.

https://doi.org/10.5194/hess-28-49-2024



E. Brochet et al.: How to account for irrigation withdrawals in a watershed model 53

Table 1. Decision rules for corn emergence. The emergence occurs
on the first day that all the conditions are met. YHU: total heat units
of the year; SWC: soil water content; FC: field capacity.

SWAT-O SWAT-NDVI

HUp > 30 % YHU 20 April < day < 10 July

SWC < 1.05 - FC NDVI increasing

0.2 <NDVI<0.5

2.4.1 SWAT-O: growth of plants and ET driven by heat
units (EPIC)

Heat units (namely the average temperature of the day mi-
nus the base temperature) drive the growth of LAI (leaf area
index) according to the following formulas (Barnard, 1948;
Phillips, 1950):

frpay
frpryu +exp(li — I - frppu)
> HU;
PHU

ey

freamx =

frpHu = , (2)
where fri ajmx 1S the fraction of maximum LAIL /1 and [,
are shape coefficients, HU; is the heat unit of day i (°C),
and PHU is the potential heat unit required for plant matu-
rity (°C). A more detailed description of this simplified EPIC
module can be found in the SWAT theoretical documentation
(Neitsch et al., 2001).

The beginning of growth is settled according to decision
rules, where the most important parameter is the sum of heat
units since 1 January (HUp). The emergence occurs on the
first day that all the conditions are met. See an example for
corn in Table 1.

Potential evapotranspiration (PET) of the crop depends
on its LAI based on Penman—Monteith equation (Monteith,
1965):

A(Hne — G) + y Ky - (06221 - £y . 25
A+y - -(I+rc/ra)

. 3

E =
U

=" 4
0.5-LAI @

Ie

where r. is the stomatal resistance (s m~1), r; is the stom-
atal resistance (sm~!) of a single leaf, E; is the maxi-
mum transpiration (mmd~!), A is the latent heat of vapor-
ization (MJkg™!), A is the slope of the saturation vapor
pressure—temperature curve (kPaOC’l), Het 1s the net radi-
ation (MIm~2d~1), G is the heat flux density to the ground
(MIm—2d-1), y is the psychometric constant (kPa°C—1),
Pair 18 the air density (kgm3), P is the air pressure (kPa),
K is a dimension coefficient (K| = 86400 sd~1), e? is the
saturation vapor pressure (kPa), e, is the vapor pressure of
air (kPa), and r, is the aerodynamic resistance (s m™ ).
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Actual evapotranspiration is adjusted from this PET
through a stress coefficient calculated as follows:

SWC i SWC
Kszi eXp<5(m—1)) Moszrawe <1 | (5
1 else.

where SWC is the soil water content (mm), and Zr is the root
depth (mm).

2.4.2 SWAT-NDVI: growth of plants and ET driven by
optical remote sensing

A normalized difference vegetation index (NDVI) is calcu-
lated from red and near-infrared (NIR) bands (fourth and
eighth bands) of Sentinel-2 and is used as a proxy for veg-
etation growth:

NIR — Red
NDVI= ——. (6)
NIR + Red

The bare-soil NDVI is lower than 0.2, whereas the crop
NDVI ranges from 0.2 at the early stages to 0.7-0.9 at full
development. Table 1 shows the rules used to detect crop
emergence with NDVI.

Actual evapotranspiration (E;, mm) is calculated with the
FAO-56 dual-coefficient method (Allen et al., 1998):

E = (ch'Ks+Ke)‘ET0a (7)

with E Ty being the evaporative demand (mm), K, being the
crop basal coefficient, K. being the soil evaporative coeffi-
cient, and K being the stress coefficient. K, can be seen
as a linear function of NDVI, the coefficients of which were
fixed following Toureiro et al. (2017):

K = 1.464-NDVI — 0.253. ®)

The K. factor depends on the crop coefficient K, the
fraction of soil coverage Fcover, and a reduction coefficient
K;:

Ke=min(K;- (1.2 = Kcp); 1.2+ (1 = Feover)) &)
with
Feover =1.23-NDVI—0.15, (10)

and K, depends on the soil texture and SWC according to
Merlin et al. (2011).
The stress coefficient is calculated as

B SWC
 (1—p)-Zr-AWC’

(1)

S

where p is the depletion coefficient that is usually equal to
0.55 in the FAO-56.
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2.5 Model for irrigation

Based on local water managers’ knowledge, all fields with a
slope lower than 10 % and that are covered by corn, soybean,
orchard or vegetables were considered to be irrigated. The
actual source of irrigation withdrawals (river or reservoirs)
is not known. The PAR database, however, provides infor-
mation about the distribution of authorized withdrawals be-
tween sources. We assumed the real withdrawal distribution
to be the same. It results in 58 % of the water being pumped
from the rivers, whereas 42 % comes from small reservoirs
(36 % from connected reservoirs and 6 % from disconnected
ones). As small reservoirs (< 10ha) are not included in our
setup, irrigation water was considered to come from the clos-
est river in relation to each HRU. This should be kept in mind
for the interpretation of results.

Rules are required to trigger the simulated irrigation. In
order to implement them, we used several surveys conducted
in southwestern France to identify farmers’ behaviors (Leen-
hardt et al., 2004; Maton et al., 2005, 2007; Senthilkumar
et al., 2015). Table 2 presents the implemented rules, which
include soil water content, the rainfall of the day and the next
day, and crop phenological stages.

The pyig parameter (Table 2) can vary depending on the
crop, and it was calibrated for corn and soybean. The cal-
ibration method is similar to the one described by Olivera-
Guerra et al. (2023). Calibration and validation data are the
annual irrigation depth for 160 irrigated fields in the PKGC
database. This led to a value of 0.57 for corn and soybean
and 0.55 for silage corn.

2.6 Calibration of hydrological processes in SWAT

Streamflow in the Gimone River during summer is more
impacted by human activities (release of water from dams,
withdrawals) than by natural hydrological processes. In or-
der to take this into account, calibration of natural hydrologi-
cal parameters has been performed for months where anthro-
pogenic impact is reduced: from November to May.

The calibration of parameters related to natural hydrol-
ogy has been performed only for the SWAT-O setup, and
calibrated values were also used for the SWAT-NDVI setup
for several reasons. First, Sentinel-2 remote sensing data are
only available from 2017. The SWAT-NDVI setup would
have not allowed us to cover a sufficiently long period to
perform calibration and validation over contrasted hydrolog-
ical years. This choice has also been made to make a more
straightforward comparison between the two crop models.
Indeed, if calibration had been performed for both setups,
the specificity of each crop model could have been hidden.

The years 2017 to 2021 have been used as the calibration
period, and the years 2012 to 2016 have been as the vali-
dation period. The years 2010 and 2011 have been run as a
warm-up period.

Hydrol. Earth Syst. Sci., 28, 49-64, 2024

Sensitive parameters have been identified through a sensi-
tivity analysis using a one-at-a-time procedure as described
by Abbaspour (2015) and based on a previous study con-
ducted in this watershed (Grusson et al., 2015; Cakir et al.,
2020). This allowed us to adjust the range of each parame-
ter before starting the calibration process. The parameters are
listed in Table 3.

Calibration has been performed by randomly drawing
1000 sets of parameters following a uniform distribution
within the tested range of each parameter. The model was
then run for each of these 1000 sets over the 2010-2021 pe-
riod. For each of the 1000 runs, several metrics have been
calculated based on daily flow over the 5-year calibration pe-
riod, excluding June to October. The metrics are the Nash—
Sutcliffe efficiency (Nash and Sutcliffe, 1970) performed for
the logarithm (NSElog) and the square root (NSEsqrt) of the
discharge, as well as the Kling—Gupta efficiency performed
for the square root of the discharge (KGEsqrt) (Gupta et al.,
2009). The square root (sqrt) and logarithm (log) transforms,
respectively, put the emphasis on middle-range and low flows
(Pushpalatha et al., 2012; Santos et al., 2018). For each score
independently, the top 1 % parameter sets were analyzed us-
ing boxplots. The dispersion between those best sets allows
us to highlight the equifinality issue during the calibration
process.

The goodness of fit of the validation period was then eval-
uated with the same metrics and additionally with R? and
Pyias. Eventually, only NSElog was used to select the pa-
rameter values because the calibration months (November to
May) still contained low flows but were influenced very lit-
tle by withdrawals. In order to assess the uncertainty due to
calibration, the four best parameter sets according to NSElog
were selected for the rest of this study.

3 Results and discussion

3.1 Calibration and hydrology outside the low-water
period

Figure 2 shows the dispersion of the top 1 % of sets of pa-
rameters according to each criterion independently (NSEsqrt,
NSElog, KGEsqrt). Since the bounds of the y axis corre-
spond to the range of each parameter, a low dispersion of
values reveals a high sensitivity of the parameter and a low
equifinality.

Accordingly, alpha_bf and, to a lesser extent, Cn, are
sensible parameters. A relative value of Cn; below 1 means
that the runoff-over-infiltration ratio must be lower than
the default values. A value of alpha_bf around 0.005 to
0.01d~! means that the transfer time from the aquifer to
the river is about 3 to 6 months. Although no transfer time
measurements are available to check the credibility of this
value, the simulated base flow is consistent with the base
flow index (BFI) of the river calculated with the Wallingford
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Table 2. Decision rules for irrigation of corn. SWC: soil water content; frpgy: fraction of YHU.

Type of rule SWAT-O

SWAT-NDVI

Water stress
Weather forecast
Minimum time between two irrigations  10d
Irrigation depth (starter)
Irrigation depth (normal)
Stop irrigation (senescence)

SWC < (1 — puig) - Zr - AWC
rain(¢) < 10 mm and rain(z + 1) <20 mm

If 0.1 < frpgy < 0.2: 15 mm
If 0.2 < frpgy: 30 mm
frpyy < 0.9

If NDVI is decreasing: NDVI > 0.95 - max (NDVI)

Table 3. Parameters selected for calibration, as well as the range within which they can vary.

Name Description Range Unit
Kgat Saturated hydraulic conductivity 0.4-1.5Kg3t mm d-!
Cnp Curve number for partition of rain between surface runoff and infiltration 0.9-1.1Cnp, —

perco Ability of soil water to reach aquifer 0.5-1 -
latq_co Adjustment coefficient for lateral subsurface flow 0-1 -
alpha_bf  Groundwater transfer time to the river 0.005-0.04  d~!

Table 4. Four best parameter sets according to NSElog.

Kgat (rel.)  Cnp (rel.) perco latg_co alpha_bf
0.78 096  0.55 0.12 0.0057
0.75 0.97 0.53 0.20 0.0061
1.06 0.91 0.66 0.16 0.0071
0.65 092  0.86 0.36 0.0067

method (Hamon, 1963; ESPERE software from BRGM:
https://www.brgm.fr/fr/logiciel/espere-estimation-pluie-
efficace-recharge-selon-differentes-methodes; Lanini et al.,
2020).

On the contrary, latq_co and K, values seem to be scat-
tered over a wider range. However, further analyses have
shown that these parameters are highly correlated because
they are both used to calculate the sub-surface lateral flow: if
latg_co is low then K, must be high and vice versa — hence
the conclusion that when the value of one of these two coef-
ficients is fixed then the other becomes very sensitive. Only
the perco coefficient seems to have a lower sensitivity.

Due to the dispersion of the best parameters without large
differences in the scores, it seemed appropriate to keep more
than one set of parameters. This allows us to account for cal-
ibration uncertainty in future runs. The four bests sets of pa-
rameters according to NSElog are therefore kept (Table 4).
Table 5 shows the values of metrics during calibration (2017—
2021) and validation (2012-2016) periods for the simulation
using the first parameter set. It is worth noting that these
scores are calculated only over the months of November to
May.

The NSE value is only satisfactory (Moriasi et al., 2007),
but since NSE mostly assesses the performance for high
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flows, which are not the goal of this study, and knowing the
limitation of discharge measurement for high flows, these
values are seen as sufficient here. On the other hand, the
NSElog values and the KGEsqrt values are very good in the
calibration period and good in the validation period accord-
ing to the classification of Moriasi et al. (2007, 2015). This
indicates a good agreement for medium and low simulated
flow rates compared to measurements. As for R? and Pyis,
these values are considered to be good and very good, re-
spectively.

The annual water balance averaged over 10 years (2012—
2021) as simulated from the calibrated values is detailed in
Table 6. Rainfall (around 700 mm per year) is mostly con-
verted into evapotranspiration (around 580 mm per year) and
flow (126 mm per year). In comparison, the measured an-
nual flow is 116 mm per year. In this section of the study,
the simulated streamflow is not yet reduced by withdrawals,
which can explain most of the difference. This water balance
is very similar to the one obtained by Boithias et al. (2014) in
a nearby and similar watershed. By not including human in-
fluence on the streamflow, they reported a way lower perfor-
mance in low-flow periods compared to in high-flow periods.
This is the reason why our hydrological calibration is per-
formed only during the November—May period, whereas the
influenced flow (June—October) performance is investigated
in the following sections. Table 6 also shows that two-thirds
of the river flow comes from subsurface runoff. Baseflow ac-
counts for about 14 % of the total flow.

The daily calibrated streamflow at the outlet is shown in
Fig. 3. The four simulations with the four selected sets of pa-
rameters are plotted as a minimum-maximum colored range,
along with a plain line for the median value.
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Figure 2. Boxplot analysis of the parameter values of the 10 best simulations according to three different metrics.

Table 5. Calibration and validation scores.

NSEsqrt NSElog NSE KGEsqrt  R%Z Py
Calibration (2017-2021) 0.70 0.78  0.55 0.84 074 57%
Validation (2012-2016) 0.65 070  0.44 0.82 069 11.6%

3.2 Plant phenology

The emergence of crops follows the rules described in
Sect. 2.4. As aresult, the emergence dates have very different
distributions depending on the method. In the SWAT-O setup,
most of the crop growths are synchronized. For instance, in
2017, the model grows all corn during the last week of May.
The reason is that the growth in SWAT-O is mostly deter-
mined by air temperature, which is nearly homogeneous over
the watershed. On the other hand, the use of NDVI to detect
the beginning of growth spreads the emergence dates over
almost 2 months. Figure 4 shows this effect on the 700 corn
fields in the Gimone watershed. To decide which distribution
is the more realistic one, those dates have been compared
to 150 corn fields from the PKGC database located within
80 km of the study area. The assumption is made that the dy-
namics of these plots and of the Gimone plots are similar due
to the similarity in the altitudes, latitudes and climate. The
PKGC database contains the sowing date, whereas the use of
NDVTI allows the detection of the phenological stages 6 to 8
of leaves (hereafter called emergence for more clarity). For
consistency between NDVI and PKGC estimations, a fixed
amount of 300 heat units has been added to the database of
sowing dates to be converted into plausible emergence dates,
300°Cd~! being the average needed to reach the phenolog-
ical stages 6 to 8 of leaves from sowing.

Comparison between the PKGC database and the models
clearly shows that spread emergence dates (SWAT-NDVI)
fit better to real dates. Surveys conducted in another sub-
watershed in southwestern France in 2005 also showed a
spread of sowing dates over 5 weeks (Maton et al., 2007).
However, the distribution of emergence dates in SWAT-
NDVI does not perfectly match the PKGC distribution ei-
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ther. The major explanation might be the lack of cloud-free
Sentinel-2 images during the months of April to June. In
2017, only four dates were usable: 6 April, 16 and 26 May,
and 25 June. As images were not available for 40 d, the lin-
ear interpolation may lead to unrealistic NDVI time series.
In addition, decision rules leads to some artifacts. The peak
on 30 April is produced by a lot of plots that already ful-
filled the condition of NDVI and that reached the condition
of soil water content on the same day in the model. Even if
the retrieved emergence dates in the SWAT-NDVI mode were
closer to reality, the PKGC date could also not be a represen-
tative sample of the diversity of plots. As a consequence, the
above comparison focuses on the range of emergence dates
without a quantitative description of the distributions.

3.3 Evapotranspiration

Figure 5 shows the monthly simulated ET for the years 2017
to 2021. Both setups lead to quite similar ET, with a monthly
average difference of 5% and a daily average difference of
17 % at the watershed scale. On average, over the 5 years, ET
simulated with SWAT-NDVI setup was slightly lower than
that in the SWAT-O setup (by 1.5 %).

These low differences are in line with the findings of Mar-
tin et al. (2016), who also tested the influence of emergence
dates retrieved with RS on the water balance. They reported
a change in ET from 0 % to £5 % depending on the months.
Their biggest monthly change (around 10 %) occurred in one
year where the actual growth of crops was far ahead of the
theoretical growth calendar. In the present study, however, no
year stands out in particular.
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Table 6. Annual water balance from the calibrated SWAT model, averaged over the years 2012-2021, and streamflow separation.

In (mm) Rainfall input 695
from Neste channel 24
Out (mm) Outlet flow  Surface runoff 8 %
Sub-surface runoff 126 64 %
Baseflow 14 %
Neste channel 13%
Water diverted to Save river 7
Evapotranspiration 578
Deep percolation 2
Change in Soil water content 6
storage (mm)  Rivers + reservoirs + aquifers <0.5
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Figure 3. Daily measured and simulated outlet streamflow. Gray areas highlight the periods removed from the calibration—validation process.
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Figure 4. Distribution of corn emergence dates for the year 2017.
Comparison between SWAT-O and SWAT-NDVI modes against the
reconstructed emergence dates from PKGC database.

3.4 Daily withdrawals

Figure 6 provides a daily comparison between the simulated
water withdrawals and those that are measured by the net-
worked water meters.

It can be seen that the timing and amounts of withdrawals
are highly dependent on the year. The weather might there-
fore be the first determining factor for irrigation. The rainfall
in June and July 2021 resulted in low evaporative demand
and very low irrigation during this period. On the contrary,
high temperatures and a lack of rain in July 2020 resulted
in a high evaporative demand, followed by large amounts of
irrigation.
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Some differences can also be seen between simulated
withdrawals in the SWAT-O and SWAT-NDVI modes. In par-
ticular, the peak of water demand in the SWAT-NDVI mode
at the beginning of the irrigation season (June) is reduced in
terms of intensity and spread in time compared to the SWAT-
O mode. This is a direct effect of the spreading of emergence
dates, which triggers a spread in crop management dates.

At the end of the 2020 irrigation season (September), the
SWAT-NDVI mode produced a higher irrigation amount than
the SWAT-O mode. This is due to a difference in crop phe-
nology between the two setups: the NDVI showed that corn
and soybean were not yet harvested and that their water needs
were still high due to the high ETy. On the contrary, in the
SWAT-O mode, most crops were already harvested.

The remaining gaps between the simulations and measure-
ments could be explained by several factors:

1. The actual irrigated fields are not known. Our choice
to irrigate all corn, soybeans, vegetables and orchards
in fields with slopes less than 10 % is consistent but ar-
bitrary. As several authors (Demarez et al., 2019; Pa-
geot et al., 2020; Puy et al., 2022) highlight, irrigated
areas are the main driver of water withdrawals. Indeed,
a 10 % error in areas logically leads to a 10 % error in
withdrawals.

2. This graph compares the withdrawals that occur only in
the two main rivers. We assumed that it represents 56 %

Hydrol. Earth Syst. Sci., 28, 49—-64, 2024
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Figure 6. Simulated and measured daily irrigation withdrawals in the two managed rivers (Gimone and Marcaoué) for the years 2020 and

2021.

of the total withdrawals, but the actual distribution of
withdrawal origin might be slightly different.

3. Intrinsic uncertainty in the networked meters is very
low, but errors could originate from the fact that only
60 % to 75 % of the intake points are equipped and that
we extrapolated these withdrawal data to the missing in-
take points.

4. Water restrictions are frequent at the end of the low-
water season but are not taken into account in the model.
The overestimation in September 2020 can indeed be
explained by the drought decree on 29 August 2020,
which resulted in a 50 % reduction in withdrawals in the
main rivers and the prohibition of irrigation from small
tributaries. In contrast, 2021 was a wet year, and main
rivers were been subjected to any restriction.

5. With April to June being a rainy period, Sentinel-2 im-
ages are often corrupted by clouds. During this period,
summer crops are sown and begin to grow. For this rea-
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son, the linear interpolation between cloud-free images
fails to reproduce the convex shape of the NDVI and
leads to an overestimation, which results in an overesti-
mation of the ET. Therefore, irrigation can also be over-
estimated during this period.

3.5 Effects of irrigation withdrawals on the river flow

In addition to the SWAT-O and SWAT-NDVI setups, a third
setup was run: SWAT-O with no irrigation. Each setup was
run four times with different sets of parameters (see Calibra-
tion section). In the following, the error bars or uncertainty
margins refer to the range of values obtain with those four
runs.

For further quantitative analysis, we distinguish between
two periods: on the one hand, the high-flow period from
November to May, over which period the calibration of hy-
drological processes has been performed, and on the other
hand, the administrative low-flow period from June to Octo-
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ber, where the flow is highly influenced by dam releases and
irrigation withdrawals.

During the high-flow season, most of the metrics are not
influenced by the introduction of the NDVI method into the
model (Table 7-Up). The Pyjys values rise from 5.7 % to
11.2 %, which is in the range of acceptable values (Moriasi
et al., 2007). Since hydrological processes were calibrated
without NDVI, a slight decrease in model performance could
be expected after adding it.

On the other hand, Table 7 (bottom) shows the metrics cal-
culated over the low-flow season. The scores over this period
barely changed, but the significant increase of NSElog from
about 0 to close to 0.4 suggests an improvement in the low-
flow simulation using the SWAT-NDVI mode.

Figure 7 shows the simulated streamflow at the outlet
for the period where Sentinel-2 data are available (2017 to
2021). The graph focuses on the irrigation period, from April
to October, where the differences between setups are more
likely to be seen, and this is the period of interest regarding
the water demand and the strategies for water management.

The graph reflects as far as possible the uncertainties we
are aware of. For simulation plots, plain lines are the median
value, and the errors bars are minimum and maximum values
obtained from the four runs with different parameters sets. In
addition, there might be a =10 % error in the measured flow
rate values according to the water manager . This uncertainty
is included in the graph using a colored range.

The minimal flow rate that has to be maintained (DOE) is
also included as a horizontal line.

Significant differences can be observed between the three
setups. On the one hand, both models fail to simulate the flow
rate at the end of the low-flow seasons for 2018, 2019 and
2020, for which heavy rains occurred in October. The reason
for this might be that a lot of small reservoirs — not taken into
consideration in this study — are close to being empty at the
end of summer and are filled up by the first heavy-rain period
(bar plots in Fig. 7), leading to less flow reaching the river.

On the other hand, the comparison with the no-irrigation
mode clearly shows the importance of taking into account
agricultural practices (through withdrawals here) that ac-
count for more than half of the streamflow during summer
in such a watershed. It shows that the order of magnitude of
simulated withdrawals is correct, which is a second valida-
tion of the retrieved withdrawals.

Finally, the improved timing of withdrawals in the SWAT-
NDVI setup has some visible effects on the streamflow,
mostly at the beginning of irrigation season (June, July). The
flow is smoother in this mode because it is subject to fewer
peaks in withdrawals. In general, the SWAT-NDVI mode pro-
duces a higher discharge than the SWAT-O mode. This is due
to the lower ET in the SWAT-NDVI mode compared to in the
SWAT-O mode (Fig. 5) in addition to the lower amount of
withdrawals (Fig. 6).
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4 Conclusions and outlooks

This study deals with the modeling of crop phenology and
irrigation withdrawals in an agricultural zone and their im-
pact on downstream flows. The SWAT+ agro-hydrological
model was chosen because it allows a spatialized and detailed
description of crop management. Two modeling approaches
were compared for crop management. The first modeling ap-
proach (SWAT-O) uses heat units to compute the emergence
and senescence dates of crops, their growth rate and LAI,
and then their ET. The second approach (SWAT-NDVI) uses
Sentinel-2 remote sensing data, through the NDVI vegetation
index, to determine all these features.

Before tackling the crop modeling, the calibration of hy-
drological fluxes was addressed. Because of the very influ-
enced streamflow during summer, calibration was performed
during the remaining months, from November to May. This
uncommon calibration method relies on the assumption that
parameters are independent of the time of the year, and this
hypothesis has proven to be plausible in the course of this
study. A strength of this study is admitting to the uncertain-
ties due to calibration, taking this it into account in the anal-
ysis.

Then, focusing on crops, the SWAT-NDVI setup first al-
lows us to better account for the spatial and temporal vari-
ability of the cultivated crops by spreading the emergence
over time and over the watershed, which is more realistic.
The modeled ET in this new setup follows the observed
crop dynamics at the plot scale, even though the differ-
ences in ET seem to be barely significant at the watershed
scale. The simulated daily withdrawals have been compared
against daily irrigation data provided by the water manager.
Both setups reproduce quite well the overall evolution of
withdrawals throughout the year. However, the SWAT-NDVI
mode shows the best performances at the beginning of the
irrigation season without further calibration. This improve-
ment can mainly be attributed to the spreading of crop man-
agement dates.

In our watershed, irrigation withdrawals and dam releases
are the main determining factors for the river flow in summer.
Since dam releases are known and irrigation withdrawals are
simulated, the model is able to provide satisfactory daily
streamflows in low-flow periods. The results suggest that the
SWAT-NDVI mode allows for slightly better accuracy for
very low flows, but this would need to be confirmed by other
experiments.

To conclude, this study shows that it is possible to simulate
a very influenced streamflow with modeling tools. Indeed,
very few modelers could focus on daily flow during low-flow
periods due to the difficulties in modeling both hydrology
and anthropogenic processes. In this study, we assessed two
methods for crop dynamics that allow us to retrieve with-
drawals and flow dynamics during irrigation periods with an
unusual accuracy.
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Table 7. Scores for the SWAT-O and SWAT-NDVI setups for the years 2017 to 2021. At the top is the high-flow period from November to

May. At the bottom is the low-flow period from June to October.

High flow: November to May

NSEsqrt NSElog NSE KGEsqrt R? Prias
SWAT-O 0.70 0.78 0.55 0.84 0.74 5.7 %
SWAT-NDVI 0.70 0.79 0.55 082 0.74 112%
Low flow: June to October
NSEsqrt NSElog NSE KGEsqrt  R2  Ppjas
SWAT-O 0.63 -0.07  0.60 0.78 0.79 1.1%
SWAT-NDVI 0.63 0.37 0.61 0.78 0.79 105%
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Figure 7. Simulation against measured daily outlet streamflow during the June—October period for 5 consecutive years. The SWAT-O and
SWAT-NDVI setups are compared with the theoretical simulation without irrigation withdrawals.

It would of course be interesting to reproduce this experi-
ment in different watersheds with different climate and agri-
cultural practices. In areas where land use, crop dynamics
and irrigated areas are not well known, remote sensing meth-
ods could be of great help. In this study, the hypothesis about
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irrigated areas appeared to be sufficient. However, in other
watersheds where fewer plots are irrigated, maps of irrigated
areas could be necessary (Pageot et al., 2020). In addition, in
order to obtain more accurate emergence dates, radar images
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that are not affected by clouds could be used in combination
with optical images (Rolle et al., 2022).

In most watersheds, the lack of knowledge about the ori-
gin of withdrawals still remains a limitation of our approach.
Finally, a major unknown of many watersheds is the small
reservoirs that may have a huge impact on the flow rate
but about which very little information is available (Boisson
et al., 2022).

Code availability. The custom SWAT+ sources are available
at https://github.com/ElisabethJustin/SWATplus-NDVI (Brochet,
2022).

Data availability. Most of the datasets wused in this
study are free and available online: https:/theia.
cnes.fr/atdistrib/rocket/#/search?collection=SENTINEL2

(ESA, 2012), https://doi.org/10.5066/F7PR7TFT
(USGS, 2018), https://www.gissol.fr/donnees/
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(GisSol, 2014), https://www.data.gouv.fr/fr/datasets/registre-
parcellaire-graphique-rpg-contours-des-parcelles-et-ilots-
culturaux-et-leur-groupe-de-cultures-majoritaire/  (IGN, 2021),
https://doi.org/10.5281/zenodo.3613415 (Inglada et al., 2018) and
https://agreste.agriculture.gouv.fr/agreste- web/disaron/Chd2009/
detail/ (Agreste, 2020). Only two datasets are not freely available.

— The meteorological SAFRAN dataset is subject to restric-
tion and needs to be requested from the French mete-
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to confidential restrictions (contact: https://www.cacg.fr/, last
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