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Abstract. We assess the sustainability of groundwater irrigation in the Euro-Mediterranean region. After
analysing the available data on groundwater irrigation, we identify areas where irrigation causes groundwater
depletion. To prevent the latter, we experiment with guidelines to restrict groundwater irrigation to sustainable
levels, simulating beneficial and detrimental impacts in terms of improved environmental flow conditions and
crop yield losses. To carry out these analyses, we apply the integrated model of water resources, irrigation and
crop production LISFLOOD-EPIC. Crop growth is simulated accounting for atmospheric conditions and abiotic
stress factors, including transpiration deficit. Four irrigation methods are modelled: drip, sprinkler, and intermit-
tent and permanent flooding. Hydrologic and agricultural modules are dynamically coupled at the daily time scale
through soil moisture, plant water uptake, and irrigation water abstraction and application. Water abstractions
of other sectors are simulated based on requirement data. Water may be withdrawn from groundwater, rivers,
lakes and reservoirs. As groundwater is abstracted to buffer the effects of drought, we use groundwater deple-
tion to detect unsustainable water exploitation. We characterise reported data of annual groundwater abstractions
for irrigation available at country and sub-national levels. Country data are the most complete, but their spatial
resolution is often coarse. While the resolution of sub-national data is finer, their coverage is heterogeneous.
Simulated and reported irrigation groundwater abstractions compare well in several areas, particularly in France,
while some structural discrepancies emerge: simulated values tend to be larger than those reported, especially
in southern Spain; and simulated inter-annual variability is significantly smaller than reported in some areas,
most remarkably in Turkey. Potential causes of these discrepancies are simplified model assumptions influenc-
ing irrigation frequency and amounts; lack of high temporal and spatial resolution data on irrigated areas, and
irrigation technologies and distribution; and possible unreported abstractions in areas where groundwater irriga-
tion is significant. We identify areas undergoing groundwater depletion from model simulations. In the southern
Iberian Peninsula, Greece, Middle East and northern Africa, most simulated depletion is caused by irrigation. In
other Mediterranean areas, depletion is caused by all sectors combined. From well measurements of groundwa-
ter table depth in Spain, we find statistically significant decline rates affecting large areas of the south, thus in
agreement with the model, but also areas in the north-eastern and central parts where model estimates detect no
depletion. The comparison of model- and well-based depletion rates is limited by spatial scale differences and
groundwater model assumptions, for which we suggest potential research directions. We design rules restricting
irrigation groundwater abstraction to prevent groundwater depletion and minimise severe irrigation shortages.
We optimise them and simulate their effects in the southern Iberian Peninsula. Irrigation restrictions cause crop
yield reductions in groundwater-dependent irrigated areas, particularly in the Algarve and Segura river basin dis-
tricts. At the same time, they positively impact environmental flows. This study shows the potential of integrated
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agro-hydrologic modelling for detecting water resources over-exploitation and exploring trade-offs between crop
production, sustainable irrigation and ecosystem support.

1 Introduction

Freshwater availability is put under increasing pressure by
global warming, land use changes, and water abstractions
(IPCC, 2019). Large alterations of continental water storages
and flows already occur in (semi-)arid regions where irriga-
tion is the main water use (Döll et al., 2009, 2012, 2016;
Siebert et al., 2010; Famiglietti, 2014; Long et al., 2017).

Changes in the water cycle, increasing food demand, soil
degradation, and the use of agricultural land for urban de-
velopment and bio-fuel production pose the challenge of
adapting agriculture to achieve food security within planetary
boundaries, among which water limitation is crucial (Rock-
ström et al., 2009; Rockström and Karlberg, 2010; Falken-
mark, 2013; Elliott et al., 2014; Hunter et al., 2017). There-
fore, we investigate here to which extent irrigation can be
sustainably applied, and which crop production levels can be
achieved under sustainable water abstraction conditions.

Irrigation accounts for 70 % of water withdrawals and
90 % of consumptive water use globally (Shiklomanov,
2000; Molden et al., 2007; IAASTD, 2009). These figures
reflect the growth of irrigated agriculture during the XX cen-
tury: areas equipped for irrigation have more than quadru-
pled (Siebert et al., 2015), while irrigation water use has
more than doubled (IPCC, 2019). In the future, freshwater
allocation to agriculture may be further constrained by the
compounding effects of global warming and increasing re-
quirements by other sectors (Haddeland et al., 2006; Hadde-
land et al., 2014; Molden et al., 2007; Rosegrant et al., 2009;
Chartres and Sood, 2013). However, unsustainable ground-
water abstraction for irrigation – including the mining of
fossil aquifers – is already taking place in several regions,
leading to long-term water storage depletions (Konikow and
Kendy, 2005; Scanlon et al., 2007; Siebert et al., 2010; Wada
et al., 2012; Dalin et al., 2019). Groundwater has been in-
creasingly used to expand irrigated agriculture, especially
since the 1970s decline in the availability of sites for build-
ing new dams, which had been the main source of irrigation
development until then (Brown, 2012). In 2010, Siebert et al.
estimated that 43 % of global consumptive water use for irri-
gation was drawn from groundwater.

Groundwater is used to buffer drought impacts in
(semi-)arid regions, due to its generally larger reliability and
availability compared to surface water (Garrido et al., 2006;
Siebert et al., 2010; Dalin et al., 2019). Therefore, surface
water scarcity during dry periods may lead to groundwater
depletion, exhausting or making aquifers not economic to
exploit. Irrigated agriculture based on unsustainable ground-
water use may not guarantee current levels of crop produc-

tion in the long term, potentially threatening future food
security (Seckler et al., 1999; Moench et al., 2003; Gior-
dano, 2009; Garduño and Foster, 2010; Brown, 2012). More-
over, groundwater depletion may trigger intertwined posi-
tive feedback mechanisms that reduce freshwater availabil-
ity even further: decrease of streamflow, reduction in cap-
illary rise from groundwater and therefore in soil moisture,
loss of springs and wetlands, ecosystem damage, land sub-
sidence, sea level rise, and salt-water intrusion in coastal
aquifers (Levine and Salvucci, 1999; Llamas and Custodio,
2002; Konikow and Kendy, 2005; Pokhrel et al., 2012; Glee-
son and Richter, 2018; Rodell et al., 2018; de Graaf et al.,
2019). At the same time, projected growth in population,
economy, agricultural land use, and drought intensity and fre-
quency may increase groundwater demand even further (Tay-
lor et al., 2012).

In the Euro-Mediterranean region, global warming is pro-
gressively increasing frequency, intensity, duration and ex-
tent of droughts (Planton et al., 2012; Lehner et al., 2017;
Samaniego et al., 2018; Bisselink et al., 2018b). The Mediter-
ranean basin has been identified as a “climate change hot
spot”, with projected drier summer seasons due to the in-
creasing gap between potential evapotranspiration and pre-
cipitation (Giorgi, 2006; Greve et al., 2018). This drying
trend is likely to be worsened by ecosystem degradation
caused by human land management (Guiot and Cramer,
2016). According to AQUASTAT data (FAO, 2020), agricul-
ture accounts for over 60 % of water withdrawals in several
Mediterranean countries (Algeria, Cyprus, Egypt, Greece,
Iraq, Israel, Libya, Morocco, Portugal, Spain, Syria, Tunisia,
Turkey). Regional adaptation of irrigated agriculture and wa-
ter management may become necessary in light of the pro-
jected water scarcity increases (García-Ruiz et al., 2011;
Daccache et al., 2014; Fader et al., 2016; Malek and Verburg,
2017).

Climate change and growth of human activities are inter-
linked challenges to water and food systems, whose secu-
rity will require improving water resources management and
allocation (Rodell et al., 2018). Design of adequate actions
should be informed by integrated models that can represent
the dynamic interactions between climate, water resources
and human activities, including crop growth (Gleeson et al.,
2012; Dalin et al., 2019).

Reported statistics on irrigation water abstraction and con-
sumption are generally based on rough assumptions on crop
water requirements and are available at coarse spatial and
temporal resolutions (Döll and Siebert, 2002; Döll et al.,
2016). Therefore, integrated water resources models can be
useful not only to project future trends, but also to comple-
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ment historical records (Hejazi et al., 2014; Huang et al.,
2018).

We present a large-scale assessment of irrigation sustain-
ability, using groundwater depletion as marker of water re-
sources overdraft, and of the potential agro-hydrologic ef-
fects of regulating groundwater abstractions. We apply the
integrated model LISFLOOD-EPIC (Gelati et al., 2020) that
simulates dynamically hydrology, crop growth and irriga-
tion, accounting for water abstractions for household, live-
stock, industry and energy sectors. Groundwater depletion
rates are estimated over the 1990–2018 period in the Euro-
Mediterranean region, using LISFLOOD-EPIC on daily time
steps at 5 km horizontal resolution with sub-grid land use
classes taken into account. In this paper, we focus on the
southern Iberian Peninsula to optimise abstraction rules that
avoid groundwater depletion and minimise severe water
shortages under current climatic conditions. Ensuing crop
yield losses and positive effects on environmental flows are
simulated by LISFLOOD-EPIC. The southern Iberian Penin-
sula is chosen because of the following features: aquifer
over-exploitation cases are documented for Spain (MITECO,
2000; Llamas and Garrido, 2007; Molinero et al., 2008;
Giordano, 2009; Fuentes, 2011; Brown, 2012; Werner et al.,
2012; Bierkens et al., 2019) and Portugal (APA, 2015); irri-
gation amounts to 75 % of groundwater abstraction in Spain
(Custodio et al., 2017b; Hernández-Mora et al., 2010); in
Portugal, 74 %–77 % of groundwater abstractions supply ir-
rigation and livestock (Gruere, 2015; APA, 2015); several
Spanish aquifers, especially in the south-eastern part, have
undergone depletion (Kahil et al., 2015; Llamas et al., 2015;
Custodio et al., 2016, 2017a; Foster and Custodio, 2019); de-
pletions have also been detected in Portugal, in particular in
the coastal aquifers of Algarve (Ribeiro and Veiga da Cunha,
2010); and well measurements of water table depth are pub-
lished by the Government of Spain (2020).

Numerous large-scale hydrologic modelling studies have
focused on irrigation sustainability and groundwater deple-
tion (e.g. Siebert et al., 2010; Wada et al., 2010, 2012; Döll
et al., 2014; Joodaki et al., 2014). However, they did not
compute the crop production effects of (regulating) irriga-
tion. Grogan et al. (2017) combined a hydrologic model
with a crop production model to estimate the contribution of
groundwater mining to crop yield. Bierkens et al. (2019) es-
timated the crop yield effects of agronomic inputs, including
irrigation, with an econometric regression model. Compared
to these studies, which did not simulate crop growth and hy-
drology in a dynamically integrated model, our methodology
can assess simultaneously crop production and hydrologic
impacts of restricting groundwater irrigation to sustainable
levels. We test our approach on an agriculturally significant
area (southern Iberian Peninsula), and envisage to apply it at
continental and global scale.

The remainder of the article is structured as follows. In
Sect. 2 we describe the methods. In Sect. 3 we present model
input data for the Euro-Mediterranean setup. Results are pre-

sented in Sect. 4 and discussed critically in Sect. 5. Finally,
Sect. 6 summarises the main findings of this study.

2 Methods

The integrated model of irrigation, crop growth and water
resources LISFLOOD-EPIC is described in Sect. 2.1. First,
LISFLOOD-EPIC is applied in the Euro-Mediterranean re-
gion assuming irrigation water abstraction to be unrestricted
although limited by surface water availability. Groundwater
depletion rates are estimated from groundwater level time se-
ries as described in Sect. 2.2. Section 2.3 defines the ground-
water abstraction rules for irrigation, which are optimised in
the southern Iberian Peninsula to avoid groundwater deple-
tion due to irrigation while trying to minimise severe irriga-
tion deficits. Finally, these optimised rules are implemented
in LISFLOOD-EPIC to assess the agro-hydrologic impacts
of regulating groundwater irrigation abstractions.

2.1 Integrated model of irrigation, crop growth and water
resources (LISFLOOD-EPIC)

The distributed water resources model LISFLOOD (de Roo
et al., 2000; van der Knijff et al., 2010; Burek et al., 2013;
Bisselink et al., 2018a) is coupled with crop growth processes
from the EPIC model (Williams et al., 1989; Williams, 1995;
Sharpley and Williams, 1990) and a newly developed irri-
gation module. The resulting integrated model (LISFLOOD-
EPIC) simulates the interactions between catchment hydrol-
ogy, crop growth, irrigation, and water abstraction and allo-
cation at the daily time scale.

The full description of LISFLOOD-EPIC is provided by
Gelati et al. (2020), together with an evaluation in the Euro-
Mediterranean region. Here we present briefly the simulated
processes that are relevant for this study.

2.1.1 Hydrology

The model simulates the following land surface water pro-
cesses: snow accumulation and melting, soil freezing, canopy
interception, infiltration, runoff, three-layer soil moisture
fluxes, evapotranspiration, macro-pore flow and deep soil
percolation, subsurface (interflow) and groundwater (base-
flow) discharge to rivers, and surface water routing through
the river network, lakes and regulated reservoirs.

The mass balance equation of a grid-cell groundwater stor-
age s is

ds
dt
= r(t)− a(t)− b(t)+h(t) (1)

where r is recharge, a is abstraction, b is baseflow to the river
segment in the grid-cell, and h is net flow from neighbouring
grid-cells. Groundwater recharge from river seepage is not
explicitly simulated.
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Baseflow b is modelled as the outflow of a linear reservoir,
conditioned on groundwater storage being above a threshold
level:

b(t)= θs(t)H (s(t)− σ ) (2)

where H is the unit step function returning 1 when its argu-
ment is positive and 0 otherwise; θ is an inverse time constant
parameter that is calibrated, along with other hydrologic pa-
rameters, using river discharge observations (Feyen, 2005;
Zajac et al., 2013); and σ is a storage threshold parameter. If
storage s is below σ , groundwater is disconnected from the
river segment and no baseflow is simulated. As the model
does not use explicit information about riverbed elevation,
σ is assumed to be constant across the simulated domain.

Net lateral groundwater flow h is simulated by a weighted
spatial smoothing process:

h(t)= κ (s(t)− sn(t)) (3)

where sn is the average storage level of the grid-cells within
the smoothing window that have active aquifers (Sect. 3.4);
and κ is the smoothing weight taking value between 0 (no
smoothing, thus there would be no lateral flow) and 1 (full
smoothing, thus the grid-cell storage would equal the aver-
age over the smoothing window). As we use a 5 by 5 grid-cell
window, the maximum number of neighbouring grid-cells in-
volved in the smoothing is 24. h is proportional to storage
level difference through κ , which may be seen as a pseudo-
conductivity parameter. However, due to the simplified rep-
resentation of lateral flow in Eq. (3), κ is assumed to be con-
stant across the domain.

The groundwater component of the model is meant to
represent large scale groundwater balance processes, rather
than fine scale fluxes and heterogeneities. Thus we fol-
low a volume-based approach, which consists of simulat-
ing the groundwater balance of each grid-cell independently
(Collins, 2017), with the addition of the smoothing repre-
sentation of lateral flow of Eq. (3). The volume-based ap-
proach was used in previous large-scale modelling studies
of groundwater depletion (Wada et al., 2010; Döll et al.,
2012; Döll et al., 2014; Pokhrel et al., 2015). While the rel-
atively coarse spatial resolution of these studies (0.5 or 1◦

latitude/longitude) allowed simulating realistically the im-
pact of groundwater abstractions on groundwater storage of
each grid-cell separately, the higher spatial resolution of ours
(5 km) does not. Therefore, we include a simplified represen-
tation of lateral flow, to redistribute local groundwater stor-
age anomalies caused by large abstractions concentrated in
small areas such as industrial districts and cities. Water ab-
straction and allocation in LISFLOOD-EPIC are described in
Sect. 2.1.4. In Sect. 5.2, we discuss possible improvements of
the current simplified model representation of groundwater
processes.

2.1.2 Crop growth

Plant development processes are simulated accounting for
weather conditions, atmospheric CO2 concentration, and abi-
otic stress factors (transpiration deficit, soil over-saturation,
heat and cold stresses, and frost damage). The model simu-
lates rainfed and irrigated cultivation of annual and perennial
crops. It is fully coupled with the hydrologic components
through soil moisture, plant water uptake, canopy intercep-
tion, freshwater availability for irrigation, and return flows
from irrigation water conveyance and application.

2.1.3 Irrigation

Four irrigation methods are represented: drip, sprinkler, and
temporary (surface) and permanent (paddy) flooding. Irriga-
tion is required when plant transpiration deficit exceeds a
threshold, which is set to 0 in this study in order to simulate
optimal irrigation requirements. Such threshold can be mod-
ified to simulate deficit irrigation scenarios. Irrigation water
requirement is function of root zone soil moisture, and appli-
cation and conveyance losses.

Application losses are water amounts allocated on the field
that do not contribute to plant transpiration or canopy inter-
ception evaporation. Conveyance losses are function of the
technology used to transport water from source to field. Non-
evaporative components of both application and conveyance
losses re-enter the hydrologic system as return flows. There-
fore, they are regarded as (local) losses at field scale but not
at larger spatial scales. At the catchment scale, for example,
return flows ensuing from upstream local losses may be ab-
stracted for downstream water use.

Application losses are simulated dynamically depending
on the irrigation method, potential evaporation, and the state
of the plant-soil composite. In flooding systems (surface and
paddy irrigation), application losses occur via open water
evaporation, surface runoff and macropore flow. Sprinkler
application losses occur via droplet evaporation and wind ad-
vection. In drip irrigation, as well as in the other systems,
water is lost locally via evaporation and drainage of soil
moisture not used by plants, part of which may contribute
to aquifer recharge.

Irrigation parameters are described in Sect. 3.5.

2.1.4 Water abstraction and allocation

While irrigation requirements are simulated dynamically,
those of other sectors (household, industry, energy and live-
stock) are model input, which are described in Sect. 3.2. All
withdrawals are partitioned among surface water and ground-
water bodies according to water use statistics, conditioned
on the availability of active (exploitable) aquifers. Surface
water abstractions are drawn from rivers, lakes and reser-
voirs proportionally to (and limited by) available water stor-
age within each water use region (WUR). WURs are used
because large-scale information about water supply source
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locations is missing. In case of surface water shortage, irri-
gation allocation is reduced first. If this is not enough, al-
locations for other uses are reduced evenly. This simplified
approach is motivated by the lack of large-scale informa-
tion about water shortage management. Groundwater is ab-
stracted on the same grid-cell where the water requirement
is located, provided that the local aquifer is exploitable. In
the absence of exploitable aquifers, water supply is entirely
derived from surface water. If not regulated, groundwater ab-
stractions are not limited so that unsustainable water use can
be simulated. Return flows from water users are simulated
dynamically. Parameters of water abstraction and allocation
are described in Sect. 3.4 and 3.5.

2.2 Groundwater depletion

We compute groundwater depletion rates as statistically sig-
nificant negative linear trend slopes of storage time series:

D(s)=M(s|α)
cov(s, t)

var(t)
H (−cov(s, t)) (4)

where s = {s(t)|t ∈ t} are groundwater levels recorded at
times t ; var and cov are the variance and covariance oper-
ators; H is the unit step function defined after Eq. (2); and
M is the Mann–Kendall test at significance level α, return-
ing 1 if the trend is statistically significant and 0 otherwise
(Mann, 1945; Kendall, 1975; Hussain and Mahmud, 2019).
ThereforeD returns either 0 (no depletion) or a negative rate
(statistically significant depletion).

2.3 Regulation of groundwater abstraction for irrigation

We define groundwater abstraction rules for irrigation
(Sect. 2.3.1). To evaluate their agro-hydrologic impacts, we
design a control model simulation not allowing irrigation wa-
ter use (Sect. 2.3.2). Rules are optimised to avoid irrigation-
induced groundwater depletion while trying to minimise se-
vere impacts on crop production (Sect. 2.3.3).

2.3.1 Abstraction rules

Drawing on similarities between exploited aquifers and reg-
ulated surface water reservoirs (Tian et al., 2018), we simu-
late abstraction regulation using rule curves, which are used
to guide reservoir releases given storage and season (Wurbs,
1993; Chen, 2003; Ngo et al., 2007; Gelati et al., 2011, 2014).
We regard groundwater storage levels at a given time of year
as effective state descriptors that can guide abstraction. At
the same time, we assume that other potentially useful infor-
mation, e.g. recharge forecasts, is not available.

Monthly rule curves determine the fraction of required ir-
rigation abstraction that is actually pumped, given the WUR-
averaged groundwater storage. Regulation is defined at WUR
level because detailed information about abstraction source

locations is not available at the modelling scale. By introduc-
ing this regulation, the abstraction term in Eq. (1) becomes

a(t)= qo(t)+ qi(t)Fm,w (sw(t)) (5)

where qi is the required abstraction for irrigation; qo is the
required abstraction for other uses (household, livestock and
industry; we assume the energy sector to use only surface wa-
ter), which are not regulated for the purposes of this study;
m is the calendar month corresponding to time t ; sw is the av-
erage storage of the WUR w the grid-cell belongs to. Fm,w is
the piece-wise linear rule curve function for month m and
WUR w:

Fm,w (sw)=


1 if sw(t)>uw(m)
sw(t)− lw(m)
uw(m)− lw(m)

if lw(m)< sw(t)< uw(m)

0 if sw(t)6lw(m)

(6)

where lw(m) is the level below which irrigation abstraction is
halted for grid-cells in WUR w during monthm. Conversely,
above uw(m) irrigation abstraction is unrestricted.

As surface water abstraction for irrigation is is assumed to
be unregulated, the total water amount allocated to irrigation
is

i(t)= is(t)+ qi(t)Fm,w (sw(t)) . (7)

2.3.2 Control simulation without irrigation

To assess the effects of regulation, we use storage z from a
LISFLOOD-EPIC simulation without irrigation (i = qi = 0)
as control:

dz
dt
= ro(t)− qo(t)− b(t)+h(t) (8)

where ro is recharge when no irrigation is applied.
Surface water irrigation is also turned off not to in-

clude irrigation-caused recharge, which would otherwise
contribute to groundwater balance and thus lead to underes-
timation of depletion by other uses. As we use groundwater
depletion to assess irrigation sustainability, the control simu-
lation is designed to represent groundwater dynamics driven
by hydrologic processes and other water uses (rainfed condi-
tions).

Given a model simulation in which irrigation is active (be
it regulated or not) and its total recharge r , the portion of
recharge due to irrigation is computed by subtracting the
rainfed conditions recharge r0 obtained from the control sim-
ulation:

ri(t)= r(t)− ro(t). (9)

2.3.3 Optimisation

Here we describe the methods used to optimise the ground-
water irrigation rule curves described in Sect. 2.3.1.
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We begin by defining the objective and constraint func-
tions constituting the optimisation problem. Ideally, we
would seek to calibrate rule curves in order to avoid ground-
water depletion due to irrigation while minimising crop
yield losses. However, due to the relatively large computa-
tional cost of the full LISFLOOD-EPIC model, we define
an optimisation problem that only requires the simulation of
groundwater flows, including abstraction and recharge. This
approach reduces the computational cost by over 103 times
compared to using the full model, which also simulates sur-
face water hydrology and crop growth processes.

As we do not explicitly seek to minimise crop yield losses,
the objective function is designed to limit severe irriga-
tion shortages. Minimising the occurrence of large irrigation
deficits when crop water requirement – and therefore poten-
tial biomass growth – is large, we assume severe irrigation
shortages to be proxies of severe crop production losses. Fur-
thermore, because of spatial interdependence of groundwa-
ter storage, all rule curves of any set w of adjacent WURs
are optimised simultaneously. To avoid analysing trade-offs
between irrigation deficits at multiple WURs, we define a
single aggregate objective function. Based on the above con-
siderations, we seek to minimise the sum of square irriga-
tion deficits, constraining all WUR depletion rates not to be
smaller (worse) than those computed for the control simula-
tion without irrigation:

min
∑
t∈t

∑
w∈w

(1−Fm,w (sw (t))
)∫
w

qi(t)dA

2

(10a)

subject to D (sw)>D (zw)∧ 0< jw6vw < 1 ∀w ∈ w (10b)

where sw = {sw(t)|t ∈ t}, zw = {zw(t)|t ∈ t}; zw is the aver-
age storage of WURw under rainfed conditions (Sect. 2.3.2);
Fm,w is the rule curve function defined in Eq. (6); and re-
quired irrigation abstractions (qi) are integrated over the irri-
gated area A of each WUR.

The objective function and constraints of Eq. (10) are
evaluated using the groundwater component of LISFLOOD-
EPIC (Sect. 2.1.1). In Eq. (1), however, the recharge term r

is an exogenous input, as it is influenced by plant and soil
processes that are not included in the groundwater scheme.
Following the r decomposition in Eq. (9), the rainfed con-
ditions component r0 is obtained from the control simula-
tion without irrigation (Eq. 8), while its other component ri
is function of applied irrigation amounts and of the state of
the plant-soil composite. When rule curves are enforced, ap-
plied irrigation is computed as the sum of unrestricted sur-
face water irrigation and of regulated groundwater irrigation
(Eq. 7). In contrast, plant-soil composite state variables are
not simulated by the groundwater scheme and thus are un-
known. Therefore, ri needs to be approximated for the ob-
jective and constraint functions of Eq. (10) to be evaluated.
To do so, we use a fast surrogate model computing ri as
a lagged response function of applied irrigation i. The sur-

rogate model, which is described in Appendix A, is a lin-
ear reservoir inflow-outflow transfer function. It is calibrated
against ri values obtained by decomposing the recharge sim-
ulated under full irrigation conditions (Eq. 9). We choose the
linear reservoir analogy because, in the full model, a linear
reservoir partitions macro-pore flow and deep soil drainage
among interflow and recharge. Also, it outperforms approx-
imating irrigation-caused recharge as a constant fraction of
irrigation (e.g. Werner et al., 2012).

The groundwater balance equation used to evaluate the
functions of the optimisation problem defined in Eq. (10) is

ds
dt
= ro(t)+r̃i(t)−qo(t)−qi(t)Fm,w (sw(t))−b(t)+h(t) (11)

where r̃i is recharge simulated by the surrogate model defined
in Eq. (A1) of Appendix A.

The decision variables to be optimised are defined as fol-
lows. To limit the decision space dimension, we parameterise
the monthly levels lw(m) and uw(m), which define the rule
curves in Eq. (6), as quantiles of the groundwater storage
cumulative distribution function Gm,w(z) obtained from the
control simulation without irrigation (Sect. 2.3.2):

lw(m)=G−1
m,w (jw) (12a)

uw(m)=G−1
m,w (vw) (12b)

where the cumulated frequencies jw and vw are the decision
variables to be optimised for WUR w. Given the parame-
terisation of monthly levels l and u given in Eq. (10), there
are 2|w| decision variables, namely j = {jw|w ∈ w} and
v = {vw|w ∈ w}. If, instead, we optimised directly lw(m) and
uw(m) for each month and WUR, there would be 12|w| de-
cision variables.

Our choice of decision variables implies that rule curve
isolines approximate the seasonal cycles of storage quan-
tiles in absence of irrigation. Therefore, this parameterisation
may be seen as an implicit constraint forcing the regulated
groundwater balance to converge towards rainfed conditions.
Also, at the same storage level, it allocates larger fractions of
required irrigation abstraction during dry seasons compared
to wet ones.

We calibrate the decision variables j and v by approximat-
ing the solution of Eq. (10), using a genetic algorithm (Blank
and Deb, 2020) to search the decision space, in a simulation-
optimisation approach (Gorelick and Zheng, 2015).

3 Euro-Mediterranean setup

Model input data and their processing are described in full
detail by Gelati et al. (2020). Hydrologic, land surface and
soil parameters are also described by Bisselink et al. (2018b).
Here we present the input datasets that are most relevant
for the purposes of this study. Parameter maps characteris-
ing crop types, water abstraction and irrigation, which are
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Figure 1. Water use regions (WURs) over the Euro-Mediterranean
model domain, where areas without exploitable aquifers are barred.
Adjacent WURs are mapped with distinct colours.

presented in Sect. 3.3–3.5, are assumed not to change over
time. The horizontal resolution of all spatially distributed
model input data is 5 km. The model grid is defined using
the INSPIRE (2014) Lambert azimuthal equal area projec-
tion (ETRS89-LAEA). The Euro-Mediterranean model do-
main is shown in Fig. 1.

3.1 Atmospheric forcing

Simulations are forced with 1990–2018 near-surface atmo-
spheric data from the daily EFAS-Meteo dataset (Ntegeka
et al., 2013; Thiemig et al., 2020), which is available on
the model grid and includes the following variables: precip-
itation, downward shortwave radiation, wind speed, water
vapour pressure, and minimum and maximum air tempera-
ture.

Near-surface CO2 concentration and barometric pres-
sure are derived from the global Copernicus Atmosphere
Monitoring Service (CAMS) Greenhouse Gases Flux Inver-
sions v18r2 reanalysis dataset (Chevallier et al., 2010; Coper-
nicus, 2020), which provides 3-hourly data at 1.875◦ latitude
by 3.75◦ longitude resolution on 40 atmospheric pressure
levels from 1979 to 2018. After computing daily averages,
these are assigned to model grid-cells via nearest-neighbour
interpolation. Then, values are linearly corrected for altitude
based on the elevation of model grid-cells and CAMS geopo-
tential heights.

3.2 Water requirements of sectors other than irrigation

While irrigation water requirements are simulated dynami-
cally, those of other sectors are fed into the model as spatially
distributed daily time series (1990–2018), which are down-
scaled from national statistics. Domestic requirements are
obtained from multi-variate regressions of economic, demo-
graphic and climate data (Vandecasteele et al., 2014; Bern-
hard et al., 2020a). Energy (cooling) requirements are in-
terpolated from country-level values using power plant lo-
cations from the European Pollutant Release and Transfer
Register database (EEA, 2020a) and electricity consumption
projections from the POLES model (Keramidas et al., 2017).
Livestock requirements are based on literature values and an-
imal population density maps (Mubareka et al., 2013). Indus-
trial requirements are downscaled from country-level values,
accounting for the locations of sites belonging to manufactur-
ing, mining and construction sectors (Bernhard et al., 2020b).

3.3 Crop parameters

The Euro-Mediterranean model setup includes 23 crop types,
for which we simulate rainfed and irrigated fractions sepa-
rately: winter and spring wheat, winter and spring barley, rye
and oat, maize, rice, millet, sorghum, sunflower, rapeseed,
olive, soybean, pulses, vegetables, potatoes, sugarbeet, tem-
perate and tropical fruit, tobacco, fibres, and a lumped type
for the rest of crops.

Spatial distribution of crops is derived from the
SPAM v3.2 dataset (You et al., 2014; IFPRI and IIASA,
2020), which provides rainfed and irrigated areas (ha) of
42 crop categories on a global 5′ latitude/longitude grid for
the year 2005. SPAM cultivated areas are transformed into
cultivated land fractions by dividing them by SPAM pixel
areas in the ETRS89-LAEA projection. These fractions are
then assigned to model grid-cells via nearest-neighbour in-
terpolation. Where necessary, LISFLOOD sub-grid land use
classes based on Corine 2006 data (EEA, 2006) are adapted
to accommodate SPAM-derived rainfed and irrigated crop ar-
eas.

Most modelled crop types are defined as either a single
SPAM category or by merging several SPAM categories. Ex-
ceptions are some SPAM cereal categories (wheat, barley
and other cereals) that are disaggregated into seasonal types
(winter/spring wheat and barley, and rye and oat): we use
2000–2016 average country-level cultivated areas of winter
and spring varieties from Eurostat (2020a,b) to compute the
partitioning ratios; and we prioritise the assignment of irri-
gated cropland to spring-planted varieties. Furthermore, the
modelled olive type is defined and distributed spatially by as-
signing cultivated areas from the “other oil crops” SPAM cat-
egory using a binary mask resampled from the olive area map
of the Global Agro-Ecological Zones v3.0 dataset (GAEZ;
Fischer et al., 2012; FAO and IIASA, 2020), which reports
crop statistics globally at 5′ latitude/longitude resolution for
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the year 2000. The mask is computed by applying a 20 km
buffer around non-null olive area GAEZ pixels, to reduce
fine scale heterogeneities in crop distribution due to the ref-
erence year discrepancy with SPAM. These disaggregations
are performed to represent regionally relevant crops that are
grouped into broad categories by the global SPAM dataset.

Sowing and harvesting date ranges are obtained from
the Crop Calendar Dataset of the University of Wisconsin-
Madison (Sacks et al., 2010; Sacks, 2020), which reports data
for 25 crop classes at 5′ latitude/longitude resolution, This
dataset is used for all annual crops except tobacco, for which
we use GAEZ calendar data.

Plant physiologic parameters are adapted from crop types
used in previous studies (Bouraoui and Aloe, 2007; Wriedt
et al., 2009a,b) and those defined in the EPIC source code
(Texas A& M AgriLife Research, 2020).

Nearest-neighbour interpolation is used to map all spa-
tially distributed crop input data to the 5 km model grid.

3.4 Water abstraction parameters

Exploitable (active) aquifers are identified from the Interna-
tional Hydrogeological Map of Europe v1.1 (BGR, 2020),
using classes I, II and IIIa displayed in Fig. 2 of Duscher
et al. (2015). Figure 1 shows model domain areas where ex-
ploitable aquifers are not available. For all water uses ex-
cept irrigation, withdrawal fractions taken from groundwater
are mapped from AQUASTAT country-level figures of total
and groundwater abstraction (FAO, 2020), accounting for ex-
ploitable aquifer locations. The estimation of the shares of
irrigation abstraction withdrawn from groundwater are de-
scribed in Sect. 3.5.

WUR definitions are adapted from EU Water Framework
Directive (WFD) river basin districts (EEA, 2020b), of which
some of the largest are split into smaller units along water-
shed borders (Fig. 1).

Locations and characteristics of lakes and reservoirs are
obtained from the Global Reservoir and Dam database v1.01
(Lehner et al., 2011a,b) and the Global Lakes and Wetlands
Database (Lehner and Döll, 2004; WWF, 2020). Lacking de-
tailed data on lake and reservoir abstraction, we assume that
25 % of daily surface water abstraction in each WUR is with-
drawn from lakes and reservoirs, conditioned on stored water
availability.

3.5 Irrigation parameters

The distribution of irrigation systems and the fraction of
irrigation supplied by groundwater are derived from sub-
national data (Eurostat, 2020c), where available. Eurostat
provides the following data, grouped by farm size classes,
on NUTS2 administrative units (Eurostat, 2020h): irrigated
area, number of irrigated farms, number of farms by irriga-
tion system (flooding, sprinkler, drip), and number of farms
by irrigation water supply source (on-farm ground water, on-

and off-farm surface water, off-farm water from water supply
networks and other sources). Data about sources of irrigation
water supply and irrigation application systems are available
for 2010 only.

Within each administrative unit, the fractions of irrigation
water abstracted from groundwater are mapped assuming
that irrigation is completely supplied from surface water on
grid-cells without exploitable aquifers. We also assume that
irrigation withdrawals from water supply networks and other
sources are partitioned among surface water and groundwater
bodies according to the country-level AQUASTAT-derived
fractions used for the other sectors (Sect. 3.4). The latter
fractions are also used directly as irrigation groundwater sup-
ply shares of irrigation in areas where Eurostat data are un-
available. Moreover, we assume groundwater fractions of ir-
rigation to be irrespective of the crop type. Estimation of
groundwater and surface-water abstraction shares from Eu-
rostat data involves two steps: first, Eurostat data on irriga-
tion supply sources are averaged over farm size classes, to
obtain fractions of irrigated cropland by water supply source
for each NUTS2 unit; then, assuming that such areal fractions
are equivalent to water abstraction shares, grid-cells with ex-
ploitable aquifers are assigned groundwater irrigation with-
drawal fractions such that their NUTS2 averages match the
areal shares derived from Eurostat.

Administrative-level irrigation system fractions are dis-
aggregated spatially and by crop type using irrigated area
maps (Sect. 3.3) and information on allowed crop-specific
irrigation systems. The latter is compiled from Sauer et al.
(2010), Fischer et al. (2012) and Jägermeyr et al. (2015),
among which discrepancies are solved by taking the union
of allowed systems for each crop type. The disaggrega-
tion is performed assuming that, for each crop, the result-
ing areal fraction assigned to each irrigation system does
not change across grid-cells of the same administrative unit.
Where Eurostat NUTS2 data are not available, we disaggre-
gate country-level irrigation system shares from Table S1 of
Jägermeyr et al. (2015), who summarised data from Rohwer
et al. (2007), ICID (2012) and FAO (2020).

Irrigation conveyance efficiency values are based on Ta-
ble 7 of Brouwer et al. (1989) and adapted to the avail-
able water supply source data: on-farm ground water (0.95),
on-farm surface water (0.80), off-farm surface water (0.70),
off-farm water from water supply networks (0.9), and other
sources (0.85). These values are averaged on each model
grid-cell using local irrigation supply source fractions as
weights. We assume 50 % of conveyance losses to evaporate
and the rest to leak as macro-pore flow.

4 Results

We begin by characterising available data on groundwa-
ter abstraction for irrigation in the Euro-Mediterranean area
and comparing them with simulated values (Sect. 4.1). In
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Sect. 4.2 we discuss groundwater depletion estimates. Fi-
nally, we present the outcomes of regulating groundwater
abstraction for irrigation in the southern Iberian Peninsula
(Sect. 4.3).

4.1 Irrigation groundwater abstraction

Annual groundwater abstractions for irrigation in the Euro-
Mediterranean region are published by Eurostat (2020d,e,f)
at country, sub-national and river basin levels (Fig. 2).

Basin data are reported for WFD river basin districts
and sub-basins (RBDs) for the following countries (years):
Austria (2010), Bulgaria (2005–2017), Croatia (2014–
2017), Czech Republic (2008, 2010–2017), France (2007–
2016), Greece (2011–2016), Hungary (2010–2015), Lithua-
nia (2012–2017), Netherlands (2005–2012), Poland (2010–
2017), Portugal (2017), parts of Romania (2014–2015), Ser-
bia (2012–2017), Slovakia (2005–2017), Slovenia (2010–
2017), Spain (2011–2014), Sweden (2005, 2010, 2015),
Switzerland (2012), and the Brussels area in Belgium (2012–
2017).

Sub-national data are available for administrative ar-
eas (NUTS2) of Austria (2010), Bulgaria (2005–2013),
Croatia (2012–2013), Czech Republic (2012–2013),
France (2007–2012), Hungary (2011–2013), parts of
Poland (2013), Slovakia (2012–2013), Spain (2011),
Sweden (2005, 2010), and Brussels (2012–2013).

National (NUTS0) data are available for all EU member
states except Italy, and for several neighbouring countries.
The 1990–2017 NUTS0 reporting frequency is over 75 % for
Bulgaria, Romania, Slovenia, Spain and Turkey; over 50 %
for Cyprus, Czech Republic, Denmark, Greece, Hungary,
Lithuania, Malta, Netherlands, Serbia, Slovakia and Sweden;
and over 25 % for Austria, Estonia, France, North Macedo-
nia, Norway, Poland, and UK. To our knowledge, no ground-
water irrigation abstraction data are available for the remain-
ing countries: FAO (2020) reports total groundwater abstrac-
tions without sector disaggregation, and irrigation water ab-
stractions without source disaggregation.

NUTS0 reported abstractions, although more frequent and
extensive than NUTS2 and RBD, generally have spatial res-
olutions that are too coarse for assessing impacts on ground-
water bodies. NUTS2 data do not include several EU mem-
ber states with ample irrigated cropland (Greece, Italy, Por-
tugal and Romania), cover short time periods ending in 2013,
and have been last updated in 2016. Moreover, administrative
units often are not aligned with catchments, which are the
fundamental spatial elements for implementing integrated
water resources policies (UN, 1993): in the EU, WFD man-
agement plans are defined on RBDs. RBD reporting is also
more extensive and frequent than NUTS2, featuring data up
to 2017. In particular, data are available for RBDs in Greece
and Portugal, which withdraw relatively large amounts of
groundwater for irrigation. However, RBD data are not re-
ported for some countries with significant irrigation water

use, among which Italy is the sole EU member state not re-
porting any irrigation groundwater abstraction data.

Figure 2 displays average reported groundwater abstrac-
tion for irrigation as percentage of precipitation recorded
during the reporting years. Rates are above 1 % in Portugal,
Spain, Alsace (France), Malta, Greece, Cyprus and Turkey.
The largest values (> 5 %) are mapped at NUTS2 and RBD
levels, highlighting the importance of sub-national scale re-
porting for assessing potential unsustainable groundwater
use: in Murcia and Castile-La Mancha NUTS2 and Segura
RBD in Spain; in Algarve, Tagus and Cavado RBDs in Por-
tugal; and throughout RBDs in north-eastern Greece (Thrace;
Eastern, Central and Western Macedonia; Thessalia; and
Eastern Central Greece).

Data on irrigated cropland area are of great value when
analysing, also by modelling, the spatial and temporal vari-
ability of irrigation abstraction volumes. The joint report-
ing of volume and area allows estimating irrigation intensity,
which can be used to assess to which extent irrigation ab-
straction changes are caused by climate, cropping patterns
and irrigation practices, provided that data about these fac-
tors are also available. Irrigated areas are reported on NUTS0
and NUTS2 by Eurostat (2020d,e) in 2005, 2007, 2010,
and 2013. On NUTS2, volumes and areas are reported jointly
four times for Bulgaria; twice for France and Sweden; and
once for Austria, Belgium, Czech Republic, Croatia, Hun-
gary, Poland and Slovakia. NUTS0 joint reporting is gener-
ally more frequent, but it does not cover 40 % of volume-
reporting countries, such as Portugal and Turkey among oth-
ers. Moreover, reported areas are not disaggregated by wa-
ter supply source. This information can be inferred from Eu-
rostat (2020c), which reports the number of holdings sup-
plied by each water source aggregated by farm size class on
NUTS2. However, these data are available only for 2010. To
our knowledge, irrigated areas are not reported for RBDs.

4.1.1 Comparison of simulated and reported
abstractions

Simulated and report-based irrigation intensity estimates at
country level are compared in Gelati et al. (2020). Here we
compare simulated and reported volumes over the 1990–
2018 period, to assess how the model simulates the pressure
on groundwater due to irrigation abstractions (Fig. 3).

At RBD and NUTS2 levels, most largest reported vol-
umes are significantly smaller than the corresponding sim-
ulated values. The ratios of simulated to reported volumes
are particularly large in southern Spain, up to over 4 times in
the Guadalquivir RBD and Andalusia NUTS2, which largely
overlap. Similar volume ratios occur in the Ebro, Segura and
Mediterranean Andalusia RBDs, and Aragon, Catalonia and
Extremadura NUTS2 in Spain; and the Crete RBD in Greece.
Simulated abstractions of other RBDs (Guadiana and Júcar)
and NUTS2 (Castile and Leon, Murcia, Valencia) of Spain
are between 2 and 3 times those reported. Smaller ratios
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Figure 2. Reported groundwater abstraction for irrigation as percentage of observed precipitation averaged over (a) administrative units
(NUTS0, NUTS2), and over (b) WFD river basin districts and sub-basins (RBDs). Where available, NUTS2 and sub-basin figures overlay
those reported at NUTS0 and basin levels. Country-wide RBDs are defined for Cyprus, Malta, Albania, Iceland, Kosovo, North Macedonia
and Turkey, for which data are mapped only at NUTS0 level. White land areas are outside the Euro-Mediterranean model domain (Fig. 1).

– generally below 2 – occur in several RBDs across Spain
(Douro and Tagus), Greece (Eastern Central Greece, Eastern
Peloponnese and Thrace) and France (Adour, Garonne, Dor-
dogne, Charente and Aquitaine coastal streams; Loire, and
the coastal rivers of Vendée and Bretagne). The same applies
for most NUTS2 in France, where the largest abstractions are
recorded for Aquitaine and Centre. Compared to the largest
values reported at sub-national levels in Spain (Castile-La
Mancha) and Greece (Thessalia), the corresponding simu-
lated values are from 25 % to 35 % larger.

For Portuguese and some Greek RBDs (Northern Pelo-
ponnese, and Eastern, Central and Western Macedonia), sim-
ulated values are fairly unbiased. For RBDs of Portugal,
France and Spain (excluding the Ebro and southern RBDs),
simulated and reported volumes correlate well (Fig. 3a). This
is also the case for NUTS2 in France (Fig. 3b).

It is noteworthy that for several RBDs the same non-zero
abstraction is reported on different years: in Greece, out of
six annual volumes, Crete features a unique value, Eastern
Central Greece three, and the remaining RBDs two; each
RBD of Croatia reports a value repeated four times; and in
the Morava, and the Ohre and lower Elbe RBDs (Czech Re-
public), 105 m3 is reported for both whole series, which are
7 and 8 year long.

At NUTS0 level, the ratios of simulated to reported ab-
stractions in Spain are roughly between 3 and 5. The linear
correlation coefficient between simulated and reported val-

ues is positive but relatively small (0.28), indicating inter-
annual variability discrepancies. From 1997, reported vol-
umes show an overall increasing trend with local maxima
in 2000, 2005, 2009 and 2012, for which the model also
simulates anomalously large abstractions. Reported total ir-
rigated area declines linearly from 2005 (3.36× 1010 m2) to
2013 (2.90× 1010 m2) through 2007 and 2010, thus not cor-
relating with the volume trend.

Compared to Spain, Greece reported data span a similar
range and the corresponding simulated values are between
1.5 and 4 times larger. They form two groups, with smaller
volumes in the 1990s and 2000s and significantly larger val-
ues after 2010. This shift is not explained by reported irri-
gated areas, which are larger in 2005 (1.31× 109 m2) and
2007 (1.28×109 m2) than in 2013 (1.16×109 m2). Repeated
volume values are reported for 1993 and 1995–1997 (3.10×
109 m3), and for 2011–2015 (4.62× 109 m3).

For Portugal, abstractions are reported only for 3 years.
Compared to these, simulated values have a much smaller
variability, leading to an accurate prediction in 2017 but un-
derestimations in 1990 and 1998. Areas and volumes are not
reported jointly.

Simulated abstractions for Turkey are comparable with
reported values until 2008, underestimating thereafter.
From 1995, their range of variability is an order of magni-
tude smaller than that of reported values, which increase at
a nearly constant rate (1.82× 108 m3 yr−1) until 2011. Af-
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Figure 3. Simulated versus reported groundwater volumes abstracted for irrigation at RBD, NUTS2 and NUTS0 levels (1990–2018). South-
ern Spain is defined either as Andalusia (61), Castile-La Mancha (42), Extremadura (43), Murcia (62) and Valencia (52) NUTS2 (b); or as
Mediterranean Andalusia (ADL), Guadalete (GUA), Guadiana (GUD), Guadalquivir (GUL), Júcar (JUC), Segura (SEG), and Tinto (TIN)
RBDs (a). These definitions overlap over 80 % of their union area. Other RBDs (a): Douro (DUE), Ebro (EBR) and Tagus (TAG) in Spain;
Crete (CRE), Eastern Central Greece (STE_E), Eastern and Northern Peloponnese (PEL_E, PEL_N), Eastern, Central and Western Mace-
donia (MAC_E, MAC_C, MAC_W), Thessalia (THE) and Thrace (THR) in Greece; Douro (DRO) and Tagus (RIB_SB) in Portugal; Adour,
Garonne, Dordogne, Charente and Aquitaine coastal streams (ADO_OTH) and Loire, and the coastal rivers of Vendée and Bretagne (LOI)
in France. Other NUTS2 (b): Aragon (24), Catalonia (51) and Castile and Leon (41) in Spain; Centre (24) and Aquitaine (61) in France.
NUTS0 data points (c) are labelled by year of reporting.
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terwards, the average growth rate of reported abstractions is
more than double (4.11×108 m3 yr−1), although annual rates
are much more variable. Reported abstractions grow more
than fourfold from 1990 to 2017, while no irrigated area val-
ues are reported.

For France, the ratios between simulated and reported
abstractions are between 1.7 and 2.2. Their linear correla-
tion coefficient is 0.90, indicating that the model reproduces
well the variability of reported volumes. In particular, both
simulated and reported abstractions peak in 2003, when a
severe drought affected several European countries includ-
ing France (Ciais et al., 2005). Both series have their min-
ima in 2007, a year with above-average summer precipita-
tion in France (van der Velde et al., 2012). The 2007 re-
ported irrigation area is smaller than those of 2010 (−5 %)
and 2005 (−11 %). However, this may explain only in part
the lower 2007 abstraction compared to 2010 (−34 %) and
2005 (−37 %).

In Sect. 5.1 we discuss possible causes of the mismatches
between simulated and reported groundwater abstractions for
irrigation.

4.2 Groundwater depletion estimates

We estimate groundwater depletion rates from 1990–2018
simulated groundwater storage time series. Those statisti-
cally significant (Mann–Kendall trend test at α = 0.01) are
mapped in Fig. 4. Rates are computed at WUR level to avoid
local model artefacts due to the lack of detailed data on the
locations of water withdrawals. Being averaged over rela-
tively large areas, they may hide significant depletions de-
tectable at finer spatial scales.

Total depletion rates are computed allowing abstractions
from all water users (Fig. 4a). Sector contributions are es-
timated by means of two simulations: one allowing only ir-
rigation water use (irrigation-only simulation; Fig. 4b); and
another allowing only the household, industry, livestock and
energy sectors (rainfed simulation; Fig. 4c), as described in
Sect. 2.3.2.

Significant depletion is simulated for several areas across
the Mediterranean, with the largest values in the southern
Iberian Peninsula, Crete, Israel, Palestinian territories, Egypt,
Lybia and Morocco. Estimates in the Middle East and north-
ern Africa may be affected by larger uncertainties compared
to other areas, due to lower availability of irrigation and water
use data. Moreover, the simulated domain does not include
some exploited water bodies, such as the Jordan river (Al-
Weshah, 2000) or the Nubian sandstone fossil aquifer (Ab-
delrhem et al., 2008).

Non-irrigation water uses are largely responsible for de-
pletions in northwestern Turkey, Thrace (Greece), coastal ar-
eas of Bulgaria, Switzerland and southern Germany.

The contribution of irrigation is prevailing in Attica, Crete
and Central Eastern Greece; in the southern Iberian Penin-
sula; and across northern Africa and the Middle East. Except

for northwestern Turkey, irrigation is the leading cause of
the most severe groundwater depletion rates. In these areas,
simulations indicate that groundwater irrigation is not sus-
tainable by itself.

Several areas, for which irrigation-only and rainfed simu-
lations do not result in significant depletion, are affected by
depletion when all uses are allowed: Sicily (Italy), Cyprus,
Middle Atlas (Morocco), and Northern and Eastern Pelopon-
nese and Eastern Central Greece. In these areas, simulations
indicate that groundwater irrigation is sustainable by itself,
but not if combined with other water uses.

An additional simulation not permitting any water abstrac-
tion is performed to identify areas where groundwater de-
pletion may be caused by climate variability or model un-
certainties (Fig. S1 in the Supplement). This signal accounts
for most (if not all) simulated depletion in Iceland, Cauca-
sus, and the basins of Dnieper (Ukraine), Rhone (France and
Switzerland), and Yeşilırmak and lake Tuz (Turkey); while it
accounts for less than 10 % of the values in Israel and neigh-
bouring areas. Removal of the climatic signal from model
output is beyond the scope of this study as, due to the non-
linearity of hydrologic processes influencing groundwater
storage, it would require removing trends from atmospheric
forcing data.

Water table depth measurements published by the Gov-
ernment of Spain (2020) are available from 1965 to 2017.
Groundwater level decline rates are mapped in Fig. 5
for 916 wells with observations on at least 120 months
from 1990 onward, after evaluating their statistical signif-
icance (Mann-Kendall test at α = 0.01). When comparing
Fig. 5 with Fig. 4 or 6, it should be taken into account that
WURs and RBDs are identical in the Iberian Peninsula.

The highest concentration of wells with severe ground-
water decline (<−500 mm yr−1) is in south-eastern Spain,
spanning several RBDs: Segura, Júcar, and the eastern parts
of Mediterranean Andalusia and Guadalquivir. Significant
declines also occur in the downstream Guadalquivir. How-
ever, relatively few wells are located in its central part,
which is extensively irrigated (Fig. 6a), and even fewer fulfil
our selection criterion. In the Spanish Guadiana, groundwa-
ter declines prevail downstreams, while most upstream se-
lected wells do not show significant drawdowns. By relax-
ing the well selection criterion to 60 monthly observations,
the aforementioned dense cloud of severe decline rates ex-
tends the upper Guadiana, and other severely declining wells
are flagged in the Guadalete and lower Spanish Guadiana
(Fig. S2).

In southern Spain RBDs, where the model simulates
groundwater depletion (Fig. 4a), sizeable percentages of
selected wells undergo statistically significant groundwa-
ter level decline: Segura (45 %), Guadalquivir (41 %), Jú-
car (29 %), Mediterranean Andalusia (29 %), and Guadiana
(25 %); exceptions are the Guadalete and Tinto, where no de-
clining trend is detected at any well. Severely depleting wells
are scattered over central and north-eastern Spain, where
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Figure 4. Groundwater depletion rates simulated by the LISFLOOD-EPIC model for the 1990–2018 period, including (a) abstractions
by all sectors; (b) abstractions by irrigation only; and (c) abstractions by all sectors except irrigation (household, industry, livestock and
energy). Displayed rates are linear trend slopes computed over WURs and tested for statistical significance. Dotted are aquifer locations
where no statistically significant depletion is found. Over barred areas, at least 90 % of total depletion rates are also simulated without water
abstractions and thus are mostly driven by climate (Fig. S1 in the Supplement). White land areas within the Euro-Mediterranean model
domain have no exploitable aquifers (Fig. 1).
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Figure 5. Groundwater depletion rates estimated from 1990–2017
reported well measurements (Government of Spain, 2020). Dis-
played rates are statistically significant linear trend slopes. Iberian
Peninsula RBDs are identical to WURs (Fig. 1).

the model does not simulate depletion. These are located in
the following RBDs (percentage of selected wells): Catalo-
nia (50 %), Western Cantabrian (50 %), Tagus (41 %), Duero
(33 %), Ebro (32 %), Eastern Cantabrian (12 %); while no de-
clining trend is detected for wells in Miño-Sil and Balearic
Islands.

The large difference between depletion rate ranges dis-
played in Fig. 4a (model-based) and Fig. 5 (well-based)
are partly explained by the following factors. While model-
based rates are net water storage losses, well-based ones
are groundwater table drawdowns through porous media.
The latter should be multiplied by aquifer porosity to yield
(smaller) net water losses. Yet such losses would reflect
local conditions that cannot be easily extrapolated to rep-
resent larger areas, without detailed knowledge of aquifer
hydraulic properties as well as of groundwater recharge
and pumping. Conversely, due to the coarse spatial resolu-
tion of abstraction-related model input (Sect. 3.4 and 3.5)
and the simplified model representation of groundwater dy-
namics (Sect. 2.1.1), model-based rates are computed at
RBD (WUR) scale and thus cannot be used to detect local
drawdowns. These factors, which limit the comparability of
model- and well-based groundwater depletion, are discussed
in Sect. 5.2 together with uncertainties affecting model rep-
resentation of groundwater processes in general.

4.3 Regulating groundwater irrigation in the southern
Iberian Peninsula

Figure 6 presents the southern Iberian Peninsula domain,
where we assess the impacts of restricting groundwater ir-

Figure 6. The southern Iberian Peninsula model domain where the
regulation of groundwater irrigation is tested: (a) map of the irri-
gated area as a fraction of the total area (Sect. 3.3); (b) the share of
irrigation water that is abstracted from groundwater as reported by
Eurostat (2020c); and (c) groundwater depletion due to irrigation as
simulated by LISFLOOD-EPIC (from Fig. 4b).

rigation abstractions to avoid groundwater depletion while
trying to minimise severe irrigation shortages, as described
in Sect. 2.3.3.

The study area consists of RBDs in southern Spain (listed
in the caption of Fig. 3) and Portugal (Algarve and Gua-
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Figure 7. Irrigation reduction simulated by restricting groundwater
abstraction to sustainable levels in the southern Iberian Peninsula,
as compared to unrestricted conditions: (a) total abstractions from
surface water and groundwater, and (b) from groundwater only. Dis-
played reductions are 1990–2018 averages.

diana). Irrigated agriculture is widespread and particularly
extensive in the Segura RBD, along the Guadalquivir river,
in upper and lower parts of the Spanish Guadiana, and in
the lower Júcar (Fig. 6a). More than half of irrigation is
supplied by groundwater over 90 % of the domain with ex-
ploitable aquifers (Fig. 6b), with the largest values in Castile-
La Mancha (75 %), Portuguese Guadiana (85 %) and Algarve
(100 %). The resulting simulated groundwater depletions
due to irrigation are largest in the southern part of the do-
main, reaching the maximum value (46 mm yr−1) in the Tinto
RBD, followed by Mediterranean Andalusia, Guadalquivir
and Segura (Figs. 6c and 4b).

We calibrate groundwater abstraction rules as described in
Sect. 2.3.3 over the 1990–2018 period. As the domain con-
sists of 9 WURs (RBDs), 18 decision variables are optimised
simultaneously using a genetic algorithm that evolves a pop-
ulation of 200 solutions for 50 generations.

We evaluate the effects of the optimised rules by enforc-
ing them in a 1990–2018 LISFLOOD-EPIC simulation with
all model components and water users active. As a result, no
statistically significant groundwater depletion is simulated on
any WUR. Other impacts of the enforced regulation are dis-
cussed in the following.

Total and groundwater irrigation simulated by limiting
groundwater abstractions is compared to those obtained
without restrictions (full irrigation) in Fig. 7. In relative
terms, groundwater abstraction is reduced the most in the
southern part of the domain: in the Segura RBD it is re-
duced by 97 %, followed by the Tinto (84 %), Mediterranean
Andalusia (79 %) and Guadalquivir (78 %) RBDs. The par-
ticularly severe Segura reduction is due to the largely neg-
ative groundwater balance simulated with full irrigation, as
groundwater irrigation more than doubles recharge. In all
regulated WURs, average groundwater irrigation abstrac-
tions are less than half of unrestricted values.

Total irrigation reduction is largest in Algarve (up to
70 %), followed by Segura, particularly in the upper part,
upper Guadiana, western Júcar, Mediterranean Andalusia,
lower Guadalquivir, and Tinto (Fig. 7a). This is consistent
with the large groundwater dependency of irrigation in Al-
garve and upper Segura. On roughly half of irrigated ar-
eas with active aquifers, total irrigation is reduced by less
than 15 %. No reduction is simulated for areas without active
aquifers. 65 % of the irrigation deficit caused by regulation
occurs during summer (JJA) when crop water requirement
is largest. However, significant deficit shares are simulated
in autumn (18 %; SON) and spring (12 %; MAM). This is a
consequence of calibrating rules to limit the concentration of
severe irrigation shortages in critical periods of high demand,
and thus to reduce acute plant drought stress.

As irrigation restrictions are irrespective of crop types, we
quantify impacts on crop production as average yield anoma-
lies using cultivated areas as weights. Anomalies are per-
centage losses with respect to the full irrigation simulation.
As expected, the spatial pattern of irrigated crop yield loss
(Fig. 8b) resembles that of total irrigation reduction, with
0.90 correlation. The impact on total crop yield is mitigated
by rainfed production, which is not affected by regulation
(Fig. 8a). The largest total yield anomalies occur in areas
that are extensively irrigated or affected by large abstraction
reductions: most of Segura, and parts of Mediterranean An-
dalusia, Guadalquivir and Algarve RBDs.

Groundwater drainage contributes to baseflow, which is
the streamflow component sustaining ecosystems during dry
periods. Groundwater depletion increases the occurrence fre-
quency of extremely low flows that may not provide suffi-
cient ecosystem support. This effect of groundwater deple-
tion is represented in the model by assuming that baseflow
is proportional to groundwater storage if the latter is above
a threshold level, below which baseflow stops (Sect. 2.1.1).
On each grid-cell, low flows are defined as values below a
minimum environmental flow threshold, which we set to the
0.1 quantile of the local daily streamflow frequency distribu-
tion under rainfed conditions (allowing all water withdrawals
except irrigation, as described in Sect. 2.3.2). We use a sim-
ple hydrological approach to minimum environmental flows
(Tharme, 2003), as detailed data about local morphology and
ecosystem requirements, which are needed for more sophis-
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Figure 8. Estimated reduction of crop yield caused by the restric-
tion of groundwater irrigation abstraction to sustainable levels in
the southern Iberian Peninsula: total (a) and irrigated (b) crop yield.
Displayed reductions are 1990–2018 weighted averages, using cul-
tivated areas of modelled crop types as weights.

ticate methods (Pastor et al., 2014), are not available in a
consistent fashion at the scale of our application domain.

The beneficial effect of regulation on baseflow is quanti-
fied by comparing low flow frequencies obtained by regu-
lating groundwater irrigation with those simulated with full
irrigation: we use the absolute difference between these fre-
quencies as indicator of the improvement in environmental
flow support (Fig. 9). We look at grid-cells with upstream
catchment areas of at least 500 km2 to analyse the impact on
the more sizeable segments of the river network. Decreases
beyond 5 % are simulated for most selected grid-cells, except
those hydrologically influenced by areas not irrigated with
groundwater, most notably in the lower Guadiana, Tinto, and
the Guadalquivir northern tributaries. The largest decreases
are simulated in areas where extensive groundwater irriga-
tion is regulated restrictively: the upper Guadiana, the south-
ern tributaries of the Guadalquivir, parts of the Júcar and the
upper Segura RBD.

The tested abstraction rules show how an integrated agro-
hydrologic model can be used to explore potential large-scale
trade-offs between crop production, sustainable exploitation
of groundwater, and safeguarding environmental flows.

Figure 9. Absolute change in low flow occurrence frequency simu-
lated by reducing groundwater irrigation abstraction to sustainable
levels, with respect to full irrigation. Reduced frequency indicates
improvement. Changes are computed over the 1990–2018 period
for grid-cells with upstream areas of at least 500 km2.

5 Discussion

To assess groundwater irrigation sustainability and the po-
tential agro-hydrologic impacts of its enforcement, we apply
an integrated model of hydrology, crop growth and irrigation.
In light of the heterogeneous availability of groundwater ir-
rigation data in the Euro-Mediterranean region (Sect. 4.1),
we argue that integrated agro-hydrologic models are useful
tools for simulating water requirement and crop production
driven by scenarios of climate, land use, crop distribution, ir-
rigation practices, and water management policies. However,
such models are affected by several uncertainties that need to
be taken into account when simulating historical and future
conditions.

In the following, we discuss the uncertainties affecting
the results of this modelling study and propose possible re-
search directions to cope with them: Sect. 5.1 deals with sim-
ulated and reported irrigation groundwater abstractions; in
Sect. 5.2, we discuss limitations of the current LISFLOOD-
EPIC groundwater scheme, and how these affect model-
based groundwater depletion estimates; and in Sect. 5.3, we
discuss assumptions underlying the tested groundwater irri-
gation regulation.

5.1 Groundwater irrigation

Model estimates of groundwater irrigation abstraction are
evaluated against reported values in Sect. 4.1.1. The compar-
ison shows several cases where model estimates are fairly un-
biased or well correlated with respect to reported data, e.g. in
France and parts of Portugal, Spain and Greece. However, it
also highlights some structural discrepancies, among which
the most remarkable is the model overestimation of large re-
ported values in Spain, especially in the South, and Greece.
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Another discrepancy is the smaller inter-annual variability of
model estimates compared to reported data in Turkey and
Portugal at country level, which is the reporting level with
the longest available time series. In an opposite fashion, in
Greece, Croatia and Czech Republic, some reported time se-
ries feature several repetitions, while model estimates are
time-varying. We hypothesise that these structural discrepan-
cies are caused by uncertainties in model assumptions, input
data and reported abstractions.

The following assumptions may partly explain model
overestimations: triggering irrigation whenever plants un-
dergo transpiration deficit, thus not limiting irrigation fre-
quency; and abstracting water amounts that completely ful-
fil irrigation requirements, conditioned on freshwater avail-
ability (Sect. 2.1.3). As such assumptions are motivated by
the lack of systematic continent-wide information about ir-
rigation regulations or practices, they constitute an example
of intertwined model and input data uncertainty. Other un-
certainties of this kind derive from using spatially coarse
administrative-level statistics to partition water abstraction
among surface water and groundwater sources (Sect. 3.4
and 3.5); and from assuming that withdrawals from ground-
water are pumped on the same grid-cell where the require-
ment is located, while those from surface water are dis-
tributed within each WUR (Sect. 2.1.4). These assumptions
are due to the lack of detailed data on location and type of
water sources used to supply spatially distributed water users
simulated by the model.

Major input data uncertainties derive from the lack of ex-
tensive and frequent data about structural parameters such
as irrigated area, and irrigation system and crop distribution,
which are therefore assumed not to change in time. In par-
ticular, cropland extents irrigated with groundwater are re-
ported implicitly by Eurostat only for one year (Sect. 4.1).
As a result, fluctuations in simulated abstractions reflect cli-
mate variability but not changes in these structural parame-
ters that have large impacts on irrigation water use. On top
of negatively affecting the abstractions comparison at large,
these uncertainties may partly explain the observed smaller
variation ranges of simulated compared to reported values.

Possible large unreported abstractions might explain part
of model overestimations in countries where groundwater
irrigation is significant, as for example in Spain (Custodio
et al., 2009; Fuentes, 2011) and Greece (EASAC, 2010).
Moreover, the above-mentioned instances of repeated vol-
ume reporting let us raise the question of whether some re-
ported volumes are based on estimates rather than actual
measurements. However, the generally unfrequent reporting
of (groundwater) irrigated areas, especially their even less
frequent simultaneous reporting with abstracted volumes,
hinders the identification of the drivers of reported abstrac-
tion variability.

To reduce uncertainties affecting irrigation groundwater
abstraction estimates, we believe that efforts should be aimed
at collecting data on irrigated areas, irrigation technologies

and regulations, and water distribution networks. In particu-
lar, newly collected data should have higher and more con-
sistent temporal and spatial resolutions over the whole Euro-
Mediterranean region than those currently available. Where
feasible, remote sensing retrievals could be used to comple-
ment reported data, especially if availability of the latter is
limited by confidentiality constraints.

5.2 Groundwater depletion

Uncertainties affecting model estimates of groundwater de-
pletion are revealed by discrepancies with respect to decline
rates computed from well measurements in Spain (Figs. 4a
and 5, Sect. 4.2): the most severe well-based depletion rates
are roughly an order of magnitude larger than model-based
ones; and large groundwater drawdowns are detected in wells
of central and north-eastern Spain, where no statistically sig-
nificant depletion is computed from simulations.

These discrepancies are partly explained by fundamen-
tal differences between depletion definitions: model-based
values are net water loss rates computed from groundwa-
ter storages averaged over large areas (RBDs/WURs); while
well-based values are groundwater table level decline rates,
thus including the soil matrix, computed from point mea-
surements. Therefore, in contrast with well-based estimates,
model-based values are representative at larger spatial scales
and thus cannot detect localised depletions; and, while not
amounting to groundwater table lowerings, they represent
water storage volume losses. In fact, to extrapolate compara-
ble water volume losses from well measurements of ground-
water table depth, high resolution hydrogeologic modelling
may be necessary as well as detailed data on aquifer proper-
ties and management (pumping).

Spatial averaging of simulated groundwater storages is
motivated by the lack of fine scale input data on groundwa-
ter abstraction and distribution and by simplified model de-
scriptions of groundwater processes. The groundwater com-
ponent of LISFLOOD-EPIC is designed to represent large
scale groundwater balance dynamics rather than small scale
processes and heterogeneities. The simplified volume-based
modelling approach (Sect. 2.1.1) is in turn motivated by the
already mentioned lack of detailed data on human alterations
of groundwater, which are the main object of our research.
As input data issues are treated in Sect. 5.1, here we discuss
groundwater model limitations, which are among the under-
lying reasons for simulating changes in groundwater storage
volume but not in groundwater table depth.

Not simulating groundwater table depth with respect to to-
pography or riverbed elevation, we do not explicitly model
groundwater recharge from surface water bodies nor capil-
lary rise from groundwater to unsaturated soil, and ground-
water drainage to rivers is function of groundwater storage.
Moreover, lateral groundwater flow between neighbouring
grid-cells is simulated via a spatial smoothing process, not
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accounting for aquifer characteristics such as porosity and
hydraulic conductivity.

These simplifications hinder model-based estimation of
groundwater depletion rates at high spatial resolution, and
therefore comparability with well-based estimates. They
could be overcome by replacing the current groundwater
scheme with, for example, a diffusive model (Vergnes and
Decharme, 2012; Vergnes et al., 2014), or following one of
the approaches reviewed by Collins (2017). However, the ef-
fectiveness of more sophisticate groundwater models will de-
pend on the availability of detailed data on aquifer character-
istics and exploitation.

5.3 Sustainable groundwater irrigation

Agro-hydrologic impacts of restricting groundwater irri-
gation to sustainable levels are simulated for the south-
ern Iberian Peninsula (Sect. 4.3). They are assessed by
enforcing abstraction rules optimised to avoid irrigation-
induced groundwater depletion and minimise severe irriga-
tion deficits. Ensuing reductions in crop yield and occurrence
of low river flows are used to quantify detrimental and ben-
eficial effects, respectively. Scope and results of this assess-
ment are influenced by assumptions underlying the simulated
water abstraction regulation, which are discussed in the fol-
lowing.

We optimise groundwater irrigation restrictions without
altering surface water abstraction rules, thus constraining
the operating space of irrigation regulation to groundwa-
ter. Compared to our approach, more efficient trade-offs be-
tween crop production and irrigation sustainability might be
achieved by optimising abstractions from both groundwater
and surface water bodies, including operations such as man-
aged aquifer recharge (Taylor et al., 2012; Scanlon et al.,
2016; Tian et al., 2018). Moreover, this broader framing of
the irrigation sustainability problem would allow to include
environmental flow preservation explicitly among the regu-
lation objectives (Gleeson and Richter, 2018).

Key factors driving irrigation water use and agricultural
production such as land allocation and irrigation efficiency
are assumed not to change in the presented optimisation. To
evaluate a broader range of pathways to irrigation sustain-
ability, change scenarios of crop and irrigation system distri-
butions (e.g. Jägermeyr et al., 2016; Davis et al., 2017) could
be used as boundary conditions for several irrigation abstrac-
tion optimisation exercises.

6 Conclusions

In this study, we show how the integrated model of hy-
drology, water resources management, irrigation and crop
growth LISFLOOD-EPIC can be used to evaluate large-scale
irrigation-driven pressures on groundwater, identify unsus-
tainable aquifer exploitation, and assess agro-hydrologic im-

pacts of irrigation restrictions aimed at avoiding groundwater
depletion.

We present an assessment of groundwater irrigation sus-
tainability in the Euro-Mediterranean region. Groundwater,
due to its steadier reliability compared to surface water, is of-
ten used to buffer drought impacts on human water uses. This
is particularly relevant in the Mediterranean region, where
climate change is causing increasingly frequent and severe
droughts and irrigation is the largest water user. Therefore,
we focus our assessment on groundwater abstraction for ir-
rigation, using groundwater depletion as indicator of unsus-
tainable water resources exploitation.

To characterise the current situation, we analyse reported
and simulated values of groundwater abstraction for irriga-
tion and of groundwater depletion for the 1990–2018 pe-
riod. We argue that the available reported data are insuf-
ficient to evaluate the impacts of groundwater irrigation,
due to their generally limited temporal and spatial coverage.
Therefore, areas affected by unsustainable groundwater ir-
rigation are identified by estimating groundwater depletion
rates from model simulations. Among such areas, we choose
the southern Iberian Peninsula to simulate the potential agro-
hydrologic impacts of restricting groundwater irrigation to
sustainable levels.

To assess how LISFLOOD-EPIC represents the current
quantitative pressure on groundwater, we compare simulated
and reported groundwater abstractions for irrigation. While
simulated and reported values compare fairly well in some
areas, e.g. in France and parts of Portugal; in several ar-
eas with large irrigation groundwater use such as Greece
and southern Spain, simulated values are significantly and
consistently larger than those reported. In other cases, sim-
ulated inter-annual variability tend to be smaller than re-
ported, as for example in Portugal and Turkey. We argue
that these discrepancies are caused by simplified model as-
sumptions about key factors such as frequency and amount
of irrigation applications, and the partitioning of abstractions
among neighbouring surface water and groundwater bodies.
These assumptions are motivated by the scarce reporting, or
even complete lack in some cases, of relevant information in
a consistent fashion across the Euro-Mediterranean region.
Also due to data unavailability, model simulations are car-
ried out by assuming spatial distributions of irrigated crop-
land and irrigation systems not to change in time, thus further
limiting the comparability of simulated and reported abstrac-
tions.

Uncertainties do not arise exclusively from model assump-
tions and input, but also from reported abstraction data: the
possibility of unreported abstractions is acknowledged in the
literature for areas with large groundwater use for irrigation;
and the repeated values found in some time series pose the
question of how reported figures are calculated. Moreover,
the unfrequent joint reporting of irrigation water volumes and
areas hinders the identification of the drivers of abstraction
variability. We believe that the intertwined uncertainties re-
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vealed by this comparison should be addressed by enriching
the available information about irrigation and water abstrac-
tion and distribution systems.

Based on LISFLOOD-EPIC simulations, we can detect ar-
eas where groundwater is exploited unsustainably and iden-
tify to which extent the modelled water usages (irrigation,
household, industrial and livestock) cause groundwater de-
pletion. In the southern Iberian Peninsula, parts of Greece,
and over most of Middle East and northern Africa, depletion
can be mostly attributed to irrigation. In Sicily, Cyprus and
parts of Greece, depletion is caused by the combination of
all water uses. In southern Spain, especially in the south-east,
well measurements of groundwater table depth show signif-
icant depletion. Also central and north-eastern Spain feature
several depleting wells, but are not identified as undergoing
depletion by the model.

An example assessment of the agro-hydrologic impacts of
restricting groundwater irrigation to sustainable levels is car-
ried out in the southern Iberian Peninsula. We simulate detri-
mental and beneficial effects in terms of crop yield losses and
reduction of extremely low streamflow occurrence frequen-
cies. The scope of the presented impact assessment could be
broadened by optimising groundwater and surface water op-
erations jointly, and by considering changes in other major
drivers of irrigation water demand such as land use and irri-
gation technology.

In light of the presented results, we argue that enrich-
ing the currently available data on groundwater irrigation
could benefit irrigation sustainability assessments, also by
better informing the application of integrated models such
as LISFLOOD-EPIC that can be used to evaluate water and
land management policies.
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Appendix A: Irrigation to recharge surrogate model

The irrigation to recharge surrogate model is the inflow-
outflow response function of a linear reservoir:

r̃i(t)= γ

t∫
t−δ

eλ(τ−t)i(τ )dτ (A1)

where the γ parameter is the fraction of irrigation i that be-
comes recharge during the time lag δ following application;
λ is the rate parameter controlling the response rapidity.

We calibrate λ by minimising the mean square error of r̃i
with respect to ri, which is unrestricted irrigation recharge
computed in Eq. (9).

Minimisation is performed with the five-point bisection
method (chap. 2, 20–21 in Bartholomew-Biggs, 2006), us-
ing multiple starting points to avoid local minima. Given λ,
we set δ to truncate the integral at 99 % of its value computed
over (−inf, t]; and γ is estimated so that r̃i is unbiased with
respect to ri.

We compare the performance of the surrogate model
(Eq. A1) with a simple fraction benchmark:

r̃ ′i (t)= γ i(t). (A2)

In the southern Iberian Peninsula model domain (Fig. 6), the
linear correlation of r̃i with ri is 0.82, while that scored by r̃ ′i
is 0.57.
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