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Abstract
The Land Surface Interactions with the Atmosphere over the Iberian Semi-arid Environ-
ment (LIAISE) campaign examined the impact of anthropization on the water cycle in
terms of land–atmosphere–hydrology interactions. The objective of this study is to assess
the effects of irrigation on the atmosphere and on precipitation in Weather Research
and Forecasting model simulations during the LIAISE special observation period in July
2021. Comparisons between simulations and observations show better verification scores
for air temperature, humidity, and wind speed and direction when the model included
the irrigation parametrization, improving the model warm and dry bias at 2 m over irri-
gated areas. Other changes found are the weakening of the sea breeze circulation and
a more realistic surface energy partitioning representation. The boundary-layer height
is lowered in the vicinity of irrigated areas, causing a decrease in the lifting condensa-
tion level and the level of free convection, which induce increases in convective available
potential energy and convective inhibition. Precipitation differences between simula-
tions become relevant for smaller areas, close to the irrigated land. When convection
is parametrized, simulations including irrigation tend to produce a decrease in rain-
fall (negative feedback), whereas convection-permitting simulations produce an increase
(positive feedback), although the latter underestimates substantially the observed pre-
cipitation field. In addition, irrigation activation decreases the areas exceeding moderate
hourly precipitation intensities in all simulations. There is a local impact of irrigated land
on model-resolved precipitation accumulations and intensities, although including the
irrigation parametrization did not improve the representation of the observed precipita-
tion field, as probably the precipitation systems during the LIAISE special observation
period in July 2021 were mostly driven by larger scale perturbations or mesoscale systems,
more than by local processes. Results reported here not only contribute to enhance our
understanding of irrigation effects upon precipitation but also demonstrate the need to
include irrigation parametrizations in numerical forecasts to overcome the biases found.
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1 INTRODUCTION

Anthropogenic land-use and land-cover changes can
modify substantially the physical characteristics of the
environment and impact significantly weather and
climate (Mahmood et al., 2014; Pielke et al., 2011), as rec-
ognized in the Coupled Model Intercomparison Projects
(CMIP) in support to the Intergovernmental Panel on
Climate Change. In particular, adding water to the soil
through irrigation has a direct impact on modifying the
energy balance, increasing soil moisture, and altering
the land-surface properties. These changes have relevant
effects on the thermodynamic properties of the low-level
atmosphere (Moiwo & Tao, 2015; Pielke et al., 2016).
Irrigation leads to modifications in the surface energy
budget partitioning, increasing latent heat fluxes (LEs)
at the expense of sensible heat fluxes (SHs), increasing
evapotranspiration from the soil and transpiration of
plants (Zaveri & Lobell, 2019), producing a cooling near
the surface air (Brooke et al., 2023; Lawston et al., 2020;
McDermid et al., 2023) and an enhancement of water
vapor content in the lower atmosphere (de Vrese & Hage-
mann, 2018), among others. These mechanisms can
modify local and regional circulations, cloud formation,
boundary-layer structure, and subsequent precipitation
processes (Phillips et al., 2022; Taylor et al., 2012; Van
Baelen et al., 2011; Yang et al., 2023).

Land-surface models typically include evapotranspi-
ration, but until very recently the specific parametriza-
tion of irrigation has not been considered in opera-
tional models—for instance, see Valmassoi et al. (2020a).
Although in semi-arid and arid conditions it was found
that land-surface parameters such as soil moisture seem
as important as atmospheric conditions, the large-scale
factors can highly determine the occurrence of convec-
tion (Maurer et al., 2015). In addition, modeling studies
have determined that a fraction of irrigation can have
significant local and downstream atmospheric impacts
(Lawston-Parker et al., 2023; McDermid et al., 2023).

Irrigation in land-surface models needs to be included
in numerical weather simulations and future climate
projections in order to correctly represent its effects on
the atmosphere (Lavers et al., 2022; Qian et al., 2020;
Valmassoi & Keller, 2022), particularly surface tempera-
ture cooling (Kueppers et al., 2007; Sacks et al., 2009) and
mitigation of heat extremes (Thiery et al., 2017). Many
studies have dedicated efforts to examine the effects of irri-
gation in South Asia and India (Barton et al., 2020, 2023;
Douglas et al., 2006; Lee et al., 2009; Saeed et al., 2009),
north China (Fan et al., 2023), West Africa (Semeena
et al., 2023), the western United States (Pei et al., 2016;
Yang et al., 2017), the central United States (Huber
et al., 2014; Qian et al., 2020; Rappin et al., 2021), or

southern Europe (Valmassoi et al., 2020b) by including
surface irrigation model parametrizations (Valmas-
soi et al., 2020a). Specifically in the Weather Research
and Forecasting (WRF) model, different approaches
have been used to include irrigation effects depend-
ing on threshold and timing definition (Valmassoi &
Keller, 2022), none of them changing the main land
parameters: the prescribed irrigation water amount
(Valmassoi et al., 2020a, 2020b) and the soil-driven
irrigation water amount (Pei et al., 2016; Whitesel
et al., 2024; Yang et al., 2017, 2019). Recent parametriza-
tions also included the role of vegetation in the altered
land–atmosphere interaction due to irrigation (Asmus
et al., 2023).

Analysis of feedbacks between soil moisture and pre-
cipitation have revealed positive feedbacks using obser-
vations (DeAngelis et al., 2010). However, other studies
based on remote-sensing data indicated that the sign of
the soil moisture–precipitation feedback may vary depend-
ing on the spatial and temporal scales considered (Guillod
et al., 2015). Tuttle and Salvucci (2016) highlighted the
dependence of the feedback soil moisture–precipitation on
the regional aridity of the soil, and Taylor et al. (2012)
showed enhanced afternoon moist convection driven by
increased SH over drier soils. In India, modelling results
show that irrigation did not change rainfall over the irri-
gated area but downwind due to orographic enhancement
mechanisms (Fletcher et al., 2022; Turner et al., 2020).
In the Great Plains in Nebraska, United States, a mod-
elling case study revealed that precipitation declined with
increased irrigation (Whitesel et al., 2024).

Other studies have raised the influence of the convec-
tive parametrization activation in the sign of feedbacks
(Taylor et al., 2013), depending on the spatial scale as well.
Indeed, model grid spacings of a few kilometres (below
10 km) fall within the grey zone for cumulus convection
parametrizations, where these parametrization assump-
tions may be invalid but at the same time the grid may be
too coarse to explicitly resolve vertical movements. At 3 or
4 km grid spacing there are a variety of studies either using
explicit convection, the so-called convection-permitting
simulations (Prein et al., 2015), or still activating cumulus
parametrizations, the so-called convection-parametrized
simulations (Jeworrek et al., 2021). However, there are no
clear criteria for the best option for precipitation systems
representation. This horizontal grid spacing may often
be insufficient to represent small convective showers or
individual convective cells (Jeworrek et al., 2021) but it
can explicitly resolve extreme convection events (Horvath
et al., 2018; Mastrangelo et al., 2011; Qian et al., 2020).
On the other hand, the so-called adjusted scale-aware con-
vection parametrization schemes can improve the repre-
sentation of deep convection in the grey zone (Jeworrek
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UDINA et al. 3253

F I G U R E 1 Area of study. (a) Topography of the model domains D1 and D2 (9 km and 3 km grid sizes respectively), and limits of
Region 0 (Reg0), Region 1 (Reg1), and Region 2 (Reg2). (b) Irrigated land percentage in the Weather Research and Forecasting (WRF) model
included in domain D2 and boundaries of Region 0, Region 1, and Region 2. (c) Google Earth image of Region 2 that includes the Urgell
Channel (blue contour) and the locations of the ground automatic weather stations Mollerussa (XI), Castellnou de Seana (C6), El Poal (V8),
Tàrrega (C7), El Canós (VD), and Sant Martí de Riucorb (WL) and La Cendrosa (LCD) tower. (d) Detail of the irrigated land percentage in the
WRF model included in Region 2 and the same elements represented in (c).

et al., 2019; Steeneveld & Peerlings, 2020), with a better
skill for smaller grid spacings.

Recent field campaigns have been dedicated to study
the impact of irrigated land cover on land-atmosphere
interactions and weather: the Great Plains Irrigation
Experiment campaign (Rappin et al., 2021) in the Great
Plains (Nebraska, United States) during spring and sum-
mer 2018 and the Land Surface Interactions with the
Atmosphere over the Iberian Semi-Arid Environment
(LIAISE) campaign (Boone et al., 2021) in summer 2021.
The LIAISE initiative aimed to improve our understand-
ing of key natural and anthropogenic land processes and

the subsequent feedbacks with the boundary layer and
the Mediterranean basin hydrological cycle. An exten-
sive deployment of instrumentation was undertaken in
the area of the eastern Ebro basin (northeast Iberian
Peninsula; see Figure 1) in summer 2021, including spe-
cially equipped aircraft, ground-based atmospheric pro-
filers, and an enhanced network of ground stations and
sensors (Boone et al., 2021). The most intensive obser-
vational stage of the LIAISE campaign was the so-called
second special observation period (SOP) that took place
during July 15–31, 2021, the period analysed in this study.
The LIAISE domain is a region where intense agricultural
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activity has altered the land use and land cover, includ-
ing an irrigated area in the western part and a rain-fed
surface in the eastern part (Figure 1) of the eastern Ebro
basin. This anthropogenized land-cover heterogeneity in a
semi-arid Mediterranean region makes it an area of special
interest of study according to the CMIP projections includ-
ing the land-use and land-cover changes implemented in
CMIP6 (Eyring et al., 2016).

Our study aim is to explore the irrigation impact on
precipitation processes using the WRF model during the
LIAISE SOP with the following research questions:

1. What is the impact of including irrigation in WRF
simulations in surface and boundary-layer variables?

2. How do the model simulations compare against obser-
vations for ground stations and precipitation estimates
that combine rain-gauges and weather radar?

3. Which is the sign of irrigation feedback on precipita-
tion in model simulations depending on the treatment
of convection?

The rest of the article is organised as follows. Section 2
describes the area of study, the WRF numerical simula-
tion configuration, the observational data used, and the
verification metrics. Section 3 presents the model verifica-
tion, including temperature, humidity, and wind from sur-
face stations, precipitation estimates from weather radar,
and flux measurements from a tower. Section 4 explains
the impact of irrigation parametrization on the tempo-
ral and spatial distribution of the main meteorological
variables, and a discussion and conclusions are given
in Section 5.

2 METHODS

2.1 Area of study

The area of study is the eastern Ebro basin located in
the northeast of the Iberian Peninsula (Figure 1a), a
relatively flat area devoted to agriculture activity that
includes a large extension of irrigated land close to another
rain-fed area (Dari et al., 2023), separated by the Urgell
Channel (Figure 1c). The climate of the study region is
semi-arid, Bsk according to the Köppen climatic classi-
fication. Locally, it is characterized by an extreme sur-
face heterogeneity with a sharp contrast between the
irrigated and the rain-fed areas, reaching substantial dif-
ferences in horizontal distances of just 10 km (Mangan
et al., 2023a). The shape, orientation, and extension of the
basin have a great influence on the synoptic and mesoscale
circulations in the northeast of the Iberian Peninsula, as
northern and western surface flows are often channelized

following the Ebro Valley orientation (Bech et al., 2015;
Gonzalez et al., 2018; Lee et al., 2017). In addition, the
Mediterranean Sea is located approximately 70 km to the
southeast, which induces sea-breeze circulations during
the warm season in the absence of strong synoptic forcing.

Three different regions are delimited to perform the
analysis of the model results: Region 0, Region 1, and
Region 2, covering different extents, from larger to smaller
areas (Figure 1a,b). Region 0 corresponds to the largest
area, including Catalonia, where weather radar quantita-
tive precipitation estimates (QPEs) are available. Region 1
covers the southeast Ebro basin and the southeast of Cat-
alonia. Region 2 (Figure 1c), a 30 × 21 km2 rectangle, is
the smallest region and includes the Urgell Channel (blue
solid line in Figure 1c), an artificial water channel that
delimits the irrigated area (west) and the non-irrigated
area (east).

2.2 Data

2.2.1 WRF simulations

The numerical simulations are performed using the WRF
model (Skamarock et al., 2021) in the Advanced Research
WRF (ARW) version 4.3. We use two one-way nested
domains of 9 km (domain D1) and 3 km (domain D2)
horizontal grid resolutions, with 166 × 115 grid cells in
D1 and 166 × 154 cells in D2, both centred at 39.36◦ N,
1.1766◦ W. In the vertical, the 31 levels defined by the
default configuration in WRF-ARW (Wang et al., 2007)
are considered, based on previous studies in the area (Far-
nell et al., 2022; Mercader et al., 2010; Udina et al., 2017),
and to keep a reasonable computational cost accord-
ing to several sensitivity tests. Model top is defined at
100 hPa. The simulation is continuously run from July 1
to 31, 2021, but the first 15 days are taken as irrigated
spin-up. Therefore, only the last 17 days of July are
analysed; that is, the period from July 15 to 31, 2021, cor-
responding to the second SOP of the LIAISE campaign
(Boone et al., 2021; Mangan et al., 2023a). The model
configuration and physics options used in this study are
summarized in Table 1. Note that cumulus convection
parametrization is not activated for simulations presented
in Section 4.3.

The model utilizes initial and boundary conditions
from European Centre of Medium-range Weather Fore-
casts Reanalysis v.5 (ERA5) (Hersbach et al., 2020; Coper-
nicus Climate Change Service (C3S), 2017), with horizon-
tal resolution of 0.25◦, 38 vertical levels, and temporal
resolution of 1 hr. Analysis nudging is applied every 6 hr
as, after several sensitivity tests, nudging was found to be
necessary for a more realistic simulation of rainfall. In the

 1477870x, 2024, 763, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4756 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [13/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



UDINA et al. 3255

T A B L E 1 Weather Research and Forecasting (WRF) model configuration and physics parametrizations.

WRF scheme Option Reference

Long-wave radiation Rapid Radiative Transfer Model Mlawer et al. (1997)

Short-wave radiation Dudhia scheme Dudhia (1989)

Land-surface Unified Noah land-surface model Tewari et al. (2004)

Surface layer Revised Mesoscale Model (MM5) Monin–Obukhov scheme Jiménez et al. (2012)

Boundary layer Yonsei University scheme Hong et al. (2006)

Microphysics WRF Single Moment 5-class scheme Hong et al. (2004)

Cumulus convection Kain–Fritsch (new Eta) scheme (deactivated in Section 4.3) Kain (2004)

planetary boundary layer (PBL), nudging is only applied
in wind components, not for temperature and humidity.
Sensitivity tests demonstrate a better agreement with sur-
face stations for simulated wind speed when applying
nudging in wind components within the PBL. One-way
nested domains preserve the boundary conditions from
ERA5, maintaining the one-third grid resolution ratio
between domains, as recommended for WRF simulations
(Skamarock et al., 2021).

The irrigated-area map used in the simulations is
sourced from the Food and Agriculture Organisation
(FAO) database (Siebert et al., 2013) included in the WRF
WPS v4 Geographical Static Data, calculated as a percent-
age of irrigated area in each grid. In the northeastern
part of the Iberian Peninsula, irrigated fields are concen-
trated in the Ebro basin (see Figure 1b,d), prevailing in
an area extending from eastern Aragon and western Cat-
alonia. As can be seen, all grid points in Region 2 are
irrigated at a certain percentage, although the highest irri-
gated land percentages are observed west of the Urgell
Channel (Figure 1d). From the three options available in
the WRF irrigation parametrization, we have applied the
channel system (Valmassoi et al., 2020a; option 1), where
the irrigation water is applied directly to the surface, and
neglecting interactions with the canopy. As explained in
Valmassoi et al. (2020a), the channelling option accounts
for evaporation from the soil and water at the surface,
where the amount of water irrigated is the input for the
land-surface model, in this case the Noah land-surface
model. The other surface physiographic parameters, such
as albedo, leaf area index, or vegetative fraction, were not
altered. The amount of irrigated water, scaled to the per-
centage of irrigated land in each grid (Figure 1d), was set
to 2.85 mm⋅day−1, a value consistent with recent irriga-
tion estimates derived from satellite observations in the
Ebro basin (Dari et al., 2023). This amount represents half
of the reference value (5.7 mm⋅day−1) chosen for simu-
lations in the Po Valley in Valmassoi et al. (2020b). In
our experiments, following the farmers’ practices during
LIAISE, this irrigation rate is applied every night during

12 hr, from 1800 UTC to 0600 UTC (2000 h to 0800 h local
time) (Table 2).

Using the physics parametrizations from Table 1, the
main model experiments defined in this study consider a
control case (CTL) where no irrigation is added and an irri-
gated experiment (IRR) where the irrigation parametriza-
tion (Valmassoi et al., 2020a) is applied in the area shown
in Figure 1b,d. Additional sensitivity model experiments
were run deactivating cumulus convection parametriza-
tion (convective-permitting simulations), whose results
are included in Section 4.3, considering also control
(CTLcp) and irrigated (IRRcp) cases (Table 2).

2.2.2 Observational data

To quantify the model performance we use six ground
stations from the Meteorological Service of Catalonia auto-
matic weather station network: Mollerussa (XI), El Poal
(V8), and Castellnou de Seana (C6) located in the irrigated
area west of Urgell Channel, and Tàrrega (C7), El Canós
(VD), and Sant Martí de Riucorb (WL), located in the
non-irrigated area east of Urgell Channel (see Figure 1).
The stations report air temperature, humidity, wind speed,
wind direction, solar radiation, and precipitation every
30 min, although only hourly values are compared against
the model output.

The precipitation validation of the control and irrigated
WRF simulations was done using the Hydrometeorologi-
cal Integrated Forecasting Tool (hereafter EHIMI) system
(Bech et al., 2005; Rigo et al., 2021) as a reference. This
product, developed by the Applied Research Centre in
Hydrometeorology of the Polytechnic University of Catalo-
nia and implemented operationally in collaboration with
Meteorological Service of Catalonia, combines informa-
tion from the accumulated radar precipitation and the
rain-gauge network in Catalonia to finally provide QPEs
at an hourly resolution and at 1 km spatial resolution. The
weather radar coverage over Region 1 and Region 2 is good,
but over the northern Pyrenees (north part of Region 0)
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T A B L E 2 Weather Research and Forecasting model simulations including control (CTL) and irrigated (IRR) cases for cumulus
convection parametrized experiments (first two rows) and CTL and IRR convection-permitting (cp) experiments (last two rows).

Simulation Irrigation Cumulus convection Amount (mm⋅day−1) Start–final hour

CTL None Parametrized 0.00 None

IRR Yes Parametrized 2.85 1800–0600 UTC

CTLcp None Explicit 0.00 None

IRRcp Yes Explicit 2.85 1800–0600 UTC

T A B L E 3 Continuous and categorical metrics used to evaluate automatic weather stations and Hydrometeorological Integrated
Forecasting Tool estimates against Weather Research and Forecasting control (CTL) and irrigated (IRR) model simulations.

Metric Formula Perfect score

Continuous metric

Mean bias (MB) MB = 1
n

∑n
i=1(Mi − Oi) 0

Relative bias (Rbias) Rbias =
∑n

i=1(Mi−Oi)
∑n

i=1Oi
× 100 0

Root-mean-square error (RMSE) RMSE = 1
n

√∑n
i=1(Mi − Oi)2 0

Mean absolute error (MAE) MAE =
∑n

i=1|Mi−Oi|

n
0

Categorical metric

Probability of detection (POD) POD = Hits
Hits+Misses

1

False-alarm rate (POFD) POFD = False alarms
False alarms+Correct negatives

0

Hansen and Kuipers (HK) HK = POD − POFD 1

Note: Mi and Oi correspond to the model and the observation values respectively for each time step i and for the total number of time steps n.

mountain beam blockage limits the quality—see Trapero
et al. (2009) for more details.

On the other hand, additional measurements from the
50 m tower located at La Cendrosa (Canut, 2022) are used
to compare energy and momentum fluxes near the surface.
More specifically, measurements of the surface SH, surface
LE, friction velocity at 3 m level, and soil temperature at
5 cm are explored.

2.3 Verification metrics

The numerical experiment verification has been con-
ducted using continuous and categorical scores. For con-
tinuous variables, mean bias (MB), root-mean-square
error (RMSE) and mean absolute error (MAE) have been
considered for WRF model simulations compared against
the automatic weather stations and against radar QPEs
(see Table 3). To compare wind speed at 10 m above ground
level obtained from the model with the wind speed at
2 m above ground level measured at some Meteorological
Service of Catalonia automatic weather stations (XI, V8,
VD, WL), a wind profile power-law relationship is applied
to observations, considering an exponent of 0.25, for an
urban, neutral case (Irwin, 1979).

The ability of WRF to correctly detect precipita-
tion events in comparison with EHIMI estimates is also
explored using categorical scores based on a standard con-
tingency table (see Appendix A, Table A.1) including the
probability of detection (POD), false-alarm rate (POFD),
also known as probability of false detection, and a com-
bined index of the last two, the Hansen and Kuipers (HK)
categorical score (Jolliffe & Stephenson, 2012; Trapero
et al., 2013) (Table 3). The HK statistic measures the abil-
ity of the forecasting system to separate observed “yes”
and “no” cases. It was calculated from a 2 × 2 contingency
table that classifies as events exceeding selected intensity
thresholds (0.1, 1, 2, 5, 10, and 15 mm⋅day−1).

The upscaling method from Zepeda-Arce et al. (2000)
was used as a fuzzy verification technique on daily pre-
cipitation accumulations in Regions 0 and 2. As described
in Ebert (2008), unlike traditional scores, the fuzzy verifi-
cation by “neighbourhood observation minus neighbour-
hood forecast” responds to a point of view in which obser-
vations are scaled to represent the scales resolved by the
model, typically several grid lengths. As the study datasets
are affected by having different spatial resolutions, in WRF
(3 km) and EHIMI (1 km), both products were rescaled to
common resolutions of 3, 6, 9, 15, and 27 km using the
distance-weighted mean (Li et al., 2019; Van Osnabrugge
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UDINA et al. 3257

et al., 2017) as the regrid scheme. The new gridded data
enabled a pixel-to-pixel comparison between the WRF
model experiments, CTL and IRR, and the EHIMI esti-
mates of precipitation.

2.4 Other methods

To complement the analysis described herein, statistical
tests were performed. In particular, the statistical signifi-
cance of differences in precipitation between the control
and the irrigated simulations is tested using the Wilcoxon
signed-rank test (Woolson, 2007), a non-parametric test
suitable for paired samples with the same distribution.

3 VERIFICATION

3.1 Surface stations

Metrics of temperature simulations are improved in
all six surface stations when including the irrigation
parametrization (Table 4). MB is lowered from 1.14 K in
CTL to 0.82 K in IRR (−28%), whereas RMSE is lowered
from 1.92 K in CTL to 1.76 K IRR (−8%). Errors are even
more strongly reduced for daily maximum temperatures,
reaching a 19% reduction in RMSE when including irri-
gation in simulations. Figure 2 illustrates the automatic
weather station individual errors for temperature, show-
ing a greater reduction in errors for stations located in
the irrigated area (underlined XI, C6, and V8) than the
ones located in the dry area (C7, VD, WL). A warm bias
exists in all stations for both simulations for the 2 m

temperature (Figure 2a), although the 2 m maximum tem-
peratures in some stations have a cold bias when includ-
ing the irrigation parametrization (Figure 2b). In contrast,
minimum temperatures in IRR are not improved, so that
RMSE and MAE errors increase by 17% and 23% respec-
tively as a consequence of a too low soil temperature.

Regarding specific humidity at 2 m, MB is significantly
reduced when including irrigation (from −0.44 in CTL to
0.13 in IRR), and RMSE and MAE are also improved by
around −18% and −20% respectively. Looking at individ-
ual automatic weather station errors, we can see that the
specific humidity is underestimated (dry bias) in CTL sim-
ulations in stations located in the irrigated area (XI, C6,
and V8) whereas it is reversed and fairly well adjusted
when including irrigation parametrization (Figure 2c).
Similar results are obtained for wind speed, with an
improvement of metrics in IRR simulations, with a reduc-
tion of the MB, RMSE, and MAE of−18%,−8%, and −10%
respectively. Wind speed decreases at all stations from CTL
to IRR simulations (Figure 2d), meaning that the irrigation
impacts the momentum exchange by decelerating the flow.
Wind direction is improved as well in IRR simulation, with
slightly reduced MB, RMSE, and MAE.

3.2 Precipitation

Figure 3 illustrates the accumulated precipitation in the
17-day period from EHIMI estimates (Figure 3a), from
the CTL simulation (Figure 3b), and from the IRR sim-
ulation (Figure 3c) in Region 0. In general, the model
simulations underestimate precipitation quantities on the

T A B L E 4 Continuous verification metrics for Weather Research and Forecasting control (CTL) and irrigated (IRR) simulations
compared with the six Meteorological Service of Catalonia automatic weather stations.

Variable (units) Simulation MB RMSE MAE

2 m temperature (K) CTL 1.14 1.92 1.50

IRR 0.82 1.76 1.30

2 m maximum temperature (K) CTL 0.97 1.42 1.21

IRR −0.24 0.90 0.74

2 m minimum temperature (K) CTL 1.29 2.02 1.62

IRR 1.79 2.36 2.00

2 m specific humidity (g⋅kg−1) CTL −0.44 1.90 1.48

IRR 0.13 1.57 1.19

10 m wind speed (m⋅s−1) CTL 1.14 1.93 1.62

IRR 0.93 1.78 1.46

10 m wind direction (deg) CTL −21.70 50.58 50.58

IRR −17.14 48.19 48.19

Abbreviations: MAE, mean absolute error; MB, mean bias; RMSE, root-mean-square error.
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3258 UDINA et al.

F I G U R E 2 Mean bias (MB)
and root-mean-square error (RMSE)
for (a) 2 m temperature, (b) 2 m
daily maximum temperature, (c)
2 m specific humidity, and (d) 10 m
wind speed in control (CTL) and
irrigated (IRR) simulations at six
Meteorological Service of Catalonia
automatic weather stations. Stations
in the west irrigated area
(Castellnou de Seana, C6;
Mollerussa, XI; El Poal, V8) are
underlined, whereas stations in the
non-irrigated area (Tàrrega, C7; l
Canós, VD; Sant Martí de Riucorb,
WL) are labelled in normal text.

F I G U R E 3 Accumulated precipitation for the whole period (July 15–31, 2021) in Region 0 for (a) quantitative precipitation estimates
(QPEs) of the Hydrometeorological Integrated Forecasting Tool (EHIMI) corresponding to observations, (b) Weather Research and
Forecasting (WRF) control simulation (CTL), and (c) WRF irrigated simulation (IRR). Black boxes on the left indicate limits of Region 1 and
inner Region 2. Owing to the geographical domain of the QPEs of the EHIMI products, areas with missing values are shown in grey.

northeast coast and in the mountainous Pyrenean area,
whereas a slightly overestimation occurs over the sea,
in front of the coast. According to EHIMI, precipita-
tion in Region 0 occurred during 11 days (out of the

17 days studied), with the most important amounts falling
on July 20, 26, 30, and 31, whereas precipitation in
Region 2 was present only during these former 4 days
(see Appendix C).
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UDINA et al. 3259

T A B L E 5 Continuous statistics for precipitation calculated for the Weather Research and Forecasting control (CTL) and irrigated
(IRR) simulations in the three regions in comparison with the Hydrometeorological Integrated Forecasting Tool (EHIMI) product.

MB Rbias RMSE MAE

Region Simulation (mm⋅day−1) (%) (mm⋅day−1) (mm⋅day−1)

Region 0 EHIMI vs. CTL −0.31 −21.0 7.19 2.19

EHIMI vs. IRR −0.31 −20.7 7.19 2.18

Region 1 EHIMI vs. CTL −0.31 −21.8 4.60 1.46

EHIMI vs. IRR −0.34 −23.6 4.52 1.43

Region 2 EHIMI vs. CTL −1.02 −54.4 4.96 1.45

EHIMI vs. IRR −1.17 −62.0 5.10 1.45

Abbreviations: MAE, mean absolute error; MB, mean bias; Rbias, relative bias; RMSE, root-mean-square error.

The comparison of CTL and IRR simulations against
QPE from EHIMI is shown using continuous statistics
(Table 5) and categorical statistics (Figure 4), for daily
accumulated precipitation. There is a general underes-
timation of the simulated daily accumulated precipita-
tion for all the regions considered. Biases and relative
errors increase as the regions become smaller (Table 5).
For the large Region 0 there are hardly any differences
between CTL and IRR simulations, but they become
more relevant for smaller areas. For instance, in Region
2 precipitation biases and errors in CTL simulation are
slightly smaller than in IRR simulation, which highlights a
better, although still poor, performance of CTL simulation
in terms of precipitation.

The categorical statistics are shown in Figure 4 for
Region 0 and Region 2 and for the two simulations CTL
and IRR, splitting the results among five different spa-
tial scales and six different daily precipitation intensity
thresholds. As expected, for the large Region 0 the highest
POD (also highest HK) is obtained for small precipita-
tion thresholds and tends to increase as the spatial scale
increases. In Region 2, large spatial scales of 9, 15, and
27 km seem to be the best to capture events of precipi-
tation intensity thresholds above 5 mm⋅day−1. Although
in Region 0 there are almost no differences between CTL
and IRR for the different intensity thresholds and spa-
tial scales, they are more sizeable in Region 2, where
larger POD and HK are obtained in CTL for moderate
precipitation intensity thresholds from 5 to 15 mm⋅day−1.
The exception is the case at the 15 km scale for rainfall
events above 15 mm⋅day−1, due to the occurrence of one
case where WRF CTL recorded 14.19 mm⋅day−1 and WRF
IRR 15.98 mm⋅day−1 (still, both values are far away from
the 45.35 mm⋅day−1 estimated by EHIMI). Similar scores
between CTL and IRR are obtained for low threshold
intensities. Moreover, larger spatial scales help the sim-
ulations capture the precipitation events, specially in the
IRR simulation. As seen in Table 5, in Region 2, CTL
reproduces more daily precipitation, closer to the EHIMI

than IRR, which leads to a higher POD in CTL than in IRR
simulations for moderate intensity thresholds.

3.3 Surface energy and momentum
exchange

The surface–atmosphere exchange of energy and mass is
explored from tower measurements of fluxes at La Cen-
drosa, an irrigated site representative of a relatively homo-
geneous terrain area. SH, LE, soil temperature at 5 cm
(Tsoil), and friction velocity (u∗) are compared with the two
simulations, CTL and IRR (Figure 5), revealing a general
better adjustment when irrigation is activated.

Energy partitioning is very different between IRR and
CTL simulations. In CTL, most of the energy is invested
in heat (large SH) and a very small amount in evapora-
tion (low LE), only relevant on specific days after rain
occurred at that point according to the model (July 28 and
July 31) and the soil contained liquid water (Figure 5a,b).
Conversely, in IRR, the energy partition is reversed, and
the whole period shows a higher LE than SH, meaning
that the energy is consumed in evapotranspiration, which
includes evaporation from the soil and plant transpiration
(Cuxart & Boone, 2020).

Table 6 shows a summary of statistics comparing simu-
lations with observations. Although statistics such as MB,
RMSE, and MAE are highly improved in IRR in compar-
ison with CTL simulations, the SH is still overestimated
and LE underestimated in both simulations, with RMSE
and MAE slightly larger than in other previous case studies
(Whitesel et al., 2024). In terms of fluxes, our model runs
at 3 km grid sizes seem to be reproducing regional to land-
scape scales where the surface fluxes are smoother than at
local scales, as reported by Mangan et al. (2023a).

Soil temperature is better resolved in IRR when irri-
gation is included in the simulations, although simu-
lated minimum soil temperatures are generally too low
(Figure 5c), as there is a slight overestimation in the
downward long-wave flux (not shown). Maximum soil
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3260 UDINA et al.

F I G U R E 4 Hansen and
Kuipers (HK) scores for Region 0
(top row) and Region 2 (bottom
row) separating Weather Research
and Forecasting (WRF) control
simulation (CTL; left column) and
WRF irrigated simulation (IRR;
right column) simulations against
quantitative precipitation
estimates, including different
spatial resolution aggregations and
different intensity thresholds, using
convection-parametrized
simulations. Highlighted values
with a dashed circle indicate
differences in HK over 0.05
between the CTL and IRR scores.
The darker (lighter) colour
indicates good (poor) performance
according to the decision model
used by the upscaling method.

F I G U R E 5 Evolution of (a) sensible heat flux (SH), (b) latent heat flux (LE), (c) soil temperature (Tsoil) at 5 cm, and (d) friction velocity
(u∗) from observations (OBS; half-hourly) and from Weather Research and Forecasting control (CTL) and irrigated (IRR) simulations
(hourly) at La Cendrosa.

temperatures are well adjusted in the first period of sim-
ulation but are still overestimated during the last week,
possibly because higher irrigation rates were applied at the
site, which were not represented in the model simulations.

The momentum exchange between the surface and
the atmosphere is explored using the friction velocity u∗,
which also presents significant differences between the
two simulations. CTL tends to produce higher friction
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UDINA et al. 3261

T A B L E 6 Continuous statistics for sensible heat flux (SH), latent heat flux (LE), soil temperature (Tsoil) and friction velocity (u∗)
calculated for the two Weather Research and Forecasting control (CTL) and irrigated (IRR) simulations in comparison with the tower
observations.

Variable (units) Simulation MB RMSE MAE

SH (W⋅m−2) CTL 131.08 199.26 133.12

IRR 57.63 85.87 59.50

LE (W⋅m−2) CTL −141.96 207.06 142.90

IRR −47.91 81.00 55.11

Tsoil (K) CTL 4.23 5.02 4.23

IRR 1.56 2.49 1.88

u∗ (m⋅s−1) CTL 0.11 0.20 0.16

IRR 0.06 0.14 0.11

Abbreviations: MAE, mean absolute error; MB, mean bias; RMSE, root-mean-square error.

velocities than IRR does for the 17-day simulations; in
turn, this u∗ in IRR is closer but often larger than
observations from the tower, especially during daytime
(Figure 5d). This is in accordance with the stronger
resolved wind near the surface described in CTL, as the
calculation of u∗ from the surface parametrization implies
the dependence on wind speed, resulting in flow decel-
eration when irrigation is activated. As seen in Figure 7,
the smaller horizontal temperature gradients reproduced
in IRR reduce the wind acceleration due to horizontal
pressure gradients (Phillips et al., 2022). In addition, the
reduction in the boundary-layer height may lead to a
decrease of mixing due to a decrease of downward momen-
tum fluxes at the top of the PBL, which could also lead to
a weakening of wind.

4 IRRIGATION
PARAMETRIZATION IMPACT

4.1 Temperature, moisture, wind,
and boundary-layer height

The activation of irrigation parametrization reduces the
2 m air temperature amplitude in both Regions 1 and 2.
Higher maximum extreme temperatures in the CTL sim-
ulations are identified, mostly in the smaller Region 2,
where extreme temperature values ranging from 312 to
315 K are only reached in the CTL simulation, not in the
IRR simulation (Figure 6a,e). Differences in 2 m temper-
ature between the simulations reach values around 2 or
3 K in the early afternoon in the areas near the irrigated
area (Figure 6i). As expected, 2 m air surface moisture
is increased in IRR simulation, shifting from a median
value of 10.4 g⋅kg−1 in CTL to a median of 10.9 g⋅kg−1

in IRR in Region 2 (Figure 6b). The largest differences

between the averaged moisture field at the surface are seen
around the irrigated area, where the moisture increases
on average between 1.5 and 2 gkg−1 (in Figure 6f,j). Wind
speed at 10 m is reduced in the IRR simulation, strongly in
Region 2 (by a median average of 9%) and more strongly at
grid points where more percentage of irrigation is applied
(Figure 6k). By contrast, a slight increase in wind speed
occurs in IRR north of Region 1. On the other hand, the
calculated PBL height (PBLH) is lower in IRR than in
CTL (Figure 6d,h), as irrigation inhibits convective ther-
mals that help the mixed layer growing. This difference
is clearly seen at grid points where irrigation is applied,
when comparing the average PBLH values at 1400 UTC
(Figure 6l), reaching significant differences of over 800 m
in the boundary-layer depth, with a wide surrounding area
of influence in the north of Region 1.

Significant changes in wind speed and wind direc-
tion are also seen near areas where irrigation is applied
(Figure 6c,g). In the afternoon and late afternoon, the
mean wind direction mostly from the southsouthwest in
CTL is shifted towards the westsouthwest in the IRR sim-
ulation, revealing a modification in the regional circula-
tion due to the irrigation. In fact, a general deceleration
of the flow occurs when irrigation is activated, espe-
cially during the afternoon (Figure 7a–c). The southern
sea breeze or marinada (Jiménez et al., 2023) entrance
near Region 2 is slowed down in IRR on the specific
days when this mesoscale circulation is developed. The
delay of the sea breeze entrance in IRR is linked to the
inland lower horizontal temperature gradient, as shown
in Figure 7d–f. These results are consistent with those
found for the larger scale phenomena of the low-level jet
in the Great Plains, where irrigation led to a reduction of
the low-level jet frequency due to a weakening of temper-
ature gradients (Huber et al., 2014; Phillips et al., 2022;
Yang et al., 2020b).
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3262 UDINA et al.

F I G U R E 6 (a)–(h) Model results of (a, e) 2 m air temperature (T2m), (b, f) 2 m air moisture (Q2m), (c, g) 10 m wind speed (Wsp10m),
and (d, h) planetary boundary-layer height (PBLH) probability distributions for Weather Research and Forecasting control (CTL) and
irrigated (IRR) simulations for grid points included in (a–d) Region 1 and (e–h) Region 2. Red and blue dashed lines respectively indicate the
median values of the CTL and IRR simulations. (i)–(l) Model simulations differences (IRR minus CTL) for the averaged fields at 1400 UTC
for the period July 15–31 of (i) T2m, (j) Q2m, (k) 10 m wind speed, and (l) PBLH. PDF: probability density function.

4.2 Precipitation distribution
and related parameters

Changes in precipitation accumulation and intensities
between the CTL and IRR simulations are analysed

here for the three regions for the 17-day period of
July 15–31, 2021. As commented earlier, activation of irri-
gation parametrization (IRR) leads to very inappreciable
changes in accumulated precipitation in the large Region 0
and a slight decrease in Region 1 (−3%) for the whole
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UDINA et al. 3263

F I G U R E 7 (a)–(c) Model results of wind field at 10 m from Weather Research and Forecasting (a) control (CTL) simulation, (b)
irrigated (IRR) simulation, and (c) their differences (IRR minus CTL). (d)–(f) Air temperature at 2 m (T2m) from (d) CTL simulation, (e) IRR
simulation, and (f) their differences (IRR minus CTL). All plots are for July 21, 2021, at 1500 UTC.

period considering all grid points of the domains. A more
important reduction in precipitation is reproduced in
Region 2 (−15%) when irrigation is activated, where,
in addition, all grid points in this region are irrigated
at some percentage (Table 7). In terms of precipita-
tion intensities, IRR produces a lower number of grid
points where precipitation is above 3 or 5 mm⋅hr−1 thresh-
old in both Region 1 and Region 2 (Table 7), and
the same number of grid points for high intensities
over 10 mm⋅hr−1.

A similar spatial distribution of precipitation accumu-
lation between CTL and IRR is seen in the coastal area
and in the centre of the Region 1, but negative differences
(IRR minus CTL) appear in the north of Region 1 and in
Region 2, mostly north of Region 2, indicating a decrease
in rainfall amounts in the IRR case (Figure 8b,c). In addi-
tion, near the Ebro Delta (south of Region 1), precipitation
accumulations are moved in space between simulation
CTL and IRR (Figure 8b), as seen in alternating positive
and negative grid points, as well as over the Mediterranean
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3264 UDINA et al.

T A B L E 7 Convection-parametrized simulation results of precipitation accumulations (millimetres) per number of grid points n and
number of grid points n exceeding rain rate (RR) of 3, 5, and 10 mm⋅hr−1, considering all grid points or only irrigated (irr) grid points for
Region 1 and Region 2 for Weather Research and Forecasting control (CTL) and irrigated (IRR) simulations for the 17-day period.

Region 1 Region 2

Amount n for RR Amount n for RR

Simulation (mm/n) >3 mm⋅hr−1
>5 mm⋅hr−1

>10 mm⋅hr−1 (mm/n) >3 mm⋅hr−1
>5 mm⋅hr−1

>10 mm⋅hr−1

CTL all 17.16 3278 978 6 14.91 1101 22 0

IRR all 16.63 3108 922 6 12.62 997 14 0

CTL irr 16.04 2132 462 0 14.91 126 22 0

IRR irr 15.30 1986 426 0 12.62 105 14 0

F I G U R E 8 (a)–(c) Model results of accumulated precipitation differences (IRR minus CTL) in (a) Region 0, (b) Region 1, and (c)
Region 2). (d)–(f) Modelled accumulated precipitation distributions in (d) Region 0, (e) Region 1, and (f) and Region 2 for CTL (red) and IRR
(blue) simulations. Crosses in (c) indicate that the difference between CTL and IRR is statistically significant at the 95% confidence level
using the Wilcoxon signed-rank test. CTL: Weather Research and Forecasting control simulation; IRR: Weather Research and Forecasting
irrigated simulation; PDF: probability density function.

Sea (Figure 8a). Interestingly, spatial differences appear
over non-irrigated areas, often located downwind from the
irrigated ones, indicating a spatial displacement of the pre-
cipitation, but without a relevant increase or decrease of
the total precipitation amount (Figure 8d,e). Although in
Region 2 the rainfall amount is small according to the
model, the distribution reveals larger accumulated precip-
itation amounts in the CTL run (Figure 8c,f), where the
median of accumulated precipitation in the whole period
decreases from 14.2 mm in CTL to 11.2 mm in IRR (see
dashed line in Figure 8f). In Regions 0 and 1 there is

a low percentage of grid points, 7% and 9% respectively,
where differences in precipitation are statistically signifi-
cant, whereas in Region 2 the hourly accumulated precip-
itation differences are statistically significant (at the 95%
confidence level) in 19% of the grid points (see crosses in
Figure 8c). These grid points were mainly located west
of the Urgell Channel, where the percentage of irriga-
tion is higher. In addition, the number of grid points with
precipitation greater than 3 or 5 mm⋅hr−1 decreases by acti-
vating irrigation parametrization in Regions 1 and 2, either
considering all grid points or only considering irrigated
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UDINA et al. 3265

F I G U R E 9 (a)–(h) Model results of convective available potential energy (CAPE), convective inhibition (CIN), lifting condensation
level (LCL), and level of free convection (LFC) probability distributions for Weather Research and Forecasting control (CTL) and irrigated
(IRR) simulations for grid points in (a–d) Region 1 and (e–h) Region 2. Red and blue dashed lines indicate the median values of the CTL and
IRR simulations respectively. (i)–(l) Model spatial differences (IRR minus CTL) for the averaged CAPE, CIN, LCL, and LFC values. PDF:
probability density function.

grid points (Table 7), revealing a reduction of the areas
with moderate precipitation intensities when the land is
irrigated.

Despite distributions of both the convective available
potential energy (CAPE) and the convective inhibition
(CIN) being relatively similar in CTL and IRR simulations
(Figure 9a,b,e,f) they increase in IRR, mostly in the west-
ern area of Region 1, as the latent heat is greater due to
irrigation. This is in accordance with the reduction in the

level of free convection (LFC; Figure 9d,h,l) and the lift-
ing condensation level (LCL) in IRR (Figure 9c,g,k), which
allows a greater integrated water vapour flux. In this case,
the lower boundary-layer heights and higher CAPE values
in IRR do not lead to rainfall increases locally, as discussed
in Douglas et al., 2009 and, on the contrary, precipita-
tion accumulation is reduced when the surface is irrigated
according to simulations. Spatially, when applying irri-
gation in the model it can be observed that the largest
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3266 UDINA et al.

increases in CAPE and CIN (Figure 9i,j) and decreases in
LCL and LFC occur over the irrigated area (Figure 9k,l),
near Region 2 and northwest of it. In contrast, increases in
LFC appear northeast of Region 1.

4.3 Sensitivity tests:
Convection-permitting simulations

In order to explore the effects of convection parametriza-
tion in precipitation feedbacks, we run CTL and
IRR convection-permitting simulations. Results from
these simulations show nearly the same variations in
near-surface air variables such as temperature, humidity,
and wind speed as the previous ones (those including the
convection parametrization). In contrast, the accumulated
precipitation field simulated in convection-permitting
runs is much lower than in the convection-parametrized
ones, suggesting that at 3 km grid spacing the full ver-
tical movements are not well resolved. The comparison
of these simulations against observations shows that
simulated precipitation is far from observed values for
intensities over 1 mm⋅day−1 and that the impact of includ-
ing irrigation in precipitation forecasts is negligible during
the period studied (see Appendix B, Figure B.1). In fact,
the effect upon precipitation of convective-permitting
runs compared with convective-parametrized runs is
much more relevant than the inclusion of irrigation
parametrization. However, feedbacks between CTL and
IRR simulations can still be explored. By activating the
irrigation, the results show a change of sign in pre-
cipitation accumulation feedback in all regions when
convection is not parametrized. That is, precipitation
accumulations are larger in IRR than in CTL simu-
lations in Region 2 (Table 8), the opposite from the
previous results (Section 4.2). The precipitation accu-
mulation in IRR increases in Region 0 and Region 2,
by 1.3% and 7.8% respectively, whereas in Region 1 it
decreases by 4.8%. Regarding precipitation intensities,

in convection-permitting simulations there is a decrease
in the number of grid points where hourly precipitation
intensity exceeds 3, 5, or 10 mm⋅hr−1 when activating
irrigation. This would confirm the effect of irrigation in
the lower atmosphere to inhibit convective processes,
resulting in weaker precipitation intensities.

5 DISCUSSION AND
CONCLUSIONS

The results obtained here confirm the importance of
including irrigation effects in WRF simulations in order
to produce more precise and realistic forecasts of the main
surface variables. Adding water to the soil in the model
leads to an improved model forecast with a decrease in
averaged near-surface air temperature, increase in humid-
ity, decrease in wind speed, and shift in wind direction
in the areas nearby where irrigation is applied. A general
deceleration of the surface flow is produced when includ-
ing the irrigation, especially in the sea breeze front. The
surface energy balance is reversed, being dominated by
the LE, and the boundary-layer height is then lowered in
the area nearby where the irrigation is applied. Simula-
tions including irrigation produce a decrease in the LCL
and LFC, which also cause increases in CAPE and CIN
(Figure 10).

We also conclude that the impact of irrigation upon
precipitation depends on the activation of the convection
parametrization or the use of convection-permitting runs.
Simulations including cumulus parametrization are closer
to observed rainfall amounts, and their response by includ-
ing irrigation is a decrease (negative feedback) in precipi-
tation accumulations for all regions and a reduction of the
number of grid points with moderate hourly precipitation
intensities. Given the increase in CAPE, these negative
feedbacks in local precipitation could be revealing a dis-
connection between the local thermodynamic processes
and the modelled precipitation. We speculate that such

T A B L E 8 Convection-permitting (cp) simulation results of precipitation accumulations (millimetres) per number of grid points n and
number of grid points n exceeding rain rate (RR) of 3, 5, and 10 mm⋅hr−1, considering all grid points or only irrigated (irr) grid points for
Region 1 and Region 2 for Weather Research and Forecasting control (CTL) and irrigated (IRR) simulations for the 17-day period.

Region 1 Region 2

Amount n for RR Amount n for RR

Simulation (mm/n) >3 mm⋅hr−1
>5 mm⋅hr−1

>10 mm⋅hr−1 (mm/n) >3 mm⋅hr−1
>5 mm⋅hr−1

>10 mm⋅hr−1

CTLcp all 5.05 11924 315 106 1.28 318 0 0

IRRcp all 4.81 11857 272 79 1.38 337 0 0

CTLcp irr 5.73 544 256 86 1.28 0 0 0

IRRcp irr 5.49 543 223 63 1.38 0 0 0
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F I G U R E 10 A simplified
conceptual model of the impact of
irrigation in Weather Research and
Forecasting simulations during
LIAISE special observation period
(SOP; July 15–31, 2021) considering
control (CTL) and irrigated (IRR)
runs. Selected atmospheric variables
include surface sensible heat flux
(SH), surface latent heat flux (LE),
daily maximum surface air
temperature (Tmax), daily minimum
surface air temperature (Tmin), air
surface specific humidity (q), air
surface wind speed, planetary
boundary-layer height (PBLH),
lifting condensation level (LCL),
convective available potential energy
(CAPE), convection inhibition
(CIN), and precipitation (PPT).

disconnection could be influenced by the fact that during
the LIAISE SOP the precipitation systems were forced by
larger scale systems rather than formed or modified nearby
the irrigated areas.

The representation of surface fluxes is improved when
including irrigation as well, with a larger fraction of energy
invested in LE rather than in SH. This helps resolving more
realistically the land–atmosphere heat transfer during the
day, but it is still poorly resolved at night as the soil temper-
ature is too underestimated and the minimum air surface
temperatures are overestimated as well. The results in that
sense point out the need of a revision of representation
of cooling processes in wet soil conditions in land-surface
models, including the possible reduction of the surface
albedo caused by irrigation (Yang et al., 2020a), whose
effect is not included in this study. On the other hand, the
inability of the model to reproduce the extreme LE values
points out the need to define the scale and representativ-
ity of flux measurements across the different spatial scales
in the extreme heterogeneous area of LIAISE (Mangan
et al., 2023a) and how this should be compared with the
model resolved scales.

The results obtained are in accordance with similar
previous model-based experiments in the United States
(Pei et al., 2016; Whitesel et al., 2024; Yang et al., 2017). The
final decrease in rainfall over the irrigated region was also
the outcome of a case study in the Great Plains (White-
sel et al., 2024), although different land uses also impacted
the development of the subsequent precipitation. The
observed weakening in the sea breeze flow entrance near
the LIAISE region is also a common feature found in
previous studies, revealing modifications in terrain-forced

circulations (Phillips et al., 2022) or the modification of
the Great Plains low-level jet intensity (Huber et al., 2014;
Pei et al., 2016; Yang et al., 2020b). Similarly, shallower
PBLH and lower LCL and LFC were obtained over the
irrigated areas in Great Plains Irrigation Experiment cam-
paign (Lachenmeier et al., 2023).

In accordance with Zittis et al. (2018), the appli-
cation of nudging was necessary to simulate rainfall
during the period. Despite this, the precipitation field
reproduced with explicit-convection simulations (with-
out cumulus parametrization) revealed a poor comparison
against observations and radar QPEs, as it was highly
underestimated and most of the precipitation events were
not captured, in both large Region 0 and small Region 2.
Additional simulation tests using scale-aware convective
parametrization also revealed too underestimated precipi-
tation accumulations. Therefore, in our 3 km grid spacing
simulations (falling at the grey-zone resolution), it was
necessary to activate the convection scheme to reproduce
precipitation systems closer to reality. However, as found
by Taylor et al. (2013), soil moisture feedbacks on precipita-
tion can vary in simulations if convection parametrization
is activated or not. In our case, a negative feedback of irri-
gation on precipitation is obtained in simulations where
convection is activated, whereas convection-permitting
simulations lead to a positive feedback in terms of pre-
cipitation accumulation near the irrigated area, as found
similarly by Valmassoi et al. (2020b).

According to the model results, we conclude that the
thermodynamic properties of the lower atmosphere are
highly modified and improved when the soil is irrigated,
whereas feedbacks in rainfall are not so clear. In addition,
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including the irrigation parametrization did not improve
the representation of the observed precipitation field,
as revealed in the verification against observations from
weather radar and rain-gauges. A possible explanation is
that the influence of land–atmosphere processes upon pre-
cipitation systems during the LIAISE SOP studied here
were relatively limited, as the precipitation systems mostly
did not form directly over the irrigated area of Region 2
during the period studied. Instead, the precipitation sys-
tems observed formed elsewhere and seem to be driven
by large-scale or mesoscale circulations. As the model
was generally not able to reproduce the precipitation con-
vective systems observed in terms of location and tim-
ing, another limitation may come from the difficulties to
resolve the interaction between different scales, from local
to landscape and regional (Mangan et al., 2023b). In that
sense, future research should focus on selected precipita-
tion case studies modified by local conditions or triggered
by lower atmospheric processes and the proper model
resolving interactions across scales. In addition, a better
representation of the Ebro basin irrigated areas in the
model, including more realistic irrigation data (different
hours of irrigation, specific water amounts in each field
type, etc.), should also be considered to evaluate possible
further improvement of operational forecasts.
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APPENDIX A. CONTINGENCY TABLE

A standard contingency (Table A.1) was used to com-
pute the categorical statistics in Table 3, defining cate-
gorical events upon exceedance of a threshold of precip-
itation amount comparing simulations and observations
(EHIMI).

T A B L E A.1 Contingency table used to calculate the
categorical statistics summarized in Table 3.

EHIMI ≥
threshold

EHIMI <
threshold

Simulation ≥
threshold

Hits False alarms

Simulation <

threshold
Misses Correct negatives

Abbreviation: EHIMI, hydrometeorological integrated forecasting tool.

APPENDIX B. VERIFICATION OF PRECIP-
ITATION IN CONVECTION-PERMITTING
SIMULATIONS

The categorical statistics for convection-permitting sim-
ulations are shown in Figure B.1 for Region 0 and
Region 2 and for the two simulations CTL and IRR,
splitting the results among five different spatial scales
and six different daily precipitation intensity thresh-
olds. The HK scores for Region 0 are poorer than in
convection-parametrized simulations for all precipitation
intensity thresholds. For Region 2, low precipitation
intensities from 0.1 to 1 mm⋅day−1 are better resolved
in convection-permitting simulations, although higher
thresholds are not resolved, with almost all scores being
close to zero. Differences between rainfall forecasts
of CTL and IRR convection-permitting simulations are
negligible in both regions, suggesting that precipitation
processes are not improved by the surface changes induced
by irrigation.
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F I G U R E B.1 Hansen and
Kuipers (HK) scores for the
Region 0 (top row) and Region 2
(bottom row) separating Weather
Research and Forecasting (WRF)
control (left column) and irrigated
(right column) simulations against
quantitative precipitation
estimates, including different
spatial resolution aggregations and
different intensity thresholds, using
convection-permitting simulations.
The darker (lighter) colour
indicates good (poor) performance
according to the decision model
used by the upscaling method.

APPENDIX C. DAILY PRECIPITATION
IN CONVECTION-PARAMETRIZED
SIMULATIONS

According to the EHIMI QPEs, there were four days with
significant precipitation accumulation during July 2021 in

Region 0 (July 20, 26, 30, and 31), as shown in Figure C.1.
The spatial distribution of the daily precipitation field can
be compared with the simulation outputs CTL and IRR
(Figure C.1).
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F I G U R E C.1 Daily rainfall in Region 0 according to Hydrometeorological Integrated Forecasting Tool (EHIMI) and Weather
Research and Forecasting control (CTL) and irrigated (IRR) simulations (convection-parametrized simulations) for the period July 15–31,
2021. The figure is divided (by dashed lines) into three three-column panels, and in each panel the three columns correspond to EHIMI (first
column), CTL (second column), and IRR (third column).
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