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Abstract. The estimation of latent heat fluxes in semi-arid regions faces several challenges, such as human intervention in

the water cycle through irrigation, sudden changes in vegetation state due to crop harvesting, the still evolving knowledge

of the physical processes governing plant transpiration and soil evaporation, and the lack of measurements to develop and

test land surface models. Representing the wide range of evapotranspiration values presents difficulties for both simulations

and measurements, owing to strong soil/plant spatial heterogeneity at relatively small (e.g. hectometric) scales. The ability to5

accurately predict the partition of evapotranspiration into evaporation and transpiration from observation is still very limited,

but improved estimates are required so that better water use decisions can be made. Land surface models (LSMs) can be used

as a tool in this regard, when their validation is possible, simulations tend to overestimate soil evaporation in most models.

The simulations in this study make use of the LSM ISBA, which represents the land component within the surface coupling

platform SURFEX. They include two field sites with contrasting soil moisture and vegetation characteristics during the sum-10

mer of the Land surface interactions with the atmosphere over the Iberian semi-arid environment (LIAISE) campaign. The first

site corresponds to a full cutting and growing cycle of one month in a flood irrigated alfalfa field. A detailed examination of

the parametrization suggests that several parameters determine the amount and tendency of transpiration change. The second

site is an uncultivated rain-fed area of natural grass close to senescence. As the parametrization of the vegetation proved to be

insufficient to characterize the evapotranspiration, for this study the implementation of a dry surface layer (DSL) resistance15

within the LSM ISBA was developed. The consideration of this process characterizes the transfer of vapor in a physical way

that has proved successful in improving the partitioning of evapotranspiration in other models. The implementation of a DSL

resistance led to an improvement in the simulated latent heat flux by reducing bare soil evaporation compared to simulations

without a soil resistance. This approach resulted in a reduction in daily latent heat flux RMSE of 29% and 32% for the alfalfa

and natural grass site respectively, while increasing slightly the correlation by 0.02 and 0.01 at both sites. Sensible heat flux and20

net radiation are improved on the order of 10 W m−2 whereas the ground heat flux is deteriorated within the same order. The

resulting DSL simulations reduced the overall global error compared to a simulation without a DSL resistance. Sensitivity tests

of the parameters that drive a DSL resistance in ISBA further improve the simulations, reducing excessive damping after rain
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events. The new DSL parameterization helps overcome current problems of ET modelling by reducing bare soil evaporation

within LSMs.25

Short Summary. The characterization of vegetation at two sites proved insufficient to simulate adequately the evapotran-

spiration. A dry surface layer was implemented in the land surface model SURFEX-ISBA v9.0. It is compared to simulations

without a soil resistance. The application to an alfalfa site and a natural grass site in semiarid conditions results in an improve-

ment in the estimation of the latent heat flux. The surface energy budget and the soil and vegetation characteristics are explored30

in detail.

1 Introduction

Semi-arid environments are characterized by water deficits during part of the year. In these areas, water resource management

is essential for food production and water use for the local population, as water scarcity is common. In particular, the estimation

of water loss by evapotranspiration (ET) is a challenge in these areas due to several factors, such as the significant heterogeneity35

of land surface characteristics, low values of fluxes at the limits of observational capabilities (Mauder et al. 2020), anthropic

changes in land use such as the harvesting of crops and in land management such as irrigation, and complex underrepresented

processes in the unsaturated zone of the soil (e.g. secondary drying fronts, pore scale influence such as in Or et al. 2013). As a

result, such processes are still being studied and incorporated to the models. Global estimates of ET reveal seasonal differences

depending on the product (Jiménez et al. 2011) and the method (Coenders-Gerrits et al. 2014; Schlesinger and Jasechko 2014).40

The transpiration ratio, the proportion of water vapor released through transpiration relative to total ET, is critical in assessing

the potential improvement of water use through the regulation of transpiration (Yoo et al. 2009). Estimates of the ratio range

from transpiration-dominated (Miralles et al. 2011) to evaporation-dominated (Alton et al. 2009) ecosystems when estimated

from satellite and model-derived ET. The observed range of transpiration ratios, from 38% to 77%, can largely be attributed

to differences in leaf area index (LAI) estimates across the reviewed studies (Wang et al. 2014). Since LSMs tend to have45

a low transpiration ratio (Chang et al. 2018) and tend to overestimate the evaporative fraction and the bare soil evaporation

after rain events (Lohou et al. 2014), a better representation of soil resistances can serve to improve the soil evaporation in the

models, leading to better partitioning of ET and a reduction in near surface temperature biases in atmospheric models (Dong

et al. 2020).

LSMs estimate ET and its partitioning with varying complexity (Noilhan and Planton 1989; Sellers et al. 1996; Coudert50

et al. 2006; Napoly et al. 2017). ET estimates can be made without distinguishing between sources, as in the Priestley-Taylor or

Penman-Monteith methods, or by partitioning ET into bare soil evaporation, transpiration and evaporation from the interception

of residual water on the leaves using similarity theory. Transpiration is modeled using a resistance analogue together with

the humidity gradient. The resistance represents the canopy biophysical processes. One of the configurations includes the

assimilation of carbon, which allows the specification of species-dependent plant parameters.55
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Bare soil evaporation in the unsaturated zone is characterized by the simultaneous presence of water in both liquid and

vapor phases within the soil. Explicit treatment of soil water vapor requires full coupling between the transfer of heat and the

transport of water (Philip and De Vries 1957; Milly 1984), which is very sensitive to soil hydraulic properties (Chanzy et al.

2008; Merlin et al. 2016). They can modify the behavior of capillary continuity and exchange processes from pores through air

to the atmosphere, determining transport processes across soil drying stages (Or et al. 2013). Up to four stages of drying soil60

can be identi�ed (Zhang et al. 2015): 1) stage of ponding, 2) a period of air intrusion into the soil, 3) a rapid drying until no

liquid remains and, 4) a residual layer drying as the vaporization plane descends and a dry surface layer (DSL) forms (Balugani

et al. 2018). A more common approach is to separate soil evaporation in two stages. Stage 1 depends mostly on the atmospheric

energy demand and drives a constant rate of evaporation. Stage 2 evaporation is controlled by the soil characteristics. The rate

of evaporation depends on the type of soil and its soil hydraulic properties (Schneider et al. 2021). The implicit treatment of65

bare soil evaporation can be modeled by a soil resistance thereby simplifying the coupling that depends on radiation, liquid

water gradients and temperature gradients to a dependence on water content, and in some cases, also on the temperature. Such

empirically-based soil resistances have been used for years in various land surface models (Sellers et al. 1992b; Best et al. 2011;

Harris et al. 2017; Raoult et al. 2018), as simulated latent heat �uxes (especially from the soil) were found to be overestimated

in their respective models. The tuned values of these resistances can have a large impact on the water balance components in70

addition to the evaporation, such as for the runoff (Cuntz et al. 2016).

More recently, models have applied more data-driven approaches (Merlin et al. 2016; Lehmann et al. 2018; Raoult et al.

2021) to constrain case-dependent results and physically based resistances (Sakaguchi and Zeng 2009; Zhang et al. 2015;

Swenson and Lawrence 2014) as knowledge of soil physics advances. These resistances differ in the value of the volumetric

water content (V WC) at which they become active, whether its form is exponential or linear, and in terms of the magnitude of75

the resistance. Two resistances are of particular interest, the �rst by Sellers et al. (1992b) due to its longstanding wide use, and

the second by Swenson and Lawrence (2014) which is based upon a more physically meaningful resistance with larger values

(more details are provided in Sect. 2.2.1). The aforementioned study used the FLUXNET dataset (Jung et al. 2009) and a model

tree ensemble approach to analyze behavior on a global scale. By implementing the DSL in the Interactions Soil-Biosphere-

Atmosphere (ISBA) model (see Sect. 2), we investigate whether it can improve its estimation of bare soil evaporation and80

consequently ET.

Both the Sellers et al. (1992b) and the Swenson and Lawrence (2014) parametrizations are tested in detail for two sites that

were operated during theLand surface interactions with the atmosphere over the Iberian Semi-arid environment(LIAISE)

campaign, described in Sect. 3.1. They represent the extremes found in the semi-arid environment in terms of Bowen ratio: the

�rst site is a �ood irrigated alfalfa �eld where ET dominates, and the second is an almost senescent rainfed natural grass site85

where sensible heat �ux dominates. Together these two sites provide a good test case for studying the limits of the model and

for evaluating the default and new parametrizations with a DSL.
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2 Model description

ISBA includes a Multi-Energy Budget (MEB) model option described in Boone et al. (2017) which uses a classical Big-Leaf

type approach for modeling the surface energy budget (SEB). MEB separates latent heat �ux (LE ) as the contribution of soil90

evaporation, transpiration, interception of evaporation and sublimation when snow is present. It allows separate consideration

of vegetation-driven processes, such as the impact of stomatal conductance and light assimilation on transpiration, and of soil

processes, such as soil evaporation and the impacts of a litter layer. MEB can also represent vertical heterogeneity of the

soil hydraulic and thermal properties across the soil pro�le. ISBA-MEB within SURFEX (Surface Externalisée: Externalized

Surface) version V9 is used in this article together with the multilayer diffusive soil scheme option (Decharme et al. 2011).95

To date, the local scale evaluation of ISBA-MEB has been carried out with trees (Napoly et al. 2017), corn (Dare-Idowu et al.

2021) and in a semi-arid environment in a vineyard (Aouade et al. 2020).

2.1 Components of the latent heat �ux

The LE can be found by the evaporative contribution of the vegetation and the soil:

LE = L v (Ev + Eg) (1)100

whereL v is the latent heat of evaporation andEg is the part of the �ux originated from soil evaporation (see subsection 2.2).

Ev is given by the sum of the plant transpirationE tr and the evaporation from the canopy liquid water interception storeE r ,

when no snow is present. The description for the vegetation description of the model can be found in the Appendix A with a

glossary in Appendix D. For completion, theG �ux is also described in Appendix C1.

2.2 Bare soil model formulation105

The SURFEX V9 MEB bare soil evaporation with soil resistance consists in a mixed form soil resistance such as in Niu

et al. (2011), Xue et al. (1996) and Sellers et al. (1996). A mixed formulation consists in adding a soil resistance (beta type

formulation) to the aerodynamic resistance while also using a soil humidity factor applied to the saturated speci�c humidity

in the numerator (alpha type formulation). This added mixed formulation is incorporated in the ground evaporation expression

as:110

Eg = � a

�
hu qsat;g � qc

Rag + Rsoil

�
(2)

Rag is the air resistance (s m� 1), Rsoil is the soil resistance,qsatg is the saturated speci�c humidity of the air calculated with

temperature of the ground at its �rst layer andhu is the soil humidity coef�cient which has the form:

hu =

8
><

>:

1
2

h
1� cos

�
wg; 1

w f c; 1

�i
; wg;1 < w fc; 1

1; wg;1 � wfc; 1

(3)
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and whenhu � qsatg < qc andqsatg > qc then either there's no soil evaporation because the low level humidity is dry (Eg = 0 )115

or hu � qsatg < qc andqsatg � qc which implies condensation (Noilhan and Mahfouf 1996). The default version of ISBA only

included the humidity factor,hu (and thus was uniquely an alpha formulation).

2.2.1 Soil resistances

The overestimation of ET in land surface models is a lingering issue (Lohou et al. 2014). In particular, it has been shown

that bare soil evaporation is generally overestimated in LSMs (Chang et al. 2018), leading to overestimation of global ET120

(Wang et al. 2021). In addition, the partitioning of ET into transpiration and soil evaporation is the main source of inter-model

differences among different models (Feng et al. 2023). Several forms of soil resistance have been proposed over the years

(Barton 1979; De Silans et al. 1989; Sellers et al. 1992b; Van de Griend and Owe 1994; Xue et al. 1996; Camillo and Gurney

1986; Mohamed et al. 1997; Ding et al. 2015; Ivanov et al. 2008; Merlin et al. 2016; Swenson and Lawrence 2014; Lehmann

et al. 2018; Raoult et al. 2021), some of which have been tested within ISBA (Béziat et al. 2013). The early citations were125

based on identi�able changes in the soil, while satellite information has been added in more recent years.

De Silans et al. (1989) reported that the in�uence of soil resistance on evaporation was signi�cant and goes along with a

change in soil color together with a change in albedo measurements. Van de Griend and Owe (1994) observed the super�cial

DSL color change to a soil depth of 2.5 cm, together with a lower volumetric water content compared to the underlying layer

and an increased estimation of the soil resistance value. The soil drying process of the DSL has been explored in laboratory130

conditions (Or et al. 2013; Zhang et al. 2015; Wang 2015; Merz et al. 2016; Balugani et al. 2021). The results of these studies

have led to a better understanding of the DSL formation process, and its impact on ET. Other processes, such as corner and

�lm �ow, are being explored in other communities and allow the identi�cation of soil hydraulic properties with models such as

HYDRUS in medium to dry conditions (Iden et al. 2021), but this level of sophistication fall outside the scope of this article.

The formulations cited here all produce lower resistance values than Sellers et al. (1992a) except for the DSL resistance135

as implemented by Swenson and Lawrence (2014). A comparison of resistance values for several standard soil resistance

formulations over a range of soil water contents is shown in Fig. 6 of Swenson and Lawrence (2014), which shows that the

DSL approach has the largest values. The DSL resistance was tested successfully globally in Swenson and Lawrence (2014).

In the current study, we investigate this method in detail using the LIAISE data.

2.2.2 Sellers, 92140

A widely used expression for soil resistance among LSMs, such as the community Noah-MP (He et al. 2023), PX LSM

WRF/CMAQ (Ran et al. 2016), ISBA-MEB (Boone et al. 2017), ORCHIDEE (MacBean et al. 2020) originated from Sellers

et al. (1992b, 1996) and is formulated as:

Rsoil = exp
�
A � B

�
wg;1

wsat; 1

��
(4)
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whereA=8.206 andB =4.255 (Sellers et al. 1992b). These values were computed using �eld measurements taken during the145

FIFE 89 campaign in Kansas (Sellers et al. 1992a) by inverting the SiB model (Sellers et al. 1992b) and �nding the best �t for

several sites in the area.

2.2.3 Dry soil layer resistance

A DSL resistance is tested in SURFEX as an alternative for a soil resistance to Sellers 92. It models sites where compaction

and very intense heat cause all liquid water to be lost in the �rst few centimeters. This results in the formation of a DSL150

that makes evaporation dif�cult: this impediment to evaporation is due to the transport of water being done only by vapor

water diffusion. This process is modeled in a pragmatic manner by using a surface layer resistance. According to Swenson and

Lawrence (2014), a DSL can be parameterized by the equation:

� DSL =

8
><

>:

� zdsl (wdsl 0 � wg;1) =(wdsl 0 � wair ) ; wg;1 < w dsl 0

0; wg;1 � wdsl 0

(5)

where� zdsl is the length scale of the maximum� DSL thickness (m) and is given a value of0:015 m as in Swenson and155

Lawrence (2014), andwdsl 0 is the moisture value at which the DSL becomes active.wdsl 0 depends on the porosity (� ) from

wdsl 0 = K dsl � whereK dsl = 0 :8 is the value found by Swenson and Lawrence (2014) which improves their ET estimation

in semi-arid conditions. The porosity is de�ned as the saturated volumetric water content (wsat; 1) of the �rst layer, as this

corresponds to the pore space available for water.wg;1 corresponds to the moisture value at the top soil layer of the model,

while wair is the "air dry" soil moisture de�ned as160

wair = wsat; 1

�
	 sat

	 air

� 1=b

(6)

where the air dry matric potential is	 air = � 104 m, the saturated matric potential is represented by	 sat and the slope of the

soil water retention curve isb. The soil resistance is expressed as

Rsoil =
� DSL
D �a � v

(7)

where� v is the tortuosity of the vapor �ow paths through the soil matrix andD �a is the molecular diffusivity of water vapor165

�ow in air (m 2 s� 1). The expression ofD �a differs slightly from that used in Swenson and Lawrence (2014) through the

dependence on pressure,p, and the exponent of temperature:

D �a = 2 :17� 10� 5
�

p0

p

� �
Tg;1

Tf

� 1:88

(8)

wherep0 is a standard reference pressure (1000 hPa),Tg;1 being the �rst level of soil temperature andTf is the freezing

temperature of water.170

The tortuosity is then given by:

� v = � 2
air

�
� air

�

� 3=b

(9)

where� air = � � wair and represents the air-�lled pore space.
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3 Data and sites

3.1 The LIAISE campaign175

The LIAISE campaign (Boone et al. 2025) was designed to improve the understanding of the impact of anthropization on the

water cycle in semi-arid environments, with a particular focus on identifying the limitations of LSMs under these conditions.

The �eld experiment took place in the north-eastern region of the Iberian Peninsula from April 2021 to the end of September

2021 (the Long Observational Period, LOP). Surface energy budget stations were installed over alfalfa (Canut 2022a; Mangan

et al. 2022), maize (Martínez-Villagrasa et al. 2022), irrigated grass (Miró 2021), vineyard, apple orchard, almond orchard180

(Canut 2022b) and natural rainfed grass (Price 2023). They consisted in eddy-covariance systems equipped with a gas analyser

to measure the turbulent �uxes and buried sensors including buried temperature sensors and �ux plates, allowing the measure-

ment of the ground �ux directly and correction of its measurement to the surface (see Table E1) with the calorimetric method

(de Silans et al. 1997). An intensive Special Observation Period (SOP) took place during July 15-29 (Boone et al. 2025), with

in-situ measurements of soil and vegetation properties and of the atmospheric boundary layer (ABL) up to the entrainment185

zone through a multi-institutional collaboration (Brooke et al. 2023). The region is characterized by an irrigated area with fruit

trees, maize and alfalfa, and a rainfed area with wheat, olives, almonds and natural grassland. The two areas are separated by

the Canal d'Urgell. This con�guration creates a profound contrast in the SEB components between the areas. The two main

sites of the campaign, La Cendrosa and Els Plans, included a 50 m tower, SEB station and meteorological measurements, radio

soundings,LAI and vegetation height observations (Boone et al. 2025). Two surface stations were installed at la Cendrosa,190

the longer series was taken (Canut 2022a). Measurements of temperature, humidity and wind at different levels depending on

sensor availability and high frequency measurements were available 3 m, 10 m, 25 m and 50 m for the two sites (see Boone

et al. (2025) and Brooke et al. (2023) for more details).

3.2 Irrigated alfalfa site: La Cendrosa

The La Cendrosa site is located within an alfalfa �eld that was irrigated by gravity �ooding approximately every ten days195

during the growing season and periodically cut for harvest. A cycle of cutting and growing during the month of July 2021,

characterized by in-situ values ofLAI and vegetation height, is prescribed as input (Fig. 1) for ISBA. The period starts with

fully grown vegetation, but after a few days, the vegetation is cut. Growth starts rapidly after the next irrigation period and the

vegetation height increases from about 10 cm to its maximum height of approximately 70 cm in 17 days. TheLAI increases

accordingly (from 0.3 to 3) over the same period.200

This rapid vegetation evolution has an impact on the observed �uxes (Fig. 2). Initially, the net radiation (Rn) starts at values

near 680 W m� 2 and decreases a few days after mowing. However, the change is not immediately apparent in the measure-

ments as it takes several days for the harvested alfalfa to be removed from the soil as it is left to dry in the �eld. After the

initial growth period, whenLAI is suf�cient to cover most of the soil, theRn returns to values close to 600 W m� 2. These

observed values are not as high as before harvest because the water content is lower than after irrigation and this results in a205

higher albedo (see Sect. 5.3).LE is the dominant �ux at this site, and the ground heat �ux (G) and the sensible heat �ux (H )
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Figure 1. Cycle of cutting and growth of alfalfa at La Cendrosa site. Imposed Leaf Area Index (LAI ) in red, measuredLAI in blue,

vegetation height in purple and measured vegetation height in orange.

represent a small part of the energy balance, except for the period after cutting and at the beginning of the growing period. The

energy balance residue (Res) can be 100 W m� 2 and negative during the day. It is de�ned as the residual available energy

remaining after theRn has been redistributed in the atmospheric and ground heat �uxes. The highest values of the residual are

observed during periods of high vegetation. When vegetation is low, the value of the residue remains low or negative.210

3.3 Dry rainfed natural grass site: Els Plans

The Els Plans site is a rainfed, relatively dry area with natural grass that was drying during the LOP. The parcel is located

within a special protection area for steppe birds, and it is not cultivated. The energy budget of a short dry-down period near the

end of the LOP (Fig. 3) shows a lowerRn compared to La Cendrosa with two small rain contributions of 2 mm and 0.8 mm215

on the eve of 2 September. TheRn difference is due to the contribution of the net long wavelength radiation being lower and

the time difference between the two periods which can account up to 100 W m� 2 . The small amount of water available in the

soil makes theH the dominant term to compensate theRn. TheG can reach values twice as high as theLE , except after rain

events, when the evaporation from the bare ground peaks. The energy budget residual at this site tends to be greater in the early

morning, and it is reduced after the entry of the Marinada, a local sea breeze wind (Jiménez et al. 2023). This behavior is also220

observed in La Cendrosa when the vegetation is low. As a colder wind (Lunel et al. 2024), the Marinada advects moisture and

cool air, and contributes negatively to the energy budget, bringing the residue closer to zero.
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Figure 2. Observed terms of the Surface energy budget of La Cendrosa for the month of July 2021. In particular,Rn in red,H in black,LE

in blue,G in green and theRes in orange. The gray and blue shading correspond to the error in theH andLE due to theRes, which is

accounted for by the Bowen ratio. Cyan dashed lines indicate irrigation events and the gray line indicates the cutting of the alfalfa.

Figure 3. Observed terms of the Surface energy budget of Els Plans for a dry down period. In particular,Rn in red,H in black,LE in blue,

G in green and theRes in orange. The gray and blue shading correspond to the error in theH andLE due to theRes, which is accounted

for by the Bowen ratio.

9



4 Model con�guration

4.1 Forcing data225

The simulations of La Cendrosa and Els Plans are performed of�ine (i.e. driven by observations as input). They comprise the

periods from 1 July at 00:00 UTC to 1 August at 00:00 UTC and from 17 June 10:00 UTC to 29 September at 09:00 UTC

respectively. The associated atmospheric variables are the incident short and longwave radiation �uxes, wind speed, tempera-

ture, speci�c humidity, pressure, atmosphericCO2 concentration, and rainfall rate at a 30 minute time step. All measurements

were taken at 2 m except the wind which was measured at 10 m and precipitation that was measured at 1 m for both stations.230

The time evolving vegetation properties are usually imposed using a 10-day or monthly time step: for the current study, this

temporal resolution is insuf�cient (more detail in Sect. 4.2.1). For Els Plans, several incidents in the availability of electric

current after rain events resulted in gaps in the input variables. Short-wave radiation was gap-�lled using a theoretical solar-

zenith dependent method, and long-wave radiation gaps were �lled using the correction proposed by Brutsaert (1975). The

wind speed was �lled with an additional wind measurement at 3 m at the same site, corrected by adjusting the wind speed to235

that which was already measured at 10 m above the surface assuming a logarithmic pro�le at neutral conditions. Pressure was

gap-�lled with a �xed average value during the same period. Since the albedo of the soil changes with the variation of the water

content, values every 10 days are taken into account.

For La Cendrosa, irrigation was treated as rainfall by adding 30 mm of water between 00:00 and 02:00 UTC. This approach

introduces error for about four hours as it simulates an increase in evaporation of intercepted water over the leaves, the latent240

heat increases up to 130 W m� 2 when vegetation is low and close to 70 W m� 2 when it is high. TheLAI and vegetation height

cycle (shown in Fig. 1) cause the global albedo to change dynamically.

4.2 Parameter selection

Table 1 shows the parameter values for the different model con�gurations. The prescribed dynamic roughness length (z0) for

both stations falls within the lower limits of the tabulated values in the literature (Oke 2002). For La Cendrosa, a single value245

is chosen as it gives reasonable estimates of the momentum for the whole period. The roughness length and the displacement

height depend on the height of the vegetation but also on the density of the vegetation (Foken and Napo 2008), and the de-

pendencies are still being parametrized (see the background in Jasinski et al. 2005) and are not currently modeled in ISBA,

therefore a compensatory effect between the change on the two processes may be in play. For Els Plans, the roughness gen-

erating elements remain constant throughout the study period. The thermal roughness length (z0h ) is smaller at La Cendrosa,250

which shows less steep temperature pro�les near the surface in the presence of dense vegetation. The emissivity values are

within the error indicated by the tabulated values and have been left equal for both sites with a value of 0.97 (Snyder et al.

1998; Simó et al. 2019). However, it should be noted that the sensitivity to this parameter has been found to be low for this

parameter for the ranges encountered at the two sites studied herein. For the type of vegetation of the alfalfa �eld, the C3 crop

type is selected and C3 natural grass is used for Els Plans (Table 1).255
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Table 1.SURFEX parameters characterizing the simulations of the Els Plans and La Cendrosa sites. In order, the dynamic roughness length

(z0), heat roughness length (z0h ), the number of soil layers, the SURFEX patch identi�er (7 corresponds to C3 crops and 10 corresponds to

natural grass), the range of leaf area index (LAI ) and the height of the vegetation (Hveg) during the study period. *The strategy has been

changed to drought-tolerant.

Site z0(m) z0=z0h soil albedo veg albedo soil layers patchLAI (m2 /m2) Hveg(m)

La Cendrosa 0.05 20 0.28 0.25 14 7* 0.3-3 0.1-0.7

Els Plans 0.01 1 0.19-0.25 0.25 25 10 0.1 0.2

Table 2.SURFEX parameters characterizing the soil properties of the Els Plans and La Cendrosa sites. The columns, in order, represent the

depth (d), the sand and clay content, the water �eld capacity (wfc ), the wilting point (wwilt ) water content, the saturated water content (wsat ),

the saturated hydraulic conductivity (K sat ), thebparameter of the CH78 pedotranfer function and the soil water potential at saturation,	 sat .

Site d (cm) sand clay wfc wwilt wsat K sat (� 10� 5) b 	 sat

La Cendrosa 0-10 38.2/52.8 24.4/19.95 0.34 0.10 0.45 0.452 6.84 -0.33

La Cendrosa 10-30 56.0 15.5 0.28 0.10 0.43 1.488 5.62 -0.23

Els Plans 0-10 16.3 35.1 0.38 0.03 0.48 0.176/0.059 8.31/4.89 -0.51/-0.33

Els Plans 10-20 15.0 36.6 0.38 0.03 0.48 0.163/0.030 8.52/5.41 -0.52/-0.52

Els Plans 20-30 35.3 30.6 0.35 0.10 0.46 0.283/0.177 7.69/5.60 -0.35/-0.34

Els Plans 30-40 28.6 37.2 0.37 0.10 0.46 0.184/0.258 8.60/5.04 -0.40/-0.18

4.2.1 Vegetation characterization of alfalfa

A realistic simulation of transpiration is the key to providing a good estimate of theLE , especially for the alfalfa. The changes

of LAI for La Cendrosa (Fig. 1) are imposed every time step compared to the original code since the alfalfa growth is relatively

rapid (see Sect. 3.2). The height of the vegetation is modeled using a linear dependence onLAI based on the observations.260

Additionally, the AST option within SURFEX is used for both simulations. With this option, the A-gs scheme is used to model

photosynthesis parameterizing its processes in contrast with other options that model transpiration directly without considering

the biological processes. The vegetation can have either drought tolerant, Eq. (A9), or drought avoidant strategies, Eq. (A7),

(Calvet et al. 2004). Direct observations of stomatal conductance (gs), CO2 assimilation and photosynthetically active radiation

(PAR) were made at la Cendrosa. After testing multiple parameter con�gurations, it was found that increasing the quantum265

ef�ciency, � 0, and the maximum assimilation (Am;max (25)) gave results that reproduce results obtained with a higher cuticular

conductance (see Appendix B1 for more details). The following changes to the vegetation parameters are imposed:

– Mesophyll conductance: Although alfalfa is a C3 crop, its drought strategy is tolerant as in C4 crops. Such plants species

are known as C4-like species (Way et al. 2014). In consequence, the stress type has been changed to drought tolerant for

the simulation. Theg�
m values have been changed to0:005ms� 1 (see Table B1).270
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– Quantum ef�ciency: The� 0 value of 0.0265 mgCO2 J� 1 found by González-Armas et al. (2023) increases theLE to

values closer to the observed values and is therefore used in this study.

– Maximum assimilation: González-Armas et al. (2023) found values (3.02 mg) at La Cendrosa that were considerably

higher than those given in the literature and the standard value in SURFEX. Increasing this value in this simulation

improves the transpiration estimates for days that show a dip inLE during the day reducing its intensity, therefore the275

value in González-Armas et al. (2023) is kept, but the default values are adequate for most of the simulated days.

An extended version of this section is in Appendix B1 with detailed justi�cation over the parameter changes and its biblio-

graphical context.

4.2.2 Vegetation characterization of drying grass

For Els Plans, the choice ofLAI is complex. Measurements ofLAI at the site have a median value of 0.34 m2=m2 and a280

minimum value of 0.12 m2m� 2 (Brooke 2023). However, these measurements take into account the shaded area and do not

necessarily represent active vegetation. In contrast, in ISBALAI is taken as greenLAI and therefore represents fully active

vegetation (Brut et al. 2009). This does not correspond well with the measurements in Els Plans, where the vegetation is dying

but still provides shade and intercepts moisture. Furthermore, this shade comes from the blades of the natural grass rather than

the leaves. The value ofLAI = 0 :1m2m� 2 is used as a compromise to take into account the shaded ground and part of the dry285

vegetation that does not contribute to evaporation, thus limiting transpiration.

A complementary parameter necessary to characterize the vegetation is vegetation height (Hveg), which tests show is not a

highly sensitive parameter for either site and is set to 0.2 m by rounding the observed value of 0.16 m for Els Plans. In healthy

active low vegetation such as crops,LAI may not be directly related to its height or it may depend on the crop so they are set

independently (Yuan et al. 2013).290

4.2.3 Soil characterization

Table 2 lists the measured sand and clay content values together with the soil hydraulic parameters obtained from the soil

texture data and the pedotransfer function from Clapp and Hornberger (1978), referred to herein as CH78. For la Cendrosa,

two surface measurements of the soil characteristics were carried out by different teams. The �rst was near the position of

the SEB station with two levels, the second was about 20 m away within the same �eld. It was observed that the second295

measurement had proportions of sand and clay close to those at a depth of 10-30 cm of the �rst measurement. Since the �eld is

irrigated by �ooding, some washing of the soil can take place, which can be the source of these near-surface discrepancies in

texture between the samples of the different teams. The two-level measurements are used for La Cendrosa for all parameters

except wilting point of the model, which is reduced to include the minimum water content within the root zone which is seen

in the observations. At the Els Plans site, a more extensive sampling of the soil was performed and incorporated, so that the300

matric potential at saturation	 sat , the slope of the retention curveband the saturated hydraulic conductivityK sat values were

�tted from soil core samples using the HYPROP method (Shokrana and Ghane 2020) andKsat values were measured in the
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laboratory. The	 sat value differed from that given by CH78 at the surface and bottom of the soil pro�le and theb parameter

is at the lower end of its range. Using these vertically-varying observed values reduced the overall error of the simulation

compared to using a constant values for the vertical pro�le of the soil and compared to the default values taken from the305

global database. This matches the results of Sobaga et al. (2023) who identi�ed that the defaultbparameter produced a lack of

drainage in SURFEX V8.1.K sat is taken as the observed value instead of the �tted one, as it also leads to an improvement in

theLE andH estimation. We note that it differs by an order of magnitude at the surface. Soil layers deeper than those observed

were assumed to have the same soil properties as that in the lowest observed layer. The discretization of the soil layers has been

chosen to match the layers to the depth of the observations, while maintaining the highest vertical resolution near the surface310

of the soil column.

4.2.4 DSL parameters

The DSL con�guration for the main comparison is the one of Swenson and Lawrence (2014) but its parameters may not be

the most suitable for ISBA. A sensitivity analysis, consisting in the variation of two parameters for the DSL resistance is

later presented. This kind of analysis is necessary to characterize the changes of output variables and diagnose them. The315

response to the change can be identi�ed, whether it is linear, nonlinear or negligible. As the number of parameters increases,

the behaviours of outputs become intertwined and cannot be necessarily easily predicted. The sensitivity analysis identi�es

whether a parameter is relevant for a certain variable. We generate multiple simulations with two varying parameters and use

the root mean square error (RMSE) of the simulations to suggest the more appropriate values for the estimation of the turbulent

�uxes with ISBA for the DSL option.320

5 Results/Discussion

This section presents an analysis of the simulations carried out for La Cendrosa and Els Plans using the default and new

soil resistance parametrizations. The different simulations are identi�ed by the names NON, S92 and DSL to indicate no soil

resistance, the use of Sellers 92 resistance and a DSL resistance, respectively.

According to Foken and Napo (2008), a bulk indication of instrumental errors indicates thatRn can have errors of around325

10 %, errors inH andLE can reach 20 %, together with a 50 % error for theG, not accounting for the energy storage error.

Note that budget closure is not necessarily a measure of the quality of the �uxes (Aubinet et al. 2000). The lack of closure in

observations is expressed as residual energy. It includes part of the instrumental error, but also owing to horizontal advection

due to heterogeneity (not modeled), heat storage due to vegetation and its exchanges (modeled in ISBA-MEB but considered

small compared to soil storage under normal circumstances), and unmeasured phase water changes in the soil (not modeled)330

(Cuxart et al. 2015).

As mentioned in Sect 3.3, the local sea breeze reduces the residue, so some advection contribution to the residue is expected.

Consequently, the main analysis concentrates on the comparison of �uxes with the simulation without imposing closure on the
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observed �uxes but the statistical comparison is also shown with the closure imposed by the Bowen ratio method (Barr et al.

1994).335

5.1 The simulated energy budget

Table 3 shows the statistical comparison of the energy budget for La Cendrosa, divided into three time periods; daily, daytime

and night. The distinction between daytime and night is made from 8 a.m. to 8 p.m., leaving out the more complex changes of

the transitions in the night period since the main changes caused by the use of a resistance occur during the day. The following

analysis focuses on the daytime, so that behaviors resulting from certain periods, such as low and high vegetation or �ooding340

events, can be identi�ed. A comparison of the simulated and observedRn is shown in Fig. 4 a and e. Despite the mean error

(ME) indicating a bias close to zero, the NON simulation is positively biased overall, and this behavior is improved through

the use of the DSL scheme. In particular, two days show a different trend that modi�es the statistics (Table 3). This behavior

corresponds to the period between the cutting and the removal of the alfalfa, which took place a few days later. The effect

that the resistances have on theRn is mainly due to the difference in the longwave energy budget and surface temperature,345

since less heat is emitted in the NON simulation by the soil, and the albedo input does not change between simulations. The

LE �ux shown in Fig.s 4 b and f is centered on the one-to-one line, with a subset that is deviating from the one-to-one line

corresponding to the period of low vegetation with relatively lowLAI after the irrigation period. The improvement inLE is

shown by a reduction in ME, RMSE and an increase in correlation (see Table 3). For theH , the larger errors are corrected

with the use of a resistance to compensate for the change inLE . The improvement of the statistics is also present forH , with350

the underestimation being reduced, and the RMSE reducing to 37 W m� 2 for La Cendrosa and 45 W m� 2 for Els Plans. These

values are within the values of the standard deviation observed for the residue for La Cendrosa (56 W m� 2) and Els Plans

(50 W m� 2). On the other hand, the simulated soil stores more energy and releases it faster than observed, with a daily cycle

characterized by a hysteresis effect that overestimates during the day and underestimates at night thus worsening the results

for G. The resistance also impacts the nighttime statistics with a reduction of theRn that results in a lower available energy at355

night, and an small increase of ME and RMSE forLE andH of the order of 1 W m2.

At the Els Plans site, theRn is well represented by the imposed albedo (Fig. 5). The error ofRn (Table 4) remains well

below the 10 % error of the measurement. The use of a DSL resistance increases the RMSE and ME up to 2W m� 2. For

theLE , the scatter is large in all three simulations compared to its absolute value, with a delay in the start of evaporation and

an underestimation with absolute errors close to 50%. The RMSE ofLE is reduced during the daytime from 29 W m� 2 to360

19 W m� 2 using the DSL approach. The correlation is best for the S92, followed by the NON simulation, and closely by the

DSL simulation as in this case theLE is too damped. The sensitivity to the parameters used is discussed in Sect. 5.4. For the

H there is a small reduction in the RMSE but an increase in the ME, so the overall performance remains the same except for

an improvement from 0.87 to 0.89 in the overall correlation. For theG performance, the intense heating of the soil is again

simulated with hysteresis, with the transfer of energy being quicker in the model than that observed (Fig. 5d and h), which365

corresponds to a daily RMSE of 70 W m� 2 (Table 4). No measurements of the thermal properties of the soil have been made,

and so the default properties assigned to the observed soil texture have been taken. A sensitivity test indicated that reducing
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the thermal conductivity of solids in the soil by 25% could reduce this error by reducing theG �ux up to 20 W m� 2, while

increasing the error in theH proportionally. This value is within the range of different soil types reviewed from observations

by Zhang and Wang (2017). Overall, due to the higher error in the measurements ofG, estimated at 50%, this bias in the370

simulation is considered tolerable. The change ofRn andH at night due to the resistances is the same as for La Cendrosa,

but in this case,LE has an small improvement of the correlation of approximately 0.02, with a nearly negligible change in the

overall averageLE value.

5.2 The latent heat �ux

The observedLE is shown for the aforementioned simulations in Fig. 6a together with a top to bottom barplot with rain and375

irrigation. The largest change between simulations is after the �rst irrigation event [July 11]. The increase of observedLE

is overestimated with the NON option, mainly due to the large contribution from soil evaporation, as in Lohou et al. (2014),

whereas theLE in the DSL simulation is reduced more rapidly, which matches more accurately the observations in this period.

The second irrigation event [July 24] and small rain events result in small increases inLE that decreases during the hours after

as the soil is still near saturation and have little impact on the available water. The difference in the maximumLE between380

irrigation events is due to the change in transpiration. The �rst event presents very low vegetation whereas the second is fully

grown alfalfa.

Estimates during periods of highLE are well captured by all three simulations, and it is slightly better for the NON simula-

tion, than for the S92 and DSL simulations since the reduction of soil evaporation is not compensated by increased transpiration.

The differences range from 5 to 10% as the soil dries.LE is also well represented for the low vegetation period for the three385

simulation types. The soil resistance reduces the contribution of soil evaporation toLE resulting in an improvement in the

RMSE ofLE (daily) of 16 W m� 2 for the S92 simulation and 20 W m� 2 for the DSL simulation (see Table 3).

The nocturnalLE values show good agreement with the observations, except for nights with a higher �ux, in which the

simulations underestimate the value (e.g. 8 July). The simulations respond well to small rain events such as the night of the

21st but with a more moderate increase. Such an increase occurs arti�cially in the simulation for the �rst irrigation event390

reaching 130 W m2, as irrigation was imposed as rain, but returns to the observed values after �ve hours.

For Els Plans, the interruption of the measurements after rain events mentioned in Sect. 4.1 affected the number of dry-down

periods that were well captured, limiting the analysis of such events. Such a period is shown where the maximumLE is better

captured by S92 in Fig. 6 b compared to the NON or DSL. Although this is after a rain event, theH is dominant and the

magnitude ofLE is small. The vegetation at this site is mostly senescent, and the water content of the �rst soil layers is very395

low. Following a rain event, soil evaporation increases and contributes signi�cantly to ET throughout the day. Evaporation from

the interception is also present in the model for about six hours and increases up to 10 W m� 2. However, as the soil dries, bare

soil evaporation contribution is present only in the middle hours of the day. Instead, the main contribution is attributed to the

dying vegetation and shows a slower daily cycle with a slower progression in the increase in ET. The modeled transpiration

values are on the order of 30 W m� 2 compared to the daily maximum ofLE of 50 W m� 2. Nonetheless, they represent only400

a relatively small part of the energy budget and are of the order of the residue. For Els Plans the nocturnal observations show

15



Ta
bl

e
3.

M
ea

n
E

rr
or

(M
E

)
an

d
R

oo
tM

ea
n

S
qu

ar
e

E
rr

or
(R

M
S

E
)

in
W

m
�

2
fo

r
th

e
ne

tr
ad

ia
tio

n
(R
n

),
th

e
se

ns
ib

le
he

at
�u

x
(H

),
th

e
la

te
nt

he
at

�u
x

(LE
),

an
d

th
e

gr
ou

nd
he

at
�u

x
(G

)
fo

r
La

C
en

dr
os

a
si

te
.T

he
co

rr
el

at
io

n
(C

or
r)

be
tw

ee
n

si
m

ul
at

io
n

an
d

ob
se

rv
at

io
n

ha
s

be
en

in
cl

ud
ed

fo
r

H
an

d
LE

.T
he

va
lu

es
ta

ki
ng

in
to

ac
co

un
tt

he
re

si
du

al
us

in
g

th
e

B
ow

en
ra

tio
m

et
ho

d
ar

e
in

di
ca

te
d

in
br

ac
ke

ts
.

da
ily

M
E

R
n

R
M

S
E

R
n

M
E

H
R

M
S

E
H

C
or

rH
M

E
LE

R
M

S
E

LE
C

or
rL

E
M

E
G

R
M

S
E

G

N
O

N
0.

67
31

.6
5

-4
.4

4
(-

18
.0

6)
45

.9
0

(5
5.

19
)

0.
81

(0
.8

4)
16

.5
1

(-
10

.4
3)

65
.8

5
(7

0.
70

)
0.

93
(0

.9
2)

-1
0.

80
56

.6
8

S
92

-2
.4

6
29

.2
1

-0
.4

9
(-

14
.1

1)
39

.0
9

(4
7.

70
)

0.
88

(0
.9

1)
8.

25
(-

18
.6

8)
50

.0
3

(6
2.

58
)

0.
95

(0
.9

4)
-9

.6
2

60
.9

9

D
S

L
-5

.4
9

28
.0

0
4.

52
(-

9.
10

)
37

.1
1

(4
3.

86
)

0.
88

(0
.9

0)
-0

.6
8

(-
27

.6
1)

46
.7

0
(6

5.
04

)
0.

95
(0

.9
4)

-8
.7

3
64

.9
0

da
yt

im
e

M
E

R
n

R
M

S
E

R
n

M
E

H
R

M
S

E
H

C
or

rH
M

E
LE

R
M

S
E

LE
C

or
rL

E
M

E
G

R
M

S
E

G

N
O

N
7.

35
41

.0
9

-1
8.

85
(-

33
.8

3)
59

.7
5

(7
3.

76
)

0.
80

(0
.8

3)
35

.4
9

(-
1.

84
)

87
.2

2
(8

6.
64

)
0.

87
(0

.8
6)

-1
.6

9
64

.8
8

S
92

3.
01

37
.3

2
-1

2.
03

(-
27

.0
1)

49
.5

5
(6

3.
01

)
0.

88
(0

.9
0)

19
.1

0
(-

18
.2

3)
64

.2
8

(7
3.

96
)

0.
92

(0
.9

0)
3.

55
70

.2
8

D
S

L
-0

.7
6

35
.0

2
-4

.4
7

(-
19

.4
5)

45
.7

0
(5

7.
20

)
0.

87
(0

.8
9)

3.
04

(-
34

.2
9)

58
.6

4
(7

7.
27

)
0.

92
(0

.9
1)

8.
28

75
.0

2

ni
gh

t
M

E
R

n
R

M
S

E
R

n
M

E
H

R
M

S
E

H
C

or
rH

M
E

LE
R

M
S

E
LE

C
or

rL
E

M
E

G
R

M
S

E
G

N
O

N
-6

.6
8

17
.2

5
10

.1
8

(-
2.

17
)

24
.6

5
(2

3.
81

)
0.

83
(0

.8
6)

-4
.3

5
(-

21
.0

4)
28

.9
3

(4
9.

20
)

0.
89

(0
.8

4)
-1

8.
49

48
.6

0

S
92

-8
.5

5
17

.5
2

11
.0

8
(-

1.
27

)
24

.4
7

(2
3.

25
)

0.
85

(0
.8

7)
-4

.1
2

(-
20

.8
0)

27
.5

5
(4

8.
54

)
0.

90
(0

.8
5)

-2
1.

49
51

.7
5

D
S

L
-1

0.
78

18
.5

3
13

.3
9

(1
.0

4)
26

.1
5

(2
3.

74
)

0.
82

(0
.8

4)
-5

.5
6

(-
22

.2
5)

29
.1

0
(4

9.
87

)
0.

89
(0

.8
4)

-2
4.

59
54

.4
3

Ta
bl

e
4.

M
ea

n
E

rr
or

(M
E

)a
nd

R
oo

tM
ea

n
S

qu
ar

e
E

rr
or

(R
M

S
E

)
in

W
m

�
2

fo
r

th
e

ne
tr

ad
ia

tio
n

(R
n

),
th

e
se

ns
ib

le
he

at
�u

x
(H

),
th

e
la

te
nt

he
at

�u
x

(LE
),

an
d

th
e

gr
ou

nd
he

at
�u

x
(G

)f
or

E
ls

P
la

ns
si

te
.T

he
co

rr
el

at
io

n
(C

or
r)

be
tw

ee
n

si
m

ul
at

io
n

an
d

ob
se

rv
at

io
n

ha
s

be
en

in
cl

ud
ed

fo
r

H
an

dL
E

.T
he

va
lu

es
ta

ki
ng

in
to

ac
co

un
t

th
e

re
si

du
al

us
in

g
th

e
B

ow
en

ra
tio

m
et

ho
d

ar
e

in
di

ca
te

d
in

br
ac

ke
ts

.

da
ily

M
E

R
n

R
M

S
E

R
n

M
E

H
R

M
S

E
H

C
or

rH
M

E
LE

R
M

S
E

LE
C

or
rL

E
M

E
G

R
M

S
E

G

N
O

N
-4

.3
3

11
.3

9
12

.0
6

(-
15

.5
4)

45
.3

7
(6

2.
00

)
0.

92
(0

.8
9)

2.
80

(-
5.

04
)

22
.1

3
(2

3.
92

)
0.

77
(0

.7
5)

-7
.3

5
70

.0
5

S
92

-4
.7

5
11

.7
9

12
.6

9
(-

14
.9

1)
44

.0
0

(6
0.

66
)

0.
92

(0
.9

0)
1.

83
(-

6.
00

)
15

.7
1

(2
1.

41
)

0.
81

(0
.7

5)
-7

.3
2

73
.3

9

D
S

L
-5

.1
7

12
.2

3
13

.7
2

(-
13

.8
8)

44
.5

0
(6

0.
88

)
0.

92
(0

.9
0)

0.
34

(-
7.

50
)

15
.3

7
(2

2.
75

)
0.

78
(0

.7
2)

-7
.3

6
76

.2
8

da
yt

im
e

M
E

R
n

R
M

S
E

R
n

M
E

H
R

M
S

E
H

C
or

rH
M

E
LE

R
M

S
E

LE
C

or
rL

E
M

E
G

R
M

S
E

G

N
O

N
-2

.7
6

14
.0

4
16

.1
2

(-
22

.0
8)

57
.9

1
(7

6.
81

)
0.

87
(0

.8
4)

5.
88

(
-3

.7
3)

28
.5

4
(2

8.
80

)
0.

74
(0

.7
3)

-7
.4

8
81

.6
1

S
92

-3
.0

2
14

.4
3

16
.5

2
(-

21
.6

8)
55

.6
6

(7
4.

71
)

0.
89

(0
.8

6)
4.

35
(-

5.
26

)
19

.5
8

(2
4.

96
)

0.
77

(0
.7

1)
-6

.5
3

85
.9

7

D
S

L
-3

.2
9

14
.8

3
17

.5
3

(-
20

.6
7)

55
.9

8
(7

4.
79

)
0.

89
(0

.8
6)

1.
64

(-
7.

97
)

19
.0

2
(2

6.
94

)
0.

72
(0

.6
5)

-5
.3

1
89

.7
1

ni
gh

t
M

E
R

n
R

M
S

E
R

n
M

E
H

R
M

S
E

H
C

or
rH

M
E

LE
R

M
S

E
LE

C
or

rL
E

M
E

G
R

M
S

E
G

N
O

N
-6

.1
8

7.
75

6.
49

(-
10

.7
9)

26
.9

9
(4

4.
09

)
0.

89
(0

.8
8)

-0
.7

1
(-

6.
83

)
12

.7
5

(1
7.

98
)

0.
61

(0
.5

8)
-4

.0
3

58
.7

1

S
92

-6
.7

7
8.

24
7.

41
(-

9.
88

)
27

.3
9

(4
4.

07
)

0.
89

(0
.8

8)
-1

.3
5

(-
7.

46
)

10
.4

0
(1

7.
58

)
0.

69
(0

.6
6)

-4
.7

3
60

.9
2

D
S

L
-7

.3
2

8.
76

8.
42

(-
8.

87
)

28
.4

7
(4

4.
65

)
0.

88
(0

.8
8)

-1
.5

8
(-

7.
70

)
10

.6
4

(1
8.

14
)

0.
72

(0
.6

8)
-6

.0
1

62
.8

3

16




