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Abstract. In Mediterranean oak-savannas (known as dehesas in Spain), it is important to better understand the
interactions between vegetation structure and local climate regulation at scales relevant to farm management
and the dominant hydrological regime. This study evaluated the water use patterns of dehesa vegetation patches
(open grasslands, lowland grasslands with high soil moisture, tree + grass, and riparian vegetation), estimating
actual evapotranspiration (ET). We used different models, previously validated in the area, that integrate remotely
sensed data. They apply (a) a soil water balance (Kc-FAO56), (b) a surface energy balance (ALEXI/DisALEXI,
and SEBS), and (c) a sharpening algorithm (STARFM), obtaining products at multiple spatial resolutions (30 m,
1 km, 5 km). The conceptual and operational differences between the methodologies reinforce the idea of a
combined application of models. We demonstrated the need for high spatial and temporal resolution for on-
farm livestock management due to the importance of the grasslands layer. This scale is crucial to determine the
grass’s emergence/drying cycle, which is key for livestock feeding planning. In humid/denser areas that provide
essential ecosystem services (e.g., refuge, pasture rotation), transpiration rates are higher throughout the year
and were underestimated when coarser spatial scale data was used. Over the typical system (grass with dispersed
trees), the ET maps at low spatial resolution reflected the water use trends, and all models correlated well. Higher
differences were found when comparing the models’ performance over open grasslands.

Keywords. Remote sensing; Mediterranean oak-savannas; soil
water balance; surface energy balance; UPH 5; Panta Rhei

1 Introduction

Dehesas, Spanish semiarid oak-savannas, are agroforestry
ecosystems distributed in Mediterranean-type climatic areas,
thus periodically subject to water scarcity conditions. They

play a key role in rural development, basing their production
on multiple uses (e.g., livestock, agriculture, hunting). Their
importance as biodiversity reservoirs is recognized interna-
tionally (Habitats Directive 92/43/EEC and Natura 2000 Net-
work). Although dehesas are adapted to highly variable cli-
matic conditions and dry periods during the summer, the in-
crease in drought intensity, duration, and frequency, changes
in agricultural practices, pests, diseases, and other socioeco-
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nomic and environmental factors contribute to their degrada-
tion.

Moreover, global change alters climate patterns by in-
creasing interannual variability and the incidence of extreme
and torrential events. The vegetation cover largely deter-
mines the interaction between climate processes in semiarid
agroforestry systems. Therefore, vegetation management is
crucial not only to preserve the biodiversity and profitability
of dehesas but to design strategies to reduce their vulnerabil-
ity.

Oak-savannas have a complex structure with multiple lay-
ers of vegetation that differ in phenology, physiology, and
function, contributing differently to the ecosystem fluxes.
This structure plays a crucial role in savannas’ resilience, al-
lowing them to efficiently convect sensible heat and to main-
tain vegetation temperature within the adequate range (John-
ston et al., 2021), providing food and heat comfort to ani-
mals.

In these systems, the variability of vegetation distribution
creates different spaces that influence ecological processes.
The diversity of spaces is altered and maintained through
agricultural practices. For example, (1) tree dispersion allows
radiation to reach the downstory, but the trees act as a screen,
decreasing the light underneath, and animals use their shade
in summer. (2) During day time, grasses have an efficient
cooling effect when atmospheric evaporative demand is high.
During the hot season, a dry grass layer also reduces surface
radiometric temperature (Johnston et al., 2022). (3) Trees
influence grass communities by augmenting habitat hetero-
geneity and increasing the total species richness. Altering the
structural environment (e.g., regeneration of trees and shrubs
or modification of grass communities) can be valuable in
conserving resources while enhancing carbon fixation or an-
imal health.

As a first step, we want to better understand the interac-
tions between vegetation structure and water consumption
dynamics at scales relevant to farm management and the
dominant hydrological regime.

In this study, we analyze the patterns of water use (evap-
otranspiration – ET) of different spaces of the dehesa,
(A) open grasslands, (B) lowland grasslands with high soil
moisture, (C) tree + grass, and (D) riparian vegetation, esti-
mated with different model schemes that integrate data ob-
tained by remote sensors at different scales (5 km, 1 km,
30 m). Our objective was to evaluate the possibilities offered
by the different spatial resolutions and methodologies for the
management of this ecosystem’s vegetated spaces.

2 Materials and methods

The study was conducted in an experimental dehesa farm
located in the Sierra de Cardeña & Montoro Natural
Park in southern Spain (Santa Clotilde, 38°12′ N, 4°17′W,
736 m a.s.l., with two eddy covariance towers measuring wa-

Figure 1. Dehesa farm study site and the location of the two eddy
covariance towers over the area (ECT-1 tree + grass system, which
is zone C, and the ECT-2 over grass). Aerial image from © Google
Maps.

ter and carbon fluxes, Fig. 1). More information about the in-
stallation in Andreu et al. (2018) and Carpintero et al. (2020).
The area has Mediterranean climate, with strong seasonality,
moderately cold winters and long, hot, and dry summers. Pre-
cipitation is highly variable (annual average= 895 mm from
1990 to 2015), mainly concentrated in spring and autumn.
The vegetation consists primarily of widely spaced Quercus
ilex L. combined with a herbaceous stratum composed of an-
nual grasslands (which emerge after the autumn rains and dry
up in late spring).

ET patterns were analyzed in 4 zones (Fig. 2). Zone A
(1700 m2) is a grassland with high temporal and spatial vari-
ability. Zone B (2400 m2) is a grassland located in a land de-
pression that accumulates water most of the year and main-
tains higher humidity. Zone C (4300 m2) is a tree + grass
structure (25 % tree fractional cover) standard of dehesas (the
area surrounding ECT-1). Zone D (3300 m2) is located near
a stream with riparian vegetation (trees and an underlayer of
evergreen scrubs).

Models and earth observation data

The models, previously validated in the study area (using
ECT-1 data for all models and ECT-2 data for Kc-ETo due
to footprint) with good results (Carpintero et al., 2020, 2021;
González-Dugo et al., 2021) and applied over 2013–2015,
are:
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Figure 2. Classification map used as input in the VI-ETo model
and the different zones (white squares). Hyperspectral image from
27 August 2015 (Hector Nieto and Pablo Zarco-Tejada).

1. An adaptation of the Kc-ETo method of FAO56 (Allen
et al., 1998) to assimilate remote data, the VI-ETo
model (González-Dugo et al., 2008), which estimates
ET with a high spatial resolution (30 m) from visible
and near-infrared Landsat 8 data. This model requires
the calibration of vegetation parameters and informa-
tion on soil parameters. To refine the characterization
of these parameters that define the water balance (e.g.,
roots depth), we performed a digital classification dur-
ing the dry season using an airborne hyperspectral im-
age with a high spatial resolution (1 m).

2. A surface energy balance to estimate ET from ther-
mal sensors, the ALEXI-DisALEXI model (Anderson
et al., 1997), was used with MODIS and Landsat 7/8 im-
ages. Both types of ET maps were combined using the
STARFM data fusion technique (Gao et al., 2006) that
provides daily ET estimates at 30 m. With this method,
we produced maps of daily ET at 1 km and 30 m without
the need for local calibration.

3. We used the SEBS model (Surface Energy Balance Sys-
tem, Su et al., 2002), which does not need local cal-
ibration, to provide the regional approach integrating
remotely sensed thermal data of 5 km spatial resolu-
tion and monthly temporal frequency. Due to the coarse
resolution, it is impossible to differentiate between the
zones, as all are located inside a 5 km× 5 km pixel.

3 Results and Discussion

In Fig. 2, we present the classification map used to refine
the vegetation and soil parameters that influence the wa-
ter balance of the VI-ETo. Model inputs such as the root
depth or the basal crop coefficient under full vegetation
cover greatly influence the overall balance because they de-
termine the control volume. From a previous analysis (An-

dreu et al., 2022), when general average values were se-
lected (e.g., root depth= 2 m, instead of roottree = 4 m and
rootgrass = 1 m), the pattern of the ET estimated with VI-ETo
integrating Landsat images (30 m) was similar to the ET pat-
tern estimated with coarser resolutions (DisALEXI MODIS
model with 1 km). In this case, we used a detailed classifi-
cation, in which we assumed shadows as part of the herba-
ceous layer, obtaining a 51 % of grass and 47 % of tree cover
for the study area. Depending on the zone selected, tree frac-
tional cover ranges between 0 (zones A and B) and almost
full coverage (zone D).

Figure 3 shows the ET estimates for the zones in which the
results of the selected models are available on (a) daily (VI-
ETo, ALEXI-DisALEXI, and STARFM) or (b) monthly (in-
cluding SEBS) temporal resolutions. It can be observed that
the spatial scale of meters (VI-ETo and STARFM) better cap-
tures heterogeneity, as for the herbaceous senescence date in
zone A. Since there are mixed pixels at the scale of SEBS and
DisALEXI MODIS, multiple vegetation covers contribute to
the estimates resulting in more similar ET rates in all zones.
Daily temporal resolutions allowed for strong rain events to
be shown as ET peaks.

With models needing calibration, the input parameters
have to be refined to take advantage of the spatial resolu-
tion provided by missions such as Sentinel 2. For example,
root depth, permanent wilting point, or soil texture greatly
influence the water storage capacity and, thus, the evapotran-
spiration flux. When different canopies (trees, shrubs, and
grasses) were present, the classification needed to be more
detailed (Fig. 3a, zone D: Scrubs).

In zone A (Fig. 3a and b), the date of grass senescence was
earlier (in late June) when applying the STARFM and VI-
ETo models, reaching 0 mm d−1 during summer. MODIS-
DisALEXI produced minimum ET rates from August. Dur-
ing the 2013 summer, ET maintained values ∼ 1 mm d−1.
MODIS-DisALEXI presented higher values than the other
models in the spring production peaks except for SEBS
(Fig. 3b). Thus, using coarser resolutions may imply an over-
estimation of the accumulated ET and the correspondent
biomass production in dehesa pasture areas.

In zone B (Fig. 3a), the slope of the spring ET decline is
less steep because of the soil moisture conditions, maintain-
ing a residual ET rate during 2013 with all models and dur-
ing 2014 with VI-ETo. ET time series at metres or kilometres
are similar in this zone since wet grasslands maintained their
transpiration longer during summer. These areas with higher
production capacity are essential for managing grazing rota-
tions.

Zone C represents the most common dehesa structure (an
herbaceous layer with dispersed trees). Here the spatial res-
olutions gave similar results due to the homogeneity of this
patch. In this case, the information provided at low resolution
is helpful for management at regional or basin scales.

In zone D, ET estimates at m resolution suggest ground-
water use by vegetation during the summer, with ET remain-
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Figure 3. Upper panel: daily ET estimated for all zones (A, B, C, and D) using VI-ETo (30 m), DisALEXI (1 km), and STARFM (30 m)
models. In zone C, daily ET measured by the ECT-1 is plotted (ET observations are the black dots). Aerial image from © Google Earth. Lower
panel: monthly ET estimated for zones A and C, using SEBS (5 km), VI-ETo (30 m), DisALEXI (1 km), and STARFM (30 m) models.
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Figure 4. Model correlation for zone C: tree + grass and zone A:
Open grassland.

ing above 1 mm d−1. At 1 km, surrounding grasslands were
incorporated, and ET values were reduced. This layer is the
most heterogeneous concerning the different models’ behav-
ior, as we need to include the scrub’s characteristics in the
formulation. These scrub species are of nutritional interest
for domestic livestock and game and can act as a refuge due
to the conditions under the canopy.

As shown in Fig. 3b, the different models’ monthly ET av-
erages on zone C present a better agreement, except for the
low VI-ETo 2013 spring peak and SEBS’s usual overestima-
tion of ET rates.

For regional purposes, when the dehesa is considered a
homogeneous landscape, for example, for vulnerable areas
zonification or drought early warning systems, all models
performed similarly and correlated well (Fig. 4 zone C),
showing the same trends. Nevertheless, the differences be-
tween them were higher for the management of the patches
within the ecosystem (Fig. 4 zone A) .

4 Conclusions

The results showed that, for the dehesa ecosystem, ET esti-
mations at a low resolution might be sufficient for manage-
ment at the basin level. Information at a higher resolution
may help identify areas with different water storage capac-
ities or vegetation growth. For livestock management, this
information can support grazing rotations and delimitation
of areas containing fragile vegetation or high biodiversity.
Considering the methodologies used, combining models with
conceptual and operational differences may improve the out-
comes.

Code availability. The SEBS code can be downloaded from the
GitHub repository (https://github.com/TSEBS/SEBS_Spain, last
access: 5 February 2021; Chen et al., 2019). A description of
the regional Atmosphere-Land Exchange Inverse (ALEXI) and the
DisALEXI model (Anderson et al., 1997) code is provided in the
Algorithm Theoretical Basis Document, and the code may be dis-
tributed on request from the authors (ATBD: https://lpdaac.usgs.
gov/documents/340/ECO4ESIALEXIU_ATBD_V1.pdf; Anderson
et al., 2018). ALEXI and DisALEXI use the Two-Source En-
ergy Balance model, which can be downloaded from the GitHub
repository (https://github.com/hectornieto/pyTSEB, Nieto, 2016).
Kc-FAO56 VI model may be distributed on request to the au-
thor (Carpintero et al., 2020; https://doi.org/10.3390/w12051418).
STARFM code can be downloaded from the USDA dataset repos-
itory (https://data.nal.usda.gov/dataset/starfm, last access: June
2021; Gao et al., 2006).

Data availability. Data from the Santa Clotilde site
may be distributed on request to the principal investiga-
tor of the experimental site (María P. González-Dugo,
mariap.gonzalez.d@juntadeandalucia.es).
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