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A B S T R A C T   

Climate change constitutes a major threat for all the Mediterranean countries due to the combination of large 
precipitation reductions and temperature increases and the higher frequency of climate extremes, especially 
driving water scarcity and all the derived multi-sectoral impacts. Portugal, as most of the Mediterranean 
countries, already endures larger frequencies of droughts and deficits in soil moisture and water storage. In the 
current study, the future projections of soil moisture are examined using a multi-model EURO-CORDEX regional 
climate ensemble, in agreement with three future emission scenarios (RCP2.6, 4.5 and 8.5). The drivers of future 
soil moisture dynamics are also analysed and its effect on relative humidity and evaporation rates. As expected, 
the projections show a clear reduction of soil moisture through the entire annual cycle, in response to the large 
decrease in precipitation and temperature increase, via a massive growth of potential evapotranspiration. The 
overall total soil moisture decreases ranges from − 5% for the RCP2.6 to − 20% (-10%) for the RCP8.5 (RCP4.5), 
w.r.t. the present climate. In the historical period, soil moisture deficits rarely reach values 3x over the standard 
deviation, but projections reveal that for the RCP4.5 (RCP8.5) for the mid-century deficits up to 5x (6x) are 
projected to occur, and for the end-of-century even 7x for the RCP8.5. The annual cycle of soil moisture is in 
present and future climate determined by precipitation and potential evapotranspiration, and deficit is both 
enhanced and covers a wider monthly window in the future, especially for the RCP8.5. The surface humidity also 
decreases importantly, up to − 4% and − 8% in spring and summer in the end-of-the-century, in agreement with 
RCP4.5 and RCP8.5, respectively. Resulting from the projected changes in precipitation and potential evapo
transpiration, the typical semi-arid climate, which in present climate is confined to a small south-eastern region 
of Portugal, is expected to cover almost 2/3 of the mainland in the case of RCP8.5. Finally, this study was 
developed in the framework of the National Roadmap for Adaptation XXI - Portuguese Territorial Climate 
Change Vulnerability Assessment for XXI Century (RNA2100) project and aims at delivering a deeper and 
different featuring of terrestrial water for adaptation purposes in a Mediterranean country.   

1. Introduction 

Portugal, in the western Iberia, is considered a climate change hot
spot, in a great extent due to the known projections of large temperature 
increases and reduction of precipitation (Cardoso et al., 2019; Lionello 
et al., 2014; Soares et al., 2017a; Turco et al., 2015), of the linked 
drought larger frequencies and severity (Hoerling et al., 2012; Spinoni 
et al., 2017) and impacts on water, agriculture, forest and other sectors. 

The Portuguese mainland is characterized by large climate gradients 
associated with its location and geomorphological complexity - located 
in southwestern Europe, facing the North Atlantic, in the transition 
between the sub-tropical anticyclone and the subpolar storm tracking 

areas. This geographical setting, its orography and the land–ocean 
thermal contrast defines large gradients of temperature and precipita
tion: mean maximum temperatures peak at 35 ◦C in the southeast and 
24 ◦C in the northwest (Soares et al., 2012); this latter region is one of 
the wettest areas in Europe, with recorded mean annual accumulated 
precipitation more than 3,000 mm, and in the SE barely surpassing 400 
mm (Soares et al., 2012). These climate gradients also have associated a 
large interannual variability, the occurrence of drought and desertifi
cation (Páscoa et al., 2020), and, in fact, the Portuguese mainland 
climate spans from humid cold in the north to semi-arid in the southeast. 

Future projections for the Portuguese climate are extremely 
worrying, revealing widespread large temperature increases and 
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precipitation reductions, namely, summer maximum temperature in
crease up to 7 ◦C inland and − 40% of annual precipitation decrease in 
the southern areas (Cardoso et al., 2019; Soares et al., 2017a). Subse
quently, large increases of extremes, as heatwaves, consecutive dry days, 
aridity and drought frequency and severity are projected (Miralles et al., 
2019; Molina et al., 2020; Spinoni et al., 2018; Tramblay et al., 2020; 
Vicente-Serrano et al., 2014). The latter have been assessed in a few 
studies based on drought indices, such as PDSI (Palmer Drought Severity 
Index), SPI (Standardized Precipitation Index) and SPEI (Standardized 
Precipitation Evapotranspiration Index). 

Soil moisture is a key hydrologic state variable driving the exchange 
of water and heat energy between the land surface and the atmosphere 
(Berg et al., 2017; Brocca et al., 2012; McColl et al., 2017; Miralles et al., 
2014), through evaporation and plant transpiration, regulating surface 
temperature, humidity and potentially affect precipitation, though 
recycling processes (Eltahir, 1998; Ford et al., 2018; Miralles et al., 
2012; Rios-Entenza et al., 2014). Soil moisture constitutes a funda
mental element of the surface water budget, determining the health or 
stress on land surface ecosystems and managed systems such as those in 
agriculture and agroforest (Chen et al., 2014; Miralles et al., 2019). The 
surface water budget, and therefore the soil moisture, depends on pre
cipitation, plus irrigation when present, soil infiltration, surface runoff, 
baseflow, and evapotranspiration (Rockström et al., 2010; Seneviratne 
et al., 2010). Furthermore, soil moisture-based indices are used as in
dicators of agricultural droughts (Watson et al., 2022), and soil moisture 
drought is one of the preconditioning effects for the development of 
extreme temperatures following the onset controlled by atmospheric 
dynamics (Hirschi et al., 2014; Humphrey et al., 2021; Seneviratne et al., 
2006; Yin et al., 2014). Finally, soil moisture is acknowledged as an 
Essential Climate Variable by the Global Climate Observing System 
(Albergel et al., 2013; Zhang et al., 2019). 

Global climate models (GCMs), or the new generation Earth System 
Models (ESMs), and Regional Climate Models (RCMs) are the state-of- 
the-art tools to understand the future climate in response to external 
forcings as the anthropogenic greenhouse gas emissions and land-use 
changes (IPCC, 2021, 2013). GCMs and ESMs represent the large-scale 
processes in a suitable way but fail to capture local to regional funda
mental processes due to the coarse resolution often used and to short
comings in the parametrization schemes, in particular linked to 
convection and clouds (Randall et al., 2007). RCMs or limited area 
models, focusing in smaller areas use much finer resolutions represent
ing in an improved way local to regional processes, such as the land
–atmosphere interactions and orographic and thermal circulations 
(Cardoso et al., 2019; Giorgi and Mearns, 1999; McGregor, 1997; 
Rummukainen, 2010; Soares et al., 2017b, Soares et al., 2017a). Climate 
models simulate in a physical consistent way the climate system pro
cesses and in particular the water hydrologic cycle (Di Luca et al., 2012; 
Feser et al., 2011; Rummukainen, 2010; Soares and Cardoso, 2018). 
Recent studies reveal that PDSI, SPI and SPEI metrics often overestimate 
future increases in drought and decreases in water availability (Milly 
and Dunne, 2016; Roderick et al., 2015; Swann et al., 2016). Conse
quently, projections of future aridity should be grounded on direct 
model output of the land water balance (precipitation, evapotranspira
tion, runoff, and soil moisture) instead of based on offline aridity and 
drought indices (Berg et al., 2017; Swann et al., 2016). Furthermore, soil 
moisture constitutes a key information to define adaptation strategies 
aiming at decreasing damage due to rainfall reductions and warming 
and determine methods of optimization the management of natural 
ecosystems in the context of climate change. 

The Coordinated Regional Climate Downscaling Experiment (COR
DEX) has the main goal of developing many RCM simulations to ensure 
an ensemble of high-resolution projections throughout the 21st century 
for all regions of the world, to support climate change impact and 
adaptation research. The RCM simulations produced within EURO- 
CORDEX (an European branch of CORDEX) provides regional climate 
projections for Europe at a horizontal grid resolution of about 12 km, 

obtained by dynamically downscaling the GCMs from CMIP5 using a set 
of RCMs. The EURO-CORDEX simulations constitutes the most valuable 
dataset for assessing future climate change in Europe, and therefore in 
Portugal. Many studies were performed evaluating EURO-CORDEX re
sults over the full continent (Katragkou et al., 2015; Kotlarski et al., 
2014), specifically focusing on soil moisture and land–atmosphere 
coupling (Knist et al., 2017) and assessing the added value of RCMs for 
precipitation and temperature (Cardoso and Soares, 2022; Soares and 
Cardoso, 2018). Knist et al. (2017) revealed an overall good perfor
mance of EURO-CORDEX runs in simulating the soil moisture interan
nual variability, whilst Soares and Cardoso (2018) and Cardoso and 
Soares (2022) reported the significant added value in the description of 
precipitation and temperature patterns over the European domain, 
especially for extremes. Focusing in Iberia, (Herrera et al., 2020) eval
uated extensively the EURO-CORDEX evaluation runs and recently 
(Careto et al., 2022a, 2022b) also quantified the added value of EURO- 
CORDEX RCMs for Iberia regarding temperatures and precipitation. 
Important gains in the representation of precipitation and temperature 
patterns and particularly in extremes over the Iberian Peninsula were 
identified by Careto et al. (2022a, 2022b). For Portugal mainland EURO- 
CORDEX models were also extensively evaluated and used to project the 
future precipitation (Soares et al., 2017a), temperatures (Cardoso et al., 
2019) and wind resources (Nogueira et al., 2019), based on the building 
of multi-model ensembles and also depicting uncertainty. The future 
evolution of surface soil moisture and aridity evolutions were still not 
addressed and have not been deeply examined for Portugal to the best of 
our knowledge. 

The present study takes advantage of the large EURO-CORDEX 
regional climate modelling database to project the future evolution of 
soil moisture and aridity in Portugal and its main drivers. EURO- 
CORDEX, forced by CMIP5 models, is considered the best modelling 
portrayal of the regional climate evolution across Europe for the twenty- 
first century atmosphere, in agreement with the Representative Con
centration Pathways (RCPs) emission scenarios. Specifically, our main 
goals are: 1) characterize the pattern of soil moisture in Portugal in 
present climate; 2) depict the RCM future projections for soil moisture 
and aridity; 3) to portray the main drivers associated with such a future 
evolution. These questions are addressed in the framework of a weighted 
multi-model ensemble of EURO-CORDEX models and the three different 
RCP emission scenarios (RCP2.6, RCP4.5 and RCP8.5). In this way, we 
aim at contributing to assist adaptation needs in Portugal under the new 
National Roadmap for Adaptation XXI – Portuguese Territorial Climate 
Change Vulnerability Assessment for XXI Century (RNA2100). This 
multi-variable, multi-model and multi-scenario climate information is 
crucial to the development of storylines for mitigation and adaptation 
strategies for Portugal, regarding the water, agriculture and forest sec
tors and ecosystems linked to the global emission trajectories. 

The manuscript is organised as follows: the datasets and the meth
odology applied are described in Section 2; the main results regarding 
the future evolution of soil moisture and aridity over Portugal are shown 
in Section 3, and the main conclusions are presented in Section 4. 

2. Data and methods 

2.1. EURO-CORDEX regional climate modelling data 

In this study, the EURO-CORDEX high resolution regional climate 
simulations (0.11◦ resolution) (Giorgi et al., 2009; Jacob et al., 2020, 
Jacob et al., 2014) are used to investigate the climate projections for soil 
moisture and the related variables across mainland Portugal. Three 
different future greenhouse gas emission scenarios, RCP2.6, RCP4.5 and 
RCP8.5 are considered, and three future time periods are analysed 
(2011–2040, 2041–2070 and 2071–2100) to portray the soil moisture 
and the land water budget evolution in the 21st century. The future 
changes rely on the comparison with the historical runs output for the 
period 1971–2000. In total, 13 EURO-CORDEX simulations are 
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considered, covering all the experiments (Table 1). 
A set of variables were retrieved through the Earth System Grid 

Federation (ESGF) data portal and were used in this study, such as: daily 
total precipitation, 2-m maximum and minimum daily temperatures, 2- 
m specific humidity, surface pressure, daily mean 10-m wind speed, 
upward latent heat flux, total soil moisture content, total runoff, and 
evaporation flux. 

2.2. GLEAM dataset 

The Global Land Evaporation Amsterdam Model (GLEAM) dataset 
version 3 is used to evaluate the soil moisture (Martens et al., 2017). This 
dataset provides data of surface soil moisture based on satellite-observed 
soil moisture that assimilates soil moisture from the European Space 
Agency Climate Change Initiative (ESA CCI), vegetation optical depth 
and snow water equivalents. This dataset spans from 1980 to 2020 and it 
provides data at a 0.25◦ horizontal resolution. 

2.3. Soil moisture and land water balance properties 

To assess the future evolution of soil moisture and the land water 
balance, a set of climate variables are needed. Some variables were 
directly retrieved from the ESGF data portal as output of EURO-CORDEX 
RCMs (identified in previous section), and others needed to be esti
mated, such as evapotranspiration rate, potential evapotranspiration, 
and near-surface air relative humidity. 

In what concerns the total soil moisture, the land surface models 
within the EURO-CORDEX RCMS have different soil characteristics, 
especially the number and depths of soil layers and the saturation levels 
(Knist et al., 2017). Consequently, a direct comparison of the total soil 
moisture content is not meaningful, however it is expected that the 
RCMs can reproduce the typical intra-annual and interannual variabil
ities, as well as consistent future changes within the model system. For 
each model, the climatological mean total soil moisture, SM, was 
computed from the daily average EURO-CORDEX integrated soil mois
ture content. In addition, the standardised soil moisture anomaly was 
computed with respect to the daily means of the historical period and 
standardised by the daily standard deviations of the historical period 
(Orlowsky and Seneviratne, 2013). 

For precipitation and total runoff, the climatological mean accu
mulation was computed from the daily average EURO-CORDEX data. 

The evapotranspiration rate, ET, was determined from the daily 
EURO-CORDEX upward latent heat flux at the surface, hfls, using the 
following equation: 

ET =
hfls
λ

(1)  

where λ is the latent heat of vaporization (λ = [2.501 − 0.00237 × T] ×

106Jkg− 1), considering the 2-meter air temperature, T. The climato
logical mean accumulation of evapotranspiration was then computed. 

The potential evapotranspiration for the reference culture, PET, was 
estimated from the Food and Agriculture Organization (FAO) Penman- 
Monteith equation (Allen et al. 1989): 

PET = [0.408 Δ (Rn − G) + γ[900/(Tm + 373)]Vh2 (es − ea)] / (Δ + γ(1

+ 0.34Vh2)

(2)  

where Rn is the net radiation at the surface, G is the soil heat flux density, 
Tm is the daily mean 2-m air temperature (obtained by computing the 
average between the maximum and minimum 2-m temperature), Vh2 is 
the daily mean 2-m wind speed (obtained using a power-law approxi
mation using the daily mean 10-m wind speed), es is the saturation vapor 
pressure, ea is the actual vapor pressure, γ is the psychrometric constant, 
and Δ is the slope of the vapor pressure curve. 

The land water balance expression was used to estimate the change 
of water content, dS

dt, and it is expressed as (Seneviratne et al., 2010): 

dS
dt

= P − ET − Rs − Rg (3)  

where dS
dt is the change of water content within the given layer, P is the 

precipitation, ET is the evapotranspiration, Rs is the surface runoff and 
Rg is the drainage. Here, we used the total runoff, Rt , output from the 
EURO-CORDEX RCMs, which is the sum of the surface runoff and the 
drainage. The change of water content term includes the soil moisture, 
surface water, snow, ice cover and groundwater (that depends on the 
depth of the soil layer). 

The near-surface air relative humidity, RH, was computed from 
EURO-CORDEX 2-m air mean temperature, 2-m specific humidity, q, 
and surface pressure, ps, using the following approximation: 

RH =

[(
mr

mrsat
, 1
)

, 0
]

x100 (4)  

where mr and mrsat are the mixing ratio and saturation mixing ratio 
computed as described in (Hardy, 1998). 

Finally, the aridity index, AI, is defined as the ratio between the 
annual precipitation, P, and the annual potential evapotranspiration, 
PET, following the Eq. 5. 

AI =
P

PET
(5) 

It is a critical environmental factor affecting the evolution of natural 
vegetation and therefore rain erosivity by considering rainfall and air 
temperature. The Aridity index climate classification system used here 
follows the description presented in Table 2. 

2.4. Weighted multi-model ensemble based on precipitation and 
temperature 

A weighted multi-model, multi-variable EURO-CORDEX were used 
in the present study to consistently assess the soil moisture and water 
balance budget. In climate studies, weighted multi-model ensembles 
have been used since it improves the climate projections derived from 

Table 1 
EURO-CODEX RCMs used in this study, along with the forcing GCMs and the 
responsible institute.  

RCM Institute GCM 

CCLM4-8–17 CLM EC-Earth 
ALADIN63 CNRM CNRM-CM5 
HIRHAM5 DMI EC-Earth 

HadGEM2-ES 
REMO2015 GERICS NorESM1-M 
RACMO22E KNMI CNRM-CM5 

EC-Earth 
HadGEM2-ES 

REMO2009 MPI MPI-ESM-LR 
RCA4 SMHI EC-Earth 

HadGEM2-ES 
MPI-ESM-LR 
NorESM1-M  

Table 2 
Aridity index classification.  

AI value Classification 

≥ 0.65 Humid 
[0.5, 0.65[ Dry Subhumid 
[0.2, 0.5[ Semi-arid 
[0.05, 0.2[ Arid 
less than 0.05 Hyper-arid  
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ensembles (Brunner et al., 2019; Christensen et al., 2010; Eyring et al., 
2019; Knutti et al., 2017; Sanderson et al., 2017). It allows to generate 
more reliable regional climate projections and to constrain the uncer
tainty of climate modelling. Weighted methods are based on the indi
vidual model performance, giving more weighting to models that better 
simulate the present climate of a given variable over a specific domain 
(Cardoso et al., 2019; Nogueira et al., 2019; Soares et al., 2017a). 

Based on this assumption, a new multi-variable approach is used in 
this study. This new approach is key to preserve the physical consistency 
among climate simulations and fosters the use of the multi-model, multi- 
variable ensemble for impact modelling that often needs multi-variable 
information. 

In this way, an extensive evaluation of the EURO-CORDEX available 
simulations was performed by comparing the historical results of pre
cipitation, maximum and minimum temperature against the Iberia-01 
dataset, the recent observational gridded dataset (Herrera et al., 
2019). Since the historical climate simulations has a non-synchronised 
climate when compared to observations, only statistical comparisons 
over climatology outputs can be performed. A wide set of error metrics 
were considered to perform the assessment of the historical simulations 
for the 1971–2000 period: mean bias, mean absolute error, root mean 
squared error, normalized standard deviation, spatial correlation, 
Willmott-D Score (Willmott et al., 2012), Perkins skill score (Perkins 
et al., 2007), and Yule-Kendall skewness (Ferro et al., 2005). The 
assessment between the Iberia01 and EURO-CORDEX models was done 
from monthly to yearly timescales. Only the PDF skill score measure
ments (Perkins skill score, and Yule-Kendall skewness) use daily values. 
From this evaluation a weighted multi-model ensemble was proposed 
relying in the ability of RCMs to capture the maximum and minimum 
temperatures and precipitation across Portugal mainland. To consider 
the multi-variable approach, a new weight for each model is computed 
where the precipitation weight corresponds to 50% and the maximum 
and minimum temperatures both contributes 25%. The multi-model 
ensemble is then computed with those weights for all the variables. 
This new multi-variable approach enhances the consistency to the 
assessment of future conditions of soil moisture and its main drivers 
(such as precipitation, evapotranspiration, and runoff). This new 
approach allows to preserve the physical consistency among climate 
simulations. 

2.5. Analysis 

To assess the future evolution of soil moisture and the land water 
balance, three future time periods are considered (2011–2040, 
2041–2070 and 2071–2100), from highly- to non-mitigated emission 
scenarios (RCP2.6, RCP4.5 and RCP8.5). 

Firstly, the future climate of soil moisture is analysed through the 
spatial pattern and interannual variability. In addition, the PDFs 
(probability density function) of the standardised soil moisture anomaly 
are also examined. Then, the drivers of the soil moisture depletion are 
investigated through the analysis of the land water balance components 
and other relevant variables. Finally, the projected changes in the aridity 
index are explored in context of the previous analysis. For all variables, 
we computed the standard deviation of the multi-model signal pro
jections to characterize the spread and therefore the uncertainty asso
ciated with the corresponding projections. 

The multi-model ensemble Vens for each variable, vn, analysed in this 
study is obtained by computing a weighted average over the N ensemble 
members as: 

Vens =

∑N
n=1wnvn

∑N
n=1wn

(5) 

Similarly, the ensemble averaged PDFs Vpens were obtained by 
computing a weighted average over all individual model PDFs: 

Vpens =
∑N

n=1
wnpn (6) 

The weights wn were obtained following the methodology described 
in the previous sub-section. 

All the analysis is performed over Portugal domain (Fig. S1a) and at 
the regional level (Fig. S1b), following the Nomenclature of Territorial 
Units for Statics (NUTS). 

3. Results 

3.1. Future climate soil moisture 

As referred in the methods section for analysing the results it is rather 
important to keep in mind that the diverse RCMs (more precisely the 
land surface models within) have different soil properties, from the 
number and depths of sub-surface layers to the specific characteristics 
represented. Therefore, a direct comparison of the available total (i.e., 
vertically integrated) soil moisture is not meaningful. Notwithstanding 
the different mean total soil moisture values, the RCMs are expected to 
reproduce typical intra-annual and interannual variabilities, as well as 
coherent future changes within each model system (Knist et al., 2017). 

In this sense, we compare the total soil moisture from the multi- 
model ensemble against the surface soil moisture from GLEAM data
set. To be comparable, the standardised soil moisture anomaly was 
computed, and the results are presented in Fig. S2 (in Supplementary 
Material), for Portugal mainland (Fig. S2a) and for the NUTS II regions 
(Fig. S2b). The results presented need to be analysed carefully since 
there are important differences among the data used: (1) we are 
compared the surface soil moisture (in m3/m3) from GLEAM with the 
vertically integrated soil moisture (kg/m2) from the EURO-CORDEX 
multi-model; (2) the number of grid-points considered in each region 
differ since the horizontal resolution is different in both data; and (3) the 
period considered for the comparison is not the same, for GLEAM we 
used a 30-year period from 1980 to 2009, and the multi-model ensemble 
is spans the 1971–2000 period. Despite those differences, the distribu
tion of the soil moisture anomaly is quite similar between both data, 
which give us confidence in using the soil moisture from the multi- 
model ensemble to assess the future changes for Portugal, especially 
focusing on its distributional future changes. 

The annual cycle of total soil moisture in Portugal (Fig. 1a), given by 
the models, corresponds to a typical Mediterranean climate cycle, where 
maximum values of soil moisture occur in late winter (for Portugal in 
February) and minimum values in late summer (September). This 
annual cycle is rather pronounced and reveals a soil moisture annual 
amplitude of around 200 mm, or one quarter of maximum winter values. 

Looking to the future projections of soil moisture (Fig. 1), for the 
three time periods and three RCP scenarios, overall, as expected, a clear 
and monotonous decrease with time and RCP of the full annual cycle is 
identified, with much larger magnitudes when going from the RCP2.6 to 
RCP8.5. In fact, for the RCP2.6 a rather small decrease of soil moisture if 
projected for almost all months and time periods, under 3% in relative 
values and peaking in November. In fact, for this emission scenario a 
small recovery (little increase and less decrease) is seen when comparing 
the mid-century and the end-of-century in spring. For the RCP4.5, the 
reductions are gradually enhanced throughout the 21st century, espe
cially between the beginning and mid-century and reaching − 7% in 
November for 2071–2100. In spring and summer, from mid-century to 
end-of-century, a small recovery or stabilization of soil moisture is 
projected. For the RCP8.5, the soil moisture reductions are much more 
severe, and always increasing throughout the century, jumping from 
maximum reductions, in November, of around – 3% in 2011–2041, to 
− 9% and − 14% in mid- and end-of-century, respectively. 

Overall, some changes in the annual cycle may be identified besides 
the omnipresent decreases of water availability in the soil. For Portugal 
mainland, the annual soil moisture amplitude is projected to augment 
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slightly for the RCP2.6, the one showing a rather small diminishing of 
soil moisture, as well as for the RCP4.5 but in a mitigated manner. For 
the RCP8.5, the severe reductions of soil moisture throughout the year 
are accompanied by a decrease of the annual soil moisture amplitude in 
absolute values (Table S1). 

A spatial view of the projected soil moisture changes at the annual 
and seasonal scales, for the three time periods and the three emission 
scenarios, is displayed in Fig. 2 focusing absolute (for relative values in 
Fig. S3). The future projections display a clear reduction of soil moisture, 
especially for the RCP4.5 and RCP8.5, pointing to a dramatic aggrava
tion of water scarcity throughout the 21st century in Portugal, if emis
sions are not reduced. For the first future period, all scenarios have 
associated projections of a small reduction of annual soil moisture 
(smaller than 40 mm) but that intensifies greatly with time and scenario. 
For the mid-century, the projected reductions for the RCP4.5 are be
tween − 40 and − 80 mm for all the southern of Portugal, and for the 
RCP8.5 almost those reach values in the range of − 80 and − 120 mm for 
the south and, − 40 and − 80 mm for the north. For the end of the cen
tury, the soil moisture decrease is enhanced for the RCP8.5, attaining 
values between − 120 and − 160 mm for large extensions of the southern 
regions. This change dynamics also applies in a great measure for all the 
seasons, with some exceptions. For spring, the projections according to 
the RCP2.6 reveals some increases of soil moisture for the end of the 
century in some mountainous and big river valleys, such as the Tagus; 
and, for autumn the decreases of soil moisture associated with the 
RCP8.5 are more homogeneous spatially. 

In Fig. 3, the PDFs of soil moisture anomalies normalized by the 
respective standard deviations are displayed, for the historical and 
future periods and in agreement with the three RCP scenarios, for 
Portugal mainland (Fig. 3a) and for the NUTS II regions (Fig. 3b). 
Strikingly the soil moisture PDFs time evolution, in response to the 
emissions scenarios, reminds immediately the temperature classical shift 
and flattened PDFs, where a great increase of extreme temperature 
occurrence is identified both due to the lateral shift and the flattening of 
the temperature PDFs. In fact, the soil moisture PDFs reveal distinct 
shifts and flattening, in an increasingly manner with time and scenario, 
which corresponds to multiplying for various orders of magnitude the 
occurrence of soil moisture deficits, w.r.t. the historical climate. 

For Portugal and the period 2011–2040 a very slight shift for lower 
soil moisture values and flattening of the PDFs is seen, for all RCPs. For 

the RCP2.6 the PDFs remain rather unchanged for all future time periods 
but for the RCP4.5 and RCP8.5 those PDF changes are enhanced in 
2041–2070 and further in 2071–2100. In the historical period, soil 
moisture deficits rarely reach values 3x over the standard deviation, but 
projections reveal that for the RCP4.5 (RCP8.5) for the mid-century 
deficits up to 5x (6x) are projected to occur, and for the end-of- 
century even 7x for the RCP8.5. 

The shift for lower values and the flattening of the soil moisture PDFs 
is projected for all Portuguese NUTS II regions, from north to south. 
However, the PDF’s projected modifications are more severe for the two 
southern regions, Alentejo and Algarve. These regions are already 
presently the ones suffering recurrently of water scarcity problems, with 
impacts even on public water supply for human consummation. For 
these regions, in the case of RCP8.5, a dramatic decrease of the occur
rences when soil moisture anomalies will be positive is projected, and 
for example, deficits of 3x the standard deviation (historical) are pro
jected to increase from 0.06% in the historical period to 3% at mid-of- 
century and 4% at end-of-century, so as impressive as 67x. Note
worthy, if mitigation is pursued and RCP2.6 achieved the PDFs for those 
regions almost do not change when compared with the historical period. 

3.2. Drivers of future soil moisture and humidity depletion 

The dramatic decrease in soil water availability, soil moisture, in the 
context of climate change is primarily linked to the projected reductions 
of precipitation (Cos et al., 2022; Soares et al., 2017a) and large increase 
of temperature (Cardoso et al., 2019; Cos et al., 2022), but its physical 
interdependences, overall and at the seasonal cycle setting, are explored 
next. In Fig. 4, an overall view of the land soil water balance for main
land Portugal is presented. The change of water content depends on the 
budget between precipitation, evapotranspiration, and total runoff. 

In all periods, from present to future climates, the water balanced at 
the annual scale is firstly controlled by precipitation and then evapo
transpiration and runoff. For the first period (2011–2040) there is a 
small reduction of all water balance terms for all scenarios. These de
creases are much enhanced in the mid-century period, in agreement 
with the RCP4.5 and RCP8.5 – to the projected decrease in precipitation 
an important reduction in runoff and water content follows. The 
evapotranspiration suffers a smaller relative decrease. For the RCP2.6 
the overall precipitation and runoff increase slightly. The mid-century 

Fig. 1. (a) Annual cycle at the monthly scale of soil moisture for the historical and futures periods, (b) Annual cycle at the monthly scale of soil moisture differences 
for future climates (w.r.t. to the historical climate) in percentage (%) values, considering the three RCP emission scenarios - RCP2.6 (green), RCP4.5 (blue) and 
RCP8.5 (red). 
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changes for all term contributions are accentuated in the end of the 
century, especially for the RCP8.5. All terms increase slightly w.r.t. 
present climate but the water content appears a bit reduced, for the 
RCP2.6. In agreement with the RCP8.5, precipitation, evapotranspira
tion, and runoff diminish relatively − 21%, − 10% and − 35%, which 
results in a water content depletion of –23%. 

Looking at the annual cycle of the water budged terms and related 
variables for the historical period allows understanding the soil moisture 
dynamics and its projected depletion in future climate scenarios. Fig. 5a 
shows the seasonal cycle of precipitation, estimated potential evapo
transpiration, evapotranspiration, their balance, and total runoff; as well 
in Fig. 5b the total soil moisture annual cycle is displayed. The seasonal 
dynamics is dominated by precipitation, which is almost inexistent in 
summer, and it is maximum in winter. In opposite sense, evapotrans
piration (potential evapotranspiration) displays minimum values in 
winter and maximum in May-June (July); in fact, evapotranspiration 
(potential evapotranspiration) exceeds precipitation in May through 
September (April to September), which results in a major net soil water 
deficit in those periods. Total runoff seems to respond quickly to 

precipitation in the first half of the year and afterwards slower. The total 
soil moisture (Fig. 5b) closely follows the P − PET (P − ET) seasonal cycle 
and the order of magnitude, with a time-lag of two-months, except for 
winter, meaning that soil moisture is drove by the climate forcing two 
months later. 

Figs. 6 and 7 reveals how the water balance terms are projected to 
change accordingly to the three future scenarios. Overall, the larger 
precipitation reductions are projected to occur in spring and autumn, 
which will determine an earlier exceedance of both evapotranspiration 
and potential evapotranspiration over precipitation, i.e., an earlier 
reduction of water availability and a smaller amount of water to be 
deposit in the soil. This water deficit is further enhanced in summer and 
in autumn, both because of the precipitation reduction, the increase of 
potential evapotranspiration and the relatively small reduction in 
evapotranspiration. Again, future precipitation reductions seem to drive 
the total soil moisture decreases with a one-month to a two-month lag – 
the larger absolute reductions in total soil moisture will occur in late 
spring (May-June) and early winter (November-December), in the 
sequence of the larger deceases in precipitation of April and October- 

Fig. 2. Future projected changes in total soil moisture content over mainland Portugal, considering the 1971–2000 period as reference. The different rows from top 
to bottom represent averaged taken over all months, DJF, MAM, JJA and SON, respectively. The different columns represent the future periods considering the three 
RCP emission scenarios. 
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Fig. 3. PDFs of Standardised Soil Moisture Anomaly (SSMA) at the daily scale for mainland Portugal NUTS I and II, historical (black) and future periods considering 
the three RCP emission scenarios – RCP2.6 (green), RCP4.5 (blue) and RCP8.5 (red). 

Fig. 4. Land water balance components average for mainland Portugal for historical (bar filled in white) and three future periods (bar filled in colour).  
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November. In what concerns the projected changes of total runoff, it 
follows the signal of precipitation changes. 

The projected changes of surface relative humidity (RH), linked to 
the response to the surface water balance is also shown in Fig. 6g for the 
annual cycle, and its spatial view on Fig. S4. The surface relative hu
midity is an important meteorological parameter that controls the at
mospheric evaporative demand. Changes in relative humidity may have 
strong implications for ecosystems, hydrological cycle, climate aridity 
and drought events, through the evolution of the evaporative demand 
(Vicente-Serrano et al., 2018). With increasing surface temperature, the 
amount of water vapour in the atmosphere increases whenever the air is 
not saturated. Saturated vapour pressure increases exponentially with 
temperature as expected from the Clausius–Clapeyron relation and in 
some regions the amount of water vapour in the atmosphere has been 
increasing in excess of 7% per kelvin (Willett et al., 2010). However, 
increasing global temperatures are not translated into increasing rela
tive humidity over land, the opposite or a plateauing of RH has been 
observed (Simmons et al., 2010). In large regions of the globe, the ma
jority of moisture over land has origins over the oceans. Since oceans are 
warming at a lower rate than the land surface, the rate of evaporation 
over their surfaces is lower than over land. Thus, the amount of moisture 
advected from the oceans into the land areas is not enough to keep the 
ratio between the air’s vapour pressure and the saturated vapour pres
sure constant and a decrease in RH is observed. In some areas like 
Portugal, changes to general circulation also imply a reduction in 
moister transport from the oceans, further reducing the moisture 
availability, escalating surface warming, and increasing the saturated 
vapour pressure. 

For all scenarios the projected humidity reductions are larger from 
spring to autumn. In RCP 2.6 relative humidity (Fig. 6g) decreases by 
less than 2.5%, while in RCP 4.5 reductions reach 4% in the beginning 
and end of the summer (for areas near the coast and reductions up to 4% 
are expected near the Spanish border, Fig S4). In RCP 8.5, a reduction 
between 0 and 5% is projected by mid-century and a further reduction 
up to 8% in October (6% in areas near the border with Spain by the end 
of the century). In winter the advection of moist air accompanying the 
winter storms, with their expected increase in intensity (i.e., including 
more moisture), is enough to imply an increase in RH for mainland 
Portugal for RCP2.6 and for the regions above the Tagus River in RCP 
4.5 (Fig. S4). In RCP 8.5 not only a decrease of precipitation is projected 
but also a significant increase in temperature, thus the projected decline 
of RH. The reduction in RCP8.5 is particularly severe in the north- 
eastern regions during summer, where relative humidity is projected 

to decrease between 6 and 8%, exacerbated by the extreme rise in sur
face temperatures. The uncertainty of the RH projections is high with the 
multi-model spread up to 75% of ensemble value for RCP2.6 and RCP 
4.5 (not shown). In RCP 8.5, there is lower spread, about 50%. 

Importantly, for water bodies and water saturated soils, the potential 
evapotranspiration increases in all scenarios up to mid-21st century 
(Fig. S5). The projected increase in PET primarily occurs due to similar 
processes that lead to the reduction in RH which leads to an increase in 
vapor pressure deficit over land and the nonlinear increase of saturation 
vapor pressure as a function of temperature associated to the Clau
sius–Clapeyron relationship (Scheff and Frierson, 2014; Sherwood and 
Fu, 2014). Since under the RCP2.6 scenario, temperature stabilises by 
mid-century (not shown) no further increase in PET is projected until the 
end of the century. Overall, a rise lower than 10% is projected. In sce
nario RCP4.5, temperature rises at a smaller rate from mid-century 
onwards, thus in most regions PET stabilises and an increase between 
10 and 15% is projected at the end of the century. In RCP8.5, the sharp 
rise in temperature leads to an enhancement up to 30% in PET in the 
north by the end of the century. The highest rise in PET occurs in the 
northeast during autumn at the end of the century in RCP8.5. Once 
again, the multi-model spread is almost as large as the climate change 
signal, indicating a large uncertainty associated to the ET0 computation 
(not shown). The reduced soil moisture contributes to the overall 
reduction of evaporation at the surface (Fig. S5) particularly in summer 
and autumn, and in the south of the country. As before, the multi-model 
spread is large and in summer and autumn it is as large as the climate 
change signal in RCP8.5 (not shown). 

3.3. Semi-arid climate overtaking Portugal 

Subsequently to the water balance changes explored before and in 
agreement with the soil moisture depletion, it can be seen that Portugal 
is projected to become prevalently a semi-arid climate country. In Fig. 8, 
the aridity index is displayed, which relies on precipitation and evapo
transpiration. Historically, the Portuguese climate is humid in north, 
centre, and a small southwest stripe, and in the rest of the south dry- 
subhumid and semiarid, in a small southeastern area. In the east of 
the country also two small areas are characterized by dry-subhumid 
climate. Looking at the projections in agreement with the RCP2.6 the 
Portuguese climate does not suffer almost any modification. For the 
RCP4.5, a small expansion of the dry-subhumid and semiarid climates is 
projected, especially in the south and centre regions. But, for the RCP8.5 
those expansions are much more severe throughout the century: in the 

Fig. 5. Annual cycle of (a) hydrologic fluxes and (b) total soil moisture for historical climate (1971–2000).  
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Fig. 6. Differences on Annual cycle at the monthly scale of (a) precipitation, (b) surface air temperature, (c) potential evapotranspiration, (d) evapotranspiration, (e) 
total runoff, (f) soil moisture and (g) surface air humidity, for future climates considering the three RCP emission scenarios - RCP2.6 (green), RCP4.5 (blue) and 
RCP8.5 (red). 
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Fig. 7. Annual cycle at the monthly scale of (a) precipitation, (b) surface air temperature, (c) potential evapotranspiration, (d) evapotranspiration, (e) total runoff 
and (f) surface air humidity, for historical climate (black) and for future climates considering the three RCP emission scenarios - RCP2.6 (green), RCP4.5 (blue) and 
RCP8.5 (red). 
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mid-century, the semiarid climate extends almost through all the south, 
the dry-subhumid migrates northerly and the small areas in the eastern 
border are replaced by semiarid climates. Furthermore, in the end-of- 
century only roughly the northwestern third of the country remains 
with humid climate, and the rest is almost all covered by semiarid. 

4. Conclusions 

The Mediterranean countries are considered a hotspot of climate 
change, in great measure due to the expected changes in water avail
ability, linked to precipitation decrease and regional warming (Cramer 
et al., 2018; Giorgi, 2006; Lionello and Scarascia, 2018). Terrestrial 
ecosystems, agricultural and forests critically depend on water avail
ability in the soils, i.e., soil water content and at the surface layer soil 
moisture (Chen et al., 2014; Miralles et al., 2019). Some studies have 
pointed clearly that associated with climate change the Mediterranean 
countries will endure faster and intense soil dissection enhancing 
droughts and water scarcity (Milano et al., 2013; Nguyen et al., 2016). 
Moreover, soil moisture depletion contributes as well to regional to local 
land–atmosphere feedbacks that promote the occurrence and mutual 
intensification of heatwaves and droughts. In the current study an 
analysis of the future soil moisture and aridity in Portugal was per
formed, using a high-quality multi-model ensemble from EURO- 
CORDEX, for three future time periods and three RCP emission sce
narios: RCP2.6, RCP4.5 and RCP8.5. 

In response to the severe projections of precipitation reductions, 
regional warming, and the subsequent large increase of potential 
evapotranspiration, a very impressive decrease in soil moisture is pro
jected. The soil moisture depletion is reflected both on mean values, the 
full annual cycle and more severely on the occurrence of low extreme 
values when compared to the historical climate. The future projections 
display a clear reduction of soil water moisture, especially for the 
RCP4.5 and RCP8.5, pointing to a dramatic aggravation of water scar
city throughout the 21st century in Portugal, if emissions are not 
reduced. For the mid-century, the projected reductions for the RCP4.5 
are between − 40 and − 80 mm for all the southern of Portugal, and for 
the RCP8.5 almost reach values in the range of − 80 and − 120 mm for 
the south and − 40 and − 80 mm for the north. For the end of the century, 
the soil moisture decrease is enhanced for the RCP8.5, attaining values 
between − 120 and − 160 mm for large extensions of the southern re
gions. These latter projected changes in the total soil moisture regard all 
the annual cycle with relative decrease values between − 10% and − 15% 
for the RCP8.5. 

In what concerns to extreme total soil moisture values there is a 
pronounced shift for much negative values and as well a flattening of the 
distributions much like what is projected for temperature in many re
gions of the world. The shift for lower values and the flattening of the 
soil moisture PDFs is projected for all Portuguese NUTS II regions, from 
north to south. However, the PDF’s projected modifications are more 
severe for the two southern regions, Alentejo and Algarve. In the his
torical period, soil moisture deficits rarely reach values 3x over the 
standard deviation, but projections reveal that for the RCP4.5 (RCP8.5), 

for the mid-century deficits up to 5x (6x) are projected to occur, and for 
the end-of-century even 7x for the RCP8.5. 

The main drivers of future total soil moisture reductions are clearly 
determined as the precipitation decreases and the augment of potential 
evapotranspiration throughout the full annual cycle, also associated 
with the increase of evapotranspiration in winter when there is still 
water availability to evaporate, especially for the RCP8.5. In the rest of 
the annual cycle there is a decrease of evapotranspiration since soil 
moisture is greatly depleted. At the surface, relative humidity is pro
jected to decrease for the RCP4.5 and RCP8.5, and in a less extent for 
RCP2.6. For FCP8.5 the RH reduction is particularly severe in the north- 
eastern regions during summer, where relative humidity is projected to 
decrease between 6 and 8%. It is important to mention that as in relative 
humidity and potential evapotranspiration, the multi-model spread is 
large conducting to uncertainty of climate change projections in soil 
moisture and evaporation. In result of all these projected changes in the 
water cycle related variables, the Portuguese climate is projected to 
become much more semi-arid. For the RCP8.5, for the end-of-century 
only roughly the north-western third of the country remains with 
humid climate, and the rest is almost all covered by semiarid. In opposite 
manner, for the RCP2.6, the spatial extension of semi-arid climate re
mains largely unchanged when compared to historical climate, confined 
to a small south-eastern region. 

Finally, the future panorama of water scarcity here depicted will 
impact dramatically many Portuguese ecosystems and economic sectors 
dependent on them, such as agriculture, forests, and tourism. These are 
expected to have to face levels of adaptation immensely different ac
cording to the degree of global mitigation of greenhouse gas emissions. 
This study aimed at giving a less common view of the terrestrial water 
availability for the future of Portugal. 
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Colette, A., Déqué, M., Georgievski, G., Georgopoulou, E., Gobiet, A., Menut, L., 
Nikulin, G., Haensler, A., Hempelmann, N., Jones, C., Keuler, K., Kovats, S., 
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