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• Warming and drying future trends are
projected for the target basin.

• A climate-hydrological modelling
coupled approach is implemented.
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decrease under climate change.

• Returnperiods for dailyflowrates signif-
icantly increase.
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The potential effects of climate change on the hydrology of the Tâmega River basin, northern Portugal, are
assessed by comparing simulated hydrologic scenarios derived from both observational climate databases for
a recent past period (1950–2015) and EURO-CORDEXmodel simulations for the future (2021−2100). Future cli-
mate change scenarios are based on an ensemble of five climatemodel chain experiments and on two Represen-
tative Concentration Pathways (RCP4.5 and RCP8.5). Basin-mean annual temperatures are ca. 10% or 20%
warmer than in recent past climate (12.4 °C) for RCP4.5 and RCP8.5, respectively. Furthermore, basin-mean an-
nual precipitation decreases by approximately 8% or 13%,when compared to recent past (1255mm). The Hydro-
logical Simulation Program FORTRAN (HSPF) is applied to the historical data and to each of the five model
simulations separately so as to simulate potential changes in flowrates. The model is calibrated and validated
using 5 hydrometric stations, achieving satisfactory results regarding flowrate simulation. A reconstruction of
flowrateswithin the entire river basin and over the historical period is accomplished, which is particularly useful
when observed data ismissing. The projected climate change impacts on annualflowrates reveal a decrease from
18% to 28% relative to observations (70.9 m3 s−1). These findings provide valuable information for the future
management and planning of water resources (water security) and can be largely generalized not only to
other basins in Portugal, but also over most of Southern Europe and throughout the Mediterranean Basin,
where significant warming and drying trends are widespread footprints of climate change.
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1. Introduction

Climate change effects are observed worldwide and are conspicu-
ously manifested by significant changes in local statistical distributional
properties of temperature and precipitation, among other atmospheric
parameters, which also persist over time scales from decades to centu-
ries (IPCC, 2007a, 2007b, 2013). It is widely accepted that human activ-
ities (anthropogenic radiative forcing resulting from exacerbated
greenhouse gas emissions) have been driving noticeable impacts on
global climate and, at least partially, explaining the observed global
warming recorded since the pre-industrial era (Solomon et al., 2009).

In addition, according to the Intergovernmental Panel on Climate
Change (IPCC) 5th Assessment Report, the projected average warming
in Europe will be of 1.4–5.8 °C by the end of 2100 (Eisenreich et al.,
2005; IPCC, 2014), despite the pronounced regional gradients in tem-
perature trends. In many regions, these changes may be associated
with considerable modifications in the atmospheric circulation,
throughout a cascade of spatial scales, from the large to themicro scales,
since an increase in temperature may e.g. result in enhanced evapo-
transpiration and changes in the precipitation patterns and regimes
Fig. 1. a) Hypsometric map of mainland Portugal (elevation in meters), with Tâmega basin loc
circles); c) COS2015 of Tâmega watershed.
(Nicholls et al., 1996). Further, the occurrence of extreme precipitation
events is projected to increase, which suggests implications not only
in surface runoff, but also reduced groundwater recharge andmore fre-
quent and stronger flooding events. Moreover, the duration, frequency
and intensity of droughts are expected to strengthen (Bronstert, 2003;
Todd et al., 2011). Some of the projected changes in the hydrological re-
gimes can be indeed attributed to changes in weather and climate ex-
tremes, under a warmer atmosphere, as well as to modifications in
evapotranspiration, due to changes in surface soil moisture, net radia-
tion, atmospheric humidity or snow melting/accumulation (Eisenreich
et al., 2005; Hattermann et al., 2007; Hattermann et al., 2015;
Hattermann et al., 2008). Many watershed-scale modelling studies of
the impacts of climate change on hydrology have shown a wide range
of different results, depending on the specific location of the study
area (Andréasson et al., 2004; Bae et al., 2008; Christensen et al., 2004;
Eckhardt and Ulbrich, 2003; Frei et al., 2002; Fujihara et al., 2008;
Graham, 2004; Hattermann et al., 2015; Loukas et al., 2002; Thodsen,
2007; Whitehead et al., 2018). Although it is widely accepted that in
many tropical and mountainous regions there is a projected increase
in the availability of water resources, as a result of increased
ation; b) Tâmega watershed delineation with the network of hydrometric stations (green



Table 2
Statistical criteria values of the deviation of volumes (Dv), R-squared (R2) and Nash-
Sutcliffe coefficient of efficiency (E) for the calibration and validation of daily flowrate at
the four hydrometric stations in Tâmega watershed.
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precipitation, this may aggravate flood risks. On the other hand, water
availability may significantly decrease in some sub-humid and semi-
arid climates, such as in Mediterranean-type climates (Haas, 2002;
Loizidou et al., 2016).

The aforementioned climate-driven changes may thereby have an
important impact on regionalwater resources, such as inwater availabil-
ity, leading to a possible increase of groundwater exploitation, which
may reach unsustainable levels in the near future, with adverse impacts
on wetlands and several ecosystems (Boughariou et al., 2018; Crosbie
et al., 2013; Me et al., 2018; Mortazavi-Naeini et al., 2015; Vrzel et al.,
2019). Therefore, significant changes in the spatial and temporal avail-
ability of water resources, or in the general water balance, may poten-
tially affect many socioeconomic sectors, such as agriculture, industry
and urban development (Ali, 2018; Gebre et al., 2015; Mirza, 2003;
Wagena et al., 2018; Whitehead et al., 2018), as well as regional/local
ecosystem services. As such, achievingwater security is, andwill expect-
edly remain, a major challenge worldwide, while climate change is very
likely to become a foremost constraint over the next decades.

To meet these new challenges, motivated by water security and re-
sourcesmanagement, the quantification of potential climate change im-
pacts on hydrology at the watershed scale needs to be properly
addressed, as regional scale studies are critical for an accurate impact as-
sessment (Kabat et al., 2003; Krysanova et al., 2008; Varis et al., 2004).
Hydrological modelling at the watershed scale not only allows a clearer
representation of the available water resources and demand, but also
provides indicator metrics of adaptation, vulnerability and risk. How-
ever, the climatic factor is one among several modifications that are ex-
pected to take place in the future. Others, such as changes in land cover
and land use, economic structure systems and water demand, may also
considerably influence water resources management in the future and
should be considered to assemble realistic water resources scenarios
(Costa et al., 2003; Ghaffari et al., 2010; Pervez and Henebry, 2015;
Sahin andHall, 1996). These impactswill require suitable and timely ad-
aptationmeasures to copewith the foreseen changes in local climate, as
well as in geographic, ecological, economic and social environments.
The major source of uncertainty can be found in climate change projec-
tions, specifically owed to the formulation of the climate model and of
its sensitivity to greenhouse gas forcing (Slingo and Palmer, 2011).
Therefore, it is advisable to use an ensemble of different global and re-
gional climate models to reduce the uncertainty associated with the
model projections and to increase the robustness of the climate change
signal.

For taking into duly consideration the uncertainty encompassed by
the future scenarios, it is common practice to use climatic datasets gen-
erated by multi-model ensembles of regional climate models (RCMs),
forced by global climate models (GCMs), as input to drive hydrological
models (HMs) (Hattermann et al., 2015; Kling et al., 2012; Varis et al.,
2004), i.e. GCM-RCM-HM chains. This approach allows a dynamic
downscaling of the scenario information from the global scale to the
basin scale. Hereof, an illustrative case study for the Tâmega River, a
tributary of the Douro River, in Northern Portugal, is carried out. The
present study presents the potential impact of future climate change
on the Tâmega River hydrology and water availability. For this purpose,
a hydrological model is calibrated and validated for the Tâmega River
basin and, subsequently, applied to the climate change scenarios
Table 1
IntegratedGeneral CirculationModels (GCMs)with Regional ClimateModels (RCMs) used
to assess climate change impacts on Tâmega River hydrology.

GCMs RCMs Institution

CNRM-CERFACS-CNRM-CM5 CLMcom-CCLM4-8-17 CLMcom
CNRM-CERFACS-CNRM-CM5 SMHI-RCA4 SMHI
MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17 CLMcom
MPI-M-MPI-ESM-LR SMHI-RCA4 SMHI
ICHEC-EC-EARTH DMI-HIRHAM5 DMI
produced by an ensemble of five different GCM-RCM model chains,
under two different greenhouse gas emission scenarios (RCP4.5 and
RCP8.5).

Similar findings should be expected for other river basins in
Portugal, aswell as inmany other Southern European regions, as the cli-
mate change future projections reveal a strong spatial consistency over
Southern Europe and the Mediterranean Basin (Gibelin and Déqué,
2003; Giorgi and Lionello, 2008). More specifically for Portugal, typical
Mediterranean-climate conditions prevail, featuring autumn-winter
rainy periods and spring-summer dry periods, thus showing a strong
seasonality and irregularity in the precipitation regime and, as a result,
in the hydrological cycle (Andrade et al., 2011; Santos et al., 2010). Cli-
mate change projections for Portugal show an increase in annual mean
temperature, ranging from 2.3 °C to 2.8 °C (Yang et al., 2018), accompa-
nied by a significant drying trend,with decreases in annual precipitation
from −132 to −58 mm (Fraga et al., 2018). Overall, future climates in
Portugal are projected to become progressively warmer and drier,
with a gradual strengthening of aridity and an inexorable decrease in
water availability (Fraga et al., 2018; Mourato et al., 2014; Santos
et al., 2017, 2018; Yang et al., 2018).

Along the previous lines, themain objectives of the present study are
threefold: 1) to calibrate and validate a hydrological model within the
target basin, thus allowing the simulation of hydrological parameters
throughout the basin and during a recent past period, including the re-
construction of the time series over periods withmissing data; 2) to de-
velop future projections of hydrological parameters under different
emission scenarios, which may be subsequently taken into account in
decision-making processes regarding future water resource manage-
ment and planning in Portugal; 3) the followedmethodology can be ex-
trapolated to other parts of Portugal to determine water security in
other watersheds.
2. Materials and methods

2.1. Study area

The Tâmega River headspring is located in Spain, close to the north-
ern Portuguese-Spanish border (Serra de San Mamede, at an elevation
of 960 m amsl) and, after a few kilometers, it enters in Portugal in the
“Norte” NUTS-2 region. It flows through the cities of Chaves, Amarante
and Marco de Canavezes, flowing in the Douro River near Entre-os-
Rios, with the river mouth at an elevation of 15 m amsl (Fig. 1a).
Being one of the main tributaries of the Douro River, it covers an area
of approximately 3317 km2 and has a total extension of nearly
145 km. The main subsections of the watershed are also depicted in
Fig. 1a. The Tâmega River basin is bounded by the Sousa (to the west)
and Corgo (to the east) river basins, both subsidiaries of the Douro
River, and by the Ave and Cávado river basins to the north.
Dv (%) R2 (%) E

Calibration
HydroS1 (1957–1980) −10.4 82.5 0.83
HydroS2 (1985–2000) 9.7 75.2 0.83
HydroS3 (1955–1970) −6.8 91.8 0.92
HydroS4 (1988–2000) −3.1 79.8 0.85

Validation
HydroS1 (1981–2011) 10.3 71.9 0.71
HydroS2 (2001−2011) −9.9 88.3 0.85
HydroS3 (1972–1987) 5.6 71.7 0.72
HydroS4 (2001–2014) −9.4 85.7 0.89
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Fig. 3. Chronograms of the observed and HSPF simulated (calibrated and validated) daily
mean flow rates at stations: (a)HydroS1; (b)HydroS2; (c)HydroS3 and (d)HydroS4 (see
text and figure legends for details).
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2.2. Datasets

2.2.1. Historical data
Very high resolution (~1 km) gridded daily mean, minimum and

maximum temperatures over mainland Portugal (PT.TG.HRES, PT.TN.
HRES and PT.TX.HRES) over the baseline period of 1950–2015 were re-
trieved for the grid points covering the Tâmega River catchment. The
methodology followed to obtain these gridded datasets, their validation
and characterization can be found in Fonseca and Santos (2018a).

Gridded daily precipitation totals at ~20 km spatial resolution (PT02
database), supplied by the Portuguese Weather Service (Instituto
Português do Mar e da Atmosfera – IPMA, www.ipma.pt), are available
for Portugal over the period of 1950–2003 (Belo-Pereira et al., 2011).
PT02 comprises a high number of homogenized weather station series
over mainland Portugal, thus being particularly useful for the present
study purposes, as hydrological models strongly rely on high-quality
precipitation data. For the remaining period of 2004–2015, not available
from PT02, the daily precipitation data were reconstructed following a
simple statistical estimationmethodology. The E-OBS gridded daily pre-
cipitation amounts (Haylock et al., 2008), which have been used in
many previous studies of precipitation in Portugal (Fonseca and
Santos, 2018a, 2018b; Fonseca et al., 2018b), were retrieved within
the same geographical sector and bi-linearly interpolated to the PT02
spatial resolution. The E-OBS time series at each grid point were subse-
quently multiplied by the ratio between the annual precipitation of
PT02 and E-OBS over their overlapping timeperiod of 1950–2003. Over-
all, the correlation coefficients between the daily precipitation amounts
in both datasets is very high (N0.90 at all grid points), hinting at the high
coherency between the two datasets and warranting the feasibility of
this simple reconstruction approach. The resulting gridded precipitation
dataset then comprises the total baseline period of 1950–2015 (PT.P.
HRES henceforth). Gridded daily precipitation fields were then bi-
linearly interpolated (on latitude and longitude coordinates) to a
~1 km grid resolution for the whole dataset covering mainland
Portugal and were then retrieved within the Tâmega River catchment.
Despite some uncertainties regarding precipitation interpolation at
such a fine scale, this approach allows making use of the greater detail
in the temperature data in the subsequent hydrological modelling.

Daily streamflow data (flowrates), collected at four hydrometric sta-
tions (07H/01, 06I/02, 06I/03, 04 J/05, Fig. 1b), were obtained from the
Sistema Nacional de Informação de Recursos Hídricos (SNIRH, www.
snirh.pt). For the sake of readability, the station designations will be
HydroS1 (04J/05), HydroS2 (06I/03), HydroS3 (06I/02) and HydroS4
(07H/01) henceforth. The flowrate series are available from 1957 to
2011 at station HydroS1, from 1985 to 2011 at station HydroS2, from
1955 to 1987 at station HydroS3 and from 1988 to 2014 at station
HydroS4.

2.2.2. EURO-CORDEX model simulations
Climatic datasets from a five-member ensemble of GCM-RCM chain

simulations (Table 1), produced within the framework of the EURO-
CORDEX project, were retrieved for the development of climate change
projections (http://www.euro-cordex.net/). Gridded daily precipitation
totals (RR), minimum (TN) and maximum (TX) 2-meter air tempera-
tures were extracted for the future period of 2021–2100 (short-term:
2021–2040, mid-term: 2041–2070 and long-term: 2071–2100) over
the study area, at a spatial resolution of 0.125° latitude × 0.125° longi-
tude (~14 km × 11 km in the study area) and under RCP4.5 and RCP8.5.

2.2.3. CORINE Land Cover and digital elevation model
A high resolution digital elevation model of 10 m spatial resolution

was used to delineate the watershed (Fig. 1a). The CORINE Land Cover
2012 (CLC2012) raster data were retrieved from the European
Fig. 2. Spatial distribution of climate variables in Tâmega watershed: RR – precipitation (1st

maximum temperature (4th line). Historical data of 1950-2015 (left panel) and deltas derived f
Environment Agency (EEA, http://www.eea.europa.eu). The corre-
sponding land use classes within the Tâmega River basin are also
shown in Fig. 1c.

2.3. Hydrological model

The climatic data were afterwards used as input in the Hydrological
Simulation Program FORTRAN (HSPF) model so as to assess future daily
flowrates at the four available hydrometric stations along the Tâmega
River (Fig. 1b). This hydrological model is integrated in the multipur-
pose environmental analysis system Better Assessment Science Inte-
grating Point and Non-point Sources (BASINS), which is designed to
perform water quantity and quality based studies. HSPF is based on
the original Stanford Watershed Model IV (Crawford and Linsley,
1966) and is an assemblage of three previously well-established
models: Non-point Source Runoff Model (NPS) (Donigian and
Crawford, 1976), Agricultural Runoff Management Model (ARM)
line), TG – mean temperature (2nd line), TN – minimum temperature (3rd line) and TX –
or the period of 2021-2100 for scenarios RCP4.5 (mid panel) and RCP8.5 (right panel).

http://www.ipma.pt
http://www.snirh.pt
http://www.snirh.pt
http://www.euro-cordex.net/
http://www.eea.europa.eu
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(Donigian andDavis, 1978) andHydrological Simulation Program(HSP)
including HSP Quality (Donigian and Huber, 1991; Donigian et al.,
1995). HSPF is a semi-distributed model that simulates water quantity
and quality transport over spatially distributed areaswithin a givenwa-
tershed (Bicknell et al., 2001). The application of HSPF to model water
quantity and quality has been reported in several previous studies
(Bergman et al., 2002; Fonseca et al., 2014, 2015, 2016, 2018a, 2018b;
Fonseca and Santos, 2018b; Zhang et al., 2009). A guideline of hydrology
Fig. 4. Simulated historical (black line), RCP4.5 (blue line) and RCP8.5 (red line) 10-year mo
temperature, and d) mean minimum temperature. Note that the different 60-year periods are
1956 or 2041 depending on the curve).
and hydraulic parameters, alongwith the corresponding recommended
value ranges (parameterizations), can be found in BASINS Technical
Note 6 (Bicknell, 2000). The estimation of the potential evapotranspira-
tion (PET) in HSPF is based on the Penman-Monteith equation
(Penman, 1948) and on the method of Kohler et al. (1955). The PET
time series are calculatedwithin theWatershed DataManagement Util-
ity (WDMUtil, BASINS platform plugin), which is a tool for managing
watershed modelling data (Hummel et al., 2001).
ving average of annual a) precipitation sum, b) evaporation sum, c) mean maximum
overlapped in the chronograms for comparison purposes (i.e., the year 1 corresponds to



Fig. 4 (continued).
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2.4. Model calibration and validation

Daily flowrates were calibrated and validated at four hydrometric
stationswith available data in the Tâmegawatershed. Flowrate was cal-
ibrated for the following hydrological years 1957–1980, 1985–2000,
1955–1970 and 1988–2000 and validated for the hydrological years of
1981–2011, 2001–2011, 1972–1987 and 2001–2015 for the hydromet-
ric stations HydroS1, HydroS2, HydroS3 and HydroS4, respectively. In
view of the number of hydrological years with data available for both
calibration and validation at each hydrometric station, it is reasonable
to assume that the model incorporates the main hydrological features.
The model validation was performed after its calibration goodness-of-
fit was acceptable. The verification of the model performance was un-
dertaken by three statistical metrics: Deviation Runoff (Dv), Nash-
Sutcliffe efficiency coefficient (E) (Nash and Sutcliffe, 1970) and the Co-
efficient of Determination (R2).



Fig. 5. Box-plots of the monthly delta flowrates between historical data (black line) and future term periods for scenarios a) RCP4.5; and b) RCP8.5. Short-term period 2021-2050 (blue
color), mid-term period 2041-2070 (green color) and long-term period 2071-2100 (red color).

1020 A.R. Fonseca, J.A. Santos / Science of the Total Environment 668 (2019) 1013–1024
3. Results and discussion

3.1. Calibration and validation of the hydrological model

Daily hydrographs for the recent-past period (1950–2015) are
shown in Fig. 3. They reveal the information on the observed, calibrated
and validated data as well as the reconstruction of the flowrates for the
entire period. Despite the underestimation of the flowrate peaks by the
model, mostly at the HydroS1 station, daily hydrographs at all hydro-
metric stations show quite satisfactory agreements between observed
and simulatedflowrates. This is confirmed by the daily values of the sta-
tistical criteria presented earlier for both the calibration and validation
periods (Table 2). The deviation of volumes (Dv) varies from −10.4%
to 10.3%, with the best simulation achieving −3.1% at station HydroS4
(calibration). The R-Squared (R2) values are always above 71%, reaching
the best simulation performance at stationHydroS3 (91.8%, calibration).
Daily values of the Nash-Sutcliffe coefficient of efficiency are also very
satisfactory, with values as high as 0.92 for calibration (HydroS3) and
0.89 for validation (HydroS4). The lowest value of 0.71 is obtained for
the HydroS1 station. Hence, these results demonstrate a remarkably
high performance of HSPF in simulating the daily flowrates at the
Tâmega River basin, thus enabling its application under future climates.
Daily calibration and validation hydrographs only for the period with
observed data at the four hydrometric stations are shown in supple-
mentary material (Fig. S1) for better analysis.
3.2. Temporal variability of climate and flowrate

The climate change signals (ensemblemeans in the futureminus re-
cent past) of the annual mean precipitation (RR), mean (TG), minimum
(TN) and maximum (TX) air temperatures in the Tâmega River water-
shed, for the period of 2021–2100 and under both RCP scenarios, are
depicted in Fig. 2. For the recent past period (1950–2015), precipitation
varies spatially within the range of 900–1450 mm, with the lowest
values along the river streamline, as lower elevations are commonly as-
sociated with less rainfall. Overall, both RCPs show precipitation de-
creases over most of the watershed, particularly under RCP8.5 and in
its southernmost section. Annual mean temperatures vary from 10 to
15 °C,withwarmer temperatures at theRivermouth (lowest elevation).
The future scenarios show an increase of up to 3.5 °C under RCP8.5. The
spatial variability is very similar for both TN and TX (TN: 5–9 °C; TX:
14–20 °C). For the future scenarios, strong upward trends are displayed,
more pronounced for TN in the northern half of the basin (up to 3 °C)
and for TX in its southern half (up to 3.5 °C), also accompanied by a no-
ticeable increase along the river line.



Fig. 6. Seasonal (DJF –winter;MAM – spring; JJA – summer; and SON – autumn) cumulative distribution functions of theflowrate in Tâmega River basin for scenario a)RCP4.5; andb)RCP8.5.
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The 5-year moving averages of precipitation, evaporation, flowrate
and minimum and maximum temperatures reveal low-frequency
changes of these variables for both the historical and future periods
(Fig. 4). The comparison between the historical and the five-member
ensemble future scenarios hint at a significant decrease in themean an-
nual flowrate (−17.5% for RCP4.5 and −27.6% for RCP8.5). Regarding
the annual mean minimum and maximum temperatures and annual
mean evaporation, an increase is observed for the future scenarios.
Temperature increases between 10% and 22% and evaporation between
12% and 23%, while annual mean precipitation shows a slight decrease
over the years (−7% and −13% for RCP4.5 and RCP8.5, respectively).
Furthermore, there is a very high correlation between precipitation
and flowrate, with R2 of 97%, 85% and 93% for baseline, RCP4.5 and
RCP8.5, respectively. The increase of evaporation is a result of increased



Table 3
Seasonal return period's comparison between historical data (based on 10 and 20 years return periods)with future short, mid and long term periods for both RCP4.5 and RCP8.5 scenarios.

Flowrate (m3 s−1) 1950–2015 2021–2050 2041–2070 2071–2100

Historical RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

DJF 308.7 10 13 14 14 14 14 18
444.6 20 26 30 32 33 33 44

MAM 175.3 10 23 30 23 29 27 33
257.7 20 56 69 53 65 69 92

JJA 43.1 10 21 23 42 68 26 88
62.9 20 70 70 125 303 81 313

SON 127.2 10 12 11 11 17 12 22
181.8 20 22 21 19 35 20 45
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temperature, with correlations of roughly 81% for the historical period
and RCP4.5 and of 99% for RCP8.5.

In order to better understand the climate change impacts on the
Tâmega River basin, deviations of themonthly mean flowrates, with re-
spect to the historical period (1950–2015), for the short-, mid- and
long-term periods under RCP4.5 and RCP8.5 were assessed (Fig. 5). In
an overall perspective, there is a decrease in the annual flowrates,
though an increase is observed in winter, particularly in January and
February, while clear downward trends are simulated for summer and
autumn. These results may also reveal that extreme weather events
may increase in frequency and magnitude in the future, mostly due to
the projected climate change in the target river basin. Similar results
were attained in other basin-scale modelling studies of climate change
impacts on hydrology (Krysanova et al., 2017; Liuzzo et al., 2009;
Praskievicz and Chang, 2009; Skoulikaris and Ganoulis, 2011; Yu and
Wang, 2009). All of these studies report increases of winter and early
spring runoffs, accompanied by decreases in summer runoff, except
for basins were massive snowmelt is synchronized with late spring
flowrate peaks (Cunderlik and Simonovic, 2005; Eckhardt and Ulbrich,
2003; Loukas et al., 2002).

To better highlight the differences in flowrates among periods and
scenarios, cumulative distribution functions for each season (DJF –win-
ter; MAM – spring; JJA – summer; SON – autumn) were computed sep-
arately (Fig. 6). The differences in flowrates between seasons under
both RCPs are particularly noticeable, especially in summer and autumn.
While RCP4.5 shows little difference in winter and spring flowrates, the
differences are more noticeable in RCP8.5. For further details on the
changes in the distributions, the respective histograms can also be
found in supplementary material (Fig. S2).

The two-sample Lilliefors (Kolmogorov-Smirnov) test applied to the
daily flowrate distributions shows statistically significant changes, at
99% confidence level, in the distributions for all seasons, periods and
scenarios. In fact, in a climate change scenario, the Tâmega River hydrol-
ogy will undergo considerable changes, which can also bemodified as a
result of land cover changes that were not addressed herein, owing to
the complexity of multiple feedback mechanisms that cannot be incor-
porated in our modelling approach.

The flowrates corresponding to specific return periods were cal-
culated for all seasons and scenarios based on these empirical distri-
butions (Table 3). Starting with the estimation of the flowrates
corresponding to 10 and 20-year return periods for the historical pe-
riod and for each season separately, the new return periods associ-
ated with these same flowrates were calculated for the future.
Overall, significant differences are observed for the 10-year return
period in winter and autumn, with higher return periods for scenario
RCP8.5 for the long term period (2071–2100). The highest difference
is observed in summer: the 20-year return period is historically asso-
ciated with a flowrate of ca. 62.9 m3 s−1, whereas it corresponds to a
return period of 313 years in 2071–2100 under RCP8.5, i.e. a much
rarer event than today. These findings show that, in the future,
water availability in summer may be a real concern regarding
water security in the Tâmega River basin.
4. Conclusions

In the present study, the spatial-temporal changes of hydrological
and meteorological variables and the linkage between surface runoff
and precipitation/temperature over the Tâmega River basin were ana-
lyzed. The use of an integrated watershed model (HSPF), enabled
assessing the impact of climate change on hydrology. The studywas car-
ried out for historical (1950–2015) and future (2021–2100) periods
under two different Representative Concentration Pathways (RCP4.5
and RCP8.5). The impacts of precipitation and temperature on the hy-
drology of the target river basin were quantified through existing cli-
matic databases for the historical period (Belo-Pereira et al., 2011;
Fonseca and Santos, 2018a) and an ensemble of 5 EURO-CORDEX
model simulations for the future periods and scenarios. The HSPF hy-
drological model was coupledwith the climatic data in order to transfer
climatic information into hydrological information, namely daily
flowrates.

The annual precipitation over the Tâmega River basin exhibitweakly
decreasing trends across the entire future period. Temperatures, on the
other hand, show consistently warming trends throughout the basin for
the future period,with ameanwarming rate of 0.03 °Cper year formax-
imum temperature (TX) and of 0.01 °C per year for minimum tempera-
ture (TN). As a result, the mean annual flowrate decreased at all
hydrometric stations by about 0.25 m3 s−1 per year, with increased
flowrates in winter when compared to the historical period, but signif-
icantly lower flowrates in summer. This will most likely result in higher
probabilities of summertime droughts and higher risks of wintertime
floods in the future. The results achievedherewere also reported in sim-
ilar basin-scale modelling studies of impacts of climate change on hy-
drology (Krysanova et al., 2017; Liuzzo et al., 2009; Skoulikaris and
Ganoulis, 2011; Thorne, 2011; Yu and Wang, 2009).

There are several sources of uncertainty in both climate
(Hattermann et al., 2015), and hydrological (Bosshard et al., 2013;
Gädeke et al., 2014; Ott et al., 2013; Vetter et al., 2015) models. Thus,
the outcomes of this study ought to be considered as indicative of the
expected future, providing guidelines rather than accurate predictions.
Land use changes were not considered in the hydrological simulations,
though they may also play a key role in the future flowrate conditions.
Still, future water resources availability in the catchment may be
under strong pressure to meet water security in the region under cli-
mate change, particularly during the dry season (summer half of the
year). In spite of all the inherent uncertainties to themodelling process,
it is crucial to be aware of the effects of climate change on water re-
sources, as well as of the impacts these changes may have on the man-
agement and planning of future water resources. Although the present
study findings refer to a specific watershed, theymay be largely extrap-
olated to other watersheds in Portugal, in Southern Europe and in the
Mediterranean basin, as the climate change projections for this region
hint at pronounced warming and drying trends, mainly in the summer
half of the year (typical Mediterranean climate behaviour). This study
is therefore archetypal of other basin-scale studies under similar climate
change threats.
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