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A B S T R A C T

The study of precipitation and temperature variability in Portugal, including their extremes, is often restricted by
the lack of high-resolution gridded datasets at daily timescales and available for sufficiently long time periods.
They are of quite importance specially when considering hydrology modeling at a local scale. To overcome this
limitation, we develop new high-resolution gridded datasets (∼1 km) of daily precipitation (1950–2015) over
Portugal. Daily precipitation is downscaled by ordinary kriging from a coarser gridded dataset (∼20 km). Daily
temperatures were retrieved from a previous work and extracted for the target watershed in this study, Corgo
River (northern Portugal). The aim of the present study was to investigate the potential of the new high-re-
solution data in improving the performance of a distributed hydrologic model, Hydrological Simulation Program
– FORTRAN (HSPF) in simulating flowrates at one target watershed in northern Portugal (Corgo River wa-
tershed), thus providing a practical basis for subsequent hydrological analysis. The performances of the HSPF
model, driven by either a single weather station or the new gridded datasets are compared. The results clearly
hint at an improved model performance when using our dataset (Nash-Sutcliffe coefficient of efficiency at daily
timescale: 0.34 for the single-station run and 0.64 for the multi-point run). A good performance was also found
in reproducing specific flash flood events. Although the advantage of using these novel climatic datasets for
hydrologic modeling in Portugal is demonstrated herein, they can be applied to other areas of research, such as
ecology, agriculture and forestry, contributing to more accurate decision support systems to assist decision-
makers and stakeholders.

1. Introduction

The recurrent lack of reliable, consistent and homogeneous atmo-
spheric data, available over several decades, is a common shortcoming
for hydrologic modeling (Schuol and Abbaspour, 2007; Shrestha et al.,
2004). The challenge lies in obtaining reliable weather/climate input
data (Kouwen et al., 2004; Mehta et al., 2004), which is usually one of
the most important drivers of hydrologic models (Bleecker et al., 1995;
Obled et al., 1994). Assessing the performance of hydrologic models is
also difficult due to the lack of observed streamflow data (Hughes and
Slaughter, 2015). Their application to a given watershed usually relies
on a few weather stations, which are occasionally sparsely distributed
and cannot fully represent the climate conditions/gradients within that
watershed. Moreover, observed temporal variability in hydrological
parameters may not be properly represented due to atmospheric forcing
uncertainties (Ciach, 2003; White et al., 2014).

In watersheds characterized by complex orography and strong cli-
mate gradients it is particularly important to input hydrologic models

with accurate and very high-resolution atmospheric datasets (El-Sadek
et al., 2011). Specially, when evaluating daily or sub-daily data speci-
fically under a future climate change context. In Portugal, several stu-
dies have been keen to hydrologic modeling for a wide range of river
watersheds, but the meteorological data is typically obtained from ei-
ther a single weather station or a relatively sparse meteorological net-
work (Azorin-Molina et al., 2014; Fonseca et al., 2014, 2016, 2017;
Tavares Wahren et al., 2016; Vieira et al., 2012, 2013).

Several previous studies have demonstrated the key role played by
the large-scale atmospheric circulation on both precipitation (e.g. Costa
et al., 2012; Fragoso et al., 2015; Santos et al., 2007; Santos et al., 2005;
Santos et al., 2016) and temperature (e.g. Andrade et al., 2014;
Andrade et al., 2012; Santos and Corte-Real, 2006; Santos et al., 2015a)
variability and their extremes in Portugal, namely the role of different
jet stream regimes in triggering extreme near-surface conditions over
Portugal (Santos et al., 2013). Furthermore, long records of historical
floods in Portugal highlight their strong connection to large-scale at-
mospheric forcing (Santos et al., 2015a). However, the complex

https://doi.org/10.1016/j.pce.2018.06.001
Received 9 January 2018; Received in revised form 17 April 2018; Accepted 1 June 2018

∗ Corresponding author.
E-mail address: andre.fonseca@utad.pt (A.R. Fonseca).

Physics and Chemistry of the Earth 109 (2019) 2–8

Available online 05 June 2018
1474-7065/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/14747065
https://www.elsevier.com/locate/pce
https://doi.org/10.1016/j.pce.2018.06.001
https://doi.org/10.1016/j.pce.2018.06.001
mailto:andre.fonseca@utad.pt
https://doi.org/10.1016/j.pce.2018.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pce.2018.06.001&domain=pdf


orography, the distance to the coastline and latitudinal variation, in the
transition between the climatological Azores high and the subpolar
North Atlantic low pressure systems, amongst other drivers, sig-
nificantly enhance regional differences. These features underlie the
strong spatial gradients in both precipitation and temperature fields
(Costa et al., 2016), thus highlight the need for developing very high-
resolution datasets for regional-to-local scale assessments (e.g. at a river
watershed scale).

The aim of the present study is to investigate the potential of the
new very high-resolution data in improving the performance of a dis-
tributed hydrologic model (Hydrological Simulation Program –
FORTRAN, HSPF henceforth) in simulating flowrates at one target
watershed in northern Portugal (Corgo River watershed), thus pro-
viding a practical basis for subsequent hydrological analysis. In section
2, the datasets and the applied methodologies will be presented. The
main results are presented and discussed in Section 3 and the conclu-
sions are outlined in Section 4.

2. Materials and methods

2.1. Hydrological model

The hydrological model Hydrologic Simulation Program FORTRAN
(HSPF) was used in this study. HSPF is based on the original Stanford
Watershed Model IV (Crawford and Linsley, 1966) and is a compilation
of three formerly well-established models: Agricultural Runoff Man-
agement Model (ARM) (Donigian and Davis, 1978), Non-point Source
Runoff Model (NPS) (Donigian and Crawford, 1976) and Hydrological
Simulation Program (HSP) including HSP Quality (Donigian and Huber,
1991; Donigian et al., 1995). HSPF is a semi-distributed model that
simulates water and contaminant transport over spatially distributed
areas within a watershed. It simulates hydrological, hydraulic and
water quality processes, in streams and on pervious and impervious
land surfaces, on a continuous basis (Bicknell et al., 2001). The appli-
cation of HSPF to model water quantity and quality has been reported
in several studies (Bergman et al., 2002; Fonseca et al., 2014, 2015,
2016; Lian et al., 2007; Zhang et al., 2009). A list of hydrology and
hydraulic parameters and the corresponding recommended value
ranges, can be found in WATERSHEDS Technical Note 6 (Bicknell,
2000).

2.2. Study area

In order to test the added-value of using the new climatic dataset,
when compared to the more conventional approach of using a single
meteorological station, the HSPF was run to model the hydrology of the
Corgo River watershed, in Northern Portugal (Fig. 1a). As one of Douro
River tributaries, it covers an area of approximately 462 km2 and flows
across the city of Vila Real (Fig. 1a). As the observed daily mean
flowrate data, recorded at the Ermida-Corgo hydrometric station, is
only available for model calibration over the period of 1956–2003, the
HSPF simulation was carried out only for this period.

2.3. Datasets

2.3.1. CORINE Land Cover and digital elevation model
A high-resolution digital elevation model, GTOPO30 digital eleva-

tion dataset (https://lta.cr.usgs.gov/GTOPO30), was used to delineate
the watershed (Fig. 1b). The CORINE Land Cover 2006 (CLC2006)
raster data were retrieved from the European Environment Agency
(EEA, http://www.eea.europa.eu). Land use was aggregated into five
main categories, according to CLC2006 nomenclature (Urban or Built-
up Area, Forest Land, Agricultural Land, Barren Land and Wetlands) so
as to simplify the modeling process (Fig. 1c).

2.3.2. Precipitation
Gridded daily precipitation totals at ∼20 km spatial resolution

(PT02 database) supplied by the Portuguese Weather Service (IPMA,
www.ipma.pt), are available for Portugal spanning a period of
1950–2003 with continuous and homogeneous precipitation data (Belo-
Pereira et al., 2011). PT02 comprises a high number of weather stations
over Portugal, more than other existing daily gridded precipitation
datasets (i.e. E-OBS gridded dataset) (Haylock et al., 2008, Hofstra
et al., 2009), thus being used for the present study (hydrological models
strongly rely on precipitation data). For the remaining period of
2004–2015, the daily precipitation fields were calculated by multi-
plying the E-OBS daily fields (previously interpolated to the same
spatial resolution) with the ratio between the yearly sum of PT02 and E-
OBS over their common period of 1950–2003. The resulting gridded
precipitation dataset comprise the period of 1950–2015 (Fig. S1)
(PT.P.HRES henceforth). Gridded daily precipitation fields were 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 Corgo River watershed. This interpola-
tion allows greater detail on the precipitation data for hydrological
modelling.

2.3.3. Temperature
High-resolution (∼1km) daily mean, minimum and maximum

temperatures over main land Portugal (PT.TG.HRES, PT.TN.HRES and
PT.TX.HRES) over the period of 1950–2015 were retrieved for the
Corgo River watershed. The methodology followed to obtain this
gridded datasets, their validation and characterization can be found in
Fonseca and Santos (2017).

2.4. Model calibration and validation

Flowrate was calibrated for the hydrological years of 1956–1976
and validated for the period of 1978–2003. Model validation was per-
formed only when model calibration goodness-of-fit was acceptable.
Efficiency assessment was also determined for the model validation
output data. Considering a 20-year calibration period and 25-year va-
lidation period, it is reasonable to assume that the model incorporates
the main hydrological trends. The performance of the model was as-
sessed by three statistical methods: Deviation Runoff (Dv), Nash-
Sutcliffe model efficiency coefficient (E) (Nash and Sutcliffe, 1970) and
the Coefficient of Determination (R2). The study of Donigian (2002)
suggests ranges of the coefficient of determination (R2) for daily and
monthly flow. For daily flows, R2 is considered to be poor when it is less
than 0.6, fair between 0.6 and 0.7, good between 0.7 and 0.8, and very
good when above 0.8. On the other hand, for monthly flows, R2 is
considered very good when above 0.85, good for values between 0.75
and 0.85, fair between 0.65 and 0.75 and poor below 0.65. Concerning
the deviation of volumes (Dv), a good calibration is achieved for values
between −15% and 15%, and values of Nash-Sutcliffe model efficiency
coefficient (E) above 0.6 and 0.8 for daily and monthly simulations,
respectively (Duncker and Melching, 1998).

The model was segmented according to each sub-watershed
(n= 50), where 50 hydrologic response units were considered, with
their own unique time series of temperature and precipitation, derived
from the average of all grid boxes enclosed by each sub-watershed. The
estimation of the potential evapotranspiration (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 calculated within the
Watershed Data Management Utility (WDMUtil, BASINS platform
plugin), which is a tool for managing watershed modeling time-series
data (Hummel et al., 2001). For a sensitivity analysis, flowrate was also
calibrated with local data to examine the response of the model against
the new very high-resolution climatic data. For this purpose, a single
meteorological station (Vila Real) was considered for the entire wa-
tershed, with records of precipitation and temperature available for the
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modeling period (1956–2003), and a new calibration of the model was
performed. To perform the calibration we first calibrate the total runoff
volume in the watershed followed by the annual, seasonal and monthly
volumes, by adjusting the corresponding model parameters within lit-
erature values. Further, we look at the hydrographs and start cali-
brating hydrograph shape and peak flows. The calibration is considered
satisfactory when the criteria selected previously show good agreement
between observed and simulated flow.

As a complementary analysis, four flash flood events registered in
the Corgo River watershed, previously identified by Santos et al.
(2017b), were selected to assess the response of the hydrological model
(HSPF) under these extreme conditions. Although these events are
commonly very difficult to simulate, owing to a large number of trig-
gering factors that need to be properly taken into consideration (i.e.
geographical and environmental features, such as watershed mor-
phology and spatial and temporal distribution of rainfall). The ability of
the model to capture these extreme episodes is critical for an adequate
monitoring of flowrates and for flood risk assessments under different
circumstances.

3. Results and discussion

3.1. Hydrologic simulation for the Corgo watershed

For the Corgo River watershed, and based on the records from the
Ermida-Corgo station, the medians of the daily mean flowrates vary
from 11.7 m3 s−1, in January, to 0.07m3 s−1, in August, while their full

range is from 0 to 240m3 s−1 (Fig. S2). Further, there is still a high
variability and positive skewness in their monthly empirical distribu-
tions (Fig. S2). Hence, the observed daily mean flowrates hint at strong
seasonality and irregularity, peaking in winter and with very pro-
nounced maximum flowrates, which are indeed typical of the Medi-
terranean-type flow regimes (high torrentiality). This flowrate regime is
in clear agreement with the monthly distributions of daily precipitation
(Fig. S3) within this specific watershed. The corresponding monthly
distributions of daily mean temperatures also show a strong solar-
driven seasonality, but with much more symmetric distributions (Fig.
S4).

The values of the hydrologic parameters for the model calibration
were within the range of those presented in literature (Bicknell, 2000)
(Table S1). Model calibration/validation were achieved when statistical
criteria values were within those presented in literature (Duncker and
Melching, 1998). The model validation consisted in simulating the
validation period (1978–2003) with the application of the same para-
meter sets as in calibration. An acceptable validation is achieved if the
statistical results from validation were also considered within the
ranges defined in the literature.

The HSPF model performed well with respect to the simulation of
river flow in the Corgo River, for both daily (Fig. 2) and monthly
(Fig. 3) timescales, since the fits between observed and simulated flows
present high coefficients of determination (R2), particularly at the
monthly time step. The coefficients of determination also confirm the
goodness-of-fit of the model, with very good performance (> 0.8) for
all model runs, except for the daily validation, for which only a good

Fig. 1. Study area: a) Orographic map of mainland Portugal, with the Corgo River basin geographical location; b) Corgo River sub-basins and corresponding
streamlines, achieved through delineation of the digital elevation map to be used in the hydrological model; c) Corgo River Land use distribution.
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performance is achieved (0.71). The Nash-Sutcliffe model efficiency
coefficient achieved very good results as well, with the lowest value
(0.64) of model efficiency occurring during the daily calibration phase.
Even though values of E slightly increased from the calibration to the
validation phase, for both daily and monthly time steps, the simulated
flow at the validation phase was underestimated by approximately 13%
(overestimated by 8% in the calibration period).

A close inspection of Figs. 2 and 3, as well as considering the
achieved values of the statistical criteria, indicates that the best-fit ca-
libration parameter sets provide an acceptable simulation of pre-
cipitation-flowrate relation for the Corgo River watershed and over a
wide range of hydrologic conditions. Also confirmed by the simulated
hydrograph shape and peaks which, show a very good representation of
the observed flow at the Corgo River station. According to the literature
presented earlier in section 2.3, both calibration and simulation periods
performed very satisfactorily regarding the deviation of volumes, with
the highest deviation being observed for both validation phases at the
daily and monthly timescales. In addition, an acceptable validation
indicates that the calibrated parameter set is suitable for simulating
flowrates at any point in the Corgo watershed. This is a very important
outcome owing to the lack of flowrate measurements (only the Ermida-
Corgo station is available for this watershed).

The model calibration for the Corgo watershed using a single me-
teorological station achieved satisfactory results (Fig. 4). Although the
deviation of volume (Dv) improved (−2%), showing a very good ap-
proach in terms of water volume, the coefficient of determination (R2)
and Nash-Sutcliffe model coefficient of efficiency (E) decrease from
0.81 to 0.64 to approximately 0.67 and 0.34, respectively. Besides these

results for the Ermida-Corgo station, further considerations can be
made for other locations within the watershed, representing different
tributaries of the main channel. In fact, extracting the daily mean
flowrates for the sub-watersheds 6, 18 and 29 (Fig. 1b), it is clear that
the corresponding cumulative distribution functions encompass a much
larger variation among sub-watersheds in the multi-point run than in
the single-station run (Fig. 5). While in the single-station run the daily
mean flowrates mainly reflect differences in the sub-watershed areas, in
the multi-point run there is a clear integration of diverse meteorological
information. Hence, the single-station run clearly results in a poor si-
mulation of the observed values when compared to the multi-point run
(i.e. using PT.P.HRES, PT.TN.HRES, PT.TX.HRES and PT.TG.HRES).

3.2. Flash flood assessment

The model output response against precipitation is illustrated for four
different flash floods, driven by either long or short-duration precipitation
events (Fig. 6). A thorough examination of Fig. 6a shows a more reliable
response of simulated flowrate to precipitation than the observed flowrate.
As rain persistently fell, the observed flowrate shows irregular behavior, as
it decreases after the third day of precipitation and only increases again
after five days, right before the next high precipitation event (18 De-
cember 1958). As for the simulated flow, it shows a good response to
precipitation, as it increases gradually with precipitation occurrence,
reaching its highest value just before rainfall weakens and eventually
ceases. Conversely, Fig. 6b illustrates an almost perfect response of both
the observed and simulated flows against precipitation. The observed
flowrate peak occurs one day earlier, but the falling hydrograph curve

Fig. 2. (a, c) Chronograms and (b, d) scatterplots of the observed and HSPF simulated daily mean flowrates at the Ermida-Corgo station and for the (a, b) calibration
and (c, d) validation periods.
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drops much faster than the simulated flowrate curve. The above-described
flash flood events hint at the difficulty in simulating extreme conditions,
though HSPF performs reasonably well. Furthermore, the observed flow-
rates also comprise instrumental and other observational errors, which
cannot be easily isolated, but may underlie some important discrepancies
between observed and simulated curves.

4. Conclusions

In order to illustrate the applicability of these very high-resolution
datasets to hydrologic simulations, the Corgo River flowrate was

simulated by HSPF. The simulated daily mean flowrates compared well
to the observed data on both daily and monthly timescales, according to
the statistical criteria presented. Model validation also demonstrates a
good representation of the observed data, graphically and statistically.
Therefore, the hydrologic simulations provided in this study demon-
strate that the model can achieve much higher performances by using a
very high-resolution dataset, rather data using local meteorological
stations.

The synergies resulting from coupling hydrologic modeling with
very high-resolution datasets, particularly in watersheds with scarce
observations, makes this approach useful to many other regions
worldwide. In fact, providing decision-makers with accurate tools to
assess hydrologic responses to climate behavior is of foremost relevance
for water management, environmental protection and sustainability, as
well as for risk assessments, such as risks of floods or droughts. In a
forthcoming study we aim at reconstructing flowrates at several wa-
tersheds in Portugal, for time periods without hydrologic observations,
and their subsequent comparison with historical flood occurrences
(Fragoso et al., 2015; Santos et al., 2015b). These assessments are also
important under climate change projections, so that the corresponding
detrimental impacts can be properly mitigated through timely and
suitable adaptation measures. In addition, the very high-resolution
climatological dataset over Portugal, produced within the present
study, can be applied not only to hydrologic simulations, but also to a
wide range of areas of research, such as in agricultural and forestry
systems, which have been shown to be under pressure by climate
change projections in Portugal (Costa et al., 2016; Fraga et al., 2016a,
2016b; Santos et al., 2017a). The resulting knowledge can input deci-
sion support systems to provide guidelines to stakeholders and policy-
makers of economically relevant socioeconomic sectors.

Fig. 3. (a, c) Chronograms and (b, d) scatterplots of the observed and HSPF simulated monthly mean flowrates at the Ermida-Corgo station and for the (a, b)
calibration and (c, d) validation periods.

Fig. 4. Bar chart of the values for the statistical criteria obtained from the
multi-point and single-station runs of HSPF (Dv – deviation of volumes; R2 – R-
Squared; E – Nash-Sutcliffe coefficient of efficiency).
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Fig. 5. Cumulative distribution functions of the daily mean flowrates at three selected sub-basins (6, 18 and 29) and for the a) single-station and b) multi-point runs.
See Fig. 2b for sub-basin locations.

Fig. 6. Simulation of four flash flood events driven by persistent and short-term precipitation occurrences. Observed and HSPF simulated daily mean flowrates
(curves), along with daily precipitation amounts (bars).
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