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ABSTRACT

The Paiva River is a tributary of the Douro River in northern Portugal with a length of 110 km and
a catchment area of 790 km2 Nowadays, its upper section dries completely by the end of the dry
season every year. The individuals living in communities along the river are consistent in identifying
the beginning of this phenomenon by the end of the 1990 s or early 2000 s. In the present research,
the potential causes for this are identified, evaluated, and discussed. The direct human consumption
was possible to exclude due to the decrease of both population and water-intensive activities in the
period of interest. Considering the information available, climate changes are identified as the main
driver for the complete dry out of the upper section. Specifically, the differences in the precipitation
distribution along the year were found to be statistically significant and the increase of the num-
ber of consecutive days without rain could be related to the depletion of the underground water.
Considering rainfall pattern forecasts for 2050 based on various climate change scenarios and global
circulation models, it is possible to conclude that the already poor environmental condition of the
upper Paiva River section will degrade even further in the future.

Keywords: Climate change; Drying; Upper Paiva River; Rainfall; Runoff

1. Introduction

The majority of the macro-scale hydrological modeling
studies accounting for climate change scenarios, both at
continental [1,2] and global [3-7] scales, forecast variations
on the hydrological regime of continental water bodies (riv-
ers and lakes). Despite the variability between the various
studies and the uncertainty associated with the models used
[8], several of them are consistent in suggesting that global
warming will intensify the hydrologic cycle. This implies
an increase of the global mean precipitation as well as of
the frequency and intensity of precipitation extremes [9-11].

However, these changes are expected to be heteroge-
neous throughout the globe. In fact, the regional climate

* Corresponding author.

models for Europe point toward an increase in both mean
and extreme precipitation in the North [12-14], whereas
in the South (Mediterranean region), it is forecasted a
decrease in the mean precipitation and an increase in the
extreme events [15,16]. For regions with a Mediterranean
climate, De Girolamo et al. [17] present a very complete
literature review of studies dealing with flow regime alter-
ation and report results on an Italian river basin. The lit-
erature analyzed is consistent in estimating a reduction in
the total flow, with some identifying the temporal shift in
peak flows and the increase of the number of days without
flow. Furthermore, regardless of the sometimes contradict-
ing results when estimating rainfall patterns under climate
change conditions at the more refined time and spatial
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scales, several points of the globe are already experienc-
ing the effects of climate changes in the natural habitats
(e.g., Asia [18,19]; Africa [20-22]; Australia [23]; Europe [24,25]).

Specifically, for Portugal, there are fewer studies, but
the global and the regional studies alike point to an alter-
ation of the rainfall pattern, estimating an increase in the
difference between wet and dry seasons [26-28]. In addi-
tion to the higher rainfall in the winter and lower rainfall in
the summer, some studies also predict an overall reduction
of the total annual rainfall [29,30]. The most recent studies
[31,32] are more pessimistic in terms of total annual rain-
fall reduction, forecasting also a decrease of the number of
the days with precipitation above 1 mm and an increase
of the number of days with precipitation above 20 mm.
The forecasted more intense weather events over Portugal
mainland, namely shorter and more intense rainfall events
and longer and more frequent droughts, along with the
reduction in the total rainfall lead to estimates that point
toward the reduction of the total flow, more severe floods,
and droughts in some the major rivers [33].

Most of the related literature found focus either on
forecasting future flow regime under climate change sce-
narios or reporting changes in flow regime patterns in
large river basins. However, in such cases, the flow regime
is governed by both the climate and human activities (e.g.,
dam building, land use, and water abstraction). In fact,
the dynamics of the human activities within a river basin
may have a substantial impact on the flow regime that is
difficult to model in order to accurately quantify the cli-
mate change contribution. Major rivers not only have a
natural higher water storage capacity (e.g., groundwa-
ter, ponds) but in many cases also artificial water storage
capacity installed (e.g., dams). This enables the possibility
of transferring more water from the wet season to the dry
season, maintaining the ecologic flow to support the natu-
ral and human communities depending on the rivers. This
dampening effect of climate change trends present in large
rivers networks was demonstrated by Chezik et al. [34].
Naturally, doing so will put pressure on the water avail-
ability for human consumption and energy production, but
that is a distinct challenge that will not be discussed herein.

Smaller watercourses, such as creeks, tributaries, and
even the upstream sections of major rivers, tend to lack
both the natural and the artificial storage capacity to cope
with a change in the time pattern of the rainfall (no lakes,
glaciers, or large snowcaps accumulating water). The flow
in the rivers is exclusively driven by surface and subsur-
face runoffs. The subsurface runoff includes the subsurface
stormflow flow and the baseflow. Since the surface runoff
and stormflow flow respond rapidly to rainfall, modifica-
tions on the temporal distribution of the rainfall can only
be absorbed by the groundwater storage capacity that
controls the baseflow. Assuming that the pattern forecasts
for Portugal mainland are correct, the increase in season-
ality will impact most severely on the small watercourses,
even more if a total annual flow reduction is also observed.

In addition to the uncertainty associated with forecast-
ing climate changes, when exploring the influence on the
hydrology of water bodies the magnitude of the uncertainty
increase even further and a correct assessment is difficult
[35-37]. Additionally, the hydrology of water bodies is not

driven by climate alone, with the direct human actions over
the river basin playing also a role and the combined effect
is non-linear [38,39]. For Portugal mainland, and the Tagus
River specifically, Hattermann et al. [40] compares the level
of uncertainty from Global Circulation Models and Regional
Circulation Model simulations and Vetter et al. [41] eval-
uates the sources of uncertainty. The studies confirm the
strong decreasing trend the flow in the Tagus River, along
with substantial differences depending on the model used
for simulating climate change. The influence of the hydro-
logic model was found negligible and the representative
concentration pathways was the most important source of
uncertainty.

The present research explores the potential link between
the drying of the upper Paiva River, reported by the river-
ine communities to have started around the turn of the XXI
century, and climate changes. Climate changes, as well as
the resulting consequences on the environment, are smooth
processes that may take several years to become evident.
However, if the climate changes may be smooth and with
time, eventually, imperceptible to individuals that gradually
get used with the new weather patterns, the impacts tend
to be much more evident when there is a dramatic change
in the ecosystem within a generation period. Individuals
memories are more accurate to point out absolute changes
(e.g., a river drying or not) than recalling subtle differences
of naturally random phenomena (e.g., separating rainfall
pattern changes from the natural variability between wet
and dry years). The study presents some distinctive fea-
tures from the mainstream research on this topic, namely:
(i) it is based on an observed flow regime change, instead
of forecasting scenarios; (ii) the direct human influence on
the flow regime (land use, water abstraction) was evaluated
and could be excluded as the main driver for the observed
change; (iii) it does not resort to any hydrologic model to
relate rainfall with runoff; (iv) statistically significant rela-
tion between the rainfall pattern change and flow range
was found; and (v) the known hydraulic dynamics of the
upper Paiva River are consistent in explaining the influence
of the observed rainfall pattern change on the flow regime.
After relating the observed hydrologic regime change in the
upper Paiva River with the recorded precipitation pattern
evolution over, we make some extrapolations considering
future climate changes. The research aims at alerting for
the relevance of climate changes on small water bodies,
where the flow regime changes can be even more critical
than on large water bodies. In the case study analyzed, the
climate changes consequence was the shift from a perennial
to a non-perennial river. The impact of such a transforma-
tion on the ecosystems is, in principle, more severe than a
simple flow reduction. Furthermore, considering that small
water bodies are less monitored, it is possible that numer-
ous similar situations are being overlooked throughout
the globe.

2. Case study

The Paiva River starts at Serra da Nave and flows to the
Douro River. The river basin is close to the Atlantic Ocean,
covering an area of 790 km? with an average altitude of
567 m, ranging from 49 m (at the confluence with the Douro
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River) and 1,361 m (Serra de Montemuro). The Paiva River
is regarded as one of the most beautiful rivers in Portugal
and enjoys the reputation of being mostly in pristine con-
dition. Based on the river classification system developed
for the implementation of the EU Water Framework in
Portugal [42], the few small northern mountain rivers (type
M) and most of the small northern rivers (type N1; <100) of
all Douro River basin are located in the Paiva River basin.
The Paiva River and its main tributaries are classi-
fied as good or higher quality water bodies in the Douro
Hydrographic Region Management Plan [43]. Considering
the Koppen-Geiger scale, the Paiva River water basin
is classified as Csb, corresponding to a warm-summer
Mediterranean climate with influence from the Atlantic
Ocean. The monthly rainfall ranges from an average max-
imum of 831 mm in December to an average minimum of
0 mm in July, August, and September and the annual rain-
fall ranges between 878 and 3,005 mm, with an average of
1,616 mm. The monthly temperature ranges from an aver-
age maximum of 20.9°C in July to an average minimum of
3.6°C in January and the annual average temperature is of
10°C. The monthly relative humidity is always above 60%
on average (from 58.3% in August to 90% in January) and
the annual average is nearly 74%. December is the month
with fewer sun hours, only 97 in terms of average minimum,
and July, with an average maximum of 325 h, the month
with most sun hours. In annual terms, there are between
2,335 and 2,400 h of sun. The annual Piche evaporation
and potential evapotranspiration are, on average, 990 and
693 mm, respectively. The Piche evaporation ranges from
over 170 mm in August, to 25 mm in January, and the evapo-
transpiration from 112 mm in July, to 12 mm in January.

Castelo de Paya

Arou

Sao Pedro do Sul

Fig. 1. Elevation map of the upper Paiva River basin.
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The reach with roughly 20 km long between the head-
waters (1,012 m) and Vila Nova de Paiva (743 m) defines
the upper Paiva River. This division is not merely geo-
graphic, since the existence of a steep fall (from an altitude
of 743-680 m along roughly 4 km downstream of Vila Nova
de Paiva) and the increase in slope downstream Vila Nova
de Paiva demarcate two morphologically distinct sections
of the Paiva River. The upper Paiva River basin has nearly
100 km? (Fig. 1), extending over parts of the municipalities
of Vila Nova de Paiva, Moimenta da Beira, Sernancelhe,
and Satdo. Like the majority of the Paiva River, this reach
is preserved in an almost natural state, with the exception
of a few leisure areas and abandoned traditional weirs
used in the past to divert water for irrigation and mill-
ing purposes. None of these human structures altered the
river course or identity.

More than 50 individual interviews to long term res-
idents in the communities along the upper Paiva River
were carried out in the scope of an EGSP [44] study. The
results confirm a consistent collective memory that the
complete dry of the river by the end of the summer months
(end of August and beginning of September) started roughly
at the end of the 1990 s or early 2000 s. The interviewed
referred that before there was always water flowing in the
upper Paiva river and that by the mid-2000 s the drying
became the regular pattern.

3. Data and methods
3.1. Socio-economic data

The Paiva River basin crosses over portions of 12 muni-
cipalities, making it hard to assess the exact population
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within it. According to Sousa et al. [45], in 2008, there were
31,637 inhabitants in the Paiva River basin. However, the
number of residents in inland regions of Portugal has been
decreasing steadily over the last decades, particularly due
to the migration to the main urban regions along the coast
or even abroad. With the population decrease, the eco-
nomic activity reduced, and changed from agriculture and
livestock to some industry (limited) and, in the last decade
or so, to tourism-related services (rural tourism accom-
modations). The weight of the primary economic sectors
(agriculture and livestock) in the Paiva River basin is quite
reduced nowadays.

According to the official census reports (https://censos.
ine.pt/), the population within the upper Paiva River Basin
decreased from around 5,400 residents in 1981, 5,100 in
1991, 4,600 in 2001 to only 4,000 in 2011. From all the par-
ishes within the upper Paiva River Basin, only Vila Nova
de Paiva recorded an increase in population from 1981 to
2001, followed by a decrease since. This is consistent with
the general migration pattern in Portugal, characterized
by people moving from rural areas to urban areas (Vila
Nova de Paiva is the municipality headquarters) and to the
coast in the search for better living conditions.

Detailed information about water abstraction from the
upper Paiva River is not available, but most of the parishes
are still supplied by local water sources (groundwater and
water springs), that may or not be completely within the
upper Paiva River basin, as they were in the past. There is
only one parish (Caria), of the Municipality of Moimenta
da Beira, which is presently supplied from Vilar dam res-
ervoir. However, it is not expectable the water sources to have
changed over time since the general policy in the Portuguese
water sector has been to concentrate water sources to better
control the water quality. In this regard, one of the major
transformations in the water sector in Portugal was the split
between bulk and retail water supply utilities. The former
were responsible for the water abstraction and treatment,
usually covering multiple municipalities, and the later
distribute the water to the final users, mostly at a munic-
ipal level. Considering this evolution of the water sector
and the inexistence of water transfer from the upper Paiva
River to supply communities outside its basin, it is possi-
ble to conclude that the use of water resources is driven by
the population within the basin and their activities.

The average per capita water consumption in Portugal
between 1991 and 2009 was quite constant around 60 L/
habitant/d, varying between 54.8 L (in 1995) and 66.8 L (in
2004). As such, there is no indication that water consump-
tion in the upper Paiva River basin may have increased
significantly over time. This hypothesis is strengthened
also by the significant decline in agriculture, linked to
the decrease of the population in the rural areas, and the
absence of any new significant water-intensive human
activity in the area. The only exception is an increase in
tourism-related services following the exponential increase
observed at a national level over the last 5 y. The number
of night stays in Portugal increased only roughly 10 mil-
lion between 1995 and 2010, from 35 to 45 million, but in
2018 it exceeded 70 million. This increase in tourists could
sustain the possibility of an increase in water consumption,
particularly during the dry season. However, it is worth

noticing that before 2010-2012, tourists would almost
exclusively visit the coastal regions of Portugal, in partic-
ular the south, and inland regions such as the upper Paiva
River basin would almost only receive visits from family
members of the residents in the area. Looking for places
to stay (e.g.,, www.booking.com; www.airbnb.com; www.
cm-paiva.pt) there are less than 20 offers within the upper
Paiva River basin, with only one hotel (2006), one motel
(N/A), and the majority being guesthouses and rural tour-
ism accommodations (after 2012) that make use of houses
that were no longer used after the population migrations.
Furthermore, the tourism boom took place several years
after the drying of the river was reported to have started,
implying it may be an aggravating factor but not the origin.

Excluding the direct human action as an explanation for
the complete dry of the upper Paiva River by the end of the
summer, both through water consumption and land use,
climate changes becomes a valid possibility to be the main
driver.

3.2. Climate and hydrologic data

In Portugal, the data from the majority of the existing
hydrometric and udometric stations are freely available
through the National Water Resources Information System
(Sistema Nacional de Informac¢do de Recursos Hidricos —
SNIRH), managed by the Portuguese Environment Agency
(Agéncia Portuguesa do Ambiente — APA), and accessible at
http://snirh.apambiente.pt/.

Within the Paiva river basin there are 10 hydrometric
stations, 7 in the Paiva River, and 3 in tributaries, but none
of them in the upper Paiva River. The station closest to the
upper Paiva River basin is installed 24 km downstream from
Vila Nova de Paiva, in Castro Daire, defining a basin with
288 km? The Castro Daire station is equipped with a lim-
nigraph and there are records of water level and discharge
between 01/10/1945 and 30/09/2011, with data missing from
01/10/2004 to 30/09/2006.

The network monitoring precipitation is considerably
denser, but has suffered several adjustments over time.
The various introduction and removal of udometric sta-
tions resulted in a series of records with variable lengths
and periods. To characterize the upper Paiva River Basin
and the basin defined by the location of the hydrometric
station, 20 udometric stations were selected (Fig. 2). Table 1
identifies the udometric stations selected and presents some
rainfall statistics along with the length of the record series
since 1945/1946. Rainfall records before 1945/1946 were
excluded since there is no data on runoff and the relation
between both is unknown.

3.3. Statistical analysis

The statistical tests used to assess changes in the run-
off and rainfall patterns were: (i) trends (Mann-Kendall,
Spearman’s R, Linear Regression); (ii) jump in mean
(distribution free CUSUM, cumulative deviation, Worsley
likelihood ratio); and (iii) difference in mean/median
(Wilcoxon rank sum, Student t-test). The tests used are
defined by the WMO [46] as official tools for analyzing
hydrologic data. Several studies demonstrate their efficiency
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Fig. 2. Location of udometric stations within or near the Paiva River basin.

Table 1
Udomedric station in the area of interest

Station Annual rainfall (mm) Number of years with
Maximum Minimum Average Standard deviation records since 1945/1946

01 - Ariz 2,418.60 761.00 1,352.81 425.36 40
02 — Brufe (Barreiros) 1,501.70 607.00 1,072.51 249.95 17
03 — Calde 1,541.80 522.80 1,021.80 275.44 20
04 — Carregal 1,759.50 135.00 873.36 386.97 38
05 — Castro Daire 3,336.10 870.90 1,651.73 495.54 56
06 — Castro Daire (Lamelas) 1,292.90 1,213.80 1,263.60 43.35 3
07 — Forninhos 1,472.10 445.50 870.88 252.04 21
08 — Lapa 1,906.80 491.20 1,115.69 345.80 19
09 — Leomil 2,049.90 525.90 1,044.09 358.60 54
10 — Mezio (Paiva) 3,530.30 821.50 1,956.51 661.64 58
11 — Paradinha 1,027.80 350.90 676.59 191.70 17
12 — Pendilhe 3,968.30 881.40 1,822.11 674.08 53
13 — Pindelo dos Milagres 1,817.20 745.90 1,247.77 305.75 17
14 — Queiriga 1,740.00 617.90 1,119.87 276.29 21
15 — Quinta da Fumadinha 1,490.00 693.10 983.75 221.10 21
16 — Sarzedo 1,150.80 624.30 884.42 180.37 13
17 — Satao 2,081.90 411.50 1,162.63 375.77 41
18 — Tarouca 2,810.80 551.50 1,109.82 430.74 50
19 — Touro 2,763.50 270.50 1,448.35 563.83 57
20 - Vila Nova de Paiva 2,378.00 608.50 1,379.77 396.11 50

Bold stations are located in the border between the basin of the upper Paiva River downstream section and the hydrometric station section.

Italic stations are located in the limit or within the upper Paiva River basin.

Remaining stations are located in the limit or within the basin between upper Paiva River downstream section and the hydrometric stations’

section.
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in analyzing hydrologic data series and other variables,
including studies specifically in the context of climate
changes [20,47-51].

The non-parametric Mann-Kendall evaluates the signif-
icance of a trend in a series, independently of whether its
shape is linear or non-linear [52,53]. The Spearman’s rho is
a non-parametric rank-based test alternative to the Person
test for evaluating the correlation between variables and can
be used for detecting monotonic trends in time series [54].
Testing the significance of the linear regression coefficients,
in particular the coefficient representing the slope is another
option to evaluate trends, but implies the assumption that
the error is normally distributed.

Both the tests for the difference in mean/median and
the tests for the jump mean are classified by the WMO as
tests for detecting steep changes on the series [46]. However,
the former require prior knowledge of the change-point
time. The non-parametric rank-based distribution-free
CUSUM test evaluates the maximum cumulative sum of the
signs of the difference from the median [55,56]. The cumu-
lative deviation test [57] uses a rescaled cumulative sum
of the deviations from the mean, instead of the sign of the
deviation from the median used in the CUSUM. The version
of the test assuming normality was used herein. Like the
Student’s t-test, the Worsley likelihood ratio test [58] also
assumes normality, but is suitable for use when the change-
point time is unknown. The Student’s t-test is a standard
parametric test for testing whether two samples have dif-
ferent means and the Wilcoxon rank sum (Wilcoxon-Mann-—
Whitney test/Mann-Whitney test/Mann test/Rank-sum
test) is the equivalent non-parametric version, evaluating
the differences in ranks between two independent sample
groups [54,59,60].

Randomness was also tested using non-parametric tests
[61], in particular the median crossing, turning points, and
rank difference, as well as a parametric test, Autocorrelation,
assuming normality [62].

3.4. Climate change modeling

Estimating the impact of climate changes in weather
patterns at a local scale requires three major elements:
(i) forecasting of the greenhouse gas concentration in the
atmosphere; (ii) simulating the impact of the greenhouse gas
concentration on the global circulation of the atmosphere,
and (iii) downscaling the changes in the global circulation
of the atmosphere to specific locations in the globe.

The most consensual greenhouse concentration scenarios
are set by the IPCC — Intergovernmental Panel on Climate
Change [63]. Four representative concentration pathways
(RCP) for the greenhouse gas concentration trajectory
are defined in the fifth assessment report (AR5), namely
RCP2.6, RCP4.5, RCP6, and RCP8.5. These scenarios are
labeled according to the radiative forcing estimated for the
year 2100. The RCP8.5 estimates an exponential increase in
C02-equivalent concentration. The RCP2.6 forecasts a slight
increase in C02-equivalent concentration until 2030, followed
by a stabilization and a gradual decrease from 2060 onwards.
The remaining scenarios are intermediate situations.

The impact of greenhouse gas concentration on the
circulation of the atmosphere is modeled using general

circulation models (GCMs). GCMs employ mathematical
models based on the Navier-Stokes equations to simulate
the circulation of the atmosphere (or/and ocean). In order to
enable the computations to be executed, it uses a grid with
a resolution of 1°-5° in latitude and longitude. As such, the
circulation is modeled using columns of atmosphere cover-
ing from 100 km to more than 500 km at ground level and
represents average weather conditions at a macro scale.

The last element attempts to extrapolate the changes
forecasted by the GCMs to a specific location, considering
its particularities (e.g., topography). This is often done with
statistical downscaling by establishing a statistical relation-
ship between the GCMs simulations for past periods and
existing meteorological data from ground stations. This sta-
tistical relationship is then used to extrapolate the weather
conditions for the GCMs forecasts using the various RCP
scenarios. The statistical downscaling includes also a spatial
interpolation of the GCMs results.

In our research, the rainfall in the upper Paiva River
basin in 2050 was estimated using a third-order Markov
rainfall generator (MarkSim - http://gismap.ciat.cgiar.org/
MarkSimGCM/docs/doc.html). The software was devel-
oped to be a generalized downscaling and data genera-
tion method. For that purpose, it works on the differences
between the baseline and future prediction using a 5th order
polynomial to estimate the time trend in each pixel from
the GCM output and a cubic convolution to interpolate to
a grid of 1 km. This provides the monthly average climate
at each point. Then, a daily rainfall simulator generates pre-
cipitation series using a third-order Markov process. The
transfer probabilities (probability of rain considering the
previous 3 d), probability coefficients related to the effect
of each of the 3 previous days and the correlation matrix
of the baseline probabilities were estimated from historical
rainfall data from over 10,000 stations around the globe with
more than 10 y of records (most have more than 15-20 y and
some even more than 100 y of records). This was intended
to avoid the need for recalibration every time the model is
used. In each simulation, the rainfall is randomly initialized
and the precipitation series is generated preserving the
overall pattern forecasted for that location and respect-
ing the downscaling. Further information regarding the
tool can be found in Jones and Thornton [64] and Wilby et
al. [65]. An ensemble of 17 GCMs was used and only the
two extreme RCP (RCP2.6 and RCP8.5) scenarios were
considered. For each RCP scenario, 50 replications of the
daily rainfall forecast were obtained.

4. Results and discussion

The first step was to assess changes in the annual run-
off. Fig. 3 presents the annual and monthly runoff values
recorded in the station at Castro Daire from 1945-1946
to 2003-2004. The annual runoff measured ranged from
roughly 50 to over 570 million cubic meters, revealing
the high inter-annual variability but no visible change in
pattern. The regression of the runoff over time has a pos-
itive slope, but it is not statistically significant, as none of
the statistical tests for trend, jump in mean, and difference
in mean/median at a significance level of 5%. The monthly
runoff depicts a pattern traditional for a region with clearly
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Fig. 3. Annual (top) and monthly (bottom) runoff patterns at Castro Daire hydrometric station.

demarked wet and dry seasons, typical of the Mediterranean
climate. In average, the volume of water recorded in the
wetter months (December and January) ranged between
30 and 40 million cubic meters, while in the dry months
it was around 1 million cubic meters. Analyzing each
month individually, January and March reveal the steepest
increase and decrease trends, respectively. Still, neither the
regression coefficient nor the results of statistical tests for
trend, jump in mean, and difference in mean/median were
statistically significant at a significance level of 5%.

The annual runoff does not indicate any change in the
volume flowing in the river at Castro Daire, with the slight
increase being consistent with the decrease in population
and water-intensive activities identified. At a monthly scale,
there are indications toward a change in the time distribution
of the runoff. October, November, December, and January

show positive trends, while February, March, April, and June
have negative trends, but none of the results is statistically
significant for the available dataset. The absence of data
since 2011 may be relevant for the analysis, but the pattern
of decreasing flow in the months preceding the summer is
consistent with the drying observed by the end of the dry
season.

The comparison of the average annual rainfall in more
than 2,000 weather stations in Europe and North Africa
[66] revealed that the variability is higher in the regions
located around the latitude of 40°N. At this latitude, the
average annual rainfall varies from less than 500 mm to
over 3,000 mm. This variability is also observed in the
upper Paiva River basin (Fig. 4). The annual and monthly
rainfall correspond to the arithmetic average of the records
available from the udometric stations listed in Table 1.
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Fig. 4. Average annual (top) and monthly (bottom) rainfall patterns from the 20 udometric stations listed in Table 1.

The maximum and minimum monthly rainfall was esti-
mated as the arithmetic average of the maximum and
minimum values recorded in each station for each month.
The average of the minimum in July is 0, which makes it
impossible to represent on a logarithmic scale. Since the
goal herein is not to model directly runoff from rainfall,
but rather explore if there is a change in the rainfall pattern
that could be an explanation for the drying phenomenon
observed, the relative weight of each station for charac-
terizing the rainfall in the upper Paiva River basin was
not accounted for.

Comparing with the runoff results, the decreasing trend
in rainfall amount is considerably more noticeable. With
the exception of the hydrologic year 1999/2000, the aver-
age annual rainfall has been decreasing steadily from 1,500
to 1,000 mm and the regression coefficient of the slope is

statistically significant for a significance level of 0.1. Table 2
resumes the results of all statistical tests used on the average
annual rainfall data series, revealing statistically significant
results in all categories but not for all tests. However, these
results vary when applied to each udometric station depend-
ing on several factors, namely the length and the period
covered by the data series. Furthermore, the reformulation
of the monitoring network that took place during the early
2000s broke the continuity of the record series (only two sta-
tions have rainfall data for the hydrologic year of 2001/2002)
and the number of stations recording after the reformulation
reduced to roughly half (20-11).

To illustrate individual station results, we present
exclusively the annual rainfall data from the stations with
the longest record series since the hydrometric stations
were installed (1945/1946). The four stations with the most
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Table 2
Statistical test on the average annual rainfall of the 20 udometric stations listed in Table 1
Test Statistics Critical values (a) Turning
0.01 0.05 0.10 year
Trend
Mann-Kendall 3.547 2.576 1.960 1.645 -
Spearman’s R 2.730 2.576 1.960 1.645 -
Linear regression 1.989 2.690 2.010 1.680 -
Jump in mean
Distribution free CUSUM 12.000 13.141 10.965 9.836 1978
Cumulative deviations 1.166 1.520 1.270 1.140 2000
Worsley likelihood ratio 3.658 3.790 3.160 2.870 2000
Difference in mean/median
Wilcoxon rank sum 3.751 2.576 1.960 1.645 -
Student f-test 3.348 2.690 2.010 1.680 -
Randomness
Median crossing 0.000 2.576 1.960 1.645 -
Turning points 3.879 2.576 1.960 1.645 -
Rank difference 1.175 2.576 1.960 1.645 -
Autocorrelation 0.556 2.576 1.960 1.645 -
Values in italic indicate statistically significant results
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Fig. 5. Annual (top) and monthly (bottom) rainfall patterns at Castro Daire (station 5), Leomil (station 9), Mezio (station 10), and

Touro (station 18) stations.

complete records are presented in Fig. 5. The stations have
continuous records until the mid-1990s, when some stations
were deactivated and others upgraded. From 1995/1996 until
2000/2001 only two stations have records and in 2001/2002

none of these four stations has records. Until 2008/2009,
the availability of records became intermittent and then it
ceased completely due to the lack of funds to maintain the
stations. This was motivated by the worldwide economic
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crisis that was particularly harsh on Portugal and it is still
to be solved. Presently, the rainfall data is only available
from IPMA - Instituto Portugués do Mar e da Atmosfera
(Portuguese Institute for Sea and Atmosphere), which is not
freely accessible and has a much coarser network (no station
in the upper Paiva River basin).

As for the annual rainfall, the data from Mezio, Touro,
and Leomil stations present statistically significant decreas-
ing trends, jump in mean, and difference in median/mean.
Testing the data from Castro Daire station did not produce
any statistically significant result. A possible explanation
might be the location, since Castro Daire station is the most
distant from the upper Paiva River basin from this group
of 4. Still, it is more probable that the coincidence of an
extremely wet year (2000/2001) with the end of the series
somewhat masked any changing pattern that might exist in
the series.

The statistical analysis of the monthly rainfall for indi-
vidual stations was also carried out. Since the Castro Daire
was the station amongst the four with the longest data
series that did not present any statistically significant result
in terms of the annual and monthly rainfall, it was consid-
ered the critical to detect monthly trends. Table 3 presents
the results for the Spring months, revealing a statistically
significant decreasing trend. Similar results were found for
the remaining stations, consistent with statistically signifi-
cant rainfall decline during spring also reported in previous
studies [26,67-73]. This result is apparently contradictory
with the results obtained for the runoff, however it may be
explained by: (i) the difference in size of the river basin at
Castro Daire hydrometric station and the upper Paiva River
basin; and (ii) eventual measurement errors before and

Table 3

after the reformulation of the udometric stations network
in 2000-2001.

However, the rainfall in the months of the dry season
did not reveal any statistically significant result and the
doubt whether the rainfall reduction in the months pre-
ceding the summer was the explanation for the observed
drying persisted.

A decrease in the annual rainfall was found along with
a decrease of the monthly rainfall in the spring months, par-
ticularly May, and an increase in December and January. The
variations in annual and monthly rainfall alone do not allow
to explain the drying of the upper Paiva River, but combined
with the increase of the maximum number of consecutive
days without rain it becomes consistent with the time to
deplete the upper Paiva River groundwater supply. Daveau
[74] studied the hydrogeology of the Paiva River basin in
general and estimated that it is capable of retaining the
groundwater for up to 2 months. Considering that this esti-
mate is valid for the upper Paiva River basin, an additional
analysis was carried out to verify if there was any change
on the maximum number of consecutive days without rain.

The results of the tests done on the data from Castro
Daire station are presented in Table 4, confirming the exis-
tence statistically significant trend, jump in mean, and
difference in mean/median in the maximum number of con-
secutive days without rain. Similar results were found for
the stations with records from the 1950s to the 1990s and
for the series of the average maximum number of consecu-
tive days without rain of all stations.

The number of consecutive days without rain increased
from an average of 28, until 1975, to 41, until 2003 (Fig. 6).
Considering that the maximum number of consecutive days

Statistical test on the Spring month (March, April, and May) rainfall at Castro Daire station (station 5)

Test Statistics Critical values (a) Turning
0.01 0.05 0.10 year
Trend
Mann-Kendall 7.553 2.576 1.960 1.645 -
Spearman’s R 2.428 2.576 1.960 1.645 -
Linear regression 2.047 2.690 2.010 1.680 -
Jump in mean
Distribution free CUSUM 12.000 11.526 9.617 8.627 1969
Cumulative deviations 2.227 1.520 1.270 1.140 2001
Worsley likelihood ratio 3.608 3.790 3.160 2.870 2000
Difference in mean/median
Wilcoxon rank sum 10.090 2.576 1.960 1.645 -
Student ¢-test 1.008 2.690 2.010 1.680 -
Randomness
Median crossing 1.000 2.576 1.960 1.645 -
Turning points 0.683 2.576 1.960 1.645 -
Rank difference 0.386 2.576 1.960 1.645 -
Autocorrelation 0.258 2.576 1.960 1.645 -

Values in italic indicate statistically significant results.
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Statistical test on the maximum number of consecutive days without rain at Castro Daire station (station 5)

Test Statistics Critical values (a) Turning
0.01 0.05 0.10 year
Trend
Mann-Kendall 2.710 2.576 1.960 1.645 -
Spearman’s R 2.708 2.576 1.960 1.645 -
Linear regression 2.809 2.690 2.010 1.680 -
Jump in mean
Distribution free CUSUM 10.000 11.526 9.617 8.627 1975
Cumulative deviations 1.745 1.520 1.270 1.140 1975
Worsley likelihood ratio 3.969 3.790 3.160 2.870 1975

Difference in mean/median

Wilcoxon rank sum 2.624 2.576 1.960 1.645 -
Student ¢-test 2.468 2.690 2.010 1.680 -
Randomness
Median crossing 0.714 2.576 1.960 1.645 -
Turning points 1.025 2.576 1.960 1.645 -
Rank difference 1.077 2.576 1.960 1.645 -
Autocorrelation 1.707 2.576 1.960 1.645 -
Values in italic indicate statistically significant results.
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Fig. 6. Evolution of the maximum number of consecutive days without rain at Castro Daire (station 5) and Aguiar da Beira Station

(station 13 from [73]).

without rain takes place during the dry season along with
the rainfall reduction observed in May, the small amount of
rainfall record in June, July, and August associated with the
2 months groundwater retention capability explain the dry-
ing of the river by the end of August until the first significant

rain events in October.

The increase in the number of consecutive days with-
out rain apparently contradicts the study of Santo et al.
[72]. However, their study analyzed the number of consec-
utive days without rain by seasons and not for the full year.
Considering the full year for the Aguiar da Beira station
used by Trigo and DaCamara [73], which is the closest to the
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upper Paiva River basin, the difference in trends becomes
visible.

Confirming the possibility of climate changes being
the driver for the drying observed currently, estimating
the future was done for the year 2050. Fig. 7 presents the
average monthly rainfall recorded between 1945 and 2009
and the average monthly rainfall of 50 replications for the
year 2050 for the two extreme emission scenarios (RCP8.5
and RCP2.6). The results point toward a further decrease
in the amount of rainfall in March, June, and September,
and a decrease in the remaining. This is consistent with
generalized conclusions from climate changes studies that
point for more extreme weather events in Portugal [32].
For rainfall, this represents a reduction in the total annual
amount and a concentration of the bulk of the annual total
in a shorter period of time since the total number of days
with rain decreases.

Additionally, the average maximum number of consec-
utive days without rain in 2050 is estimated to be 52 and 53,
for the RCP2.6 and RCP8.5 scenarios, respectively. For the
50 replications, the maximum number of consecutive days
without rain varied from 25 to 87.

Despite all the uncertainty associated with climate
change forecasts, even more in terms of rainfall at a monthly
and daily time scales, there are little indications that the
drying of the upper Paiva River will reduce in the future.
In fact, the evolution of the temporal distribution of the
rainfall forecasted will tend to increase the dry period of the
upper Paiva River, aggravating the environmental impacts
for the aquatic ecosystems that are already debilitated.
The only exception may be the forecasted increase in June
that could mitigate somewhat the drying phenomenon.

Analyzing the data at an annual scale using the t-test,
it is possible to conclude that the total annual rainfall
forecasted for 2050 considering the RCP2.6 and RCP8.5
scenarios are not statistically distinct for a p-value of
0.01. This indicates that, regardless of the emissions sce-
nario considered, the annual rainfall forecasts are similar.
Comparing the forecasted rainfall with the average annual
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rainfall series until 2009, the t-test results confirm statisti-
cally significant results. Fig. 8 illustrates how the spread
and the average of the annual rainfall forecasted for 2050
(50 simulations) decrease when compared to the records
between 1945 and 2009.

5. Conclusion

The consequences of climate changes on large water-
courses tend to be more difficult to disclose because of the
masking effect from direct human activities. Additionally,
these large water bodies will require substantial hydrolog-
ical alterations to clearly reveal the consequences. Small
rivers, on the other hand, are in many cases in their nat-
ural condition and the impacts from small changes in the
hydrology will immediately become visible. Furthermore,
large water bodies are more resilient to climate changes than
small rivers.

Exploring the potential causes for the drying of the upper
Paiva River observed in the last two decades was explored,
it was possible to exclude the direct human action as the
main driver. This conclusion was based on the observed
decrease in population, along with an accompanying and
significant decay in commercial and industrial activity,
implying a reduction in total direct water consumption.
The analysis of the discharge records between 1945/1946
and 2010/2011 did not show any statistically significant
relevant trend/change in the annual runoff, indicating that
the total amount of water flowing at Castro Daire remained
relatively stable. However, in terms of rainfall a statistically
significant decreasing trend in the rainfall amount. In face
of this apparently contradictory result and considering the
time to exhaust the groundwater, the evolution of the num-
ber of consecutive days without rain was also evaluated.

Combining all the results obtained, it is possible to
conclude that the changes in the rainfall pattern are the
underlying cause for the upper Paiva River evolving from a
perennial to a non-perennial river. Making some extrapola-
tion, it is highly probable that the upper Paiva River is not

Jul
Month [-]

Aug Sep Oct Nov Dec

Average 1945-2009

Fig. 7. Comparison of the monthly rainfall recorded between 1945 and 2009 and forecasted for 2050.
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a unique case, neither in Portugal, nor in other regions of
the globe. The fact that smaller rivers and upstream sections
of rivers are less monitored and located in regions sparsely
habituated regions, may result in these situation being unno-
ticed. Nevertheless, the environmental impact, particularly
in terms of the biodiversity in these ecosystems is significant.

The rainfall pattern in climate changes scenarios obtained
using the MarkSim tool forecast a worsening of the dry-
ing of the upper Paiva River, since the rainfall is expected
to decrease and the maximum number of consecutive days
without rain to increase even further.

Expanding the findings of the present study to the vast
number of small rivers or upstream sections of medium
and major rivers existing in Portugal and other regions of
the globe facing similar hydrological evolutions, the losses
at all levels (environmental, social, and economic) are tre-
mendous and there is little or nothing that can be done.
In the case of the upper Paiva River, the already declining
agriculture can no longer rely on the river to be revived and
the investments made in tourism (e.g., the fluvial beach at
Vila Nova de Paiva) are useless due to the lack of water
when they were supposed to be used.
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