
water

Article

Influence of Climate Change on the Design of
Retention Basins in Northeastern Portugal

Luis F. Sanches Fernandes 1,2,* ID , Mário G. Pereira 1,3 ID , Sónia G. Morgado 2 and
Eduarda B. Macário 2

1 Centro de Investigação e de Tecnologias Agro-Ambientais e Biológicas (CITAB), Universidade de
Trás-os-Montes e Alto Douro (UTAD), Quinta de Prados, 5000-801 Vila Real, Portugal; gpereira@utad.pt

2 Departmento de Engenharias, Universidade de Trás-os-Montes e Alto Douro (UTAD), Quinta de Prados,
5000-801 Vila Real, Portugal; snmorgado09@gmail.com (S.G.M.); edu.macario@hotmail.com (E.B.M.)

3 Instituto Dom Luiz, IDL, Universidade de Lisboa, 1749-016 Lisboa, Portugal
* Correspondence: lfilipe@utad.pt; Tel.: +351-259-3503-56

Received: 14 March 2018; Accepted: 5 June 2018; Published: 7 June 2018
����������
�������

Abstract: Retention basins are used to control the quantity and quality of stormwater runoff.
Their design is based on Intensity-Duration-Frequency (IDF) curves and on the assumption that the
rainfall distribution is stationary. The analysis of rainfall observed for recent past conditions and
projected for the future suggests the existence of significant changes in the frequency and intensity of
extreme rainfall events. This study aims to assess the potential impacts of climate change in the design
of retention basins. The adopted multi- and interdisciplinary methodological approach comprises:
Rainfall aggregation and disaggregation, distribution fitting for different climate change scenarios,
durations and return periods, model bias correction, robust regression of rainfall intensity for different
durations and, finally, engineering design based on IDF curves. Results obtained with IDF curves
defined in the Portuguese law and estimated from the ECHAM5/MPI-OM1/COSMO-CLM regional
climate model for recent past and future climate scenarios point to: (i) Increase in the volume of the
retention basin, more expressive in the end of the XXI century; (ii) changes of different magnitude
within the country and the same rainfall region; and (iii) increase of 20% to 23% on average, and 46%
to 65% at most, for the conditions of B1 and A1B scenarios, respectively.
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1. Introduction

Retention or detention basins are surface storage basins or facilities intended to attenuate and
manage storm water runoff and control flooding by dampening the peak flows through temporary
storage [1,2]. The main objectives of these waterworks are the protection of the environment by
controlling water pollution by trapping and removing nutrients, metals, and pathogens and control
ecotoxicity from urban and industrial catchments runoff, prevent downstream erosion, creating
alternative water reserves for firefighting, irrigation and minimize droughts as well as creating water
mirrors with recreational and aesthetic interest among many others [3–6]. Numerous studies have
been performed to improve environmental and economic efficiency of these waterworks (e.g., [7–15]).

The design of storm water runoff drainage systems is mainly based on the relationship of
Intensity-Duration-Frequency (hereafter, IDF) curves [16–18], which, in Portugal, are defined by
law [19]. The use of these curves relied on the assumption that the statistical distribution of intense
rainfall is statistically stationary, i.e., the statistical distribution is not changing over time, in quantity
or condition. However, evidences of changes in the rainfall regime have been noticed all over the globe
in recent past and projected for future conditions, especially in terms of the frequency and intensity of
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extreme events, suggesting the need to review, update and adapt the design of drainage systems for
climate change [20–24].

Global Circulation Models (GCM) are the cornerstone tools to study climate change [25].
However, their spatial resolution, ranging from tens to hundreds of kilometers, is extremely high
to capture small scale phenomena so that their simulations can be used at a local scale [26].
Furthermore, simulations of GCM are usually only available at daily scale, which are inadequate
to study urban flooding that tends to occur with high rainfall intensity for shorter durations [27].
Projections of climate change with higher spatial-temporal resolution may be derived from different
regionalization techniques [28], comprising high- and variable-resolution GCMs [29,30], statistical
downscaling [31] and nested Regional Climate Models (RCM) [32]. A comprehensive review of
downscaling methods and applications are available in the literature, including for hydrological
modelling (e.g., [25,33,34]). Dynamical downscaling with RCMs is the best downscaling solution
because their much higher resolution spatial grids can take into account the specific characteristics
of the study area such as complex topography, land use/land cover inhomogeneities and land-sea
distribution [35] as well as to simulate the sub-daily/hourly temporal evolution of the meteorological
variables more accurately. Advantages and limitations of RCM to downscale climate change and their
skill to forecast rainfall are comprehensively reviewed in [26]. RCMs forced by GCMs have been used
in recent years to physically downscale GCM’s rainfall projections for different future climate scenarios
for Portugal (e.g., [23,36,37]).

The typical sampling periods of observation networks and RCMs temporal resolution are
usually too high to be directly used to estimate IDF curves. Consequently, it is often necessary
to disaggregate the rainfall data to hourly and sub-hourly temporal scales. Available methodologies
involve simulations of rainfall in sub-hourly duration in association with simulated series from
stochastic models of disaggregation (e.g., [38,39]). For example, the software HYETOS R [40] was
recently used to disaggregate rainfall in many regions and for different purposes [41–43]. However, the
method of the fragments, introduced by Svanidze in the 60 s [44–46], is still one of the techniques most
widely used nowadays (e.g., [23,47–49]).

The establishment of the IDF curves to estimate intense rainfall dates back to the 30’s [50] and, since
then, several variant approaches have been developed for different regions of the world (e.g., [51–54]).
In Portugal, the development of IDF curves to characterize rainfall intensity, in different geographic
locations within mainland, started in the 80’s [16,55–59]. Reference [55] analyzed rainfall series from
weather stations located in Continental Portugal to estimate the IDF curves for different durations
(from 5 min to 6 h). These authors developed IDF curves from annual series of maximum rainfall
intensity for Lisbon (located in rainfall region A) and suggested that the average rainfall intensity
decreases 20% in the Northeast region (region B) and increases 20% in the mountainous regions with
altitude greater than 700 m (region C) (Figure 1a). More recently, [23] examined the need to update
the IDF curves in the light of current rainfall regime and projected climate change effects on extreme
rainfall, as suggested in [20] and performed for New York City by [21].

In recent decades, the urban fabric increased significantly, and many highways were built in
Portugal [60], which required and will continue to demand the construction of retention basins able to
manage storm water runoff. Therefore, this study aims to evaluate the need to update current IDF
curves, as a result of changes in the distribution of extreme rainfall already observed and projected
for the future, as well as to assess the consequences of these changes in the design of retention basins.
This study demanded a multi- and interdisciplinary approach combining expertise of hydrology and
related disciplines of climatology and engineering. A social science perspective was also considered
with the analysis of policies and legislation for the control and management of storm water.

The IDF curves were estimated using data observed in the weather stations and simulated by the
COSMO-CLM RCM for recent past climatic conditions (C20) and for the two scenarios of future climate
conditions (B1 and A1B) of the Special Report on Emissions Scenarios (SRES). The Intergovernmental
Panel on Climate Change (IPCC) SRES scenario storylines [61] were used to produce the IPCC Fourth
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Assessment Report (AR4) and considered in the World Climate Research Program Coupled Model
Intercomparison Project Phase 3 (CMIP3). More recently, a set of Representative Concentration
Pathways (RCPs) of greenhouse gas emissions [62] was developed to serve as input to the next
generation of climate projections (used in the IPCC Fifth Assessment Report, AR5) and in Coupled
Model Intercomparison Project Phase 5 (CMIP5). Several studies have been conducted comparing
results from both projections and it seems that the magnitude of global warming projections primarily
depends on the socio-economic scenario considered [63] and that the new modelling systems do not
appear to have appreciably reduced uncertainty or improve the robustness [64,65]. In fact, global
temperature change from AR4 and AR5 is remarkably similar while the geographical patterns of
temperature and rainfall change are very consistent and similar for different scenarios [63,64].
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Figure 1. Location of (a) the highway “Auto-Estrada Transmontana” linking two Portuguese districts’
capitals (Vila Real and Bragança), three rainfall regions legally defined for Portugal by [55], three
weather stations within rainfall region B and (b) of Portugal in western Europe.

Finally, the pertinence and opportunity of this study and its findings is perfectly justified.
According to [66], current topics on wetland restoration research has focused on hydrological, ecological
and recreational functions of retention basins. In addition, the Horizon 2020 Program of the European
Commission had a specific topic (“water cycle under future climate”) with the challenge to “improve
the understanding of the impacts of climate change on the hydrological cycle . . . to better inform decision makers
and ensure sustainable water supply and management of water systems, and quality of water bodies, in the
EU”. Storm water can start to be viewed as a resource rather than a natural disaster to fear if properly
dimensioned and integrated in flood management systems, with adequate hydrological and ecological
functions, able to store excessive runoff and address both the problems of quantity and quality of water
by increasing infiltration, controlling the flow and flood risk to downstream protected regions and areas
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for human use [66]. In addition, the projected increase of retention basin volumes triggered by climate
change does not necessarily imply an increase of individual retention basin volumes. Alternatively, the
excessive rainwater can be distributed among various (decentralized) retention basins, enabling the
construction of sustainable infrastructures well integrated in the landscape. Examples on methods and
applications of decentralized sustainable retention basins have been published recently [67,68].

2. Material and Methods

2.1. Study Area and Databases

Portugal is located in the extreme southwest of Continental Europe (Figure 1a) with temperate
type climate [69]. According to the Iberian Climate Atlas [70], annual average rainfall presents high
spatial variability with the highest values (>2200 mm) in the mountainous areas of north-western
Continental Portugal (Serra do Gerês) and the lowest values (400 mm) in the southern interior region.
Monthly average rainfall presents high inter-annual variability and remarkable seasonality, more
evident in the southern part of the country, characterized by: (i) Higher values (about 230 mm) in the
NE corner during winter, especially in December; and (ii) the lower values (less than 5 mm) in the
southern half of the country, observed during the summer months of July and August. The annual
average number of days with rainfall above or equal to 10 mm also shows a strong seasonality, with
the highest values of 50–75 days during winter and in a large northern area (NE and regions of central
Portugal). The annual average number of days with rainfall above or equal 30 mm presents a similar
spatial pattern and a strong seasonality, with the highest values (5–10 days) observed in the same
season and region.

The approach adopted in this study is quite general but will be applied in the northeast region
of Portugal, Figure 1a (rainfall region B) where more roads have been built recently. A section of a
freeway (Auto-estrada Transmontana) which will connect two Portuguese district capitals (Vila Real and
Bragança) with a total length of 186 km (130 km recently constructed) was selected as the case study
(Figure 1a,b). Two distinct rainfall databases were used, namely: (i) historical observed data from the
Portuguese Water Institute (SNIRH, http://snirh.pt); and (ii) RCM simulations for the recent past
conditions and two future climate scenarios.

After a preliminary exploratory analysis to assess the quality of the historical time series (e.g.,
total number of missing values, number of months with failures), the weather stations of Castelo Melhor,
Pinelo and Pinhel were selected to characterize the rainfall regime in the rainfall region B (Figure 1a).
The rainfall time series contains 8 to almost 10 years of data (about 72,000 to 90,000 hourly records) and
just 0% to 3.8% of missing data (Table 1). Portugal experienced significant land use/land cover changes
(LULCC) in recent decades [60]. However, a recent study shows that the LULCC, especially those with
higher impact on drainage coefficient (e.g., leading to the increase of the urban/artificial areas and
consequently to change in soil permeability), are essentially concentrated in the central-north and south
coastal areas coastal as well as in the metropolitan areas of Lisbon and Porto [71]. The LULC in study
area (NE of the country) is essentially characterized by permanent crops, pastures, heterogeneous
agricultural areas, scrubs and/or herbaceous vegetation associations, arable land and forests [72].
The LULCC in this region were essentially from Agricultural areas (AA) to Forest and semi natural
areas (FSNA) and vice-versa [71]. This conversion between FSNA and AA appeared to be an active
and dynamic process but at the country level and in relative terms, artificial surfaces registered a
substantial increase of about 50%, forest and semi-natural areas remains almost constant (0.3%) and
agricultural areas slightly decreased (−4.4%) [71]. The study case was developed in a rural area where
substantial LULCC are not forecasted for the near future. It is, therefore, expected a conservation of
runoff coefficients (C) across the study area in the short, medium and long term. The highways are
characterized by C values higher than of surrounding areas but is the sole infra-structure of its kind
linking the territories of Portugal and Spain in the region. For that reason, the higher C values of
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this road are barely capable to affect the average C within the studied region. Construction of similar
infra-structures would contribute to enlarge C locally.

Table 1. Characteristics of the weather stations where the data used in this study were measured,
including the code, name, altitude and geographical coordinates.

Name Latitude (◦ N) Longitude (◦ W) Altitude (m) Period (Year) Missing Values (%)

Castelo Melhor 41.01 −7.06 286 2002/2008 0.0
Pinelo 41.63 −6.55 607 2003/2011 3.8
Pinhel 40.77 −7.06 606 2002/2011 1.6

The rainfall projections for different future scenarios were simulated by the regional climate
model Consortium for Small-Scale Modelling–Climate version of the Local Model (COSMO-CLM).
This model was developed by the “COnsortium for Small-scale MOdelling” (COSMO) and the
“Climate Limited-area Modelling Community” (CLM-community). COSMO-CLM has shown
high ability to model weather conditions, specifically rainfall, in different regions of Europe.
Consequently, this model’s simulations have been used in international projects such as PRUDENCE
and ENSEMBLES [73,74] as well as in numerous climate changes’ studies [75–77]. The simulated
rainfall was available at daily scale, on a grid of 0.2◦ of latitude × 0.2◦ of longitude for the spatial
domain defined between 36.6◦ N–42.4◦ N and 6.2◦ W–9.8◦ W covering Portugal mainland. The data
corresponds to three different simulations: one for the recent past conditions of the final of the 20th
century (C20), for the 30-year period defined from 1971 to 2000; and two simulations corresponding
to the B1 and A1B Special Report on Emissions Scenarios (SRES) [78] both covering the 21st Century.
The SRES scenarios were developed to represent the driving forces and emissions described in the
scenario literature, have been used to make projections of possible future climate change and were
used in the IPCC Third and Fourth Assessment Report. There are four SRES storylines and scenario
families [61], including: (i) The B1 which describes a more integrated and ecologically friendly
convergent world with a population peak in 2050 and declining thereafter, with rapid changes in
economic structures toward a service and information economy, with reductions in material intensity,
the introduction of clean and resource-efficient technologies, emphasizing global solutions to economic,
social, and environmental sustainability, improved equity, but without additional climate initiatives;
and (ii) the A1 which describes a future world of very rapid economic growth, similar global population
evolution, the rapid introduction of new and more efficient technologies, convergence among regions
(in the per capita income and way of life), capacity building, extensive social and cultural interactions
worldwide and (A1B) with a balance emphasis on all energy sources. Time series for the grid cells
containing the locations of the weather stations previously selected (Figure 1a) were extracted.

2.2. Rainfall Disaggregation

The IDF curves need to be developed for ten different duration times, namely: 5 min, 10 min,
15 min, 30 min, 1 h, 2 h, 6 h, 12 h, 24 h and 48 h. This implies that: (i) The daily rainfall data simulated
by the COSMO-CLM need to be disaggregated into sub-daily time scales; and (ii) both the simulated
and observed rainfall data need to be disaggregate into sub-hourly time scales. The first disaggregation
procedure was performed with the method of the fragments estimated with the observed hourly
rainfall time series. A detailed description of this method may be easily found (e.g., [23,47]) but, in
essence, it consists in computing and applying the various fragments defined by,

wi =
hi
d

(1)

where wi represents the fragment calculated to the ith hour of the day, hi represents the value of rainfall
in that hour and d = ∑24

i=1 hi is the total rainfall of that day. Consequently, the sum of the fragments for
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each day is equal to one. Then, the disaggregation of the simulated rainfall data from daily to hourly
times scales is performed by,

h′i = wi × d′ (2)

where h′i is the simulated hourly rainfall for the ith hour disaggregated from the simulated daily
rainfall (d′). The method of fragments has the advantage of being conservative which means that it
allows performing the disaggregation preserving the total daily rainfall.

The values of the disaggregation coefficients were defined as the quotient between the values of
rainfall for inferior durations in relation to the values of rainfall to higher durations. This study was
not intended to cover the disaggregation of rainfall values but of maximum rainfall values. The process
includes the following steps:

• Compute the maximum value of rainfall in each duration (1, 2, 6 and 12 h) on a daily basis and
based on observed hourly data;

• Compute the disaggregation coefficient/fragment referring to the value of the maximum rainfall
corresponding to each duration (1, 2, 6 and 12 h), for each day;

• For each duration (1, 2, 6 and 12 h) sort by descending order the disaggregation
coefficient/fragments;

• Compute the mean coefficient for each duration using the first (50, 100 and 200) highest values
that allows smoothing the fraction of the maximum rainfall values for the highest rainfall records
for each duration.

The mean disaggregation coefficients computed for each duration reflect the relationship between
the daily rainfall and the sub-daily maximum rainfall of the data observed in each season individually.
The disaggregation of the rainfall for sub-hourly time scales (e.g., 5, 10, 15 and 30 min) was also
performed with the methods of the fragments but, in this case, the fragments were estimated from
the maps of relationships associated with the 50% percentile of maximum rainfall in 5, 10, 15, and
30 min and an hour, produced by [59]. It is important to underline that the coefficients used in
this study to disaggregate the rainfall for sub-hourly scales are in line with those suggested in the
Guide to Hydrological Practices of the World Meteorological Organization and studies performed
by the Portuguese Institute of the Sea and the Atmosphere, which is the Portuguese Meteorological
Office [56–58,79].

2.3. Intensity-Duration-Frequency Curves

The methodology adopted in this study for the design of IDF curves is based on [59] and described
in [23]. In summary, it comprises: (i) The fitting of the extreme probability distribution function of type
I (Gumbel law) to the annual time series of maximum rainfall intensity for each of the ten durations
and; (ii) the linearization and subsequent regression analysis between the values of the logarithm of
the intensity of the rainfall I (in mm/h) for each return period as a function of the logarithm of the
rainfall duration t (in min), to estimate the values of the IDF parameters a and b, by linear regression of

log(I) = log(a) + b× log(t) (3)

Other specificities of the methodology comprise: (i) The estimation of the Gumbel’s parameters
(µ and σ) with the maximum likelihood method; (ii) the assessment of the goodness of fit of the data to
the Gumbel distribution with the Kolmogorov-Smirnov test (KStest) and Quantile-Quantile (QQplot)
or probability plots; and (iii) the estimation of the parameters a and b using robust regression (RR).

In general, global and regional climate models are not able to accurately reproduce the
reality which results in a bias affecting the time series of the simulated meteorological variables.
Consequently, the methodology includes a procedure to correct the bias in the rainfall series [80–82].
The bias correction is frequently performed by computing the bias between observed and simulated
data for the same period (C20 scenario, in this case) and using that bias to correct the simulations for
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the future (B1 and A1B) scenarios [83]. Therefore, in this study the bias correction procedure consists
in matching the parameters a and b obtained for the control scenario (C20) with those defined by law
(DR) [19] and using the same factors to correct the parameters estimated for the future (FUT) scenarios
as follows,

aFUT corr =
aFUT × aDR

aC20
(4)

and
bFUT corr =

bFUT × bDR
bC20

(5)

2.4. Design of Retention Basins

The specificities of the engineering design of retention basins (methods, procedures and data)
were the following:

i. flow rates were obtained by rational method,

Qp =
C× I
360

× A (6)

where Qp is the flood peak flow (m3/s), C is the flow coefficient (dimensionless), I is the rainfall
intensity (mm/h) and A the area of the watershed (ha). For the case study, the area of the watershed is
24.360 ha and the flow coefficient is 0.65 [84];

ii. The rainfall intensity was calculated using the IDF curves for a duration of 15 min and a return
period of 10 years, as recommended by the Drainage Manual of the contractor company of
these basins;

iii. The volume necessary to storage the effluent flow was calculated by the Dutch method, as
recommended by the Portuguese legislation [19], so that the maximum flow effluent does not
exceed the predetermined value obtained with Equation (6) and according to

Va = 10×
(
− b× qs

1 + b

)
×

[
60× qs

a× (1 + b)

] 1
b
× C× A (7)

with
qs =

6× q
C× A

(8)

where Va represents the storage volume (m3), qs is a specified effluent flow, i.e., the flow by unit of the
active area of the drainage basin (mm/min), q is the maximum effluent flow (m3/s), b and a are the
parameters of the IDF curve.

3. Results and Discussion

The study was performed for periods of 30 years (1971–2000, 2011–2040, 2041–2070 and 2071–2100),
which is the length of the climatological study period suggested by the World Meteorological
Organization to properly characterize the climate [85]. The large number of cases studied as well as the
huge amount of outputs from the curve fitting and regression analysis suggests, for sake of simplicity,
to present only some of the results obtained, as illustrative examples.

The fitting of the Gumbel law to the series of maximum rainfall intensity for each of the ten
durations was successfully performed with the maximum likelihood method as evidenced by the
results of the KStest. Obtained results for the three weather stations (Table 2) shows KStest equal to
zero for all durations, which means that the Gumbel distribution function provides a good fit to each
of the series of maximum rainfall intensity. These good results are not surprising since the Gumbel
distribution function have been selected to estimate IDF curves all over the world (e.g., [86–90]) and
in the Iberian Peninsula in particular (e.g., [16,91]). Gumbel also provided the best IDF estimates for
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future climate conditions in Canada [92]. On the other hand, the KStest is widely used for assessing the
goodness of fit in climate studies because it presents higher power than other methods for comparing
robust measurement of location [93], is more efficient and less restrictive than the common chi-square
test for small samples [94,95] or when the assumptions of the chi-square test are not all satisfied [96].

Table 2. Results of the Gumbel distribution function fitting to time series of maximum rainfall intensity
for ten different durations, using rainfall data observed in the 3 weather stations (Table 1), including:
Maximum likelihood estimates of the location (µ) and scale (σ) parameters; 95% confidence interval
(CI). The Kolmogorov-Smirnov statistical test was performed in all cases and the results confirm that
the null hypothesis (maximum rainfall intensity is statistically distributed according to the Gumbel
function) cannot be rejected at the 5% significance level (i.e., p-value < 0.05).

Weather Station Duration µ CI (95%) σ CI (95%)

Castelo Melhor

5 min −43.60 (−51.44; −35.76) 10.16 (5.23; 19.75)
10 min −31.90 (−37.64; −26.17) 7.44 (3.83; 14.45)
15 min −25.70 (−30.32; −21.08) 5.99 (3.08; 11.64)
30 min −16.73 (−19.37; −13.72) 3.90 (2.01; 7.58)

1 h −11.08 (−13.07; −9.09) 2.58 (1.33; 5.02)
2 h −7.85 (−9.12; −6.58) 1.66 (0.86; 3.21)
6 h −4.24 (−5.22; −3.27) 1.25 (0.70; 2.22)

12 h −2.66 (−3.25; −2.07) 0.74 (0.43; 1.28)
24 h −1.48 (−1.82; −1.14) 0.43 (0.24; 0.76)
48 h −0.88 (−1.02; −0.74) 0.18 (0.10; 0.32)

Pinelo

5 min −43.66 (−50.31; −37.00) 9.72 (5.52; 17.10)
10 min −32.93 (−37.95; −27.91) 7.33 (4.16; 12.90)
15 min −25.81 (−29.75; −21.88) 5.75 (3.26; 10.11)
30 min −15.95 (−18.39; −13.52) 3.55 (2.02; 6.25)

1 h −10.16 (−11.71; −8.61) 2.26 (1.29; 3.98)
2 h −7.80 (−9.15; −6.44) 1.98 (1.13; 3.47)
6 h −4.45 (−5.12; −3.77) 0.98 (0.59; 1.63)

12 h −2.76 (−3.27; −2.24) 0.74 (0.44; 1.24)
24 h −1.69 (−1.94; −1.44) 0.36 (0.21; 0.61)
48 h −1.04 (−1.20; −0.89) 0.22 (0.14; 0.36)

Pinhel

5 min −32.97 (−41.17; −24.76) 12.59 (7.64; 20.75)
10 min −24.98 (−31.19; −18.76) 9.54 (5.79; 15.72)
15 min −20.72 (−25.88; −15.56) 7.91 (4.80; 13.04)
30 min −13.97 (−17.44; −10.49) 5.33 (3.24; 8.79)

1 h −9.25 (−11.55; −6.95) 3.53 (2.14; 5.82)
2 h −6.70 (−8.06; −5.33) 2.10 (1.24; 3.57)
6 h −3.48 (−3.94; −3.02) 0.71 (0.43; 1.16)

12 h −2.14 (−2.51; −1.77) 0.57 (0.34; 0.94)
24 h −1.35 (−1.56; −1.13) 0.33 (0.19; 0.54)
48 h −0.82 (−0.93; −0.82) 0.17 (0.17; 0.29)

The quality assessment of the fit was also based on the analysis of the QQplots, which are the
graphical representation of the theoretical quantiles as a function of the empirical quantiles. The closer
the points are situated to the line of unit slope, the higher the quality of the fit, that is, the greater
the confidence that the data fits a certain distribution [97]. As an example, the QQplots produced for
the data observed in the weather station of Pinhel, for the durations of 10 min (Figure 2a) and 60 min
(Figure 2b) reveals a linear and close distribution over the line y = x. The high quality of the fit was
confirmed for all series of maximum rainfall intensity, for each of the durations, for both the observed
and simulated data, and all the 30-year periods corresponding to C20, B1 and A1B scenarios.



Water 2018, 10, 743 9 of 17

Water 2018, 10, x FOR PEER REVIEW  9 of 18 

 

Water 2018, 10, x FOR PEER REVIEW  10 of 18 

 

Figure 2. QQplots produced for the data observed in the weather station of Pinhel, for the durations 
of 10 min (a) and 60 min (b). 

The IDF parameters a and b are part of the linear regression results of RR and ordinary least 
squares (OLS). The advantage of using RR in relation to OLS method consists of reducing the effect 
of outliers and extremes, trying to preserve the shape, dispersion and symmetry of real data [98–100]. 
However, the analysis of the results obtained with the RR and OLS reveal residual and infrequent 
differences in the linear regression lines between rainfall intensity and duration. In most cases, the 
two regression lines appear superimposed and indistinguishable. However, a slight difference 
between the evolution of rainfall intensity for the durations of 30 min and 6 h was detected. In this 
regard, the values of the parameters a and b of the power law were estimated for all duration values 
simultaneously and separately for the three stretches: the first for durations of 5 to 30 min, the second 
between 30 min and 6 h and, the third for durations from 6 to 48 h. Also, as an example to illustrate 
the obtained results, values of the parameters a and b as well as of the set regression quality indicators 
performed with the RR for the three stations and a return period of ten years are presented in Table 
3. The appropriateness of the linear behavior is substantiated by: (i) The high value of R2 (greater than 
99%), which measures the percentage of variance of the response variable explained by the model, 
for all stretches and return periods; (ii) the p-value of the F-statistic, which is the probability of 
rejecting the null hypothesis when it is true, is very close to zero (less than the level of 0.05) reflecting 
the high level of significance of the estimate [101]; and (iii) the extremely small value of the estimated 
error variance which confirms that the regression line is a good model for the values represented. 
  

Figure 2. QQplots produced for the data observed in the weather station of Pinhel, for the durations of
10 min (a) and 60 min (b).



Water 2018, 10, 743 10 of 17

The IDF parameters a and b are part of the linear regression results of RR and ordinary least
squares (OLS). The advantage of using RR in relation to OLS method consists of reducing the effect of
outliers and extremes, trying to preserve the shape, dispersion and symmetry of real data [98–100].
However, the analysis of the results obtained with the RR and OLS reveal residual and infrequent
differences in the linear regression lines between rainfall intensity and duration. In most cases, the two
regression lines appear superimposed and indistinguishable. However, a slight difference between the
evolution of rainfall intensity for the durations of 30 min and 6 h was detected. In this regard, the values
of the parameters a and b of the power law were estimated for all duration values simultaneously and
separately for the three stretches: the first for durations of 5 to 30 min, the second between 30 min and
6 h and, the third for durations from 6 to 48 h. Also, as an example to illustrate the obtained results,
values of the parameters a and b as well as of the set regression quality indicators performed with the
RR for the three stations and a return period of ten years are presented in Table 3. The appropriateness
of the linear behavior is substantiated by: (i) The high value of R2 (greater than 99%), which measures
the percentage of variance of the response variable explained by the model, for all stretches and return
periods; (ii) the p-value of the F-statistic, which is the probability of rejecting the null hypothesis when
it is true, is very close to zero (less than the level of 0.05) reflecting the high level of significance of the
estimate [101]; and (iii) the extremely small value of the estimated error variance which confirms that
the regression line is a good model for the values represented.

Table 3. Values of the Intensity-Duration-Frequency (IDF) curves’ parameters a and b, estimated with
robust regression and the following goodness of fit indicators: coefficient of determination (R2), F-test
statistic (F-statistic) and correspondent p-value and error variance. Results for the 3 weather stations
(Table 1) and return period of 10 years.

Weather Station Duration
IDF Parameters Quality Indicators

a b R2 F-Statistic p-Value Error Variance

Castelo Melhor

All 186.852 −0.586 0.991 908.05219 0.00000 0.00326
1st Excerpt 161.868 −0.535 0.993 281.45593 0.00353 0.00032
2nd Excerpt 142.529 −0.516 0.996 442.75977 0.00225 0.00038
3rd Excerpt 907.245 −0.818 0.996 508.68987 0.00196 0.00060

Pinelo

All 180.671 −0.581 0.995 1560.792 0.000 0.002
1st Excerpt 171.094 −0.564 0.982 107.077 0.009 0.001
2nd Excerpt 127.608 −0.500 0.989 180.910 0.005 0.001
3rd Excerpt 458.768 −0.714 0.996 542.773 0.002 0.000

Pinhel

All 211.398 −0.633 0.995 1536.831 0.000 0.002
1st Excerpt 136.223 −0.478 0.991 224.910 0.004 0.000
2nd Excerpt 250.152 −0.656 0.996 511.454 0.002 0.001
3rd Excerpt 314.511 −0.694 0.995 390.709 0.003 0.001

The volume of the retention basin was estimated by keeping unchanged all design conditions and
varying only the maximum rainfall intensity (after bias correction) to ensure that differences between
the volume computed for future 30-year period scenarios and C20 scenario only reflect changes in the
rainfall regime. Results of the design of the retention basin for a return period of 10 years using data
from the three weather stations located in the rainfall region B are shown in Table 4. It is apparent a
spatial variability between stations within the same region which could not be recognized with the
design exclusively based on the Portuguese legislation which provides the same set of IDF parameter
for each rainfall region.

The analysis of Table 4 reveals that, in general, the volume of the retention basin should be larger
for all climate periods and scenarios. In fact, relative volume change is only negative in two cases, for
the same scenario and for the first and second periods, namely: Pinelo, A1B 2011–2040; and, Pinhel,
A1B 20141–2070. Coincidently, these two weather stations are located at higher and similar altitude
(600 m) where the simulation of rainfall can be more affected by the model smoothed topography and
spatial averaging. Nevertheless, higher relative volume changes are expected to occur in the regions of
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Castelo Melhor and Pinhel weather stations. This could be associated with the fact that the long-term
95th percentile of rainfall is much smaller in this region than in Pinelo while the difference between the
increases is not so different [23]. Consequently, the average volume change for the three simulated
periods is positive. For the B1 scenario, the average change is 30% for Castelo Melhor, 8% for Pinelo and
21% for Pinhel weather station. For the A1B scenario, the volume of the retention basin has a similar
average increase of 36% for Castelo Melhor, 6% for Pinelo and 28% for Pinhel.

Table 4. Differences in the size (relative volume change) of the retention basin for the rainfall region
B, recurring to the rainfall intensity estimated with the Regulation-decree No. 23/1995 [19] (“Decreto
Regulamentar No. 23/95”, DR No. 23/95 in Portuguese) and simulated data for periods of thirty years
for the two future scenarios (A1B and B1).

Weather Station Scenario Data Period Rainfall Intensity
(mm/h) Flow (m3/s)

Basin Volume
(m3)

Volume
Change (%)

Castelo Melhor

DR No. 23/95 52.50 2.31 593.20

B1
2011–2040 64.96 2.86 733.96 24
2041–2070 62.43 2.75 705.35 19
2071–2100 76.61 3.37 865.53 46

A1B
2011–2040 65.57 2.88 740.86 25
2041–2070 61.71 2.71 697.17 18
2071–2100 86.40 3.80 976.14 65

Pinelo

DR No. 23/95 52.50 2.31 593.20

B1
201–2040 54.95 2.42 622.53 5
2041–2070 60.74 2.67 620.24 5
2071–2100 52.50 2.31 684.44 15

A1B
2011–2040 47.27 2.08 532.69 −10
2041–2070 52.87 2.33 597.29 1
2071–2100 67.13 2.95 758.49 28

Pinhel

DR No. 23/95 52.50 2.31 593.20

B1
2011–2040 61.21 2.69 691.55 17
2041–2070 59.74 2.63 673.20 13
2071–2100 70.26 3.09 791.75 33

A1B
2011–2040 66.88 2.94 755.68 27
2041–2070 52.33 2.30 589.66 −1
2071–2100 81.85 3.60 924.80 56

The increase in the volume of retention basins estimated for future climate conditions means
the need to increase the capacity of existing retention basins, the construction of new larger retention
basins or the construction of additional retention basins to contain and control the highest expected
flood flow for the future. It is also worth noting that that the relative volume change of the retention
basins is generally greater for scenario A1B than for B1 which is due to the characteristics of these
climate scenarios briefly described in Section 2.1. In essence, A1B scenario (rapid convergent and
economic growth and energy balanced between fossil fuels and other sources) is more severe scenario
than B1 (convergence with global environmental emphasis) and, consequently, climate change impacts
are usually much more significant for A1B than for B1 scenario [23].

There is also a general nonlinear increasing trend in the volume change characterized by low
volume change in the interim period (2041–2070) and more significant volume increases in the late
30-year periods (2071–2100) and for the conditions of the A1B scenario. For example, in the stations
of Pinelo and Pinhel the projected volume increase for the end of the XXI century is 28% and 56%,
respectively, while the highest retention basin volume, corresponding to an increase of 65% (from
593.20 m3 to 976.14 m3), was obtained for Castelo Melhor. These results are also in line with the findings
of previous studies [23]. In addition, our findings are in line the results of other studies with COSMO
CLM model, which seems to simulate less rainfall (especially for spring months) for the same interim
period in Portugal [102].
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Finally, it is important to discuss some of the limitations and consequences of the data and
methodology used in this study that may have some potential effect on the results and conclusions.
The length of the time series of observed hourly rainfall is an important aspect of this study. Ideally, time
series should be as long as possible to ensure the robustness of the results, namely estimates of specific
values for return periods greater than the duration of the observed series. The quantity and quality
of the data available tend to constrain the analysis and methodological procedures. This aspect
is particularly important in studies evaluating the impacts of climate change, especially when the
historical series are significantly shorter than the series of future projections, which could be a limiting
factor of the robustness of the results and findings obtained. However, we believe that the use of official
data and the methodology adopted, which includes the fit of the Gumbel distribution function to time
series of rainfall intensity for different durations, and the use of the fitted distribution to generate
rainfall intensity for different return periods, is able to provide robust estimate the IDF parameters,
especially for the small durations and return periods required for the design of the retention basins. It is
also important to underline that the spatial density of weather stations is about 3× 10−4 stations·km−2,
of the same order of magnitude (e.g., 6.7 × 10−4 stations·km−2 in [23]) or much higher than in
other recent studies (about 9 × 10−5 stations·km−2 in [103]; and 8.5 × 10−6 stations·km−2 in [104]).
Disaggregation of observed hourly to sub-hourly durations and simulated daily to sub-daily and
sub-hourly durations using the method of the fragments implies that rainfall for shorter durations is a
(fixed) fraction of rainfall for the longer durations, which has an obvious impact on the results (e.g., the
similarity between some QQplots). In addition, it is assumed that rainfall patterns on sub-daily scales
are predicted to be proportionally the same in future climate change scenarios, i.e., rainfall events
will occur in proportion to the way they currently occur. We believe that an exhaustive assessment
of how the COSMO model predicts extreme rainfall events is outside the scope and objectives of this
study. Furthermore, rainfall simulations of this model have been used in different studies, namely in
Portugal [23,102] including for precipitation extremes [36]. However, these aspects must be considered
in the analysis and use of the results obtained.

4. Conclusions

This study focused on the validity of the design of retention basins for the control and management
of storm water for different future climate change scenarios. Model’s projections for the future scenarios
suggest that climate change will comprise significant modification on the distribution of extreme
rainfall intensity, as suggested by several previous studies (e.g., [36,105,106]). These changes have
a profound impact in the IDF curves for most periods of future scenarios and, consequently, in the
design/size of retention basins. Comparing the retention basin volume computed with the IDF curves
estimated for future climate scenarios and proposed by for the study region, which corresponds to
rainfall region B [19], the results point to the need to increase their volume in near, mid and late future
and reveal that this increase is not identical for the entire rainfall region B and more significant in the
end than in the beginning of the 21st century as well as for A1B than the B1 scenario. The retention
basin under study undergoes an average volume increase of around 20% during the 21st century for
the conditions of B1 scenario while the correspondent average change for the A1B scenarios is even
slightly higher (23%). However, maximum volume increases of the retention basin for a return period
of 10 years can be of about 30% for Pinelo area and 60% for the region of Castelo Melhor and Pinhel.

In summary, the results obtained for the recent past climatic conditions and future climate
scenarios suggest: (i) The existence of changes in the distribution of extreme rainfall intensity; (ii) a
decrease in the return period of extreme events; (iii) high spatial variability in the rainfall within the
same rainfall region; (iv) increase in the volume of the retention basins already from the near future
(2011–2040); and (v) the need to discuss the eventual update of the current IDF curves in the national
legislation. Despite the robustness of the methodology adopted and the quality of the database, these
conclusions should be taken with caution due to some limitations imposed, such as the length of the



Water 2018, 10, 743 13 of 17

rainfall time series observed, the minimum sampling time of one hour and the consequences of the
disaggregation process.
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