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Abstract: With climate change, dry periods are more frequent, and intense short rainfall events are
increasing in Mediterranean areas. It is essential to have better and more accurate territorial planning
that does not expose the population to risks. The feasibility of small dams’ construction was studied
in the municipality of Guarda to improve and include the information in the respective Master Plan.
This paper presents the methodologies implemented and results obtained in the identification of sites
for the possible construction of hydraulic structures of less than 15 m height to retain and store water.

Keywords: water storage; water resources planning; master plan; water security

1. Introduction

As we know, life without water is impossible. As a consequence, the need for water
sources, water supply systems, and flood control the problem of water scarcity have
always led to the need for the development of water resource planning with more or less
sophisticated equipment and methods.

Nowadays, climate change is responsible for the increase in time duration and number
of occurrences of droughts, causing a decrease in the average runoff of watercourses,
which can lead to severe situations of water scarcity [1,2]. These conditions highlight the
urgent need to strengthen the relationship between urban planning and water resource
management by betting on more sustainable and resilient communities. Climate change
is reaching a proportion that has implications on the economic growth both on a global
scale and on the country scale. In Portugal, since the end of the 1960s, there has been
a very sharp decrease in precipitation in January, February, and March which has had
serious consequences in various socioeconomic sectors, particularly in sectors where water
is an essential good, such as agriculture [3]. So, a new approach in policy and strategy
of land occupation is necessary, seeking a new paradigm of water management in the
urban environment that should be based, as much as possible, on the combination of
structural and non-structural measures. The last one can be based on the re-naturalization
of watercourses, implementation of measures aimed at restoring natural retention as much
as possible, preserving the still existing flood areas, and complementing them with retention
and detention works.

This article summarizes the procedures and techniques used in the identification
and evaluation of new surface water reservoirs, within the scope of urban planning and
water resources, with a multi-objective function-based approach, cost-benefit analysis, and
conflict resolution applied to the city of Guarda, in Portugal.
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2. Study Objectives

The main objective of the study presented here was the identification of possible sites
for the construction of hydraulic structures for water retention and storage and delimitation
of the flood plain inside Guarda city. Urban land occupation, coupled with inadequate
spatial planning and drainage system planning, generally induces an increase in flow, due
to the increase of impervious areas, which, in turn, increase the frequency and magnitude
of floods, as well. The increase of impervious areas in the municipality of Guarda in the last
decades has been excessive (similar to the rest of the Country), prompting flood events in
frequencies and amplitudes. This fact has forced local authorities to increasingly invest in
drainage works, which has not solved problems though; on the contrary, such investments
have moved problems elsewhere, typically to downstream locations.

3. Characterization of Watersheds and Streams

Considering a first phase in which the purpose is to evaluate water availability within
the Guarda municipality, all the influential draining basins were delimited for the urban
perimeter: Rio Diz, Ribeira das Cabras, Rio Noéme, Ribeira de Adao, Ribeira de Santo
Amaro, and Rio Massueime, which were characterized into geometric, physiographic,
topography, drainage, and occupation. For the streams above, records of precipitation
and flow, when available, were analyzed; in each associate basin, maximum flow and
corresponding recurrence periods were quantified.

Based on cartographic, bathymetric, and urban topographic information, hydrological—
hydraulic models were built which allowed for the evaluation of the influence of extreme
values in the definition of urban perimeters.

Based on hydrological models, the water availability of each stream was estimated.

Figure 1a shows a map with the location of Guarda municipality within the Country,
and Figure 1b shows a map with the location of the studied basins in the municipality of
Guarda. As can be seen, the streams under analysis have their origin very close to each
other; hence, they are very similar from the geomorphological point of view.
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Figure 1. (a) Location of Guarda municipality and streams under study. (b) Elevation map of Guarda
municipality and location of the basins under study:.

As an example of what was performed for all basins, Figure 2 illustrates the physical
characterization of the basin of River Diz, namely the delimitation of the hydrographic
basin, the slope map, the hypsometric curve, and the hydrodynamic curve.
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Figure 2. (a) Land-occupation map and basin streams. (b) Slopes map of Diz basin. (c) Hypsometric
curve of Diz Stream Basin. (d) Hydrodynamic curve of Diz Stream basin.
Table 1 summarizes some of the characteristics of the studied watersheds.
Table 1. Characteristics of the watersheds.
Diz Cabras Noeme Adao Sto. Amaro Massueime
Area (km?) 26.7 86.2 114.3 229 15.9 422
Perimeter (km) 27.7 52.1 71.0 26.7 18.7 41.1
Average basin elevation (m) 860.9 819.4 836.5 828.6 783.6 763.3
Maximum elevation of the basin (m) 1055.4 972.5 1071.3 927.1 1070.3 985.8
Minimum elevation of the basin (m) 783.7 703.8 725.0 756.9 500.0 563.5
Length of main stream (m) 8879.5 20,620.1 25,355.9 10,853.9 6398.1 19,408.9
Average slope of the main stream (m) 1.70% 1.10% 1.20% 1.30% 7.00% 1.80%

The study of precipitation in a given river basin is based on rainfall records at different
udometric points in or near the basin. Overall, the more collection points and the greater
the number of years recorded, the more rigorous the study will be.

In the present study, data were collected from national public databases. These
databases are available from the Portuguese Environmental Agency (APA) through the
National Water Resources Information Service (SNIRH) platform [4]. The selected data
correspond to a period of 12 years, between 1984 and 1996.

For the calculation of the average precipitation in a watershed, we can use several
methods, such as the arithmetic mean method, the Thiessen method, or the isohyetal
method; among them, the most commonly used one is Thiessen method [5].

Because of the lack of udometric stations in the hydrographic basins under study, it was
necessary to use stations located in neighboring river basins, using the Thiessen method.
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This is exemplified in Figure 3, where, to obtain the weighted monthly precipitation in the
basin under study, the following general equation was used (1):
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Figure 3. Application of the Thiessen method.

The study of monthly and annual flows is essential for assessing the water availability
of water lines in the analysis. The quantification of the maximum flows for the different
return periods is necessary for the assessment of flooded areas and their impacts.

The instantaneous maximum flows can be obtained by studying either the records of
the values of hydrometric stations located in the basin or by using formulas or methods
of transformation of precipitation into runoff. Due to the short time series of maximum
flows, the two methodologies were used, namely statistical methods such as Gumbel’s law,
and the rational method, the most widely used rainfall-runoff method, to obtain maximum
flow [6].

The use of methods of transformation of precipitation into flow requires the knowledge
of precipitation values with different periods of recurrence, being usual the use of intensity—
duration—-frequency curves (IDF curves).

In view of the absence of IDF curves for high-recurrence periods, located in the
basins under study, IDF curves with some geographical proximities were used, and an
interpolation was developed in order to “quantify” the influence of the elevation effect
on precipitation values. Peak flows with a return period from 10 years to 1000 years were
computed. The peak flow with a 100-year return period varies between approximately
105 m3/s in River Noeme and 40 m?/s in River St. Amaro.

Moreover, as a consequence of lack of flow records, Equation (2) was used to estimate
monthly flows. The estimated flow value is a function of the flow recorded in a given stream,
with characteristics identical to those of the basin under study, affected by a relationship of
the areas and precipitations of the basins considered for the study:

pBasin A

EBasin A _ EBusin B « ABasin A monthly (2)
monthly — monthly An o pBusin B
Basin B monthly

Based on the methodologies described above, monthly precipitations and monthly
flows were computed. Consequently, annual values were obtained, and this allowed us to
perform an evaluation of the respective water availability. These values are summarized in
Table 2.
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Table 2. Average flows and annual runoff in the sections of the streams under study.

Diz
84/85 85/86 86/87 87/88 88/89 89/90 90/91 91/92 92/93 93/94 94/95 95/96 average
Average flow, Q (m3/s) 0.476 0.293 0.317 0.572 0.236 0.730 0.519 0.089 0.107 0.563 0.015 0.367 0.357
Annual runoff (hm?) 15.021 9.242 9.995 18.052 7.450 23.008 16.354 2.796 3.360 17.743 0.477 11.583 11.257
Adao
84/85 85/86 86/87 87/88 88/89 89/90 90/91 91/92 92/93 93/94 94/95 95/96 average
Average flow, Q (m3/s) 0.277 0.165 0.258 0.358 0.047 0.308 0.320 0.010 0.053 0.238 0.020 0.420 0.206
Annual runoff (hm?) 8.736 5.207 8.129 11.274 1.477 9.716 10.095 0.329 1.665 7.493 0.639 13.234 6.500
Cabras
84/85 85/86 86/87 87/88 88/89 89/90 90/91 91/92 92/93 93/94 94/95 95/96 average
Average flow, Q (m3/s) 0.938 0.716 0.691 1.298 0.235 0.983 .955 0.037 0.102 1.074 0.148 1.323 0.708
Annual runoff (hm?) 29.586 22.592 21.796 40.931 7.416 31.010 30.112 1.155 3.215 33.857 4.654 41.706 22.336
Noéme
84/85 85/86 86/87 87/88 88/89 89/90 90/91 91/92 92/93 93/94 94/95 95/96 average
Average flow, Q (m3/s) 1.459 0.942 1.312 1.816 0.366 1.492 2.164 0.057 0.216 1.299 0.166 1.942 1.103
Annual runoff (hm?3) 46.000 29.705 41.368 57.273 11.555 47.057 68.232 1.809 6.803 40.966 5.239 61.232 34.770

Santo Amaro

84/85 85/86 86/87 87/88 88/89 89/90 90/91 91/92 92/93 93/94 94/95 95/96 average

Average flow, Q (m3/s) 0.134 0.094 0.097 0.171 0.034 0.150 0.149 0.005 0.014 0.159 0.029 0.196 0.103
Annual runoff (hm?3) 4.228 2971 3.056 5.388 1.073 4.742 4.688 0.170 0.432 5.025 0.918 6.182 3.239
Massueime
84/85 85/86 86/87 87/88 88/89 89/90 90/91 91/92 92/93 93/94 94/95 95/96 average
Average flow, Q (m3/s) 0.380 0.265 0.287 0.540 0.087 0.482 0.451 0.016 0.040 0.489 0.066 0.608 0.309

Annual runoff (hm?) 11.976 8.361 9.041 17.021 2.737 15.194 14.218 0.502 1.257 15.414 2.094 19.173 9.749
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4. Flood Plains

One of the goals of the study was also the delineation of the flood plain inside Guarda
city. For the hydraulic simulation, in view of delimitation of the flooded areas associated
with the location of different dams, we used the hydraulic model HEC-RAS (Hydrological
Engineering Center-River Analysis System) [7], which is a free-use model (“Open-Access”)
developed by the US Army Corps of Engineers. This model is a one-dimensional model
that solves complete Saint-Venant equations by applying the finite differences method,
allowing us to simulate free surface flow in steady and unsteady regimes.

In the HEC-RAS model simulations, the topography of the canal is characterized
by the digital elevation model (DEM) developed by using 1:10,000 scale data provided
by Guarda City Council, which allows us to define a series of cross-sections along the
length of the watercourse under study. For planning purpose, such as this study, this
information is adequate [8]. However, for a detailed design, a more accurate topographic
survey may be necessary. After the simulation of the model, the water heights in the
mentioned cross-sections are calculated, thus enabling the delimitation of the flooded area.

Since the free surface dimension is constant throughout the section, the flooded area is
limited by intersecting the DEM with the free surface in each section and the result of the
interpolation between the profiles of the cross-sections.

The calibration of the model generated was made by adjusting the characteristic
parameters of the model presented above.

After visiting the site and taking into account existing cartography, it was possible to
apply several values tabled in the specialized bibliography. The results that were obtained
were compared with different calculation methods.

Different flow-rate simulations with a recurrence time (TR) of 10, 50, and 100 years
and durations (tp) higher than the concentration time of the basin (tc) were performed. The
flood-plain maps associated with peak discharges for these different return periods are
presented in Figure 4a—e.

Inundation limits

M [ ] R 100
TR 50
= R0

Figure 4. (a) Flood-plain map for peak discharge with a 10-year return period (TR). (b) Flood-plain
map for peak discharge with a 50-year return period (TR). (¢) Flood-plain map for peak discharge with
a 100-year return period (TR). (d) Flood-plain limits for peak discharge with different return periods.
(e) Flood-plain limits for peak discharge with different return periods in the Guarda Polis zone.
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5. Reservoir Locations and Storage Capacity

The reservoir location and storage capacity were evaluated in the Rivers Diz, Adao,
Cabras, Noéme, Santo Amaro, and Massueime.

To decrease the environmental impact, and due to legal requirements, dam heights up
to 12 m were considered.

As a result, possible site locations are those located in Cabras and Adao streams and
in Massueime and Santo Amaro streams.

Figure 5 shows the location of three of the eight different dams that were identified in
our study as likely to be implanted, and Figure 6 presents the relation between the dam
height and its potential storage capacity. As it can be seen, the storage volume is much
higher for dams in the River Adao and River Cabras: for the same dam wall height, more
than 1 x 10° m® of water can be stored.
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Figure 5. Possible location of dams in Cabras stream.
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Figure 6. Storage-capacity analysis.

6. Conclusions

The urban population has been increasing, and it is expected that, by 2030, about
60% of the world’s population will live in urban areas. As a consequence, important and
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significant impacts are to be expected in basic sanitation systems and, in particular, in
drainage systems.

Therefore, with the new knowledge, modeling tools, and risk perception, a change
in the design and management practices of urban drainage infrastructures should be
implemented in order to develop appropriate and viable solutions.

The feasibility of small dams’ construction was studied in the municipality of Guarda
to improve and include the information in the respective Master Plan. Moreover, the flood
plain inside Guarda city was delineated, associated to different return periods.

The numerical simulations made allowed us to observe that, for events with higher
recurrence periods, even around 100 years, physical and social equipment’s are not affected
by the corresponding floods. However, it is recommended to implement a Municipal
Urban Drainage Master Plan (MUDMP) consisting of a set of guidelines that determine the
management of the drainage system and whose main objective is to minimize the economic,
safety, and environmental impact due to the rainwater flow. The MUDMP should schedule
all structural and non-structuring measures, include public participation, be defined by
urban sub-basins, and be integrated into the Municipal Master Plan.

Regarding possible construction sites of hydraulic structures envisaging water re-
tention and storage, eight potential sites were identified from the analysis performed.
Identified site locations should be subject to technical and economic evaluation for the
construction of multipurpose uses, and the possible construction of the hydraulic structures
mentioned above will imply the preparation of the corresponding Planos de Ordenamento
de Albufeiras de Aguas Publicas (POAAP) [9].
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