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Abstract. Spain is one of the world’s countries with a large number of reservoirs per inhabitant. This intense
regulation of the fluvial network during the 20th century has resulted in a decrease in flood events, a higher
availability of water resources, and a high development of the irrigated crop area, even in the drier regions. For
decades, flood perception was reduced since the development of reservoirs protected the floodplains of river;
this resulted in later occupation of soil by urban, agricultural and industrial uses. In recent years, an increasing
perception of flood events is observed, associated to the higher damage associated to extreme events in the now
occupied areas, especially in coastal watersheds. This work shows the change on flood risk in the coastal areas
of three hydrographic basins in Andalusia (South Spain) during the reservoir expansion period: the Guadalete,
Guadalquivir and Guadalhorce river basins. The results differentiate the impact of the regulation level on both
the cumulative distribution functions of the fluvial discharge near the river mouth, for different time scales, and
the associated damage related to the enhanced soil occupation during this period. The different impact on the
final medium and long term flood risk is also assessed in terms of the storage capacity per unit area throughout
the basins, the effective annual runoff/precipitation index, the frequency of sea storms, and the human factor
(change in social perception of floods), for different intervals in the flood extreme regime. The implications for
adaptation actions is also assessed.

1 Introduction flood plains and tidal flood plain. Thus, given the growing
demand for water, the reservoirs manage water resources in

those areas with no temporal coincidence of periods of in-

The natural river flow regime determined by atmospheric fac-
tors is nowadays very modified by anthropogenic factors in
much of the world. In recent decades storage systems tho-
rughout the basins have been developed by building reser-
voirs. These allow to collect water during wet periods and to
release it during dry periods (Efstratiadis et al., 2013). The
evolution of the reservoir network has gone hand in hand
with the expansion and intensification of agriculture due to
the development of irrigation technology, and with the de-
velopment of urban and industrial areas that have occupied

creased demand and higher water availability throughout the
year. The implications of this development have been widely
studied in different parts of the world. In this way, Mahesh-
wari et al. (1995), Magilligan and Nislow (2005), Frazier and
Page (2006), and Wang et al. (2006) described how dams al-
ter the natural regime by reducing peak flows and rising lows
flows with seasonal redistribution, and how the magnitude of
average annual floods are reduced. This has direct effects on
ecosystems downstream from dams (Garcia de Jalon, 2003;
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Figure 1. Location of the Guadalquivir, Guadalete and Guadal-
horce rivers basins and location of the dams and control points.

Baeza Sanz et al., 2005) and in water quality depending on
the uses satisfied. In addition, in the new occupied areas there
may be flood events that are exacerbated in coastal areas in
a context of rising sea levels associated with the current pe-
riod of global warming and the possible increase in torrential
precipitation events inland and storms on the coast.

These facts are especially remarkable in systems where
the temporal variability of precipitation and thus the asso-
ciated variable flows plays an important role. This is the case
of Andalusian basins (southern Spain) that are subject to a
Mediterranean climate with high seasonal and inter-annual
variability (Lorenzo-Lacruz et al., 2011). Also, the spatial
variability in the distribution of precipitation must be added
to the temporal variability. This variability becomes even
more relevant when the size of the basin increases, due on
one hand to the topography itself and secondly, to the origin
and characteristics of the storms that originate precipitation
throughout the basin (Egien, 2014).

This study shows the change in the perception of the risk
of flooding related to the evolution of the storage capac-
ity in coastal areas of three watersheds in Andalusia: the
Guadalquivir, Guadalete and Guadalhorce river basins. They
have different characteristics in terms of size, rainfall and
storage capacity. However, all these basins suffer recurrent
floods since ancient times, specially in the estuary area and
surrounding upstream areas, where damages are exacerbated
by the gradual occupation of the main channel floodplains.

2 Study Area and data availability

The three studied basins are located in Andalusia (Fig. 1).
They are affected by the high seasonality in the precipita-
tion regime with frequent torrential rainfalls, typical of the
Mediterranean climate. Therefore, the natural flow regime
also shows a seasonal pattern. Agriculture is main land use in
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Table 1. Geomorphological and climatic characteristics of the
Guadalquivir, Guadalete and Guadalhorce basins.

Guadalquivir  Guadalete  Guadalhorce
Basin area 57000km? 3677 km? 3157 km?
River length 657 km 157km 154 km
Basin elevation 3480m 1641m 1800 m
Annual mean temperature 16.8°C 17.8°C 17.3°C
Annual mean precipitation 450 mm 645 mm 546 mm
Number of reservoirs 57 5 4
Storage capacity 8800hm3  1373hm3 369 hm?3
Storage capacity/unit area 0.15 0.37 0.12

the basins. Table 1 summarizes the main geomorphological
and climatic characteristics of the study sites.

The basin of the Guadalquivir River on the Atlantic coast,
is the largest in Andalusia and one of the largest in Spain,
with 57 000 km?. The rainfall pattern is influenced by storms
of different origin, Atlantic or Mediterranean, depending on
the area of the basin. Its hydrological system is highly reg-
ulated with 57 dams. Alcala del Rio reservoir (pointl in
Fig. 1), built in 1931 and located in the main stream, is the
closest reservoir to the estuary.

The Guadalete River Basin, also on the Atlantic side, is
fiveteen times smaller than the Guadalquivir basin. With only
five dams, it has higher level of regulation per unit area than
Guadalquivir (Table 1). The dams are located along two main
channels (Fig. 1). The Guadalete and the Majaceite Rivers.
The presence of gauging stations in the headwater subbasins
that measure the natural flow regime facilitates the study of
rainfall-runoff relationships.

Finally, the Guadalhorce River Basin, in the Andalusian
Mediterranean area, has an area similar to Guadalete River
Basin. Here, the occurrence of cold drop flash-floods are fre-
quent due to torrencial rainfall events and the low travel time
of the flow along the basin. This phenomena regularly affects
urban areas and communication routes that occupy flood-
plains along the river network causing heavy economic and
human damages especially in the area near the mouth (Gul-
liver et al., 2014; Herrero et al., 2014). There are four reser-
voirs (Fig. 1). The first three of them) belong to the Guadal-
horce Reservoir System and are located next to each other.
The three of them release water flows in a short distance
(point 3 in Fig. 1). These reservoirs are meant to guarantee
downstream supply for crop irrigation, to reduce the risk of
flooding, to increase energy production and for recreational
uses, in order to priority. Finally the remaining reservoir was
built to control river flooding in the plains and to improve
the urban water supply. The storage capacity in this basin is
similar to the Guadalquivir basin.

Daily flow data (m®s—1) used in this study were provided
by the Automatic Hydrological Information System (SAIH)
of the Guadalquivir — Guadalete and Barbate rivers. Hourly
flow data (m®s~1) and water level data (m) at a gauge sta-
tion in Guadalhorce basin (point 3 in Fig. 1) by SAIH of
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Table 2. Storage capacity of the contributing area to the estuary of Guadalquivir accumulated at the end of each period. Mean daily flow
distribution in Alcala del Rio reservoir for selected percentiles during the four periods associated with increasing regulation levels in the
upstream basin. In the last column, flow reduction values with respect to the initial period value.

1930-1937  1937-1969 1969-1990  1990-2010
Accumulated storage capacity Flow
(hm3) (% actual value) 500 (6 %) 4500 (50%) 6400 (75%) 8800 (100 %) reduction (%)
0 (m3s™h) Percentil 99 2800 2159 1017 1440 —48.6%
Percentil 90 548 378 161 104 —81.0%
Percentil 50 67 56 34 23 —65.7%
Percentil 25 28 30 21 10 —64.3%
Maximum 5300 5700 3200 3670 —-30.7%
Mean 232 172 85 76 —67.2%

% floods 62 % 54 % 33% 19%

Table 3. Statistical values of daily mean observed flow for the final stretch of Guadalete River, on the confluence of the two main channels.
1-4 are period with different storage capacity: 1000 hm3 (73 %), 1135 hm3 (83 %), 1149 hm?3 (84 %) and 1372 hm3 (100 %), corresponding
to 1959-1967, 1967-1970, 1970-1991, 1991-2014. Modified flow reduction from the natural scenario is shown (negative sign: reduction,

positive sign: increase).

Observed flow (m3s—1)

Observed flow reduction (%)

Observed-natural flow reduction (%)

1 2 3 4 (Period 4—Period 1) 1 2 3 4
Percentil 99  192.76 191.97 5225  69.89 —63.74 —2555 —4535 —60.11 —68.36
Percentil 95 7257 5164 1957 15.36 —78.83 —29.76  —16.57 —47.92 —69.92
Percentil 90 3579 3267 1481 115 —67.87 —2866 —0.11 -168 —44.19
Percentil 75 19.69  16.75 8.33 8.13 —58.71 18.76 55.4 58.06 78.98
Percentil 50 12.7  10.89 4.27 3.04 —76.06 138.98  183.62 247.31 303.51
Percentil 25 5.25 5.17 0.55 1.03 —80.38 148.83  501.12 - -
Percentil 10 1.88 2.62 0.21 0.38 —79.79 23452  611.48 - -
Maximun 1348.30 607.00 282.44 361.88 —73.16 0.00 —30.06 —43.25 62.74
Mean 20.79  19.04 6.55 6.49 —68.78 —5.06 9.78 —23.17 42.29

the Andalusian Mediterraneam Basin were available at the
Guadalhorce basin.

Land use data were obtained from the Map of Uses and
Land Cover in Andalusia (Consejeria de Medio Ambiente,
2010). This map has information about the area occupied by
agricultural, forestry/natural, built and surface water uses in
the basin, in several years: 1956, 1977, 1984, 1999, 2003 and
2007.

In Guadalhorce case, daily rainfall data of 6 meteorolog-
ical stations from the Meteorology State Agency (AEMET)
were available to identify heavy rainfall events.

3 Methods

3.1 Effect of regulation on the flow regime

Firstly, the evolution of storage capacity in the basin is an-
alyzed over time. Storage capacity is defined as the volume
of reservoirs. This study was carried out in the basins of the
Guadalquivir and Guadalete, where a complete series of av-
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erage daily discharge to the estuary is available in the study
sites.

Secondly, different periods of time depending on the level
of regulation were established and the cumulative distribu-
tion functions (CDF) of inflows to each estuary were ana-
lyzed for each period. In the case of the Guadalquivir, dis-
charges were analyzed from the Alcala del Rio reservoir
(point 1 in Fig. 1), with available data from 1931. In the
case of Guadalete the study point is the confluence of the
two main channels, located a few kilometers upstream of the
estuary (point 2 in Fig. 1). The sum of the discharge of the
two reservoirs located near this intersection, is assumed to
approximate the inflow to the estuary of the Guadalete River
(Eglen, 2014), with available data from 1959.

Finally, a comparison of the measured flow rate with
the hypothetical natural flow regime was carried out in the
Guadalete basin. The natural flow data were restored by bal-
ance of water in reservoirs once they were calibrated with
simulated natural flows in the area with WiMMed model
(Eguen, 2014).
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Figure 2. CDF curves of daily natural flow (dot line) and daily
modified flow (thick line) for the four periods corresponding to in-
creasing storage levels, in the Guadalete River.
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Figure 3. Detail of the period under current regulation level: aver-
age daily flow observed (modified regime; thick line) and restored
(natural regime; dot line) in the final stretch of the Guadalete River
downstream of the confluence of the two main channels.

3.2 Effect of regulation on land use changes

Changes in land use were analyzed according to the percent-
age of change from 1956 to 2007 for each land use. Corre-
lation was analyzed between the irrigated area and storage
capacity in the basin, as well as with the change of the flow
regime.

3.3 Effect of regulation on floods

For the Guadalhorce case, the occurrence of floods was anal-
ysed for the period 1996-2014. First, heavy rainfall events
were identified as those events with a rainfall higher than
100 mm in 24 h (Senciales and Damian, 2013). Then, the oc-
currence of heavy events was compared to the daily maxi-
mum water level measured close to the river mouth (point 4
in Fig. 1).

The threshold for a flood event was established in 3.5 me-
ters according to Regodén (2013), who studied the last two
catastrophic flood events (15 February 2010 and 28 Septem-
ber 2012) through hydrological modelling in the basin. Fi-
nally, the occurrence of flood events was similarly compared
to the daily maximum discharge from the reservoir system
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Figure 4. Annual natural regime flow (restored) and annual mod-
ified regime flow (measured discharges) (hydrological year from
September to August) accumulated throughout the study period in
the final stretch of the Guadalete River, downstream the confluence
of the two main rivers.
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Figure 5. (a) Relation between storage capacity in the basin con-
tributing to Guadalete estuary and irrigated crops area and (b) rela-
tion between annual flow discharged to the Guadalete estuary in the
last 20 years and irrigated crops area for the period 1956-2007.

(point 3 in Fig. 1), situated in the upstream part of the river
course.

4 Results

For both the Guadalquivir and the Guadalete river basins the
variation of the flow regime supplied from the basin to the es-
tuaries and the evolution of land uses in the basins have been
analyzed in terms of the degree of regulation achieved. Fi-
nally, in the Guadalhorce, precipitation, water level and dis-
charge of the reservoirs were related for a brief understanding
of the latest floods.

4.1 Effect of regulation on the flow regime

In the Guadalquivir basin four periods were established from
1930 to 2010, corresponding to 6, 50, 75 and 100 % levels
of control over the current level reached in the basin (Ta-
ble 2). As regulation increases, the level of the average flow
becomes smaller, decreasing for the last period by 67 % com-
pared to first one. The CDF of flows for each period shows
a decrease in the flow for all percentiles with the greatest re-
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Figure 6. (a) Relation between discharge intervals and the daily maximum water height (m) measured at Cartama. Range intervals (m3 s71y:
[0, 25.2] (25.2, 50.4] (50.4, 75.6] (75.6, 101] (101, 126]. (b) Ocurrence of heavy rainfall events related with the water level. (c) Ocurrence of

floods related with time-lagged (z-1) discharge values used.

duction for the 90th percentile. Maximum flows decrease to
a lesser extent.

For the Guadalete basin, the average rate of discharge into
the middle and lower reaches of the basin decreases by 69 %
(Table 3). In this case a decrease in all percentiles of the CDF
is also observed with higher reductions in the low and mean
regime (reduction of 80 and 76 % for the percentiles 25 and
50) than during high flows (reduction of 68 % for the 90th
percentile). In both basins extreme values are more condi-
tioned by the wet or dry character of the period than by reg-
ulation.

On the other hand, percentiles of the observed data and es-
timated natural regime in the basin of Guadalete have been
compared. It is observed that values of 75th percentil and
lower of observed flow are higher than for the estimates in
natural regime. For larger percentiles, associated with ex-
treme flows, values are lower, with a greater decrease with
increasing regulation (Fig. 2). This indicates that reservoirs
reduce extreme flood flows and they are distributed in time as
a low flow. Figure 3 shows the comparison of the estimated
natural flow and the actual flow rate where the redistribution
effect of flow over time by dams can be observed. The total
annual flow decreases under the existence of reservoirs due
to consumption and due to the increased volume evaporated
with the presence of those water surfaces. This reduction be-
comes greater with increasing regulation (Fig. 4).

4.2 Effect of regulation on land use changes

Over the years there have been changes in land use in the
study areas. There has been a remarkable intense urbaniza-
tion and a change of agricultural practices towards irrigated
crops at the expense of rainfed ones. As for the Guadalquivir,
it is worth noting the increase in urban and residential areas
by 350 % in the estuary and 86 % in the basin upstream dur-
ing the period 1956-2007. The surface devoted to agricul-
tural use generally does not change, however irrigated crops
increase during the period by 6% in the entire basin. This
increase is particularly relevant in the area of the estuary.
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In the Guadalete, the increase of urban areas and irrigated
crops in the period 1956-2007 is 9 and 8% respectively,
decreasing to the same extent the area under rainfed crops,
17 %.

In the Guadalhorce there is a significant increase of 14 %
in urban areas in the period 1956-2007 which corresponds
to the decrease proportion in agricultural areas. Nevertheless
the area of irrigated land increases by 4 %.

These changes are associated with increased regulation in
the basin. In the Guadalquivir and Guadalete basins there has
been a close relationship between the irrigated area and stor-
age capacity in the basin, as well as with the change of the
flow regime. Figure 5 shows as example these relationships
in the Guadalete basin. A potential relationship between the
irrigated area and storage capacity has been obtained for the
period 1956-2007, with an r2 of 0.92 (Fig. 5a). In the same
period, the rate of flow in the channels presents a potential
decrease with increasing area under irrigation, with an 2 of
0.95 (Fig. 5b). A similar behavior has been obtained for the
Guadalquivir basin, with 2 of 0.92 for both relationships (re-
sult not shown in this paper).

4.3 Effect of regulation on floods

From Fig. 6a no correlation was found between the volume
discharge intervals and water levels. The three highest dis-
charge events (Fig. 6a) with a mean value of 40 m3s~1 (five
times over the annual mean value) corresponded to the flood
events ocurred on February 2010, an extremely wet year. The
annual precipitation of that year nearly doubled the annual
mean.

At least on 27 occasions there was heavy rainfall and 16
floods in the study period (Fig. 6b and c). Thus, some of
the heavy rainfalls were attenuated by the system and did
not generate significant floods in the basin. The interquar-
tile range of the occurrence of both heavy rainfall and flood
events was slightly displaced towards increasing water levels
(1-3 m) and discharges (up to 50 m3s—1). However, the max-
imum discharges (> 100m?3s~1) were found under the no-
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flood condition (Fig. 6¢). Similarly, high water levels were
also found for non-heavy rainfalls (Fig. 6b). Thus, a deeper
analysis with longer data series needs to be carried out.

In addition, the analysis of heavy rainfall shows the neces-
sity of: (1) a deeper climate analysis (i.e. winds directions
and cut-off low phenomena), (2) a detailed study focused on
the events ocurred between the upper quartile and the max-
imum value for the study period, and (3) more good quality
rainfall data.

5 Conclusions

The results showed the change of the risk of flooding related
to the evolution of the storage capacity in Andalusia.

As regulation increased, the level of the average flow be-
came smaller. In this way, average discharge of Guadalquivir
and Guadalete rivers to their estuaries decreased by 67 and
69 %, in their respective study periods. In both basins ex-
treme values are more conditioned by the wet or dry charac-
ter of the period than by the level regulation.

The comparison of natural and modified flows in the
Guadalete River showed the reduction of extreme flows
longer periods of medium-low flows due to the regulation
effects of the reservoir. Moreover, the total annual outflow
significantly decreased over the natural annual value.

Changes in land use are closely related with increasing
regulation in the Guadalquivir and Guadalete basins. Thus,
potential relationships between irrigated area and storage ca-
pacity and between the change of the flow regime and the
storage capacity with 2 > 0.9 were obtained in each basin.

In the current state of regulation of Andalusian basins, af-
ter heavy rainfalls, floods that dams are not able to retain
often happen. In the Guadalhorce River some of the heavy
rainfalls were attenuated by the system and did not gener-
ate significant floods in the basin. No significant correlation
between discharge and floods was found. However, a deeper
analysis with longer data series needs to be carried out. Nev-
ertheless, in the Guadalhorce Basin a proper land use plan-
ning within the flooding areas may be a more effective risk
reduction measure than the optimization of the hydraulic reg-
ulation structures.

In summary, regulation reduced mean flows. However, the
reduction of extreme regimes was smaller since reservoir
cannot store water when extreme events of precipitation hap-
pen, occurring floods even in the current situation of regula-
tion. Land occupation of surrounding areas to rivers reduces
the capacity of land to mitigate floods and increase the dam-
age risk. In the context of the present work, human adaptation
to this environment seems be more effective than the oppo-
site in the actual situation of knowledge.
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