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Editors’ Preface
This volume of Proceedings includes the papers presented at the 10th World Congress of the
European Water Resources Association (EWRA) on Water Resources and Environment “Panta
Rhei”. “Panta Rhei” is the saying of the famous Greek philosopher Heraclitus meaning that
everything flows. The Congress was held in Athens, Greece, 5-9 July 2017.
The Congress was set under the aegis of the Presidency of the Hellenic Republic, and it is part of
the celebrations for the 100 years from the establishment of the School of Rural and Surveying
Engineering and the 180 years from the foundation of the National Technical University of Athens.
Also, the Congress coincides with the 30-year anniversary of WATER RESOURCES
MANAGEMENT, the journal of EWRA published by Springer. Furthermore, for the first time the
Congress is co-organized by the Environmental and Water Resources Institute of the American
Society of Civil Engineers, in an effort to establish a constructive dialogue between Europe and
America on water resources and environmental issues.
The task of the organisation of the Congress was undertaken by the Centre for the Assessment of
Natural Hazards and Proactive Planning and the Laboratory of Reclamation Works and Water
Resources Management of the School of Rural and Surveying Engineering of the National
Technical University of Athens.
The aim of the Congress was the presentation of timely scientific research and studies by
engineers and scientists on topics concerning Water Resources and the Environment. Other aims
were the exchange of information, experiences and achievements in water resources and
environmental protection, evaluation of new technologies, and presentation of innovative ideas for
the protection of water resources and the environment. The Congress comprised the following nine
specialised conferences:
I. Advances in Hydrological Processes
II. Climate and Water Resources
III. Water Resources Management
IV. Droughts and Water Scarcity
V. Water Quality and Environmental Processes
VI. Urban Water Networks
VII. Agricultural Water Management
VIII. Groundwater Hydrology and Contamination
IX. Legislation and Policies
These nine conferences cover a wide range of cutting edge topics on water resources and the
environment. The final papers presented in each of the above conferences will comprise a number
of Special Issues of the journal EUROPEAN WATER, which will be published in 2017. There were
also 11 invited speeches in various topics of water resources and the environment which are
included in the Special Issue of the journal WATER RESOURCES MANAGEMENT “Facets of
Modern Water Resources Management” which was published in June 2017 (Vol. 31, Issue 10).
Other presentations, such as those in the Round Table, the session of demonstration papers, and the
seminars are not included in this volume.
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The total number of authors contributing to this volume was 1046 coming from more than 50
countries of the world.
The editors would like to thank:
n
The authors of the papers for contributing and sharing their own expertise.
n
The reviewers of the papers for ensuring high scientific standards for the presentations.
n
The sponsors of the conference for their financial support.
n
All conference participants for their involvement in the exchange of knowledge, which is the
essence of this Congress.
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Parametric study of trends in flood stages over time in the regulated
Guadalquivir River (years 1910-2016)
P. Bohorquez* and J.D. Del Moral-Erencia
Área de Mecánica de Fluidos, Departamento de Ingeniería Mecánica y Minera, CEACTierra, Universidad de Jaén, Campus de
las Lagunillas, 23071 Jaén
*
e-mail: patricio.bohorquez@ujaen.es

Abstract:

The present study aims to report on the trends in flood hazard over time in the Guadalquivir River (Southern Spain),
one of the most affected rivers by climate change in Europe. A complex physical scenario is drawn in the near future
due to the interaction of long-term rainfall predictions and the reduction in channel capacity in this intensively
regulated river. During the studied period, that extends between the years 1910 and 2016, the three hydropower
stations Marmolejo, Valtodano and Mengíbar have operated along the selected stretch of 70 km length. Less frequent
wet periods but concentrated in heavy rainfall events have developed, provoking unexpected exceptional floods in
urban areas as a consequence of the increase in sediment supply from unregulated tributaries and the altered fluvial
regime at high stages. A parametric study has been conducted in order to quantify the relative influence of the factors
controlling the flood stages, namely: in-channel sedimentation and encroachment of riparian vegetation. Instrumental
and non-systematic hydrological data were combined to lengthen flood records and reconstruct the spatial patterns of
rare and extreme events, a technique common in paleohydrology. The conclusions of this study reveal that the
integrated water resource management in the Guadalquivir River Basin, which is strongly influenced by political
economy factors, needs to be reconsidered in order to avoid the increase in impact of flood in the near future.

Key words:

Guadalquivir River, backwater effect, silted-up reservoir, paleohydrology, vegetation encroachment

1. INTRODUCTION
The present study aims to identify the factors that have increased the flood risk vulnerability in
urban areas near the Guadalquivir River since the very beginning of the electric era in Southern
Spain. A stretch of the river flowing over three dams (Mengíbar, Valtodano and Marmolejo), two
towns (Mengíbar and Villanueva de la Reina) and one city (Andújar), among other smaller villages,
was selected as the study site because it has suffered an unexpected increase in flood stage over
time after river impoundment (see Figure 1). As a matter of fact, exceptional floods with
characteristic river discharges in the range of 700-2000 m3·s-1 occurred between the years 2009 and
2013 (economic losses amounted to 149 M€). The extents and impacts of the inundations were
much lower during the periods 1920-1930 and 1960-1970 for similar discharges.
We show for the first time that the vulnerability to flooding risk have raised in the Upper
Guadalquivir River because of the synergistic effects of increasing the sediment budget from the
basin and the decrease in channel capacity during the regulated river regime, which has led to the
infilling of dam reservoirs, the aggradation of the main channel and the colonization of slackwater
deposits by woody vegetation. This situation arose mostly due to the complexity of water resources
management and water policy in the Guadalquivir Basin (Bhat and Blomquist, 2004) that allowed
the use of the 87% of the water resources (4000 hm3/year) to irrigation (CHG, 2013) and introduced
great pressures in the fluvial ecosystem. By studying the temporal evolution of the stage and the
drainage capacity of the river channel between the years 1910 and 2016, we characterise the
increase in flood risk vulnerability after river impoundment.
The problematic at hand is important worldwide. For instance, Slater, Singer and Kirchner
(2015) highlighted the importance of the reduction in channel capacity that increased the flood
frequency across the United States. Also, Naylor et al. (2017) showed that the hydrogeological
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counterpart cannot be neglected in flood risk vulnerability studies in an age of climate extremes.
Indeed, we have already shown that the long-term evolution of vegetation (>50 years) acts as a
geomorphic driver of flood hazard through the encroachment of the main channel in Southern Spain
(Bohorquez et al., 2014; Bohorquez, 2016).
(c)

Figure 1. (a) Location of the study site in the Guadalquivir River Basin (Spain). (b) Study site (flow from right to left):
the main channel of the Guadalquivir River is depicted in red, inundated areas the date of 24th February 2010 are
coloured in blue, urban areas are labelled in black and highways are highlighted in orange. (c) The photograph shows
the inundated areas near the Roman bridge in Andújar city. A detail description and simulation of the floods occurred
in the boxed area in panel (b) was presented in Bohorquez (2016).

2. STUDY AREA
The field area is situated along a stretch of the Guadalquivir Valley in Southern Spain, upstream
of the border of the provinces of Jaén and Córdoba (Figure 1a). The fluvial regime is typically
Mediterranean, showing a summer drought period with minimum water levels and highest values in
winter and spring. The complex topography of the surrounding landscapes, the large size of the
drainage area (19.546 km2) and the different climate influences of the Mediterranean Sea and the
Atlantic Ocean favour the occurrence of heavy precipitation events and floods (Bohorquez et al.,
2014). Indeed, flooding is the most damaging type of natural disaster in this area with economic
losses per province ranging between 200 and 1200 M€ (Barredo et al., 2012).
In this work, we extend the flood risk analysis presented by Bohorquez (2016) along the river
reach Marmolejo-San Julian (see squared area in Figure 1b) up to Mengibar dam, which is located
70 km upstream of Marmolejo dam. In the middle reach, the morphology of the river is
characterised by a train of meanders. Unpaired terraces were formed by the incised channel across
its floodplain, which is intensively used by the human activity. In the upstream and downstream
boundaries, the river flows across confined valleys. There, two dams operated since 1910 and 1916
(Mengíbar and Marmolejo dams, respectively).
Between the two dams, the meanders in mixed sand-mud that developed in the lower terrace
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(elevated 5-6 m above the thalweg) reduced the mean bed slope from 0.12% (straight channel
configuration) to 0.072% (meandering set-up). The bed is made of clasts and rounded coarse
gravels with grain diameters in the range of 6-40 cm. The bed slope in the meandering morphology
(0.072%) tends to the downstream valley slope (0.076%), which clearly indicates the existence of a
downstream hydraulic control of the meanders dynamics by the confined valley in Marmolejo
(Seminara, 2006). The meanders are stable as they did not migrate even during the past wet periods
(years 1920-1930 and 1960-1970) when the peak water discharges reached values between 1400
and 3000 m3·s-1. Stable meander dimensions are given in Table 1. The bankfull stage was
determined from the proto-floodplain (top of the point bar surface) that supports woody vegetation.
These values are useful to determine the channel capacity before the instrumental era.
Table 1. Characteristic values of the geometrical properties of the meanders (M) located upstream of Andújar city, see
Figure 1b. The streamwise distance was measured using Mengíbar dam as the origin of reference.
L=length, Lm=axial wavelength, P=sinuosity (L/Lm), A=amplitude, B=bankfull width, H=bankfull depth
M2
26.6
31.8

M3
33.7
37.8

M4
37.8

End (km)

M1
20.0
26.6

41.8

46.7

L (m)

6600

5200

4100

4000

4900

Lm (m)

2600

1950

2700

2150

2720

2.5

2.7

1.5

1.9

1.8

A (m)

1500

1550

1400

1500

1450

B (m)

100-250

175

166

159

156

H (m)

5.7

6.2

5.5

6.4

6.9

Start (km)

P

M5
41.8

The channel planform has experienced negligible changes after impoundment (i.e., in the period
1910-2016), but the main channel has suffered the following major changes (Bohorquez et al.,
2014; Bohorquez, 2016): the channel slope has decreased up to vanish along the reach of 15 km
length upstream of Marmolejo dam due to reservoir sedimentation; lateral bars in sand-mud have
developed in multiple locations of the river because of the increase in sediment supply from nonregulated tributaries and changes in land-use; finally, vegetation encroachment has developed as a
consequence of river flow regulation during droughts. All these factors led to a substantial reduction
in channel capacity, as described below.

3. RESULTS
3.1 Pre-impoundment bankfull discharge: regime based capacity
The analysis of channel form provides a context for interpretation of past changes in the fluvial
environment. We adopt the following two methods to quantify the water discharge responsible for
sculpting the meanders into the lowest sand-mud terrace: first, the algebraic equations by Dury
(1976) were selected from the available equations in the paleohydrology literature (Williams,
1984); second, results from regime based equations by Yalin and da Silva (2001) linking the
bankfull dimensions of the channel and the water discharge served to verify the first method.
Dury (1976) empirically derived a couple of one-parameter equations correlating the meander
wavelength Lm and the water discharge Q. These relations were based on the analysis of multiple
meandering rivers with characteristic water discharges lower than 4100 m3·s-1 and read:
𝐿! = 54.34 𝑄 !.! and 𝐿! = 35.695 𝑄 !.!!

(1)

Substituting the wavelength values from Table 1 into (1), one obtains that the water discharge
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ranges between 2023 and 2168 m3·s-1.
Alternatively, Yalin and da Silva (2001) reviewed all the available regime-data before 1990 and
showed that the bank full dimensions of the collected rivers satisfy the following set of equations:
!

L! = 54.34Q!.! , ℎ = (𝛼! ! 𝐹𝑟)!!

!

! !∗,!" !
!

, 𝐹𝑟 = 𝑐 ! 𝑆! , 𝑐 =

! !/!
! !

.

(3)

In (3), the parameter αB depends on the roughness of the river and the sediment properties, v*,cr
denotes the critical velocity for the inception of sediment motion, and Fr is the Froude number.
Both parameters can be eliminated from (3), leading to the classical Manning (or Chezy) equation
for a uniform flow in a channel with rectangular cross section {B, h}, bed slope S0 and roughness
parameter n (or c):
L! = 54.34Q!.! or 𝑄 = 𝑐 𝐵

!

𝑔 𝑆! ℎ! .

(4)

The main advantage of (4) is that it incorporates the roughness coefficient n (or c) explicitly. The
Manning’s roughness was calibrated in Bohorquez (2016) at the foot of Marmolejo dam by
comparing the measured rating curve and the simulated one using the two-dimensional SaintVenant equations. In the situation of pre-vegetation encroachment, n=0.035 s·m-1/3. Evaluating (4)
with the mean thalweg slope S0=0.076%, the mean bankfull width B=184 m and a bankfull flow
depth in the range of 4-5 m, it yields 1460 ≤ Q ≤ 2118 m3·s-1. Note that the upper bound is in close
agreement with Dury’s solution: 2023 ≤ Q ≤ 2168 m3·s-1.
By increasing the Manning’s roughness up to 0.06 s·m-1/3 in the situation of post-vegetation
encroachment, we obtain a reduction in channel capacity from 1460 (2118) to 852 (1236) m3·s-1 for
the bankfull flow depth h=4 (5) m. This result is consistent with the recent inundations of the
floodplains at the low water discharges of 800-1070 m3·s-1 due to the presence of vegetation
encroachment and the colonisation of sediment bars.
3.2 Post-impoundment bankfull discharge: flow competence
Another fundamental approach to retrodict past channel and flow conditions from geomorphic
considerations is the flow competence criterion (Jacobson, O'Connor and Oguchi, 2003). It takes
advantage of empirical relations between flow strength and the largest size of clasts transported by
the flow. Recently, Alexander and Cooker (2016) reviewed the algebraic formulas relating the
boulder size and the flow velocity and showed the utility to retrodict past flow conditions.
Fieldworks were conducted between January and March 2017 in order to locate coarse gravel
and boulder deposits. Gravel bars and exposed gravel substrates were found out in two locations
(Figure 2): in the fourth meander (M4), downstream of Valtodano dam; and, in front of the bridge
in Villanueva de la Reina.
In both locations, the diameter of largest rounded clast was approximately d ≡ 0.4 m. There were
also modern concrete debris of 1 m but the shape was planar. Using Clarke’s method in a steady
regime, the flow velocity required to transport the rounded clast is V = 3.7 d0.478 = 2.4 m·s-1.
However, Clarke’s equation typically overestimates the flow velocity. Alexander and Cooker found
out a lower velocity of 0.9 m·s-1 by setting a lower friction factor between the boulder and the bed.
Assuming bankfull conditions in Valtodano dam, and using the value of the wetted area at this
location (885 m2), we get Q = 796 m3·s-1. This result is consistent with the water discharge Q =
1070 m3·s-1 measured in February 2010. Unfortunately, we did not found out any larger boulder
evidence of older floods.
Comparing the flow competence result (Q = 796 m3·s-1) and the regime based discharge (852≤ Q
≤ 1236 m3·s-1), we corroborate that the actual capacity of the river channel has notoriously
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decreased. In the present configuration, bankfull conditions are achieved with a much lower water
discharge than during the years previous to flow regulation (1460≤ Q ≤ 2118 m3·s-1).
(a)

(b)

(c)

Figure 2. (a) Photograph of the largest boulder found downstream of Valtodano dam. (b) Coarse gravels and woody
debris in the bridge of Villanueva de la Reina, see the guy for the scale. (c) Image of the overtopped Valtodano dam in
December 2010. The inset shows the shape of the cross section and the wetted area in bank full condition.

3.3 Changes in flood stage over time
Systematic recording of daily average water discharge in Spain began in 1911 with the
publication of the annual review of gauge stations. Later, hourly average values have been provided
by the national net for real-time hydrologic monitoring since the year 1989. Local records are
available at three hydropower stations near Marmolejo during different periods. Gauging records
could be merged into a single series because of the proximity of the three stations. In Mengíbar, the
gauge station is located 650 m downstream of the dam. Interestingly, it was inundated during
modern floods (2009-2013), when in-situ measurements had to be taken manually. Other damages
occurred during extreme floods as dams were overtopped in multiple occasions (e.g., see Figure 2c).
In the absence of systematic measurements, the water stage was retrodicted from historical
imagery. Hence, imagery was collected from the following sources to lengthen flood records of
extreme events: in situ photographs (1906–2013), aerial photographs from helicopter surveys
(2009–2013) and sequences of orthophotos (1945–2013). Using these data, fieldworks were
conducted with the main aim of positioning the highest watermark from the photos by using a
modern laser Leica DISTOTM S910 (Swiss technology); next, rating curves were obtained by
correlating the date and time of the photo with the inferred flood stage and the water discharge.
Figures 3a and 3b summarise the results on the stage-discharge curves at Marmolejo and
Mengíbar dams since 1912 and 1910, respectively. In both cases, we observe an increase of the
stages through time that is particularly evident during the most recent floods (years 2009-2013).
In Mengíbar (Figure 3c), we found flow depths as deep as 12.3 m with the water discharges of,
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approximately, 2000 m3·s-1. Such extreme values occurred in the inundation of the year 1963 which
is remembered as the most catastrophic inundation of the last century. The rest of floods in the
period 1912-2009 were less severe and exhibited flow depths lower than 10.6 m with water
discharges smaller than 1577 m3·s-1. Surprisingly, the maximum stage during the period 2010-2013
was 9.7 m with the water discharge 670 m3·s-1. The ensuing stage is of the same order of magnitude
than in the 1924 flood that nearly doubled the water discharge (1577 m3·s-1). Furthermore, the flow
depths corresponding with the water discharge 670 m3·s-1 were 9.7 m and 6.7-7.5 m in the periods
2009-2013 and 1912-2009, respectively. Such an increase in the flow stage at the same water
discharge is due to the development of an island, currently colonised by non-flexible riparian
vegetation, that substantially increases the local head losses in this reach of the Guadalquivir River.

(c)
(d)

Figure 3. Rating curves: (a) at the foot of Mengíbar dam; (b) in the reservoir and at the foot of Marmolejo dam.
(c) Mengíbar dam in 1916 and (d) Marmolejo dam in 1962. The characteristic dimensions of Mengíbar dam are: height
= 12.2 m, crest length = 150 m, top of vertical rising sluice gate = 239.7 m, outlet channel elevation = 227.5 m,
reservoir capacity = 2.4 Hm3 and design flood = 3700 m3s-1. The characteristic dimensions of Marmolejo dam are:
height = 20 m, crest length = 230 m, spillway crest = 186.2 m, top of tainter gate = 191.73 m, outlet channel elevation
= 175.35 m, reservoir capacity = 13 Hm3 and design flood = 3450 m3s-1.

This effect could be appreciated in the rating curves downstream of Marmolejo dam (Figure 3d).
As a matter of fact, the rating curve of the most recent floods (years 2009-2013) lies above that of
the period 1910-1930 for Q≥1300 m3·s-1. Two-dimensional numerical simulations using a standard
version of the shallow water equations over fixed beds were performed in Bohorquez (2016) by
means of DassFlow-Shallow 2.0 (Monnier et al., 2016). The simulated rating curve is depicted in
solid line in Figure 3b with Manning’s roughness of 0.02 ≤ n ≤ 0.06 s·m-1/3. They serve to show that
vegetation encroachment provoked 10% deeper floods at the water discharge of 2000 m3·s-1, which
implied an increase in Manning’s roughness coefficient from 0.04 to 0.055 s·m-1/3.
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4. CONCLUSIONS
In this work, we revisited the current risk of flooding in the Guadalquivir River since the year
1910 by accounting for reduction in channel capacity. This factor clearly competes with the
observed reduction in peak water discharges during modern floods.
Our results contrast to the flood hazard projections by Alfieri et al. (2015) and EEA (2017) based
on a global analysis of one-in-a-century river floods in a scenario of climate change in southern
Spain. Previous studies only considered the climate counterpart in relation to the flood risk analysis
of the Guadalquivir River. On the one hand, we corroborated the present reduction in streamflows.
On the other hand, we showed that the channel capacity in natural conditions previous to flow
regulation was much larger than nowadays observed. The increase in Manning’s roughness
coefficient due to vegetation encroachment after river impoundment led to the reduction in channel
capacity from 2100 to 852 m3·s-1. Vegetation encroachment developed during drought periods after
upstream river impoundment, provoking the underpredicted increase in flood risk.
In addition to the obvious inundation of the floodplain at much lower river discharges, we found
out a positive feedback between reduction in channel capacity, channel infilling, reduction of bed
slope and channel squeezing. Consequently, a complex physical scenario is drawn in the near future
due to the interaction of long-term rainfall predictions and the reduction in channel capacity in this
intensively regulated river.
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