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Abstract

The Guadalhorce Basin is located in Andalusia (South of Spain). Its floods have histor-
ically represented a major hazard for the city of Malaga. In 2008 it has been decided
to implement a pilot operational flood warning system (GFWS) with the aim of analyz-
ing the capability to minimize the risk to people, and economic activity, as well as for
guiding water resources management. The system is oriented to provide distributed
warnings based on rainfall accumulations and discharge forecasts.

Rainfall accumulation maps are generated according to the interpolation of rain
gauge measurements and weather radar rainfall maps whereas discharge forecasts
are computed using a distributed rainfall-runoff model. Due to the lack of flow mea-
surements, the model was calibrated a priori in most of the basin area.

The performance of the system has been tested on two recent rainfall events which
caused many inundations. First results show how the GFWS performed well and was
able to forecast the location and timing of flooding. It demonstrates that a simple model
and a rough calibration could be enough to issue valuable warnings. Moreover, the
European Flood Alert System (EFAS) forecasts have been used to prevent from the
flood several days in advance. With low resolution and long anticipation, EFAS appears
as a good complement tool to improve flood forecasting and compensate for the short
lead times of the GFWS.

1 Introduction

Floods represent the most serious natural hazard in Europe, and flood management is
a critical component of public safety and quality. During the last 50 yr significant efforts
to improve flood warning systems (FWS) have been carried out by the scientific, techni-
cal and administration sectors. Thus in the context of medium to large river basins, with
response times of the order of tens of hours, forecasts, warnings and public prepared-
ness for reducing casualties from extreme plain floods have clearly improved (Meon,
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2006). However, the achievements for forecasting flash floods, characterized by short-
lasting storms affecting reduced areas of a watershed, have been less impressive. As
flood forecasting is generally limited to the main streams or to specific watersheds with
particular assets like hydropower dams, which are in most cases well-gauged river
sections, it leaves large parts of the territory not covered by flood monitoring networks
(see for instance: Borga et al., 2007; Costa and Jarett, 2008; Gaume et al., 2009).

A major concern in the context of FWS operating in basins prone to flash floods is to
monitor the variability of rainfall in space and time. In particular, the use of radar-based
quantitative precipitation estimates (QPE) and nowcasts has been demonstrated to
be an interesting tool for anticipating and quantifying the consequences of rainfall at
the ground. Radar products are particularly interesting in areas frequently affected by
severe storms with complex spatio-temporal patterns (of tens of km2) and response
times of the order of tens of minutes to few hours (see for instance: Sempere-Torres
et al., 1999; Berenguer et al., 2005; Berne et al., 2005; Borga et al., 2006; Germann
et al., 2009).

The use of distributed rainfall-runoff models represents a second key element in the
production of distributed flow forecasts. Distributed models in general do not seem
to perform significantly better than classic simple lumped models when they are used
to forecast the discharges at a few specific points of gauged watersheds, although this
topic is still a matter of discussion (e.g., Reed et al., 2004; Carpenter and Georgakakos,
2006). However they provide much richer information than lumped models as they are
able to consider the spatial distribution of model inputs (in particular, rainfall) and/or
parameters, and produce distributed runoff simulations. In the case of ungauged wa-
tersheds, regionalization techniques (see for example Bloschl and Sivapalan, 1995)
are frequently used to extrapolate model parameters estimated from closest gauged
catchment.

In this context, two types of warnings can be delivered in the framework of FWS:
(i) arnings based on rainfall measurements, and (ii) arnings based on simulated dis-
charges. Both have advantages and limitations.
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Basically, warnings based on rainfall can be delivered by comparing precipitation ac-
cumulations (on different time) to a corresponding reference associated to a probability
of occurrence and a return period. As soil moisture condition is not taken into account,
the results can sometimes be very different to those based on hydrological simulations
(see Alfieri et al., 2011). A another well-known approach to issuing warnings based
on rainfall is the Flash Flood Guidance, FFG (Georgakakos, 2006). The FFG com-
putes the amount of rainfall of a given duration required to cause flooding in a certain
basin. If the corresponding observed or forecasted rainfall amounts (integrated for the
same duration within the basin) exceeds the pre-computed threshold, a flood warning
is issued. The FFG represents a first attempt to evaluate the potential risk of flooding
and can be employed at different time and scale resolutions (Norbiato et al., 2008). It
requires information on the antecedent soil moisture conditions, but does not explicitly
compute the discharge responsible for flooding.

Alternatively, FWSs may use rainfall-runoff model to issue warnings based on explicit
discharge simulations and forecasts. They run at different resolutions depending on
the characteristics of the floods that are to be forecasted. Covering whole Europe with
a spatial resolution of 5km, the European Flood Alert System (EFAS, Thielen et al.,
2009) aims at alerting for floods in trans-national European river basins up to 10d in
advance using model inputs generated with an ensemble weather prediction system.
At regional scale, there are several operational FWSs based on discharge simulations.
Some examples can be cited: VIGICRUES run by SCHAPI" in France (Tanguy et al.,
2005), AIGA run by Meteo France? in the South-east of France (Lavabre and Gregoris,
2006), EHIMI run by ACA? in Catalonia (Corral et al., 2009) and PREVAH, run by wsL*
in Switzerland (Viviroli et al., 2009). Further work is still under development and not
yet operational (Reed et al., 2007; Javelle et al., 2010 for example). Although they

'French Hydro-meteorological Nacional Center in charge of Flood Forecasting.
2 French Meteorological Agency

3Catalan Water Agency

*Swiss Federal Research Institute
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are devoted to a limited area, these regional systems are run at higher resolutions
and, consequently, they are more adapted to forecast flash floods. These FWSs are
generally based on a similar scheme: the distributed rainfall-runoff model is run to
simulate the discharges in several locations of the basin, and these are compared to
a database of pre-established flow thresholds to quantify the hazard at each location.
A warning is issued when the simulated discharges exceed certain thresholds. The
advantage of this method is the use of a discharge value to assess flood risk. The main
weakness generally related to discharge simulation is that model calibration requires
stream gauges distributed over the watershed and available historical time series for
its calibration.

Based on these considerations, a real-time FWS was implemented in 2009 in the
Guadalhorce Basin (Andalusia, Spain) in collaboration with regional stakeholders in-
terested in flood warning. The main objective was to operationally deliver spatially-
distributed early flood warnings, as a tool to raise the awareness of rescue services
and increase their preparedness. To suit the short response time and high space res-
olution required for operational management of this basin, a specific and local FWS
(referred to as GFWS hereafter) has been developed. The main challenge the GFWS
had to face was the scarcity of stream gauges and the lack of historical hydromete-
orological data. In part to overcome this situation, we chose to explore the two ap-
proaches presented above: flood warnings in the implemented system are based on
both (i) distributed rainfall measurements, and (ii) the discharge simulations obtained
with a distributed rain-runoff model.

This paper describes the GFWS implemented in the Guadalhorce Basin and the
methodology chosen to workaround the lack of data. Results obtained during two
recent flood events that affected the basin have been analysed. Flood warnings issued
with the GFWS have been compared to effective flooding records collected by the
emergency services. In addition, the complementarity between EFAS’ low-resolution
and long-anticipation warnings and high-resolution and short-anticipation warnings of
the GFWS has been analysed from an operational point of view.
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The paper is organized as follows. Section 2 presents the framework of study: the
Guadalhorce Basin and the compilation of historical and real-time hydro-meteorological
data. Section 3 describes the distributed hydrological model and the calibration proce-
dure. Section 4 presents the two configurations of the GFWS (based on rainfall and
discharge). Two rainfall events that occurred at the beginning of 2010 and caused
significant floods are presented in Sect. 5 as case studies. Section 6 briefly presents
EFAS warning system and analyses the warnings delivered for both events. Finally,
Sect. 7 summarizes the main results and concludes on future improvements.

2 Case study
2.1 The Guadalhorce Basin

The Guadalhorce Basin (3200 km2) is located in Andalusia, South of Spain. The
river passes through the city of Malaga (500000 inhabitants) near the outlet of the
Mediterranean Sea. The basin is bordered on the west by moderately high mountains
(1900 ma.m.s.l.) and by a low plateau (500 m a.m.s.l.) on the north. The dominant cli-
mate is warm-temperate Mediterranean, characterized by a marked dry season, with
hot summers and generally mild winters. The warmest months are July and August with
an average temperature of 23°C, and the coldest season covers the period between
December and February with an average of 13°C. Annual precipitation is comprised
between 500 and 600 mm. Rainfall is concentrated during the period October to April
(90 % of the total amount). Historically, the Guadalhorce river represents a major risk
for the city of Malaga and periodically causes floods along its course. Although the
region is mainly rural with dominant bare land cover, stakes are numerous, with the
population concentrated close to Malaga and many activities related to tourism. For
this reason, the regional government of Andalusia has decided to implement an oper-
ational FWS with the aim of minimizing risk to people and economic activity.
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2.2 Hydrometeorological data

The studied watershed is covered by a quite scarce measuring instrumentation net-
work. A total of 25 automatic hourly rain gauges are located within or near the basin
(see Fig. 1), representing an average density of about one rain gauge per 180 km®.
Such a density can appear insufficient to enable accurate high resolution rainfall es-
timates through spatial interpolations on small watersheds. Here, time and space
scales suited to flash flood dynamics are small: sub-hourly time step and kilometric
scale (e.g., Creutin and Borga, 2003; Collier, 2007; Moulin et al., 2009). Nevertheless,
this rain gauge network should be enough for lager basins characterized by a response
time at least higher than the rain gauge time step. The region of Malaga is also covered
by a C-Band Doppler radar operated by the Meteorological Spanish Agency (AEMET).
The radar is located at 1173 m a.m.s.l. and fully covers the basin. The GFWS has been
developed to operationally consider radar products characterized by a higher spatio-
temporal resolution (1 km? and 10 min).

Four reservoirs and three hourly automatic gauge stations are also located in the
upstream part of the Guadalhorce Basin: Bobadilla (761 km2), Ardales (211 km2), and
Teba (202 km2) as illustrated in Fig. 1. They cover a third of the total basin area, leaving
the remaining area ungauged (where Malaga is located). Measured discharges are
also available in real time for operational purpose. Available historical discharge data
have been compiled since 2008 to calibrate the rainfall-runoff model.

Statistical climate data on historical precipitation are also available (MOPU, 1990)
as maps of maximum daily rainfall amounts (MOPU, 1999), and Intensity-Duration-
Frequency curves (IDF), as well as regionalised parameters for the application of the
rational Method are described in MOPU (1990).
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3 Rainfall-runoff model

A grid-based distributed rainfall-runoff model has been implemented and adjusted with
the aim of computing warnings based on simulated discharges at every pixel of the grid
inside the area of study. Due to the lack of historical hydrological data, and in order
to simplify the calibration procedure, the model was chosen to be simple, robust, and
depending on a reduced number of adjustable parameters.

3.1 Presentation of the distributed rainfall-runoff model

The Guadalhorce Basin has been split into hydrological cells of 1 km? that are con-
nected to the outlet of the basin following a simplified drainage network based on the
analysis of the topography. To take into account the effect of the three dams, it was
considered that the drained area located upstream of each dam does not contribute to
cells located downstream. Each cell is treated as a hydrological unit, where a lumped
model is applied. The lumped model employed here is based on the common Soil
Conservation Service (SCS) Curve Number (CN) method (Mockus, 1957) for comput-
ing excess rainfall, combined with the linear diffusive wave unit hydrograph for flow
routing (Szymkiewicz, 2002).

The SCS-CN method assumes that flood flows are essentially composed of surface
runoff water or at least fast responding runoff processes. Because of its simplicity
and minimal data requirements, the SCS—CN method is widely used in flash flood
simulation (see for examples Borga et al., 2007; Rozalis et al., 2010; Versini et al.,
2010). It is based on the water balance equation and a proportionality stating that the
ratio of the amount of cumulative infiltration (F(¢), in mm) to the amount of potential
maximum retention capacity (S, in mm) is equal to the ratio of the amount of total
runoff volume (V/(¢), in mm) to the maximum potential runoff volume. The latter being
represented by the total rainfall amount from the beginning of the event P(t), to which
the initial abstraction /, (both in mm) is substrating. Assuming F(f) = P(t) -1, =V (1),
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total runoff volume can be computed as:

(Pt =1
V(t)_ Ptot(t)_/a"'s (1)

From this formula, the instantaneous runoff coefficient at time ¢, C(t), can be deduced.
This coefficient has then to be multiplied by the rainfall intensity P(t) to estimate the
direct runoff Q(t):
2
c(t) = ov(t) 1o S @
OF(t) (Rot(t) = 1o +5)?

Retention capacity S is related to the CN coefficient which is usually estimated from
the soil properties and taking a value between 0 and 100. The original SCS equation
was adjusted for events with large amounts of precipitation accumulated during long
periods (several days). Thus, when the total amount of precipitation increases during
an event, the soil drying process is not explicitly represented and there is no possibility
for the system to recover the basin’s water retention capacity. The instantaneous runoff
coefficient increases simultaneously and the simulated direct runoff has a strong ten-
dency to be overestimated. In this study, an attempt was made to take into account the
process accumulating rainfall on an adapted time period. After several tests, a period
of 24 h has been arbitrarily chosen to accumulate rainfall after subtracting the initial
abstraction:

82
Q1) = P(1)- [1 ——
(Poan(t) +S)
Qf(t)=0 otherwise

Since the SCS loss function only considers the direct runoff, a base flow formulation
has been added to consider slow hydrological processes Q4(t). The conceptual func-
tion described in Weeks and Boughton (1987) has been chosen:

Qs(t) = At-a-Q¢(t) + Q4(t — At) if  Q(t)>0 (4)
10433
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Qs(t) = Qi +[Qs(t - A1) - Qiit]-(1-At-a)  if  Q(£)=0 (5)

Where a (with units of time_1) is a parameter to calibrate, and At is the time step.

It assumes that there is a constant ratio between the runoff component Q(t) and the
variation of the slow component between two time steps. Base flow is also recursively
estimated from the previous value. It is initialized with the initial flow Q;,, measured
at the beginning of the event at available gauged cells and extrapolated to the rest (in
proportion to the number of drained cells). When there is no direct runoff, the recession
curve Q4(t) becomes exponential.

The total runoff Q,;(¢) = Q¢(f) + Q4(t) generated at each cell is then routed down-
stream following the drainage network. A single unit hydrograph based on the linear
diffusive wave function and Muskingum parameters (Szymkiewicz, 2002) has been
used:

3 _N-K)?
HU(t):é-ﬂ(g) -exp[_ (t-N-K) ] 6)

21-(1-2X) K 2-(1-2X)-K-t

Where X is the weighting factor (dispersion parameter) that varies between 0 and 0.5,
K is the storage time for one path, and N the number of paths of the course.

This function is first applied in each cell to represent the hillslope flow propagation.
Then it is applied on the river course connecting the hillslope cell to the downstream
point of interest to represent the propagation of the stream flow. The linear diffusive
wave function can represent both processes changing its parameters. For each cell,
both hillslope and river routing parameters (N, X, K') need also to be adjusted.

3.2 Reduction of the number of parameters to calibrate

As described above, the number of parameters to adjust is rather large and has to

be reduced for practical reasons: (i) spatially distributed CN (used in Eq. (3)), the base

flow parameter a (see Eqgs. (4) and (5)) for the loss function and, (ii) spatially distributed

routing parameters for both hillslope (N,,, X,,, K},) and river (N,, X, K,) routing functions.
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An a priori method has been used to estimate distributed CN values over the entire
watershed. Geomorphological data (slope, geology and land cover) at cell scale have
been used to compute the CN according to the recommendations of MOPU (1990).
Previous studies based on this method (Corral et al., 2000, 2002) have shown signifi-
cant differences between effective field capacities and those obtained with this a priori
method: simulated discharges have a clear tendency to be overestimated. For this
reason, an average curve number correction factor (FCN) has been calibrated to scale
the map of CN values.

In many applications of the SCS method, the initial abstraction /, does not take into
account antecedent moisture condition and is deduced from the potential maximum
retention S. In this study, /, is firstly approximated as the difference between the total
amounts of antecedent evapotranspiration and rainfall over the previous 15 days. Then,
I, is updated in real time from stream gauge measurements identifying by means of the
hydrograph initial rising time. /, represents the total amount of precipitation from the
beginning of the event to the first initial hydrograph rising time (deducing the response
time of the watershed).

The three parameters that govern both hillslope and river routing functions have also
been simplified. Concerning the hillslope function, N, is fixed to one path, and X, to 0
representing a maximum attenuation in peak discharge. Concerning the river function,
applied on the river course to the outlet, N, is assumed to represent the number of
cells until the outlet; the remaining weighting factor X, needs to be calibrated and is
assumed to be uniform over the basin. Both storage times K}, and K, are computed
as the ratio between hillslope or river course lengths (derived from the DTM) and flow
velocities. These velocities v, and v, are also considered uniform over the basin and
represent the last parameters to be calibrated.

Summarizing, the adjustment of the model required the calibration of 5 parameters:
the curve number correction factor (FCN), the base flow parameter (@), and three rout-
ing parameters (hillslope velocity (v;,), river velocity (v,), river weighting factor (X,)).
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3.3 Calibration of the parameters

The rainfall-runoff model described above has been calibrated using observed dis-
charges available at the gauged watersheds (see Sect. 2). Eight rainfall events for
2008 have been selected for the adjustment of the model. Radar data were not avail-
able for this period, so spatially interpolated rain gauge data have been used. The
total rainfall amounts of these events were not very large (between 20 and 100 mm).
Only for the Bobadilla Basin, where major discharges were measured, has been se-
lected and used for the calibration. Because the number of interesting rainfall events
was rather small, we chose to calibrate the model manually, and to reproduce the most
intense events. The results have been evaluated with the Nash criterion (Nash, 1969)
and are summarized in Table 1.

The performance of the model in term of Nash efficiency varies from one rainfall
event to another. The simulations accuracy is acceptable in the light of the results
obtained in comparable case studies (ungauged basins or poor instrumented frame-
work), for which the model calibration was made with a longer historical database (for
example: Borga, 2008; Versini et al., 2010). The performance of the model is generally
better for the largest rainfall events, where the effort of calibration was made (the more
significant events are represented on Fig. 2). The hydrological response to smallest
events appears a little more erratic and is probably linked to the non-linearity of the
rainfall—runoff transformation. In this case, initial abstraction plays a major role and
can strongly affect the simulated discharges. Note that to achieve reasonable simula-
tions, a curve number correction factor FCN of 0.5 has been chosen, implying that the
map of CN calculated a priori, strongly overestimate discharges. This value may seem
rather large, but tends to be common in flood simulation in Mediterranean basins (see
Francés and Benito, 1995; Corral et al., 2002).

Rainfall estimates based on spatial interpolation of rain gauge measurements could
also represent a source of uncertainty. The coverage of the current rain gauge network
may be insufficient to estimate reliable distributed rainfall in the gauged watershed
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used for calibration (Bobadilla), where no rain gauge is available inside (see Fig. 1).
This may explain the differences between simulated and observed discharges.

The calibration of the rainfall-runoff model has been carried out under a number
of limitations (given the scarcity of data, number of rain gauges, ...) that may have
a significant impact on the performance of the model. This needs to be considered
when analysing the results of the GFWS. Post-flood field investigation and new time
series, as they become available, may be used to improve the rainfall-runoff model
(specially its calibration).

4 The GFWS

The purpose of the GFWS, presented here, is to provide distributed warnings based
on rainfall accumulations and runoff simulations (at the same resolution of 1 km2). In
the current configuration, the warnings are computed at each time step from all the
precipitation data available up to the present. Three different types of warnings related
to hazard probability expressed in terms of return periods are delivered. Two of these
are based on rainfall estimates and one on simulated discharges.

4.1 Warnings based on rainfall estimates

Without taking into account any hydrological process, the distributed rainfall data can
bring a first interesting attempt related to the expected consequences of the rainfall
event and to localize the potential inundations. Two different types of warnings can
be computed for every cell of the studied area and using these precipitation fields:
(i) based on estimated rainfall at point locations (cells of 1 kmz), (i) based on aggre-
gated rainfall at each point where precipitation is accumulated within the drained area
representing the upstream watershed. These warnings have the advantage to be com-
puted quickly and effectively, without any information other than rainfall.
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4.1.1 Use of IDF curves

IDF curves are used as a benchmark for estimating the return period associated with
a given rainfall. IDF curves are widely used, and different techniques exist to compute
them (see Ben-2vi (2009) for an exhaustive review). In Spain a common methodology
is that recommended by the Spanish Ministry of Public Works for drainage design
studies (MOPU, 1990). It has been chosen in this study and has the following synthetic
expression:

0.1_10.1
_ Poan(T) o @)
24

Where P, (T) is the rainfall (in mm) associated with a duration D (hours) and a return
period T, P,,,(T)is the daily accumulated rainfall (mm) for a return period 7, and FR is
a regional factor equal to 8.5 for the area of study.

IDF maps have been calculated with a resolution of 1 km2, for different return periods
(2,5, 10, 25, 50, 100, 200 and 500 yr) and different durations (1, 2, 3, 4, 6, 12 and 24 h)
for both point and aggregated rainfall.

Pp(T)

4.1.2 Warning based on point rainfall

This type of warning is calculated from the point rainfall measurements accumulated
during one hour. It is assumed that this accumulation time is relevant to deliver infor-
mation about the most critical situations at cell scale. It could be of interest for issuing
warning in urban environment or for very sensitive points such as roads (e.g., Versini
et al., 2010). The warning computation is based on a direct comparison, cell to cell,
between estimated rainfall, and the IDF threshold values computed for D = 1 h and dif-
ferent return periods 7. The value assigned to the warning in a particular cell is the
maximum of the return period values that has been exceeded by accumulated rainfall
estimates.
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4.1.3 Warnings based on aggregated rainfall

In this case, the warning is computed to represent as well as possible the conse-
quences of rainfall at watershed scale (every cell draining an area larger than 4 km2).
With this aim, rainfall is accumulated for a duration D equal to the estimated concen-
tration time of the basin. This concentration time is obtained from both river length
and average slope data according to MOPU (1990). These same recommendations
propose a correction factor to diminish the thresholds for areal rainfall amount which
depends on the drained area S:

k =1-log (%) when S > 15km? (8)
k=1 otherwise
4.2 Warnings based on simulated discharges

Warnings based on simulated discharges are computed with the distributed rainfall-
runoff model for every cell where the drained area exceeds 10 km?. At these locations,
the simulated discharges are compared with peak flow thresholds estimated for return
periods T ={2, 5, 10, 25, 50, 100, 200, 500yr}. They are based on the Rational
Method, as described in MOPU (1990).

5 Test case studies

The GFWS started operating in May 2009. Little after, two serious rainfall events oc-
curred (in January and February 2010), both resulting in significant flooding in the re-
gion of Malaga. These two events were not used in the calibration of the rainfall-runoff
model (see Sect. 3.3), and resulted the largest accumulations since the GFWS has
started. As weather radar observations were not available for these events, the rainfall
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field was estimated by spatial interpolation of rain gauge measurements with a reso-
lution of 1 h. The events and the associated performance of the GFWS are presented
herein, also considering the information on the inundations in the Guadalhorce Basin
reported by the emergency services.

5.1 Event of 67 January 2010
5.1.1 Description of the rainfall event

The maximum observed accumulations reached up to 70 mm on the southern portion
of the Guadalhorce Basin (see Fig. 3a). The event started at about 23:00UTC on
6 January 2010 and lasted for 12h. However, most of the precipitation was registered
between 08:00 and 10:00 UTC (during this period rain gauges around Malaga regis-
tered accumulations of 40 mm) as a consequence of a mesoscale convective system
sweeping the basin.

The intense precipitation registered in the morning of 7 January caused flooding
of houses, basements, garages and streets, mainly in the suburbs of Malaga and in
Alhaurin de la Torre (Fig. 4): emergency services registered a hundred flooding inci-
dences between 09:00 and 10:00 UTC in these two cities. These areas are frequently
affected by inundations and this event illustrates a typical case of urban flash flood due
to an intense storm that is not rare in Southern Andalusia.

During this event, two of the three stream gauges of the basin (Bobadilla, Teba)
operated normally. These gauges (see Fig. 1) are located far upstream from the area
mostly affected by precipitation (around the city of Malaga), and the total precipitation
amounts in the sub-catchments drained at these points were relatively minor (around
30mm). Consequently, the resulting observed discharges were not significant (see
Table 2).
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5.1.2 Performance of the GFWS

The comparison between stream gauge observations and the simulations obtained
with the rainfall-runoff model at these locations show some agreement, as quantified in
terms of the Nash efficiency (presented in Table 2). It is worth noting the performance
of the model at the stream gauge in Teba, whose measurements were not used in the
calibration of the rainfall-runoff model (stated in Sect. 3.3).

The GFWS was able to issue warnings in the areas where flooding actually occurred.
Figure 4 shows the maximum warnings based on point rainfall (issued at 09:00 UTC),
and based on aggregated rainfall and simulated discharges (both at 10:00 UTC). Con-
cerning the former (Fig. 4a), a warning was issued around the city of Malaga and
matching the area where the most intense convective cell affected the basin. The core
of the warning (in green) corresponded to an hourly intensity over 35 mm h™', which
correspond to a return period of around 5yr. Around this core, the 2 yr return period
warning level was reached in the blue area (which corresponds to an average hourly
intensity over 25 mm h_1). These patterns had some correspondence with the flood-
ing that occurred in this area between 09:00 and 10:00 UTC. These warnings were
confirmed by those based on aggregated rainfall and simulated discharge in the area.
Because these two use information on the spatial structure of the basin, they have
advantage to localize more precisely the location of potential flooding. Both predicted
the maximum risk of flooding at 10:00 UTC West of Malaga (Fig. 4b,c), where a small
tributary stream crosses the suburbial industrial area, and at Alhaurin de la Torre (re-
spectively, draining basins of 30 and 73 kmz). Both criteria were consistent with each
other and only differed on the assigned return periods: 2yr when assessed based
on aggregated rainfall and 5yr when the computations are based on simulated dis-
charges. This difference is due to the estimated initial abstractions almost equal to 0.
In any case, these warnings coincided very well with the reaches where flooding was
reported within the basin.
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5.2 Event of 15-16 February 2010
5.2.1 Description of the rainfall event

There are clear differences between this rainfall event and that presented in Sect. 5.1:
rainfall intensities were much lighter, maximum hourly intensities hardly exceeded
20mmh~", but it lasted significantly longer (it did not stop raining for about 24 h), which
resulted in progressive saturation of the soils of the basin. The area located near the
coast was particularly affected, with substantial amounts of rainfall registered in Al-
haurin de la Torre (totals reached up to 215mm — nearly a third of the mean annual
precipitation), and over 100 mm around Malaga (see Fig. 3b). In terms of daily rain-
fall, and according to MOPU, 1990), the 50 yr return period (180 mm) was exceeded
in Alhaurin de la Torre, and it was between 5 and 10yr (90 and 115 mm, respectively)
in Malaga. Along the event, the accumulated precipitation caused several floodings in
the morning of 16 February 2010 (after 24 h of precipitation). The rescue services did
more than 40 actions related to flooding (essentially homes and garages) in several
municipalities in the province of Malaga: Alhaurin de la Torre, Coin, Campanillas and
Cartama (see Fig. 5). These actions included the use of helicopters to evacuate people
trapped at home or in flooded roads.

As in the previous event, the largest rainfall amounts occurred downstream the
gauged watersheds (50 and 20 mm in the sub-basins of Ardales and Bobadilla, respec-
tively). As a result, observed discharges were not significantly high, and the observed
peaks were comparable to those of 6—7 January 2010 (see Table 2).

5.2.2 Performance of the GFWS

The hydrographs simulated with the rainfall-runoff model can be considered acceptable
in terms of the Nash efficiency (see Table 2). Despite of the rough calibration, the
model seems to reproduce correctly the hydrological response at the location of stream
gauges.

10442

HESSD
8, 10425-10463, 2011

A pilot operational
flood warning system
in Spain

P.-A. Versini et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/10425/2011/hessd-8-10425-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/10425/2011/hessd-8-10425-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The GFWS was able to issue consistent warnings in the flooded areas depending
on the type of warning used (based on rainfall or simulated discharge). As explained
above, the large rainfall accumulations recorded during this event were the result of
the long duration of the event, rather than very intense precipitation. As a result, ob-
served precipitation intensities did not exceed the thresholds to issue warnings based
on hourly point rainfall at any time: the highest observed intensity in the basin was
around 20mmh™, lighter than the average value for the 2yr return period around
25mmh".

The highest warning levels issued based on aggregated rainfall and simulated dis-
charges are presented in Fig. 5 (at 06:00 and 07:00 UTC, respectively). Aggregated
rainfall exceeded the 2 yr return period for the first time at 03:00 UTC in the main stream
between Coin to Malaga. The levels progressively increased and at 06:00 UTC the 5yr
return period was exceeded. At the same time, small tributaries to this main stream
were also marked as potentially flooded. It is clear how the areas where the warnings
were issued match the points where the main floods actually occurred (Alhaurin de
la Torre, Coin, Cartama, and Malaga, circled with solid red ellipses), being the only
exceptions Campanillas and the suburbs of Malaga where no warning was issued. Af-
ter 03:00 UTC, warning levels decreased and remained only for the main stream. At
12:00, 4 h after the rainfall had ceased, only the Guadalhorce stream located between
Cartama and Malaga was identified as a risky area and remained so until the end of
the day.

Warnings computed from simulated discharges were more intense and more nu-
merous than those already calculated with the aggregated rainfall (the estimated ini-
tial abstractions were null). Indeed, the first warning appeared at 23:00 UTC, and at
03:00 UTC exceeded the return period of 5yr (i.e. higher than the 2 yr one issued for
aggregated rainfall). At 07:00 UTC, the simulated discharges passing through Cartama
and Alhaurin de la Torre were exceeding the 25 yr return period, and in Coin, Campanil-
las and Malaga, the 10 yr return period. The simulated peak discharge in Malaga outlet
occurred at 10:00 and reached a value of 817 m® s_1, although rescue services, based
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on ground observation, estimated the discharge to temporarily exceeded 2000 m3s7".

The fact that drained area located upstream of each dam were not considered can
explain this large difference. Warnings based on simulated flows, thus, corresponded
very well with the floods that occurred in this area. Unlike for the warnings based on ag-
gregated rainfall, the flooding in Campanillas and the suburbs of Malaga at 07:00 UTC
(see Fig. 5b) were not missed: warnings of 10 and 5yr return period were issued at
these points, respectively.

A flood warning (5yr return period) was also issued for the Ardales stream, down-
stream of one of the dams of the basin (Conde Guadalhorce Dam, surrounded in
Fig. 5b), where no problem actually occurred. This area is not anthropized and for
this reason was not affected. As the simulated discharge was not propagated down-
stream the dam, no warning was issued further.

5.3 General comments

Although the model was calibrated for only one gauged basin and for few rainfall events,
the results computed with the rainfall-runoff model for these two recent events are
rather satisfactory: the simulated discharges calculated at the other stream gauges
locations are quite similar to the observed ones. The fact that only warnings based on
simulated discharge have pointed out every effective flooding for both events, illustrates
the interest of working with a distributed rainfall-runoff model. This rather positive result
could, at least in part, be attributed to the significant magnitude of the events, specially
given the limitations of the model calibration.

Moreover, return period characterizing warnings based on simulated discharges ap-
pear to be higher than those based on aggregated rainfall. Regarding the conse-
quences at the ground of both studied rainfall events and the frequency of the to-
tal amount of precipitation locally measured, discharge return periods seem to be
the more representative. The underestimation of aggregated rainfall-based warning
may be due to different reasons. First, this method has intrinsic limitations due to the
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non-consideration of rainfall-runoff transformation. Second, the antecedent soil mois-
ture conditions, which have a significant role in the catchment response (see e.g., Merz
and Bloschl, 2009), is not considered. Despite the basic function used to estimate ini-
tial losses, the rainfall-runoff model is able to take into account soil moisture via the
parameter /, in Eq. (3). For both studied events, the estimated initial abstractions were
almost equal to 0, which result to increase the amount of water producing runoff.

6 Combined use of EFAS with the GFWS for flood forecasting
6.1 The European Flood Alert System (EFAS)

The European Flood Alert System (Thielen et al., 2009) issues flood warnings based
on probabilistic flood forecasts with lead times up to 10 d at European scale. It is based
on the hydrological model LISFLOOD (Van Der Knijff et al., 2010) and rainfall inputs
come from a medium-range ensemble weather predictions (NWP-EPS), consisting of
a first set of 51 members generated at the European Centre for Medium-range Weather
Forecasts (ECMWF) over a 80 km grid, and a second set of 16-member ensemble from
the COSMO Consortium (COSMO-LEPS), run at 10 km grid resolution. Both sets of
weather forecasts are included in the hydrological model to produce two ensembles of
51 and 16 members of flow forecasts. The hydrographs generated in such a way are
then analysed to issue early warnings on the basis of a threshold exceedance analysis.

LISFLOOD was not adjusted for the Guadalhorce Basin using discharge measure-
ments (as it is for other European catchments). However, the discharge thresholds
associated to flood warnings are directly defined based on a statistical analysis of
simulated discharges over a historical 30yr period. The highest discharge obtained
from these long-term simulations is used to set the “severe” situation (that is, when
the model outputs exceed the 30 yr maximum flow situation, a “severe” warning is is-
sued). Similarly, the discharge value corresponding to the 99 % percentile of historical
flow simulations is chosen as the threshold for which a “high” warning is issued. When
comparing “high” discharges with records from level gauges in Europe where the model
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was calibrated, Thielen et al. (2009) reported that the value obtained for “high” warn-
ings usually corresponds to return periods around 1 to 2 yr.

6.2 EFAS forecasts for the studied events

EFAS did not issue any warning in advance for the case of 67 January 2010, since
rainfall accumulations were due to a local and intense rainfall core that NWP-EPS had
missed.

Alternatively, for the second event (15—16 February 2010) the NWP-EPS did depict
the main space and time features of the rainfall field. Consequently, EFAS delivered
flood warnings with an anticipation of four days: probabilistic forecasts issued a signif-
icant flood warning on the main stream of the Guadalhorce river between the 3dams
and Malaga, leaving the secondary streams (where most of the inundations occurred)
safe. From the 51 ECMWF members, 80 % forecasted floods, whereas the simulations
of 2 of the 16 COSMO members exceed the threshold of “high” level 4d in advance (8
out of 16 members 2d in advance). For this second event, the outlet peak flow simu-
lated with LISFLOOD was around 160m3s™". Although this is enough to exceed the
“high” level warning in the Guadalhorce Basin (around 142 m° s‘1, and, as discussed
above, corresponding to a 1-2 yr return period), it is far from the maximum discharges
simulated with the GFWS (817 m3s~'in Malaga) and the 25 yr return period obtained
for the GFWS simulations (see Sect. 5.2). We believe that the latter may be more ac-
curate as it matches better the reports of local rescue services, which had not faced
similar flooding for 20 yr (reports based on eye observation estimated the peak flows
in about 2000 m® 3'1, higher than the 100 yr return period). It is worth insisting on that
the version of EFAS currently running in the Guadalhorce Basin is uncalibrated, and,
therefore, flow simulations cannot be interpreted in absolute terms. Also, it is neces-
sary to remark that no intermediate threshold is established between the “high” and
“severe” warnings, which in cases such as the one analysed here could have helped.
Note that a more general discussion on the matching between simulated discharges
and reference thresholds is conducted in the last section.
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6.3 Use of EFAS warnings to improve lead-time

In the two case studies, most of the watersheds responsible for flooding are small (less
than 100 km2) and, consequently, characterized by short response times (less than
1h). In the operational framework, GFWS warnings based on weather radar and/or
rain gauges measurements require the collection of rainfall measurements (which, cur-
rently, takes up to 20 min). This means that it takes very short time after the warnings
are issued for the inundations to occur in the smallest watersheds (or even equal to 0).
This is often insufficient to prevent the concerned population from the flooding. Recent
works (e.g., Siccardi et al., 2005; Creutin et al., 2009) have shown that when the social
response time is longer than the catchment response time, the planning of manage-
ment measures requires the use of forecast rainfall fields such as NWP-EPSs. That
is why mid-term rainfall forecasts and EFAS warnings represent a good complemen-
tary tool for the GFWS. Delivering these forecasts some days in advance, despite the
rough spatial accuracy, can be useful from a practical point of view. They can be used
as pre-alarms to inform decision-makers about a possible risk of flooding and advise
the population, for example, to reduce their trips and to protect vulnerable items. Sim-
ilarly, emergency services can prepare their teams and anticipate their future actions
around the areas of risk to intervene more rapidly the day in question. According to this
configuration, the warnings issued by EFAS on the main stream of the Guadalhorce for
the 15 and 16 February 2010 could have limited damages. Warnings issued by the
GFWS could have then been used to act more precisely on the affected tributaries.

7 Discussion and conclusion

A local Flood Warning System has been implemented in the Guadalhorce Basin, fre-
quently affected by plain floods and flash floods. The system delivers distributed
warnings over the entire basin based on the available sources of information: rain-
fall estimates and runoff simulations are compared to pre-computed values of hazard
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probability (separately for rainfall and runoff) to determine the warning level expressed
in terms of return period.

The performance of the GFWS has been demonstrated on two major events that
occurred in the basin at the beginning of 2010 (the most intense since the system is
operating). In general, the warnings issued by the system matched the timing and
location where actual inundations occurred. The performance of the system during the
presented cases has shown how the different warnings (based on rainfall estimates or
on flow simulations) are well adapted to the types of hazard that affect the Guadalhorce
Basin. Indeed, results obtained for 7 January 2010 confirm that warnings based on
point rainfall are well adapted to alert of urban or flash floods, as they are driven by
very intense precipitation. As urban drainage is not considered in the system, the
precise location of intense rainfall could be enough from the end-user point of view.
On the other hand, results obtained on 16 February 2010 illustrate the effectiveness
of warnings based on aggregated rainfall and discharge simulations to forecast the
inundations caused by stream overflows.

In parallel, the European Flood Alert System (EFAS) has proved to be a valuable
complementary tool for flood warning. It forecasted the consequences of the larger-
scale and long-lasting event of 15—16 February 2010 four days in advance. Although
it did not forecast the exact location of flooding and underestimated the magnitude of
the event, it provided useful information to prepare the emergency services to oper-
ate. However, EFAS did not anticipate the event of 7 January 2010, for which GFWS
showed a good performance. We attribute this miss mainly to the inability of the NWP-
EPS model to depict the intense but very local precipitation system that produced the
event. This kind of events show the interest of rapid-updating and high-resolution FWSs
to issue warnings at resolutions that are closer to the scales at which flooding occurs
in this basin (for the analysed events most of the inundations occurred in secondary
streams for which EFAS does not produce flow forecasts).

The presented results illustrate the interest of using the GFWS for flood warning
in the Guadalhorce Basin. However, there are a number of implicit hypotheses and
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limitations that are worth discussing:

(1) The selection of thresholds for issuing warnings with GWFS is arbitrary according
to the usual practices in Spain (i.e. according to the MOPU, 1990 and 1999 for runoff
and rainfall, respectively). This is so because long series of observations are inexistent
in the basin. In particular, the method used for setting flow warning thresholds uses
historical daily rainfall accumulations (implicitly assuming a very simple rainfall-runoff
model to estimate design peak flows). This results in some sort of inconsistency when
the discharges simulated with the rainfall-runoff model presented in Sect. 3 are com-
pared to the thresholds established with an obviously different model. The availability
of longer series of hydrological records would allow establishing better thresholds (e.g.
as suggested by IACOW, 1982 and Reed et al., 2007). In any case, the used thresh-
olds can still be considered as indicators of the relative degree of severity of the events,
despite the fact that the associated return periods cannot be taken in absolute sense.
For example the results presented above show a clear correspondence between the
issued warnings and the reported inundations, and indicate relative significance of the
events, but cannot be considered extreme (the 100 yr return period was certainly not
exceeded).

(2) The number of hydrometeorological sensors (both rain and stream gauges) in
the basin poses an important challenge for the performance of the GFWS. The den-
sity of rain gauges (in average, 1 every 180 kmz) and its time resolution (1 h) limit the
ability of the system to monitor the variability of the rainfall field at smaller scales, thus
reducing the skill of the system to forecast flooding due to very local precipitation, es-
pecially in convective situations. However, this factor did not seem to be critical for the
case of January 2010 presented above: although intense rainfall was mainly localized
in the southern part of the catchment and gauges recorded maximum accumulations
of 40mm in 2h (see Sect. 5.1), the system was able to diagnose the magnitude of
the event and useful warnings were issued. On the other hand, the number of stream
gauges and their location (around 40 km from the outlet of the basin) implies that the
calibration of the rainfall-runoff model is mostly valid for the upper part of the basin.
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Consequently, the simulations obtained downstream (for instance in the area near
Malaga, more urbanized than the upper part) are based on an extrapolation of the
calibrated parameters, which are assumed to be valid for the entire basin. The lack
of flow measurements downstream does not allow any quantitative validation of the
simulations.

(3) As it has been implemented here, the GFWS has been run with rainfall observa-
tions, and, consequently, the results presented above assess the ability of the GFWS
to emulate the response of the catchment for two case studies. However, from the
operational point of view, it is also fundamental to analyse the ability of the system to
forecast the hydrological response of the basin (and resulting warnings) upon all the
knowledge available up to the present (see Todini, 1988). By only using rainfall ob-
servations, the flow forecasting skill is limited to the response time of the considered
basin (Berenguer et al., 2005; Vivoni et al., 2006). On top of that, the time resolution of
rainfall records (1 h for rain gauge records) and the data collection time (about 20 min)
are factors that reduce the time between the forecasts/warnings are issued and the
inundations occur. That means the current configuration of the GFWS (using only rain
gauge data) may provide valuable flood warnings only for basins larger than 200 km?,
with response times over 1 h. In other words, the system evaluates what is happening
in the smallest basins and has some predictive skill for the largest ones thanks to the
response time of the basin.

In part, (2) can be addressed with the use of radar-based QPE maps: these allow
monitoring the space and time variability of the rainfall field at resolutions fulfilling the
requirements of rainfall-runoff model for small- to medium-sized basins (see, among
many others, Sempere-Torres et al., 1999; Rossa et al., 2005; Cole and Moore, 2008;
Corral et al., 2009; Delrieu et al., 2009). However, it has been classically recognized
that there are a number of errors (listed, e.g. by Zawadzki, 1984; Austin, 1987; Joss
and Waldvogel, 1990) that affect radar-based QPE and that require the implementa-
tion of sophisticated algorithms to mitigate their effect (also, the blending of radar QPE
maps with rain gauge measurements has shown significant improvements — see, e.g.,
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Velasco-Forero et al., 2009 ; Schiemann et al., 2010 and references therein —). Radar
rainfall products also allow generating very short-term rainfall forecasts (nowcasts) that
can be used to extend the time series of rainfall inputs to the rainfall-runoff model (criti-
cal in point (3) above). Previous works on this subject show significant improvements in
the quality of forecasted hydrographs (see Berenguer et al., 2005; Vivoni et al., 2006;
Versini, 2011; Zappa et al., 2011): The anticipation of flow peaks could be extended
for up to a few hours in small to medium basins and, when included in the GFWS,
should enable improving the skill of the system for flood forecasting. Beyond these
time horizons (critical for flood management and rescue services to prepare and plan
their actions), rainfall forecasts based on the combination of radar-based products with
numerical weather prediction (NWP) precipitation outputs (as suggested by Li and Lai,
2004; Lin et al., 2005; Atencia et al., 2010) should be used. Also, other works (see
Jasper et al., 2002; Zappa et al., 2010 and references therein) have shown the inter-
est of coupling NWP precipitation outputs for flood forecasting in small and medium
catchments.

In this sense, it should be noted that the GFWS is ready to use any gridded rainfall
product. In particular, the GFWS is currently using the radar-based QPE and QPF
products generated with the EHIMI packages using observations from the Malaga radar
(not available for the analysed events). As discussed above, with the inclusion of these
high-resolution precipitation products we expect a better performance of the system,
especially for issuing warnings at local scales.
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Table 1. Characteristics of the events selected for the calibration of the rainfall-runoff model in
the Bobadilla watershed. In the table, Q. is the maximum measured peak flow, rainfall the
total amount of precipitation on the sub-catchment, and NE the Nash efficiency characterizing
the calibration assessment.

Event1 Event2 Event3 Event4 Event5 Event6 Event7 Event8

Quax (M3s™'] 444 807 81.2 27.2 208 426 22.7 84.3
Rainfall (mm)  59.6  78.6 82.3 57.1 344 233 245 97.5
NE -0.49  0.70 084 -180 -024 0.76 0.57 0.06
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Table 2. Characteristics of test case studies and results obtained with the rainfall-runoff model &
at the gauged watersheds. In the table, Q. is the maximum measured peak flow, and NE the Ry _
Nash efficiency characterizing the calibration assessment. Note that, as explained in Sect. 3.3, o
Teba and Ardales gauges were not used in the calibration of the rainfall-runoff model. ~ ! !
Bobadilla Teba Ardales Conclusions  References
3 -1 3 -1 3 1 )
Event Omax (m“s™) NE Omax (m°s™) NE Omax (m“s™) NE § ! !
6—7 Jan 2010 100 0.69 60 0.53 - - @
15-16 Feb 2010 80 0.62 65 0.57 33 0.35 o
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Fig. 1. The Guadalhorce Basin and its hydro-meteorological sensors.

10459

2000

1500

1000

500

0

Altitude
(m amsl)

Jadedq uoissnosiq | Jaded uoissnosiq

I b i

Jadeq uoissnasiq | Jaded uoissnosiq

HESSD
8, 10425-10463, 2011

A pilot operational
flood warning system
in Spain

P-A. Versini et al.

(8
S

o
2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/10425/2011/hessd-8-10425-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/10425/2011/hessd-8-10425-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

100 100
_ M;Event 5 e soéEvent 3 —— Simulated discharge]®
r%) r S | WIS Simulated base flow
5 o eor —— Observed discharge |

40

20

S A AR

Time(h)

Fig. 2. Comparison between observed (black line) and simulated (red line) discharges on
Bobadilla Basin. The left vertical axis represents the discharge (in m

axis represents the rainfall intensity (in mm h'1).
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Fig. 3. Total estimated precipitation accumulation estimated from rain gauges for (a) 6-7 Jan- & ! !
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Fig. 4. Flood warnings issued on 7 January 2010 based on: (a) point rainfall at 09:00 UTC, 2.
(b) aggregated rainfall at 10:00 UTC, and (c) simulated discharges at 10:00UTC. This area 5
around Malaga is the one defined by the dotted square in Fig. 3. The circles indicate the ./ ! !
presence of the rain gauges. The solid red ellipses correspond to the effective flooding. 3 ! !
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Fig. 5. Flood warnings issued on 16 February 2010 based on: (a) aggregated rainfall at 06:00, o

and (b) and simulated discharge at 07:00. Flooded locations are surrounded in red. The solid 8 ! !

red ellipses correspond to the forecasted flooding and the dotted ellipses to the missed flooding.

The black ellipse corresponds to the false alarm at Conde Guadalhorce Dam. o ! !
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