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ABSTRACT

On 12 October 2007, several flash floods affected the Valencia region, eastern Spain, with devastating
impacts in terms of human, social, and economic losses. An enhanced modeling and forecasting of these
extremes, which can provide a tangible basis for flood early warning procedures and mitigation measures
over the Mediterranean, is one of the fundamental motivations of the international Hydrological Cycle in
the Mediterranean Experiment (HyMeX) program. The predictability bounds set by multiple sources of
hydrological and meteorological uncertainty require their explicit representation in hydrometeorological
forecasting systems. By including local convective precipitation systems, short-range ensemble prediction
systems (SREPSs) provide a state-of-the-art framework to generate quantitative discharge forecasts and to
cope with different sources of external-scale (i.e., external to the hydrological system) uncertainties. The
performance of three distinct hydrological ensemble prediction systems (HEPSs) for the small-sized Serpis
River basin is examined as a support tool for early warning and mitigation strategies. To this end, the Flash-
Flood Event-Based Spatially Distributed Rainfall-Runoff Transformation-Water Balance (FEST-WB)
model is driven by ground stations to examine the hydrological response of this semiarid and karstic
catchment to heavy rains. The use of a multisite and novel calibration approach for the FEST-WB pa-
rameters is necessary to cope with the high nonlinearities emerging from the rainfall-runoff transformation
and heterogeneities in the basin response. After calibration, FEST-WB reproduces with remarkable ac-
curacy the hydrological response to intense precipitation and, in particular, the 12 October 2007 flash flood.
Next, the flood predictability challenge is focused on quantitative precipitation forecasts (QPFs). In this
regard, three SREPS generation strategies using the WRF Model are analyzed. On the one side, two
SREPSs accounting for 1) uncertainties in the initial conditions (ICs) and lateral boundary conditions
(LBCs) and 2) physical parameterizations are evaluated. An ensemble Kalman filter (EnKF) is also de-
signed to test the ability of ensemble data assimilation methods to represent key mesoscale uncertainties
from both IC and subscale processes. Results indicate that accounting for diversity in the physical pa-
rameterization schemes provides the best probabilistic high-resolution QPFs for this particular flash flood
event. For low to moderate precipitation rates, EnKF and pure multiple physics approaches render un-
distinguishable accuracy for the test situation at larger scales. However, only the multiple physics QPFs
properly drive the HEPS to render the most accurate flood warning signals. That is, extreme precipitation
values produced by these convective-scale precipitation systems anchored by complex orography are better
forecast when accounting just for uncertainties in the physical parameterizations. These findings contribute
to the identification of ensemble strategies better targeted to the most relevant sources of uncertainty
before flash flood situations over small catchments.
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1. Introduction

Flash floods are among the most devastating natural
hazards in terms of human, social, and economic losses.
These extreme events can happen extraordinarily rapidly,
and the response time for any preventive measure ought to
be short. One major scientific challenge of the interna-
tional Hydrological Cycle in the Mediterranean Experi-
ment (HyMeX; www.hymex.org) program is to improve
the understanding of hydrometeorological extremes in the
Mediterranean (Drobinski et al. 2014). The Spanish
Mediterranean is a flash flood—prone region during late
summer and early autumn as high precipitation rates
persist for several hours over individual basins. This per-
sistence is often associated with prominent orography that
anchors quasi-stationary mesoscale convective systems
(MCSs; Doswell et al. 1996; Kolios and Feidas 2010).
Furthermore, the particular geographical settings of this
semiarid region, with many small- to medium-sized steep
and densely urbanized coastal catchments, further reduce
the hydrological response times and increase flood risks. In
addition, most of these rivers are often dry during the
warm season, exacerbating unexpected and extensive
flood damage (Camarasa Belmonte and Segura Beltran
2001; Amengual et al. 2007, 2015).

The 12 October 2007 flash flood in Valencia, eastern
Spain, is a paradigmatic example of the hazardous con-
sequences of rapid flow increases. That day, the central-
eastern part of Valencia was impacted by long-lasting
convective rainfall that affected most of its internal
catchments, resulting in serious material and human
damages. Specifically, we focus on the Serpis River basin,
which is small in size and responds quickly to extreme
rainfall events (Figs. 1, 2). Our first objective is to ex-
amine the hydrological response of this semiarid and
karstic basin to intense precipitation and, in particular, to
the 12 October 2007 flash flood. Persistent low antecedent
soil water contents and high soil moisture capacities are
characteristic of Mediterranean Spain at the end of the
warm season. Additional hydrological uncertainties arise
as heavy rainfalls and large precipitation amounts over
karstic areas result in a highly nonlinear rainfall-runoff
transformation (Borga et al. 2007).

Hydrological forecasting systems based only on rain-
fall observations do not provide forecasts with sufficient
lead time to take effective precautionary civil protection
measures. The use of quantitative precipitation forecasts
(QPFs) by short-range and high-resolution numerical
weather prediction (NWP) models is a primary tool to
further extend the hydrometeorological forecasting
lead times beyond the watershed response times. Nowa-
days, state-of-the-art convection-permitting NWP models
realistically capture the initiation and intensification of
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convectively driven rainfalls with similar spatial and
temporal scales to the flash flood—prone catchments. QPFs
can be directly used to drive rainfall-runoff models without
the need to implement additional downscaling procedures
(Verbunt et al. 2007; Amengual et al. 2008; Vincendon
et al. 2011; Addor et al. 2011).

However, the accurate numerical prediction of deep
moist convective phenomena is challenging owing to the
imperfect representation of several atmospheric processes
leading to extreme precipitation rates: convection, plane-
tary boundary layer (PBL), land physics, and moist mi-
crophysical processes (Stensrud et al. 2000; Jankov et al.
2005; Amengual et al. 2008; Tapiador et al. 2012). Not only
is the parameterization of physical processes inexact, but
any misrepresentation of the atmospheric state across the
relevant scales strongly penalizes the quality of the fore-
casts in such nonlinear systems (Toth and Kalnay 1993;
Mullen and Baumhefner 1988; Houtekamer and Derome
1995; Du et al. 1997). Indeed, errors of any origin can grow
rapidly during the quantitative precipitation forecasting
and steer toward misleading predictions, especially when
fast-growing modes, such as those leading mesoscale
convective developments, are dominant for the predicted
field. Therefore, QPF is highly sensitive to errors in the
initial conditions (ICs), lateral boundary conditions
(LBCs), and model physical parameterizations.

Short-range ensemble prediction systems (SREPSs)
aim at forecasting the probability of weather extremes
with accuracy, reliability, and precision. Uncertainties in
the representation of the atmospheric state are most often
encompassed by running NWP models with perturbed
ICs/LBCs (Buizza 2003; Grimit and Mass 2007). Similarly,
the subspace of physical parameterization uncertainties is
explored by running combinations of subgrid schemes,
usually considered equally skillful. Short-range QPFs can
also be improved by applying data assimilation (DA)
techniques (Kistler et al. 2001; Uppala et al. 2005). DA
algorithms aim to determine the atmospheric state and
associated uncertainties by coupling model forecast
information with multiple sources of observations and
their respective errors. The ensemble Kalman filter
(EnKF) is an ensemble DA approach to nonlinear Kalman
filtering based on Monte Carlo techniques (Evensen 2003;
Guillijns et al. 2006), which has been shown to improve
the sampling of the IC error space in both meso- and
storm-scale ensemble data assimilation systems (Snyder
and Zhang 2003; Zhang et al. 2004; Dowell et al. 2004;
Tanamachi et al. 2013; Marquis et al. 2014; Sippel et al.
2013). The EnKF has an unquestionable potential to
produce valuable hydrometeorological predictions in
Mediterranean Spain, as it combines the skill for an
appropriate mesoscale ensemble generation strategy and
the transference of information from land regions toward
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FIG. 1. Configuration of the computational domain used for the WRF numerical simulations.
Main geographical features mentioned in the text are shown. The thick continuous black line
shows the CHJ region where the Serpis River basin is located (highlighted in shaded gray).

relatively sparsely observed maritime areas (Carri6é and
Homar 2016). Both aspects pose serious challenges to
forecasters in the region.

The distribution of plausible atmospheric states, rep-
resented by SREPSs, are used to build hydrological en-
semble prediction systems (HEPSs) in order to convey
these external-scale uncertainties down to the hydrolog-
ical system. That is, the inclusion of independent in-
formation from a distribution of atmospheric scenarios
aims at increasing the skill of HEPSs. However, the
identification of the most suitable methods for generating
HEPSs and the quantification of their added value are still
under investigation (Cloke and Pappenberger 2009; see
special issue of Hydrological Processes, 2013, Vol. 27, No.
1). The second objective of this study is to evaluate the
predictive skill of three distinct ensemble generation strat-
egies for the 12 October 2007 flash flood. To this end, we
build ensembles for short-range flash flood forecasting
purposes based on perturbed ICs/LBCs (PILB), multiple
physical schemes (MPS), and EnKF ensemble techniques.
The experiments not only shed light on the most relevant
sources of uncertainty in hydrometeorological modeling,
but also contribute to the discussion about the optimal de-
sign of HEPSs in small-sized Mediterranean river basins
affected by heavy rainfall conductive to flash floods.

The rest of the paper is structured as follows. Section 2
consists of a brief description of the study area and the
observational networks. Section 3 presents the hydro-
meteorological episode. The description of the PILB,
MPS, and EnKF ensembles is provided in section 4. The
hydrological tools and the basin characterization are de-
scribed in section 5. Results are discussed in section 6, and
the final section summarizes the main conclusions and
provides further remarks.

2. The study area and databases
a. Overview of the Serpis River basin

The Serpis River basin is one of the Mediterranean
catchments managed by the Confederacion Hi-
drogréfica del Jicar (CHJ) demarcation (Figs. 1, 2).
CHJ administers an extension of 42851 km? over east-
central Spain and comprises most of the Spanish cen-
tral rivers that flow into the Mediterranean Sea, with
Jucar being the most important. The Serpis River basin
has an extension of 802.6 km? and a length of 74.5km at
the basin outlet in the city of Gandia. The catchment
extends from the northeasternmost part of the Baetic
system, then flows northeasterly through a set of narrow
gullies toward the coastal plain of Gandia to finally end
in the Mediterranean. Maximum heights are roughly
1450 m in the headwaters and then pass through a height
transition until 300-700m in the middle basin (Fig. 2).
The upper and middle catchment is principally formed
by karstified limestone and marls. The lower basin is
formed by carbonate strata and by alluvial quaternary
deposits at the river mouth (Delgado et al. 2006). The
number of inhabitants in the basin is nearly 230 000. Alcoi
and Gandia are the main urban areas, with more than
60000 and 75000 inhabitants, respectively. Main land
uses are forest (48.8%), agricultural (47.1%), and urban
(32%).

The Valencia region has a semiarid Mediterranean
climate with an average annual precipitation ranging
from 300 to above 1000 mm. Seasonal rainfall distri-
bution is typical of a Mediterranean region, with a
period of summer drought and wet periods mainly in
autumn and spring. Summer and autumn episodic
heavy rainfalls can account for a very large fraction of
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FIG. 2. At the upper left, a distribution of the rain gauges from the SATH (131 stations) of
the CHJ and AEMET (25 stations). It includes a total of 156 automatic rainfall stations
distributed over an area of 45000 km®. The Serpis River basin is highlighted in shaded dark
gray. At the lower right, a digital terrain model of the Serpis River basin with a cell size
of 200 m. Main tributaries, stream gauges, and the reservoir are shown. Also included are

30 Kilometers

locations mentioned in the text.

the annual amounts (Romero et al. 1998; Pastor et al.
2010). The Serpis River basin is located in one of the
rainiest regions in Valencia, with average annual pre-
cipitation ranging from 700 to 900 mm, owing to its
particular geographical setting. The catchment is situ-
ated between the Baetic mountain ranges, which are
oriented from southwest to northeast, and the south-
east to northwest coastline (Fig. 1). The east to north-
east facing of the basin produces an efficient rainfall
response to the entrance of easterly and northeasterly
moist flows, mainly associated with subsynoptic-scale
rain-bearing Mediterranean cyclones. These episodes
bring very copious and convectively driven rainfall.
The flow regime of the Serpis catchment is typical of
the semiarid Mediterranean Spain, passing from large
periods of very low flows to sporadic flash floods. Being
aware of this highly irregular river regime, the CHJ
hydraulic division built a reservoir with a capacity of
27.0 cubic hectometers (hm?) for water supply and
flood control purposes at Beniarrés town, located in the
middle of the watershed (Fig. 2).

b. Meteorological and hydrological data

We analyze data from 156 automatic rain gauges, be-
longing either to the Automatic Hydrologic Information

System (SAIH) network of the CHJ or to the Spanish
Agency of Meteorology [Agencia Estatal de Meteor-
ologia (AEMET)]. These stations provide 5-min ac-
cumulations and cover the entire CHJ (Fig. 2), and 40
of them lie within the Serpis River basin or near its
close vicinity. Series of 2-m temperature from 12 ad-
ditional automatic ground stations of the AEMET
network are used as well. Raw runoff data at 5min
intervals are also available for three flow gauges lo-
cated along the catchment. These stream gauges are
integrated in the SATH network and are deployed 1) at
Rotova city, in the Vernissa affluent (labeled as Ver-
nissa by the CHJ); 2) just upstream of the Beniarrés
reservoir (Beniarrés); and 3) at Assut d’en Carrds
close to Villalonga town (Carrdés) in the Serpis River.
Their respective drainage areas are 113.0, 505.3, and
594.2km? (Fig. 2).

3. Description of the 11-12 October 2007
hydrometeorological episode

During 9-10 October 2007, an Atlantic upper-level
closed low was displaced from northwestern France and
south of the British Islands toward the western Medi-
terranean, moving over the eastern Iberian Peninsula on
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FIG. 3. ECMWF analysis at 0000 UTC 12 Oct 2007:
(a) geopotential height (gpm; solid) and temperature (°C; dashed)
at 500 hPa and (b) mean sea level pressure (hPa; solid) and tem-
perature (°C; dashed) at 925 hPa.

11 October. At the surface, a strong anticyclone re-
mained stationary across western and northern Europe
on 11 October, resulting in an easterly flow advection
from central-eastern Europe to the western Mediterra-
nean for the next 2 days (Fig. 3). The sensible and latent
heat fluxes from the relatively warm sea surface of the
Mediterranean Sea increased the convective available
potential energy (CAPE) of this overlying air mass.
Together with the intrusion of high lapse rates in the
lower to midtroposphere, the intense air—sea moisture
exchanges, the low-level flow channeling, and uplift
from the complex orography and the land—-sea contrasts
promoted the conditional instability of the air and its
elevation above the lifting condensation and free convec-
tion levels, resulting in the triggering of deep moist con-
vective activity. Observed 42-h accumulated precipitation
(from 0000 UTC 11 October to 1800 UTC 12 October),
exceeded 400mm in two rain gauges, 300 mm in three
additional stations, and 200 mm in seven additional ones.
The most intense rates were recorded during the early
morning of 12 October, with hourly accumulations sur-
passing 90 mm (Fig. 4a). More details about this episode
can be found in Pastor et al. (2010), including surface and
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satellite measurements and NWP model simulations
highlighting the importance of orography as the trigger-
ing mechanism for the development of the quasi-
stationary convective systems.

Subsequent flooding from the torrential precipitation
resulted in one fatality, 40 people rescued, and 243 evacu-
ated, in addition to 1200 damaged dwellings and the
collapse of several bridges. Economic losses were es-
timated at over EUR 100 million. Regarding the Serpis
River basin, 42-h rainfall accumulations reached
330mm over the northernmost part and the areal-
averaged accumulation was close to 200 mm (Table 1;
Fig. 4a). At Vernissa, two almost consecutive maxi-
mum discharges of 206.9 and 314.4m’s™' were re-
corded at 0700 and 1000 UTC 12 October, with times to
peak of 2 and 5 h, respectively (Fig. 5a). The very steep
slopes of the rising limbs denote the extraordinary in-
crease of the discharge rates. At Beniarrés and Carrds,
peak flows at 1400 UTC 12 October were 255.9 and
201.4m>s™!, respectively (Figs. 5b,c). Thus, the peak
discharge at Beniarrés was significantly abated by the
reservoir prior to its downstream propagation. Note the
remarkable magnitude of the flash flood at Vernissa,
where the peak discharge for a 25-yr return period Q,,,
is 167m>s~! (MAGRAMA 2011).

4. Meteorological tools

Atmospheric numerical simulations for this event are
produced with the Weather Research and Forecasting
(WRF) Model, version 3.4 (Skamarock et al. 2008). We
define a single computational domain of 767 X 575 grid
points centered in the western Mediterranean and span-
ning the entire Mediterranean Spanish coast (Fig. 1). A
horizontal resolution of 2.5 km, 50 vertical levels, and an
integration time step of 12s is used in all WRF runs,
which allow for deep moist convective systems with a
relevant entity to be explicitly resolved (Weisman et al.
1997; Bryan et al. 2003; Roberts and Lean 2008; Zheng
et al. 2016). WREF forecasts span over 42 h, from 0000 UTC
11 October to 1800 UTC 12 October 2007. This time pe-
riod encompasses the initiation phase and the mature
evolution of the convective systems for this episode. Fi-
nally, hourly QPF outputs from the experimental atmo-
spheric ensembles force the Flash-Flood Event-Based
Spatially Distributed Rainfall-Runoff Transformation—
Water Balance (FEST-WB) model, resulting in the cor-
responding experimental HEPSs examined here.

a. PILB experiment

The operational European Centre for Medium-
Range Weather Forecasts ensemble prediction sys-
tem (ECMWF-EPS) aims at sampling the distribution
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FIG. 4. Accumulated precipitation in the CHJ demarcation according to (a) rain gauges, (b) MPS percentile 90,
(c) PILB percentile 90, and (d) EnKF percentile 90. The 42-h accumulated precipitation is valid at 1800 UTC 12 Oct
2007. Note that the spatially distributed accumulated precipitation in (a) has been obtained after applying kriging
with a linear model for the semivariogram fit.

of plausible atmospheric states, given the bulk of ob- perturbing a deterministic analysis with the singular
servational and modeled information available (Buizza vector technique plus an unperturbed (i.e., reference)
and Palmer 1995; Molteni et al. 1996). In particular, the forecast. Out of these 51 members, and in order to en-
global T639L62 ECMWEF-EPS (horizontal spatial res- compass the maximum number of plausible synoptic
olution of ~50 km) consists of 50 members generated by  scenarios affecting the region, we dynamically downscale

TABLE 1. Main hydrometeorological features of the 12 Oct 2007 flash flood for the different hydrometric section areas of the Serpis
River basin. The 42-h (from 0000 UTC 11 Oct to 1800 UTC 12 Oct) rainfall amounts are expressed as area-averaged values. In Gandia,
total runoff and peak discharge have been estimated from the observation-driven runoff simulation. Note that we have accounted for
runoff volume stored in the Beniarrés reservoir according to the observation-driven runoff simulation, but it has not been possible to
consider its abating effect in the observed and observation-driven peak discharges at Carrds and the basin outlet.

Hydrometric Total Total Peak Unit peak discharge Runoff
section precipitation (mm) runoff (mm) discharge (m*s™ ") (m*s 'km™?) ratio
Vernissa 229.3 80.7 3144 2.8 0.35
Beniarrés 1742 219 255.9 0.5 0.13
Carrés 185.3 358 201.4 0.3 0.19

Gandia 196.2 47.2 537.8 0.7 0.24
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Serpis basin outlet.

the 20 ECMWF-EPS members exhibiting maximum
IC/LBC perturbations over the numerical domain. This is
an attempt to compensate for the mismatch between the
synoptic-scale error growth optimization time for the
singular vectors and the subsynoptic error growth more
relevant for short-range basin-scale predictions (Stensrud
et al. 2000; Tapiador et al. 2012).

To this end, we have implemented a method based on
principal component analysis and k-means clustering.
Using the 500-hPa geopotential height and 850-hPa
temperature, all 50 ECMWF-EPS members are classi-
fied in 20 clusters, and the 20 closest members to the
centroids are used as initial and boundary fields for the
PILB mesoscale ensemble. Thus, we rely on the sam-
pling of the IC/LBC uncertainty subspace provided by
the global system (Marsigli 2009) and target it over the
area of interest. Boundary fields are updated every 3 h in
the WRF Model. Physical parameterizations are iden-
tical across PILB members and include the WRF single-
moment 6-class microphysics scheme (WSM6) including
graupel (Hong and Lim 2006), the 1.5-order Mellor—
Yamada-Janji¢c (MYJ) boundary layer scheme (Janji¢
1994), the Dudhia shortwave scheme (Dudhia 1989), the
RRTM longwave scheme (Mlawer et al. 1997), the
unified Noah land surface model (Tewari et al. 2004),
and the Eta similarity surface-layer model (Janji¢ 1994).

Note that the computational domain, the vertical
levels, and this physical setting match the operational
configuration routinely used by the research Meteo-
rology Group at the University of the Balearic Islands
(http://meteo.uib.es/wrf).

b. MPS experiment

Sensitivity analyses of mixed physics ensembles reveal
that no single model configuration systematically out-
performs any other one, because meteorological vari-
ables are sensitive to various processes that are
simulated differently by competitive parameterization
schemes (e.g., Jankov et al. 2005; Evans et al. 2012). In
such convectively driven episodes, cumulus parameter-
izations would be a logical candidate for direct un-
certainty sampling. However, as convection is explicitly
resolved in our experiments, PBL and microphysical
subgrid processes are the next determinant factors for
deep moist convective activity. Therefore, the 20 mem-
bers of the MPS experiment are constructed by using the
unperturbed ECMWEF-EPS member as initial and lat-
eral boundary conditions, and by combining the fol-
lowing five microphysics and four PBL schemes:

e Microphysics schemes: WSM6, New Thompson, and
NSSL two-moment with three cloud condensation
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nuclei (CCN) prediction values of 0.5 X 10, 0.75 X 10°,
and 1.0 X 10°cm .

o Planetary boundary schemes: Yonsei University (YSU),
MYJ, Mellor-Yamada—Nakanishi-Niino level 2.5
(MYNN), and Total Energy—Mass Flux (TEMF).

All these schemes involve the simulation of explicitly
resolved water, cloud, and precipitation processes, in-
cluding mixed-phase transformations (i.e., the interaction
of ice and water). However, each microphysical param-
eterization treats differently the interaction among six
moisture species (i.e., water vapor, cloud water, rain,
cloud ice, snow, and graupel); the physical processes of
rain droplet production, fall, and evaporation; the cloud
water accretion and autoconversion; condensation; and
saturation adjustment and ice sedimentation (Skamarock
et al. 2008). WSM6 solves the differences between the
liquid and solid phase dependent on temperature. Water
and rain are treated separately from ice and snow (Hong
and Lim 2006). The New Thompson scheme adds rain
number concentration and uses the Gamma distribution
and dependent intercept parameters for the raindrop size
distribution (Thompson et al. 2008).

On the other side, the two-moment NSSL scheme
predicts average graupel particle density, allowing this
to span the range from frozen drops to low-density
graupel (Mansell et al. 2010). Given the specific geo-
graphical setting of the western Mediterranean Basin,
we also sample the CCN uncertainty as the variability of
aerosol concentration—depending on the origin of the
air mass affecting the area—is clearly influential and not
considered by standard tabulated aerosol parameters.
That is, Saharan, continental central European, Atlan-
tic, or purely Mediterranean air masses have radically
different aerosol characteristics, affecting the moist
physical processes over the Mediterranean region
(Clarke et al. 1997). We have considered the above-
mentioned three different levels of CCN to account for
this variability and to cope with the inaccuracy of using
tabulated CCN data (Hudson 1993).

PBL schemes are used to parameterize the subgrid
turbulent vertical fluxes of heat, momentum, and moisture
within the boundary layer and throughout the atmosphere
(Pielke and Mahrer 1975). The PBL representation is a
determinant factor in accurately simulating mesoscale
weather phenomena owing to the critical role that these
fluxes exert in the unfolding of severe phenomena. The
choice of a PBL scheme can substantially affect temper-
ature and moisture profiles in the lower troposphere and
the effects of turbulence in daytime convective conditions
(Hu et al. 2010; Coniglio et al. 2013).

The YSU scheme is a first-order, nonlocal scheme with
a countergradient term in the eddy-diffusion equation,
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which enhances mixing in the stable boundary layer (Hong
et al. 2006). On the other side, the MYJ scheme employs a
1.5-order turbulence closure model to represent turbu-
lence above the surface layer. This scheme determines
eddy-diffusion coefficients from prognostic turbulent ki-
netic energy (Janjic 1994). MYNN treats condensation
physics in the boundary layer by considering liquid-water
potential temperature and total water content. In addition,
MYNN allows for partial condensation in a model grid to
assure proper interaction with microphysics and radiation
(Nakanishi and Niino 2006). Additionally, the TEMF
scheme uses eddy diffusivity and mass flux concepts to
determine vertical mixing, and it includes a subgrid total
energy prognostic variable, giving more realistic profiles
for shallow convection (Angevine et al. 2010).

c. EnKF experiment

The Data Assimilation Research Testbed (DART;
Lanai version) package, developed by the National
Center for Atmospheric Research (NCAR; Anderson
et al. 2009), was used to implement an ensemble data
assimilation system. EnKF is a sequential filter method
that minimizes the variance of the resulting atmospheric
analysis, given the errors of the prior fields and obser-
vational data. EnKF is typically implemented as a cyclic
data assimilation system that consists of two elemental
phases (Houtekamer and Mitchell 1998): an assimilation
step, in which available observations are ingested ac-
counting for the ensemble and observation covariances,
and a forecast step, consisting in the time advancing of
the newly generated ensemble of states to the next as-
similation step. One of the most attractive properties of
an EnKF is the background error covariance calcula-
tion, derived dynamically from the ensemble covari-
ance, which dramatically reduces its calculation costs
with respect to climatologically based approaches.

First, we have selected the 20 ECMWF-EPS members
exhibiting maximum IC/LBC perturbations over the
numerical domain on 1200 UTC 10 October 2007. Next,
our EnKF experimental ensemble design consists of
hourly assimilation windows over the next 12h (i.e.,
until 0000 UTC 11 October, performing a total of 13
assimilation steps). Finally, the resulting analyses at
0000 UTC are integrated forward for 42 h. In addition to
encompassing errors in the initial and lateral boundary
conditions, the EnKF ensemble accounts for uncer-
tainties in the representation of subgrid physical pro-
cesses as well. For the PBL, the same schemes as for the
MPS experiment are used. However, the differing
number of microphysical species in the parameteriza-
tions used in the MPS ensemble impedes its use in the
assimilation phases of the EnKF experiment. Thus, the
diversity in the microphysical processes is accounted for
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using just the NSSL scheme, but with five different CCN
concentrations: 0.1 x 10, 0.25 X 10%, 0.5 x 10°, 0.75 x
10°, and 1.0 X 10°em ™.

The observational databases were provided by the Me-
teorological Assimilation Data Ingest System (MADIS) of
the National Oceanic and Atmospheric Administration’s
National Weather Service (NOAA/NWS). In particular,
we use radiosonde, METAR, marine, and ACARS data.
Further details on the design of the EnKF ensemble are
provided by Carri6é and Homar (2016). Also note that all
three ensemble strategies are designed to mimic an
operational forecasting framework. Operational EnKF
systems separate clearly the assimilation process from
the forecast process, running almost independently.
Here, all three experimental ensembles could have been
run operationally shortly after 0000 UTC 11 October,
rendering a comparable set of ensemble forecasts.

5. Hydrological tools
a. Hydrological model and basin characterization

We simulate the hydrological response of the Serpis
River basin with the FEST-WB model (Rabuffetti et al.
2008). FEST-WB is physically based and accounts for
evapotranspiration, infiltration, surface runoff, subsurface
flow, and flow routing. The computational domain is dis-
cretized with a regular-squared mesh. The hydrological
model computes soil moisture fluxes by solving the water
balance equation at each grid point. In particular, the
evolution of the soil moisture 6; for the generic point at

(i, j) is

ae"fzi(P__ ~R,— D, —ET,) (1)
ot Zij ij ij ij U

where P is the precipitation rate, R is the runoff flux, D
is the drainage flux, ET is the evapotranspiration rate,
t is time, and Z is the soil depth. Runoff is calculated
according to a modified Soil Conservation Service curve
number (SCS-CN; USDA 1986) method extended for
continuous simulation (Ravazzani et al. 2007, 2016).
Thus, the maximum potential retention § is updated at
the beginning of a storm as a linear function of the de-
gree of saturation . That is,

S=S,(1-¢)+5S,e, )

where S; and S5 are the values of § when the soil is dry
and wet (i.e., antecedent moisture condition I and III,
respectively). The actual evapotranspiration is calcu-
lated as a fraction of the potential rate tuned by the beta
function that, in turn, depends on soil moisture content
(Montaldo et al. 2003). Potential evapotranspiration is
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computed according to a modified version of the
Hargreaves—-Samani equation (Ravazzani et al. 2012).
The surface and subsurface flow routing is based on the
Muskingum—Cunge method in its nonlinear form with
the time-variable celerity (Montaldo et al. 2007). The
minimum amount of input atmospheric data required to
run FEST-WB is precipitation and temperature, which
are interpolated from the ground stations to the model
grid points by means of a kriging algorithm applied
using a linear model for the semivariogram fit.

The physiographic basin characteristics required for
the implementation of FEST-WB include a digital ele-
vation model (DEM) and land-use and lithology maps.
DEM and soil properties layers are provided by the CHJ
hydraulic division and the Spanish Geological Survey
(Instituto Geoldgico y Minero de Espaifia) databases.
The Coordinated Information on the Environment
(CORINE) land-cover dataset provides the land-use
information (Bossard et al. 2000), and the SCS-CN map
is obtained from the Spanish Ministry of Agriculture,
Food and Environment. From these layers, the follow-
ing basin parameters are derived: flow direction, slope,
aspect, residual and saturated soil moisture, pore size
distribution index, saturated hydraulic conductivity,
wilting point, field capacity, and soil depth.

Because of the Beniarrés reservoir, the Serpis River
basin cannot be modeled under a natural regime (Fig. 2),
as it results in important hydrograph diffusion effects on
the flood waves. Flow routing through the detention pond
is modeled by means of the fourth-order Runge-Kutta
method for the level pool scheme (Ravazzani et al. 2014).
Initial elevation, storage capacities, maximum outflows,
and water elevations have been provided by the CHJ
hydraulic division. Finally, continuous observation—
driven FEST-WB simulations are carried out at
hourly time steps and with a horizontal grid resolution
of 200 m.

b. Model calibration strategy

Model calibration focused on peak discharge and tim-
ing as well as runoff volume, which are strongly dependent
on infiltration and routing processes. In the semiarid
Mediterranean Spain, sparse vegetation together with
torrential convective precipitation, which easily exceeds
the high initial soil infiltration capacity, favor fast Horto-
nian flows and rapid flow velocities in the river streams
during the warm season (Camarasa Belmonte and Segura
Beltran 2001; Amengual et al. 2007, 2009, 2015). As
pointed out by Borga et al. (2007), heterogeneities in the
hydraulics of the basin response to flash floods arise as a
consequence of the systematic decrease of catchment re-
action with increasing rainfall amounts. Two major factors
regulating these heterogeneities are the expansion of the



1152

stream network to unchanneled topographic elements dur-
ing flash flooding and the increase of flow velocity with dis-
charge. Consequently, we have first calibrated the Strickler
coefficients associated with the hillslope flow routing &, and
channel flow routing k;,, thus modulating the overland flow
velocity Vi, and channel flow velocity V..

Initially dry soils and high infiltration capacities en-
hance the nonlinear response of runoff to intense pre-
cipitation and large rainfall amounts over the Serpis
River basin, resulting in a noticeable mitigation of
the magnitude of the runoff discharges and volumes
(Table 1). These high initial infiltration losses and large
soil moisture storage capacities are associated with the
predominant presence of limestone, marl, and car-
bonate strati in the basin, mainly favoring the recharge
of deep aquifers (Camarasa Belmonte and Segura
Beltran 2001). As mentioned in section 5a, the runoff
generation processes are described according to a
modified SCS-CN method extended for continuous
simulation. Following the procedure by Borga et al.
(2007), we have selected the following infiltration pa-
rameters for calibration to better encompass the strong
nonlinearities: curve number (CN), infiltration stor-
ativity Sy, initial abstraction ratio A, and saturated soil
hydraulic conductivity K.

Recall that in the original SCS-CN formulation, S is a
site storage index related to the CN as (Ponce and

Hawkins 1996):
100
S:S()(C—N_l). (3)

The use of Sy as a calibration parameter allows em-
ploying the spatial distribution of CN values to correctly
simulate the observed flood water balance (Borga et al.
2007). Note that the default value of Sj is 254 mm. The
initial abstraction is specified as a percentage of S:

I =AS. 4

a

In the original formulation, A = 0.2 is considered as
the standard value (Ponce and Hawkins 1996). How-
ever, given the aforementioned physical specificities of
the Serpis River basin, we have considered A as a further
calibration parameter as well.

FEST-WB has been subjected to calibration by
comparing observation-driven simulated runoff against
recorded runoff for an independent set of flash floods.
To this aim, hourly observed discharge series have been
first examined for the entire 2002-12 period. Three
episodes have been selected for calibration tasks at
Vernissa. At Beniarrés, two additional independent
events have been chosen for calibration purposes.
These episodes have been selected based on having
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TABLE 2. Main hydrometeorological features of the episodes for
different stream gauges used for the calibration of the FEST-WB
model. Total rainfall amounts are expressed as area-averaged
values.

Stream Total Peak
gauge Date precipitation (mm) discharge (m®s™")

Vernissa 7 May 2002 232.6 190.2

16 Apr 2003 81.5 51.3

28 Sep 2009 156.4 90.6

Beniarrés 9 Oct 2008 116.3 94.2

23 Nov 2011 105.0 165.2

Carros 9 Oct 2008 122.0 48.9

23 Nov 2011 110.0 59.7

similar hydrometeorological features to our case study
(Table 2). Thus, the 12 October 2007 flash flood has
been employed for verification purposes. Continuous
observation—driven FEST-WB simulations have been
carried out for the same period to extract the selected
flash floods. To this end, we have employed the obser-
vational network described in section 2b, although not all
the ground stations were continuously operational for the
entire period. In addition, impacts on the natural river
flow from real-time reservoir operations (i.e., water re-
distribution and diversion and actual water levels) have
not been encompassed, as these data series are not
available. Thus, we have modeled the Beniarrés dam by
using the aforementioned technical characteristics pro-
vided by the CHJ hydraulic division.

The hydrological model has been manually calibrated
by adopting the trial and error approach and by using a
set of objective functions, with the aim of minimizing
discrepancies in simulated peak discharge, runoff vol-
ume, and time to peak. That is, the calibration effec-
tiveness has been evaluated by computing the relative
errors in volume (EV) and peak (EP) discharges at the
flow gauges. For a general assessment of a model’s per-
formance, other indices that are well known in the liter-
ature have been computed as well: the Nash—Sutcliffe
efficiency criterion (NSE; Nash and Sutcliffe 1970) and
the root-mean-square error (RMSE). Finally, the values
of the calibrated parameters found at Beniarrés were
extended to the basin outlet, as discharge observations at
Carrés could not be used for calibration because they
were affected by upstream dam regulation.

After calibration, an improvement of goodness-of-fit
indices characterizes all hydrometric sections. That is,
reasonably satisfactory results have been obtained, even
though some errors still remain (Table 3). In particular,
FEST-WB exhibits moderate underestimations in the
observed peak discharges and flood volumes at Vernissa
and Beniarrés. Table 3 displays greater errors in NSE at
Carr6s as a consequence of lacking precise information
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TABLE 3. Mean values of the statistical indices of the peak dis-
charge and flood volume errors before and after calibration for the
observation-driven runoff simulations at the indicated stream
gauges. Std devs are shown in parentheses. Negative EV and EP
scores denote model underestimation.

Stream Before After
gauge Statistical index calibration calibration
Vernissa NSE 0.32 (0.35) 0.41 (0.28)
RMSE (m®s™1) 14.59 (6.11) 14.62 (8.63)
EV —0.32 (0.40) —0.19 (0.25)
EP —0.65 (0.11) —0.25 (0.18)
Beniarrés NSE —0.03 (1.13) 0.51 (0.03)
RMSE (m®s™1) 21.79 (2.78) 20.45 (11.26)
EV 1.23 (2.04) —0.01 (0.88)
EP —0.26 (0.38) —0.37 (0.39)
Carros NSE —4.27 (6.05) —1.01 (0.90)
RMSE (m*s™!) 21.25 (15.56) 15.20 (0.90)
EV 1.06 (1.35) —0.25 (0.47)
EP 0.90 (0.68) 0.33 (0.55)

of real-time reservoir operations. This fact is primarily
reflected in advances/delays in times to peak and in
under/overestimations in runoff volumes. In general,
FEST-WB exhibits an overall agreement among the
observed and simulated floods. These results confirm the
ability of the hydrological model to adequately simulate
the hydrological response of the Serpis River basin to
torrential precipitation events. The FEST-WB parame-
terization for the different hydrometric sections is
shown in Table 4.

6. Results
a. Observation-driven runoff simulation

The observation-driven FEST-WB simulation (STA)
for the 12 October 2007 flash flood spanned from 0000
UTC 1 August to 0000 UTC 15 October 2007. The initial
warm-up period allows a good initialization of the soil
moisture content. This observation-driven runoff simu-
lation provides a basic assessment of the ability of the
hydrological model to reproduce the observed stream-
flows for this extreme flood (Table 5, Fig. 5). An accu-
rate peak discharge is obtained at Vernissa, albeit a
noticeable overestimation of the runoff volume is pro-
duced as well. In addition, the STA simulates a peak
discharge 2 h ahead of time. Despite these shortcomings
and the extreme observed peak discharge (above Q,,.,
Table 2), the model competently reproduces the flashy
hydrological response to the extreme precipitation reg-
istered in this subcatchment (Fig. 5a). The STA also
accurately captures the observed maximum flow and
time to peak at Beniarrés, even if a remarkable over-
estimation in the runoff volume still remains. As ex-
pected owing to the abating effects of the Beniarrés
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dam, more significant inaccuracies are found at Carros:
an important overestimation in peak discharge as well
as a delay of 3h in the time to peak (Figs. 5b,c). Ac-
cording to this simulation, maximum peak discharge at
the (ungauged) basin outlet exceeded 535m>s ™! (Fig. 5d),
very close to the 10-yr return period value Q,,, (580m’s™;
MAGRAMA 2011).

After calibration, the FEST-WB parameterization
succeeds when simulating the highly nonlinear runoff
production, the Hortonian infiltration excess mecha-
nism, and the fast times to peaks and flood wave celer-
ities in the river channels. That is, a multisite calibration
of the model parameters is necessary to account for both
the diversity of physiographic and hydrologic features
and heterogeneities in the hydraulics of the Serpis River
basin response. The hydrological model correctly sim-
ulates small subsurface contributions as well (Fig. 5).
Indeed, saturated subsurface layers are rare for flash
flooding in the semiarid Mediterranean Spain, as dis-
charge into the river channels mainly occurs through
overland flow, resulting in small subsurface storm flows
(Puigdefabregas et al. 1998). These results point out an
effective adjustment of the observation-driven peak
discharges and runoff volumes as well as a suitable dy-
namical formulation of the hydrological model. There-
fore, the subsequent WRF-driven runoff experiments
can be safely carried out, as the hydrological response of
the Serpis basin to the 12 October 2007 flash flood is well
simulated by FEST-WB. That is, we have confirmed the
suitability of the hydrological model as a test tool for
precipitation forecasts and their associated streamflow
responses. This allows examining confidently the per-
formance of the distinct HEPSs as a nonstructural tool
for early warning systems.

b. Ensemble prediction systems

Prior to assessing the value of the hourly QPFs to
drive the distributed hydrological model, we analyze
the ability of each ensemble system to reproduce the
general aspects of the rainfall episode. To this end,
we use an Akima method (Akima 1978, 1996) to inter-
polate 42-h simulated precipitation amounts—from
0000 UTC 11 October to 1800 UTC 12 October—to all
available rain gauges over the CHJ area. First, the skill
of each ensemble member is quantified by means of
Taylor diagrams (Taylor 2001). Then, the skill of the
probabilistic forecasts is assessed by means of relative
operating characteristic (ROC) curves (Stanski et al.
1989; Schwartz et al. 2010).

Owing to the frequently poor skill of short-range
convective forecasts, the ensemble spread becomes an
additional important issue to quantify predictability.
Therefore, we also focus our attention on the generation
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TABLE 4. Calibrated FEST-WB parameters at the different hydrometric sections. Variables CN, Sy, A, and K are shown as the area-

averaged values. Std devs are shown in parentheses. Note that CN(II) denotes curve numbers for normal antecedent conditions. Also note

that V,, . is case dependent and tabulated values correspond to the 12 Oct 2007 flash flood.
Hydrometric sections

Vernissa Beniarrés Carrés Gandia
kg, (m”s7) 15 10 10 15
k,, (m”s™) 22-30 22-30 22-30 22-30
Vis (ms™ 1) 0.19 0.19 0.19 0.19
Ve (ms™) 4.83 3.36 3.27 3.47
CN(II) 71.4 (11.2) 63.8 (10.4) 61.4 (11.7) 63.1 (10.9)
So (mm) 254.0 (0.0) 280.0 (0.0) 280.0 (0.0) 272.2 (11.3)
A 0.20 (0.00) 0.40 (0.00) 0.40 (0.00) 0.34 (0.10)
K, (x107°ms™1) 0.8 (1.4) 0.6 (1.0) 0.6 (1.0) 0.7 (1.1)

of spread by each experimental ensemble. We use the
root-mean-square difference (rmsd) of the hourly sim-
ulated precipitation SP.sq (Scherrer et al. 2004), which
provides a quadratic measure of the spread and high-
lights the presence of extremes in the ensemble. It is
computed as the average of the sum of the root-mean-
square difference between each ensemble member and
the remaining ones as follows:
T,= rmsd(W,, Wj),

AZZZT,«, for i<j, and
i

2A
Sl)rmsd - m’ (5)
where W; and W; are the values of the field under
analysis (i.e., 42-h accumulations) for ensemble mem-
bers i and j. Note that T}; stands for the root-mean-
square difference between ensemble members, and N is
the size of the EPS. As T}; is symmetric, A is just the sum
over all i <j.

In general, all three experiments produce, to some
extent, high 42-h accumulated rainfall amounts over the
CHJ area, although the PILB and EnKF fall shorter
than MPS at reaching the highest observed amounts
(Fig. 4). Indeed, the high end values rendered by all
three ensembles—but especially for MPS—would in-
dicate the potential for torrential accumulations. This
provides a baseline quality check for the ensemble de-
signs proposed in this study, as all three can raise
warning flags for hazardous scenarios, but the reliability
of the finer details must be investigated. A key feature in
the mesoscale organization of the moisture flows is the
maritime impinging of the southerly low-level jet (LLJ)
over the coastal slopes in the southern part of the CHJ
domain (Pastor et al. 2010). While most members of the
MPS experiment produce this LLJ, most members of
PILB and EnKF experiments miss this important

triggering mechanism. This becomes an important as-
pect for the accurate forecast of the maritime and inland
precipitation structures of this episode.

A quantitative verification of the 42-h cumulative
rainfall amounts over the whole CHJ area reveals that
MPS and PILB members produce more precise spatial
distributions than EnKF components, with the best
members of both experiments reaching correlations as
high as 0.75 over this relatively small area (Fig. 6a).
Regarding the predicted amounts, MPS better captures
the range of observed variability, as it correctly gener-
ates higher amounts than PILB and EnKF over a larger
portion of the central and coastal parts of the CHIJ. It is
noteworthy that a few EnKF members also exhibit a
realistic variability in the precipitation field, although
with much less frequency than MPS (Fig. 4).

MPS features the largest ensemble spread, whereas
PILB exhibits the lowest value due to rendering the
most important underestimations in the rainfall amounts
(Fig. 6b). Focusing on EnKF, it shows higher rainfall ac-
cumulations and spread than PILB, yielding a more re-
alistic estimate of the rainfall spatial variability. Although
EnKF members render moderate deterministic scores,
uncertainty indications derived from the ensemble vari-
ability show promising skill.

A more detailed analysis of the ensemble spread re-
veals that the highest SP;,sq are produced by the MPS
strategy on the first surge of precipitation during the last

TABLE 5. Statistical indices of the peak discharge and flood
volume errors for the 11-12 Oct 2007 flash flood and the rain-
gauge-driven runoff simulation at the indicated stream gauges.
Negative EV and EP scores denote model underestimation.

NSE RMSE (m*s™') EV EP
Vernissa 0.59 38.21 0.29 -0.01
Beniarrés 0.89 17.13 0.18 -0.02
Carrés 0.30 37.78 -0.05 0.25
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FIG. 6. (a) Taylor diagrams of the MPS, PILB, and EnKF ensembles for the 42-h accu-

mulated precipitation over the CHIJ. Filled

black symbols denote ensemble medians.

(b) Ensemble spread evolution of the different strategies for the hourly simulated rainfalls
from 0000 UTC 11 Oct to 1800 UTC 12 Oct over the CHJ. Dashed, dotted, and continuous
black lines denote the MPS, PILB, and EnKF ensembles, respectively. Hourly observed and
ensemble mean precipitation is shown as vertical bars and std devs (mm) and centered RMS

differences (mm) are given.

hours on 11 October (Fig. 6b). This suggests that sam-
pling only on the uncertainty of the microphysical and
boundary layer processes in organizing convection out-
performs the benefits of accounting for an enhanced
diversity in the ICs/LBCs or the application of a DA
technique that samples both IC/LBC and physics di-
versity. Except for the first 8 and last 10 h of prediction, in
which EnKF issues higher levels of spread under small
precipitation rates, the MPS produces significantly larger
spread throughout the episode. Most likely, the influence
of complex geographical settings on the subsynoptic flows
narrows the dispersion in the PILB experiment, whereas

diversity introduced by MPS in the boundary layer and
moist processes better encompass the broad range of
plausible scenarios at the regional scale.

Besides the prediction of forecast uncertainty of de-
terministic products through the spread-skill assump-
tion, ensembles provide a discrete statistical sample of
the forecast probability density function. This precious
information allows us to derive probabilistic forecasts of
any dichotomous, discrete, or continuous predictands
(Wilks 2006). We analyze the skill of each experimental
ensemble in predicting the odds for three relevant ac-
cumulations for this episode: 50, 100, and 150 mm in 42 h.
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At each rain gauge, the probability of exceedance of the
threshold is computed and verified against the dichoto-
mous observation. ROC curves indicate the true hit rate
of a probabilistic forecast at varying false alarm rates
(Schwartz et al. 2010), and the area under the curve
(AUC) measures the ability of the system to discriminate
between the occurrence or nonoccurrence of the event.
Results show that for moderate accumulations (50 mm;
Fig. 7a), EnKF and MPS are statistically indistinguishable,
with AUCs exceeding 0.8. This reveals a surprisingly high
quality of the probabilistic forecasts of 42-h moderate
accumulations for the two experiments that account for
physical processes diversity. Missing the sampling of this
source of errors in the ensemble design renders signifi-
cantly poorer probabilistic forecasts, as shown by the PILB
AUGs. At higher precipitation thresholds (Figs. 7b,c), the
number of observation—forecast pairs decreases, although
verification scores are kept statistically significant for all

0.007 n n n n
8.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
False Alarm Rate

FIG. 7. Areas under the ROC curves (solid lines) of
the MPS, PILB, and EnKF ensembles for (a) 50-,
(b) 100-, and (c) 150-mm thresholds, respectively. Un-
certainty associated to each AUC is calculated using
a 10 000-sample bootstrap. Also included is a histogram
showing the number of forecasts used in each proba-
bility bin and the total number of observations
considered.

probability levels. At the 100-mm threshold, MPS and
EnKEF scores are not distinguishable at the 95% confidence
level, but the expected value of AUC for the MPS already
shows slightly better quality than for the EnKF.

This is accentuated at the 150-mm accumulation level, for
which MPS produces the most reliable probabilistic fore-
casts with an impressive 0.89 discrimination skill. The re-
sults rendered by EnKF and PILB for these extreme values
are not statistically distinguishable at the 95% confidence
level, indicating the relevance of physical parameterization
diversity, especially on the microphysical processes for the
correct representation of uncertainties on high-end pre-
cipitation rate scenarios. MPS not only produces competi-
tive scores at moderate precipitation amounts but also
shows remarkably high levels of accuracy for extreme ac-
cumulations (exceeding 100 and 150 mm in 42 h).

Regarding the spatial distribution of the predicted
rainfall fields, the analysis at the regional scale is
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informative on how each prediction system handles the
episode. Evidently, an accurate hydrological forecast
over a small-sized river basin, such as the Serpis, has
specific requirements on the location, amount, and
timing of the simulated, convectively driven precipi-
tation systems. Focusing on catchment scale, the MPS
and PILB experiments initiate precipitation over the
basin 8-10h earlier than observed, with EnKF initi-
ating the latest, around 1400 UTC. The MPS members
render realistic cumulative precipitation profiles even
though they underestimate the maximum observed
precipitation rates between 27- and 37-h forecast times
(Fig. 8a). However, the resulting predictive guidance is
excellent on basin-averaged precipitation input for the
hydrological model.

On the other hand, the PILB and EnKF strategies
render clear underestimations, missing the highest central
precipitation rates (Figs. 8b,c). Again, this confirms the
benefits of sampling only the subspace of parameterized
physics uncertainty when the synoptic and large meso-
scale dynamical and thermodynamical environment is
sufficiently accurate in the global unperturbed member.
How general this aspect is in the western Mediterranean
remains for further research with other case studies in the
basin. On the contrary, the PILB does not show sufficient
spread over the basin, and maximum hourly simulated
precipitation is persistently negatively biased.

This cumulative perspective can be misrepresentative, as
errors may balance over time and provide an optimistic
estimation of the predicted precipitation amounts and
spreads. A much more ambitious predictability challenge is
the accurate representation of hourly accumulations. When
the spatial distribution and variability of hourly rainfall
rates predicted by the ensemble members are verified, most
MPS ensemble members stand out over the PILB and
EnKF members (Fig. 9a). Again, MPS elements are gen-
erally able to produce better spatial distribution variability
at the highest-frequency precipitation rates, while PILB
and EnKF individual runs strongly underestimate both
amounts and standard deviations. Regarding ensemble-
mean values, the hourly hyetograph shows how MPS sim-
ulates the highest intensities about 2h ahead of time and
with lower precipitation rates. PILB and EnKF produce
much poorer forecasts of areal-averaged hourly rainfall. In
terms of ensemble spreads, MPS features the largest SPq
values, while the PILB and, to a lesser extent, EnKF
strategies present lower ensemble spreads (Fig. 9b).

¢. Hydrological ensemble prediction systems

Hourly time series of precipitation and temperature
from each experiment have been embedded in the
simulation period of the FEST-WB model. The MPS-,
PILB-, and EnKF-driven runoff ensembles—labeled as
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MPS-HEPS, PILB-HEPS, and EnKF-HEPS, respectively—
have been run for a 96-h period, starting at 0000 UTC
11 October 2007. Thus, the hydrological model has run
the last 54h without forcing precipitation in order to
safely encompass the 12 October flash flood and the
subsequent hydrograph tails. The resulting quantitative
discharge forecasts (QDFs) are compared against the
observation-driven runoff simulation for the same period
rather than against the observed runoffs. By doing so, we
exclusively focus the analysis on uncertainties coming
from the SREPS inputs, narrowing down the errors orig-
inated in the hydrological model. That is, the observation-
driven runoffs are considered pseudorunoff observations,
which allow focusing on the external-scale (i.e., SREPS
originated) errors. In any case, observation-driven simu-
lated runoffs were satisfactory across the basin, especially
when simulating the observed peak discharges (Fig. 5).

The MPS-HEPS simulates significant flood peaks at all
stream gauges, with some individual members exhibiting
reasonably satisfactory accuracy (Fig. 10). Poorer results
are obtained for the PILB-HEPS members and, in
particular, for the EnKF-HEPS experiments: the
moderate to strong hourly QPF underpredictions at the
basin scale strongly impact the hydrometeorological
system (Figs. 11, 12). Even if the PILB ensemble fea-
tures less spread than EnKF, it better localizes the
maximum hourly rainfall amounts over the basin.
Clearly, the highly nonlinear hydrological response—
related to the aforementioned threshold effects on runoff
generation—results in an apparent degradation of QDFs
for both systems. Hence, ensemble medians barely re-
produce the significant observation-driven discharges at all
the hydrometric sections. Next, the hourly simulated runoffs
for all the HEPSs are verified against the 1-h observation-
driven flow discharge at the basin outlet by means of NSE,
EV, and EP. The spread generated by the different HEPSs
strategies is also quantified by means of the SP;pq.

As previously suggested by member-wise verification
(Figs. 6,9), MPS-HEPS outperforms clearly with respect to
PILB-HEPS and EnKF-HEPS in terms of both peak dis-
charges and runoff volumes (Fig. 13a). However, NSE is
below 0.1 for the ensemble median, owing to the noticeable
underestimations in peak discharges and runoff volumes at
the basin outlet. PILB-HEPS and, especially, EnKF-
HEPS exhibit worse ensemble skills as a result of the
aforementioned remarkable rainfall underestimations
over the Serpis basin. Their ensemble dispersions are
clearly lower than the MPS-HEPS variance as well
(Fig. 13b). Obviously, lower hourly rainfall amounts re-
sult in less runoff production as a consequence of the
highly nonlinear transformation. It is worth noting that
the larger MPS and MPS-HEPS spreads are attributable
to the temporal dispersion of the hourly simulated
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convectively driven rainfalls over different forecast time
steps, producing uneven initializations of the storm-driven
flows (Figs. 9b, 13b).

Finally, we provide additional arguments to illustrate
the usefulness of accounting for advanced probabilistic
ensemble prediction systems when dealing with flash
floods over Mediterranean Spain. For flood mitigation
purposes, CHJ established official warning discharge
thresholds at Qcyy = 20 and 30 m>s~! for Vernissa and
Carr6s, respectively. These streamflow safety levels are
used to preventively monitor the subsequent evolution

of the river flows. When further increases in river dis-
charges become important, the protocol to alert civil
protection authorities is triggered. In addition to these
administrative warning levels, we consider two addi-
tional predetermined thresholds. These alerts corre-
spond to discharge return periods of 5 and 10 years at the
different hydrometric sections (Q,, and Q,,; Table 6), as
derived from prior flood risk assessments analysis com-
pleted by the CHJ (MAGRAMA 2011). Peak discharge
exceedance probabilities [P(Q > q)] for these supple-
mentary warning thresholds quantify the risk of facing
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infrequent hazardous situations like the 12 October 2007
flash flood (Figs. 10-12). For the sake of a reference
when discussing these values, AEMET issues a warning
when the probability of occurrence of extreme weather
exceeds 0.20.

In regard to the CHJ warning levels, [P(Q > Qcny)]
are 0.90, 0.65, and 0.30 for the MPS-, PILB-, and
EnKF-HEPS strategies, respectively, at Vernissa (Table 6).
Similarly, peak discharge exceedance probabilities are
0.85, 0.55, and 0.30 at Carrés for the MPS-, PILB-, and
EnKF-HEPSs, respectively. Furthermore, MPS-HEPS
issues unequivocal probabilities of 0.85 and 0.75 at Ver-
nissa for P(Q > Q,,.) and P(Q > Q,,,), but not exceeding
0.30 for P(Q > Q,,) at Beniarrés and Gandia. In line with
previous results, lower peak discharge exceedance prob-
abilities are found at the remaining locations for all HEPS
experiments, and none of the ensemble strategies ren-
der high P(Q > q) for Q,, and Q,,, at Carrés (Table 6).
Indeed, observed peak discharges also fall far short of
both thresholds.

Even with the aforementioned inaccuracies, the three
distinct hydrological ensemble strategies have proven
useful for conveying proper information to civil pro-
tection and emergency decision-makers up to 42 h ahead

before this particular natural hazard. However, only the
multiple physics strategy points clearly at its extreme
character.

7. Conclusions and further remarks

The Spanish Mediterranean lands are persistently
affected by hazardous flash floods. Many small- to
medium-sized basins are highly populated and often dry
or with very low flows during the warm season. As return
periods for damaging events over individual catchments
go beyond the decade, the risks associated with these
ephemeral streams are often forgotten. Sudden in-
creases in flow rates, rapid flow velocities, and high peak
discharges can cause sudden and substantial damage to
human life and property.

Furthermore, strong nonlinearities emerge in the hy-
drological responses of these semiarid catchments to
intense rainfalls, being an arduous task to properly
characterize them to yield accurate hydrological fore-
casts. After the warm season, predominantly low initial
soil moisture contents together with high soil moisture
storage capacities owing to karstified substrates result
in low runoff ratios and differential spatial responses.
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FIG. 11. As in Fig. 10, but for the PILB-HEPS.

Additional uncertainties arise from the highly complex
rainfall-runoff transformation before heavy precipita-
tion and large rainfall accumulations. To cope with these
uncertainties, we have adopted the calibration pro-
cedure first introduced by Borga et al. (2007).

On the other hand, the use of convection-permitting
NWP models allows us to simulate the triggering and
subsequent development of convectively driven precipi-
tation effectively and to further extend quantitative dis-
charge forecasting beyond the concentration time of flash
flood—prone basins. However, forecasts of quantitative
convectively driven precipitation are remarkably chal-
lenging. The degrees of freedom to initialize the system
increase and nonlinear processes dominate crucial as-
pects such as the location and intensity of the QPFs. In-
deed, the imperfect representation of the responsible
atmospheric processes and chaotic forecast sensitivity to
misrepresentations of the preceding atmospheric states
strongly penalize the forecast products. Within this con-
text, HEPSs have arisen as valuable tools for encom-
passing these external-scale uncertainties, producing
probabilistic forecasts of flash flood occurrence.

In line with the major scientific goal of the HyMeX
program of improving flood early warning procedures
and mitigation measures, we have first examined in
depth the hydrological response of the Serpis River
basin to heavy rainfalls. Next, we have evaluated the
predictive skill of three distinct HEPSs strategies for the

12 October 2007 flash flood. Regarding the SREPS de-
sign, the PILB ensemble accounts for uncertainties in the
atmospheric conditions causing the flash flood. PILB was
generated by dynamically downscaling the 20 ECMWF-
EPS members with maximum IC/LBC dispersions over
the area of interest. The MPS ensemble encompasses
only inaccuracies in model physical parameterizations.
MPS was built from several combinations of equally
skillful moist microphysical and PBL schemes. Finally,
an ensemble DA technique uses the same design as a
state-of-the-art EnKF ensemble, coping with both
sources of external-scale uncertainties.
The main conclusions of this work are as follows:

e A multisite and novel calibration approach for the
hydrologic model parameters was necessary to prop-
erly encompass the response of the semiarid and
karstic Serpis River basin to heavy precipitation. After
this, FEST-WB successfully reproduced the basin
response to the 12 October 2007 flash flood. As the
physio- and hydrographic features of this catchment
are similar to many other river basins over the
Mediterranean, this calibration method could be
extended to these for further testing and application.

o Regarding the verification of the QPFs, MPS and
EnKF strategies show indistinguishable skill at pro-
ducing moderate accumulations for the larger scales
over 42h. However, just the pure physics diversity
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FIG. 12. As in Fig. 10, but for the EnKF-HEPS.

ensemble is proven to produce overall better forecasts
in terms of the highest precipitation rates and accu-
mulated amounts over the entire area and, in partic-
ular, over the Serpis River basin.

 Subsequent MPS-driven QDFs have shown remarkably
high peak discharges and runoff volumes, exhibiting
relatively large peak discharge exceedance probabil-
ities. In summary, MPS-HEPS results depict more
precisely the extreme nature of this episode and have
provided the most robust prediction tool for early
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warning procedures. Certainly, when initial analyses
provide a sufficiently accurate synoptic-scale environ-
ment, only sampling the uncertainties in the most
relevant physical processes for deep moist convection
renders the best QPF guidance to HEPS.

o Although EnKF-HEPS and, to a lesser extent, PILB-
HEPS have fallen short of producing reliable proba-
bilities of relevant runoff levels, both have provided an
indication of plausible hazardous scenarios. Indeed,
the three experimental HEPSs are proven valuable
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FIG. 13. (a) Statistical scores for the MPS-HEPS, PILB-HEPS, and EnKF-HEPS experiments. The boxes denote
the p,s and p7s interquartile ranges, the middle horizontal lines show the ensemble median, and the whiskers display
the best and the worst ensemble members. (b) Ensemble spread evolution of the different strategies for the hourly
simulated discharges. Dashed, dotted, and continuous black lines denote the MPS-HEPS, PILB-HEPS, and EnKF-
HEPS, respectively. Hourly observation- and ensemble mean—driven discharges are shown as vertical bars.
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TABLE 6. Peak discharge exceedance probabilities [P(Q > g)] for the MPS-HEPS, PILB-HEPS, and EnKF-HEPS experiments at the
indicated stream gauges. Variables Q,, and Q) , denote peak discharge exceedance probabilities of the 5- and 10-yr return periods,
respectively, and Qcyjy indicates the pre-alert monitoring flows set by the CHJ hydraulic division.

Hydrometric section Peak discharge P(Q > q) MPS-HEPS P(Q > q) PILB-HEPS P(Q > q) EnKF-HEPS
Vernissa Ocy =20m3s™! 0.90 0.65 0.30
Qp =75m’s ™! 0.85 0.25 0.10
Qp, =105m>s™! 0.75 0.10 0.10
Beniarrés Qp; =210m>s™! 0.30 0.10 0.10
Qp, =288m>s™! <0.05 <0.05 <0.05
Carrés Ocwy = 30m’s™! 0.85 0.55 0.30
Qp; =348m>s™! <0.05 <0.05 <0.05
Qp, = 489m>s™! <0.05 <0.05 <0.05
Gandia Qps =4H7m?s™! 0.25 <0.05 <0.05
Qp, = 580m>s™! 0.05 <0.05 <0.05

within a realistic civil protection management frame-
work: all exceeded the official CHJ warning thresholds
at Vernissa and Carrés. This simple application en-
lightens the benefits of using advanced ensemble
strategies to surpass predetermined warning levels
before extreme floods.

Obviously, this single case study does not allow us to
reach general conclusions about the predictability of
this type of event or about the optimal hydrometeo-
rological forecasting strategy in an operational frame-
work, but it clearly points out important aspects to take
into account in future statistical studies. The 12 October
2007 flash flood is a prototype of long-lasting and oro-
graphically driven convective systems that are responsi-
ble for the most hazardous flash floods over the western
Mediterranean. The predictability analysis of this para-
digmatic event allowed intercomparing the performance
of three competitive and popular ensemble strategies and
discerning the detailed differences among them. This
particular event may allegedly exemplify the paradigm
transition toward a more convectively centered approach
for the search of relevant sources of uncertainty in haz-
ardous flash flood events. Future directions point toward
the confirmation of the spatial—over different basins—
and temporal—over a number of flash flood events—
generality of the presented findings before these can be
safely and confidently transferred to operations and
breakthrough improvements in risk management strat-
egy development can be achieved.
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