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Abstract

The purpose of this investigation is to study the propagation of meteorological un-
certainty within a cascade modelling approach to flood mapping. The methodology
is comprised of a Numerical Weather Prediction Model (NWP), a distributed rainfall—
runoff model and a standard 2-D hydrodynamic model. The cascade of models is used
to reproduce an extreme flood event that took place in the Southeast of Mexico, dur-
ing November 2009. The event is selected as high quality field data (e.g. rain gauges;
discharge) and satellite imagery are available. Uncertainty in the meteorological model
(Weather Research and Forecasting model) is evaluated through the use of a multi-
physics ensemble technique, which considers twelve parameterization schemes to de-
termine a given precipitation. The resulting precipitation fields are used as input in
a distributed hydrological model, enabling the determination of different hydrographs
associated to this event. Lastly, by means of a standard 2-D hydrodynamic model, hy-
drographs are used as forcing conditions to study the propagation of the meteorological
uncertainty to an estimated flooded area. Results show the utility of the selected mod-
elling approach to investigate error propagation within a cascade of models. Moreover,
the error associated to the determination of the runoff, is showed to be lower than that
obtained in the precipitation estimation suggesting that uncertainty do not necessarily
increase within a model cascade.

1 Introduction

Despite the lack of a definitive consensus on the possible contribution of climate
change to the recent amplification of extreme hydro-meteorological events and the
consequent flooding, it has been largely recognised that such hazards are likely to
increase given current climate change scenarios (Milly et al., 2007). Indeed, flooding
is one of the most common and destructive natural hazards faced by civilization, and
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recent catastrophes observed worldwide, highlight the need for better flood manage-
ment strategies.

In September 2013, severe floods were registered in Mexico as a result of the excep-
tional simultaneous incidence of two tropical storms, culminating in serious damage
and widespread persistent flooding (Pedrozo-Acuia et al., 2014a). More recently, in
2014, record-breaking precipitation and flooding was observed in the UK (Slingo et al.,
2014). In both cases, the immediate action of governments through the implementa-
tion of emergency and action plans was required. The main aim of these interventions
was to reduce the duration and impact of floods. In both events, risk reduction mea-
sures were designed to ensure both a better flood management and an increase in
infrastructure resilience.

One key piece of information in preventing and reducing losses is given by reliable
flood inundation maps that enable the dissemination of flood risk to the society and
decision makers (Pedrozo-Acuia et al., 2012). Traditionally, this task requires the esti-
mation of different return periods for discharge (Ward et al., 2011) and their propagation
to the floodplain by means of a hydrodynamic model. There is currently a large range of
models that can be used to develop flood hazard maps (Horrit and Bates, 2002; Horrit
et al., 2006).

On the other hand, the accelerated progress of computers and the availability of
climate models with sufficient resolution to capture meteorological events and their
associated rainfall, has given way to the development of model cascades o produce
hydrological forecasts (Bartholomes and Todini, 2005; Demerrit et al., 2010) and flood
hazard maps (Cuo et al., 2011; Pappenberger et al., 2012; Pedrozo-Acufa et al., 2013).
Within this approach, the coupling of different operational numerical models is carried
out, using for example, numerical weather prediction (NWP) with radar data for hy-
drologic forecast (Liguori and Rico-Ramirez, 2012; Liguori et al., 2012), or NWP with
hydrological and hydrodynamic models (Pappenberger et al., 2012; Cloke et al., 2013;
Ushiyama et al., 2014).
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The use of regional climate models (RCMs) in climate impact studies on flooding has
been reported by Teutschbein and Seibert (2010) and Beven (2011), noting that despite
their usefulness, the spatial resolution of models (~ 25 km) remains coarse to capture
the spatial resolution of precipitation. This is particularly important as higher resolution
is needed to effectively model the hydrological processes essential for determining
flood risk. To overcome this limitation, the utilisation of dynamic downscaling in these
models is also growing (Fowler et al., 2007; Leung and Qian, 2009; Lo et al., 2008).

Significant challenges remain in the foreseeable future, among these, the inherent
uncertainties in the predictive models is likely to have an important role to play. For
example, it is well known that the performance skill of NWPs deteriorates very rapidly
with time (Lo et al., 2008). To overcome this, the long-term continuous integration of
the prediction has been subdivided into short-simulations, involving the re-initialisation
of the model to mitigate the problem of systematic error growth in long integrations
(Giorgi, 1990, 2006; Qian et al., 2003). Moreover, the use of ensemble prediction sys-
tems to obtain rainfall predictions for hydrological forecasts at the catchment scale, is
becoming more common among the hydrological community as they enable the evalu-
ation and quantification of uncertainties (Buizza, 2008; Cloke and Pappenberger, 2009;
Bartholmes et al., 2009).

A key question that arises when using a cascade modelling approach to flood fore-
casting or mapping is: how uncertainties associated to meteorological predictions of
precipitation propagate to a given flood inundation map? In order to answer this ques-
tion, the purpose of this investigation is to study the propagation of epistemic uncer-
tainties from the meteorological model to a given flood map. For this, we utilize a cas-
cade modelling approach comprised by a Numerical Weather Prediction Model (NWP),
a rainfall-runoff model and a standard 2-D hydrodynamic model. The numerical frame-
work is applied to an observed extreme event registered in Mexico in 2009. Uncertainty
is considered in the NWP model using a multi-physics ensemble technique consider-
ing several multi-physics parameterization schemes for the precipitation (Bukosvky and
Karoly, 2009). The resulting precipitation fields are used to generate spaghetti plots by
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means of a distributed hydrological model, enabling the propagation of meteorological
uncertainties to the runoff. Hence, the resulting hydrographs represent the runoff as-
sociated to each precipitation field estimated with the NWP. In order to complete the
propagation of the uncertainty though the cascade of models to the flood map, the
hydrographs are used as forcing in a standard 2-D hydrodynamic model.

On the other hand, it is acknowledged that each of the other models (hydrological
and hydrodynamic) within the model cascade, will introduce epistemic and random
uncertainties to the result. In order to reduce their influence, the numerical setup of both
these models is constructed with the best available data (e.g. LiDAR for the topography)
and following recent guidelines for the assessment of uncertainty in flood risk mapping
(Beven et al., 2011). In this way, the uncertainty associated to the meteorological model
outputs is propagated through the model cascade from the atmosphere to the flood
map. Thus, the aim of this investigation is to study the propagation of epistemic errors
within the first stage of the model cascade, to the determination of an affected area
impacted by a well-documented hydro-meteorological event.

This work is organised as follows: Sect. 2 provides a description of both, the study
area and the extreme hydro-meteorological event, which are employed to test our cas-
cade modelling approach; Sect. 3 introduces the methodology, incorporating a brief
description of the selected models setup. Additionally, we incorporate a description of
the multi-physics ensemble technique used to quantify and limit the epistemic uncer-
tainty in the NWP model. The resulting precipitation fields, hydrographs and flood maps
are compared with available field data and satellite imagery for the event. In Sect. 4,
a discussion of errors along the model cascade, is also presented with some conclu-
sions and future work.

2 Case study

The selected study area is within the Mexican state of Tabasco, which in recent years
has been subjected to severe flooding as reported by Pedrozo-Acuna et al. (2011,
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2012). This region comprises the area of Mexico with the highest precipitation rate
(2000-3000 mm year'1), which mostly occurs during the wet season of the year be-
tween May and December. The rainfall climatology is also influenced by the incidence
of hurricanes and tropical storms arriving from the North.

In this paper, the extreme hydro-meteorological event selected for the analysis corre-
sponds to that registered in the early days of November 2009 in the Tonalé river. As it is
shown in Fig. 1, the river is located in the border of Tabasco and Veracruz and during
the event, the substantial rainfall intensity provoked its overflowing leaving extensive
inundated areas along its floodplain. Top panel of Fig. 1 shows the geographical loca-
tion of the catchment, with an area of 5021 km2, as well as the location of 18 weather
stations installed within the region by the National Weather Service. The event was the
result of heavy rain induced by the cold front #9, which persisted for four days along
Mexico’s Gulf Coast, forcing more than 44 000 people to evacuate their homes and
affecting more than 90 communities. High intensities in rainfall were recorded in rain
gauges from the 31 October to 3 November, with cumulative daily precipitation values
reporting more than 270 mm. The river is approximately 300 km long and before dis-
charging into the Gulf of Mexico, the stream receives additional streamflow from other
smaller streams such as Agua Dulcita in Veracruz, and Chicozapote in Tabasco. The
bottom panel of the same Figure illustrates the lower Tonala River, where severe flood-
ing was registered as it is shown in the photographs on the right. The yellow, blue and
red dots on the panel represent the location at which the photographs were taken.

The hydrometric data in combination with the satellite imagery for the characterisa-
tion of the affected areas, enabled an accurate investigation of the causes and conse-
quences that generated this flood event. The high quality of the available information,
allowed the application of a cascade modelling approach comprised by state-of-the-art
meteorological, hydrological and hydrodynamic models. This numerical approach is
utilised with the intention to carry out an assessment of the modelling framework, with
particular emphasis on the propagation of the epistemic uncertainty from the meteo-
rological model to the spatial extent of an affected area. Such investigation paves the
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road towards a more honest knowledge transfer to decision-makers, whom consider
the reliability of the model results.

3 Methodology and results

The methodology is comprised of a Numerical Weather Prediction Model (NWP), a dis-
tributed rainfall-runoff model and a standard 2-D hydrodynamic model. It is anticipated
that the selected modelling approach will support the advance of the understanding of
the connections among scales, intensities, causative factors, and impacts of extremes.
This model cascade with state-of-the-art numerical tools representing a hydrological
system, enables the development of a framework by which an identification of the re-
liability of simulations can be undertaken. This framework is utilised to explore the
propagation of epistemic uncertainties from the estimation of precipitation in the atmo-
sphere to the identification of a flooded area. Therefore, the aim is not to reproduce an
observed extreme event, but to investigate the effects of errors in rainfall prediction by
a NWP on inundation areas.

The proposed investigation is important as uncertainties are cascaded through the
modelling framework, in order to provide better understanding on how errors propa-
gate within models working at different temporal and spatial scales. It is acknowledged
that this information would enhance better flood management strategies, which would
be based on the honest and transparent communication of the results produced by
a modelling system constrained by intrinsic errors and uncertainties.

3.1 Meteorological model

Simulated precipitation products from numerical weather prediction systems (NWPs)
typically show differences in their spatial and temporal distribution. These differences
can considerably influence the ability to predict hydrological responses. In this sense,
in this study we utilise the advanced research core of the Weather Research and
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Forecasting (WRF) model Version 3.2. The WRF model is a fully compressible non-
hydrostatic, primitive-equation model with multiple nesting capabilities (Skamarock
et al., 2008).

As it is shown in Fig. 2, the model setup is defined using an interactive nested do-
main inside the parent domain. This domain is selected in order to simulate more real-
istic rainfall, with the inner frame enclosing the Tonal& river catchment within a 4 km
resolution. The 4km horizontal resolution is considered good enough to compute
a mesoscale cloud system associated to a cold front. It is shown that this finer grid cov-
ers the central region of Mexico, while in the vertical dimension, 28 unevenly spaced
sigma levels were selected. The initial and boundary conditions were created from
the NCEP Global Final Analysis (FNL) with a time interval of 6 h for the initial and
boundary conditions. Each of the model simulations was reinitialised every two days at
12:00 UTC, considering a total simulation time from 27 October 2009 until 13 Novem-
ber 2009.

Epistemic uncertainty is considered in the WRF model by means of the sensitivity
of the results for precipitation, due to variations in the model setup. For this, we utilise
a multi-physics ensemble technique proposed by Bukovsky and Karoly (2009), where
the sensitivity of simulated precipitation in the model results is examined with twelve
different parameterisation schemes. The comparison of computed precipitation fields
against real measurements from weather stations within the catchment, enabled the
quantification of uncertainty in the meteorological model for this event. Table 1 shows
a summary of the different multi-physics parameters used in the WRF model to gen-
erate the physics ensemble. In this approach, the multi-physics ensemble runs of the
model represent a plausible and equally likely state of the system in the future.

Figure 3 illustrates the cumulative precipitation fields computed for each of the 12 se-
lected members of the multi-physics ensemble, where differences in the spatial distri-
bution and intensity of precipitation were evident. These results suggested that for this
event, the precipitation field estimated with the WRF was highly sensitive to the selec-
tion of multi-physics parameters. To revise in more detail the performance of the WRF
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in reproducing this hydro-meteorological event, the estimated cumulative precipitation
by each member of the multi-physics ensemble was compared against measurements
at the eighteen weather stations located within and close to the Tonala catchment.

Table 2 presents a summary of the most well-known error metrics calculated at each
weather station and for each member of the ensemble. Among these are the: Nor-
malised Root-Mean Square Error (NRMSE), BIAS, Nash—Sutcliffe Coefficient (NSC),
and the Correlation coefficient (Cor). The columns show the local value of each coef-
ficient for a given member of the ensemble (M1, ..., M12). As shown in all columns
(i.e. member runs), the error metrics have a great spatial variability, hence, indicating
the regions of the study area where the model performs better. To illustrate the perfor-
mance of this ensemble technique at each weather station, the ensemble average of
these error metrics are introduced in the last column and indicated by (). Again, the
spatial variability of the metrics is evident. The two bottom rows in each sub-table cor-
respond to the average of the ensemble averages for the whole catchment and for the
all the stations. It is shown, that when the average of all stations is taken into account,
the skill decreases. However, in this investigation the error that is of interest is the one
corresponding to the average of those weather stations located within the catchment,
as these will be used as input in the hydrological model. This will enable the propaga-
tion of errors in the meteorological model within the model cascade. For clarity, in the
same table the stations within the catchment are highlighted in blue.

Additionally, results per station are also illustrated for four different cases and are
presented in Fig. 4, and they confirmed that the range of spatial uncertainty in the
WRF predictions is high and variable. To give an example, at Station No. 27075, the
spread of the estimated cumulative precipitation curves is limited and quantified by
aNSC = 0.917 and a NRMSE = 10.7 %, indicating a good skill of the WRF precipitation
estimates at this point. In contrast, at Station No. 27007 the spread of the cumulative
precipitation is large and characterised by a NSC = 0.766 and a NRMSE = 19.4 %,
showing less skill in the model performance than that observed in the previous
case. The observed differences of estimated precipitation for this event, highlight the
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importance of incorporating ensemble techniques in the reproduction of precipitation
with this type of models.

A question that has been seldom explored in the literature, is how the uncertainty
in the prediction of the precipitation (i.e. errors described in this section), cascade into
an estimated flood hydrograph determined by a distributed hydrological model. In this
sense, the next step in this work, considers the non-linear transfer of rainfall to runoff
using a distributed rainfall-runoff model. For this, we employ each one of the 12 precip-
itation fields derived from the WRF as input to determine the associated river discharge
with the hydrological model.

3.2 Hydrological model

The hydrological model used in this study was applied to the Tonala River catchment
in an early work presented by Rodriguez-Rincon et al. (2012). This numerical tool was
developed by the Institute of Engineering — UNAM (Dominguez-Mora et al., 2008),
and comprises a simplified grid-based distributed rainfall-runoff model. The model has
been previously applied with success in other catchments in Mexico (e.g. Pedrozo-
Acuna et al., 2014b).

This paper only describes an overview and key components of the hydrologic model.
Interested readers can find detailed descriptions in Dominguez-Mora et al. (2008). The
model is based on the method of the Soil Conservation Service (SCS) with a modifi-
cation that allows the consideration of soil moisture accounting before and after rainfall
events. The parameters that are needed for the definition of a runoff curve number
within the catchment are the hydrological soil group, land use, pedology and the river
drainage network. Figure 5 shows for the Tonala River catchment, the spatial defini-
tion of the river network (center panels) and runoff curve (right panels). The model is
forced with the precipitation calculated from the WRF considering the 12 members of
the multi-physics ensemble.

It is well known that both the amount and distribution of rainfall can significantly affect
the final estimated river discharge (Ferraris et al., 2002; De Roo et al., 2003; Xuan et al.,
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2005). In consequence, the propagation of meteorological uncertainty to the rainfall-
runoff model is carried out using WREF rainfall precipitation ensembles as an input in
the hydrological model. For this purpose, free-parameters in the hydrologic model are
fixed, assuming that the selected parameters are the best at representing the physical
conditions of the catchment for this event. The selection of these parameters is carried
out following the results presented by Rodriguez-Rincén et al. (2012) for the same
catchment. For the numerical setup of the hydrological model, we employ topographic
information from a LiDAR data set, from which a 10 m resolution Digital Elevation Model
(DEM) is constructed.

Figure 6 illustrates for the Tonala River catchment the spaghetti plot of hydrographs
computed for this event, these are shown along with the measured discharge by
a streamflow gauge. The uncertainty bounds illustrated by the grey shaded area in-
dicate that errors in the predicted rainfall are indeed propagated to the hydrological
model, which uses a finer spatial resolution (1 km). It has been established that, in
some cases, an error in the meteorological model can be compensated by an er-
ror in the hydrological model and vice-versa. To illustrate this in more detail, Table 3
presents a summary of the error metrics for the hydrographs shown in Fig. 6. It is shown
that on average (last column in the Table) the hydrological model has a NSC = 0.84,
Cor =0.96, BIAS = 1.01 and NRMSE = 38.12 %. Differences between members of the
multi-physics ensemble are also illustrated at this stage, especially by the NSC. For
instance, member M11 indicates a NSC = 0.68 showing poor skill at reproducing the
river discharge with the precipitation derived from this member, in contrast member M3
has a greater skill with NSC = 0.93. The change in the values of the NSC indicates
that results from the regional weather model can be enhanced or weakened by the
performance of the hydrological model.

The use of these hydrographs in a 2-D hydrodynamic model, enables the study of
the propagation of errors within the cascade of models. In particular, for estimating the
flood extent during this extreme event.
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3.3 Flood inundation model

Several 2-D hydrodynamic models have been developed for simulating extreme flood
events. However, any model is only as good as the data used to parameterise, calibrate
and validate the model. 2-D models have been regarded as suitable for simulating
problems where inundation extent changes dynamically through time as they can easily
represent moving boundary effects (e.g. Bates and Horritt, 2005). The use of these
numerical tools has become common place when flows produce a large areal extent,
compared to their depth and where there are large lateral variations in the velocity field
(Hunter et al., 2008).

In this study, given the size of the study area the modelling system utilised is com-
prised by the flow model of MIKE 21 flexible mesh (FM). This numerical model solves
the two dimensional Reynolds-averaged Navier—Stokes equations invoking the approx-
imations of Boussinesq and hydrostatic pressure. This involves continuity, momentum,
temperature, salinity and density equations (for details see DHI, 2014). The equations
are solved at the centre of each element in the model domain.

The numerical setup is based on a previous work on the study area (Pedrozo-
Acuna et al., 2012), with selected resolutions for the elements of the mesh with a size
that guarantees the proper assimilation of a 10 m DEM to characterise the elevation in
the floodplain. The topographic data has been regarded as the most important factor
in determining water surface elevations, base flood elevation, and the extent of flood-
ing and, thus, the accuracy of flood maps in riverine areas (NRC, 2009). Therefore,
the elevation data used in this study corresponds to LIDAR data provided by INEGI
(2008). The hydraulic roughness in the floodplain is assumed to be uniform and differ-
ent from the main river channel, in this sense two values for the Manning number are

used, one for the main river channel (M = 32 m'/2 s'1) and another for the floodplain

(M =28 m'/2 s‘1). The choice of a 10m DEM is based on recommendations put for-
ward by the Committee on Floodplain Mapping Technologies, NRC (2007) and Prinos
et al. (2008), as such a DEM ensures both accuracy and detail of the ground surface.
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The model domain is illustrated in Fig. 7, along with the numerical mesh and eleva-
tion data, it comprises the lower basin of the Tonala River and additional main water
bodies. The colours represent the magnitude of the elevation and bathymetric data as-
similated in the numerical mesh, where warm colours identify high ground areas and
light blues represent bathymetric data. The numerical mesh considers three boundary
conditions represented in the Figure by dots as follows: where the input hydrograph
from the rainfall-runoff model is set (red dot); the Tonal@’s river mouth, where the as-
tronomical tide for the period of the event (27 October—12 November 2009) (yellow dot)
and the Agua Dulcita river set where a constant discharge of 100 m>s™" is introduced
(blue dot).

It is acknowledged that topographic information is key for the reduction of uncer-
tainty in flood hazard mapping. Therefore, in order to minimise this source of error, the
integration of high quality topographic information in a 2-D model with enough spatial
resolution, will enable the investigation of the propagation of the meteorological uncer-
tainty to the determination of the flood extent.

Figure 8a introduces the result of the hydrodynamic simulation for each of the 12
hydrographs, which resulted from the utilisation of the rainfall-runoff model using as
input the WRF multi-physics ensemble. The illustrated flood map summarises the 12
different possibilities of inundation area that could result from the characterisation of
precipitation with the WRF model. Differences in the size of these areas, illustrate the
propagation of epistemic errors from the meteorological model to the flood map. In
this sense, the analysis of uncertainty has been restricted to its propagation along the
model chain (atmosphere-catchment-river floodplain). Each of these flood maps can
also be associated to a probability enabling the representation of a probabilistic flood
map, shown in the figure. This allows the identification of the areas highly vulnerable
to flooding from this event. Additionally, Fig. 8b introduces the infrared SPOT satellite
image of the 12 November 2009, which is used for comparison against the produced
flood maps using all the ensemble members. Notably, in the numerical results, the
blue area identifies the region of the domain that is most likely to be flooded (90 %),
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the comparison of this area with the observed inundation in the satellite image, show
a good skill of the model chain at reproducing the registered flood in the study area.

To better quantify the performance of each of the model runs in reproducing the ob-
served flood extent, the estimation of several error metrics in these results was also
performed, among these are: BIAS, False Alarm Ratio (FAR), Probability of Detec-
tion (POD), Probability of False Detection (POFD), Critical Success Index (CSl) and
the True Skill Statistics (TSS). Table 4 introduces the results by member and metric.
Clearly, there is some variability in the performance of the model for each of the en-
semble members, showing that there has been some propagation of the error to the
flood map. The ensemble average of these quantities is also illustrated in the last col-
umn of the table, where a BIAS = 0.964, FAR = 0.453, POD = 0.799, POFD = 0.154;
CSI =0.831 and TSS = 0.645 are reported. These results indicate a good skill of the
model chain at reproducing the flood extension, due to the incidence of this extreme
event.

Current approaches to flood mapping, have pointed out that in order to produce a sci-
entifically justifiable flood map, the most physically-realistic model should be utilised (Di
Baldassarre et al., 2010). Nevertheless, even with these models the amount of uncer-
tainty involved in the determination of an affected area is important and should be
quantified.

4 Discussion and conclusions

It has been largely acknowledged in the literature, that flood risk mapping and as-
sessment are highly difficult tasks due to the inherent complexity of the relevant pro-
cesses, which occur in several spatial and temporal scales. As pointed out by Aronica
et al. (2013), the process is subject to substantial uncertainties (epistemic and random),
which emerge from different sources and idealisation of processes, from the statistical
analysis of extreme events and from the resolution and accuracy of the DEM used in
a flood inundation model.
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By acknowledging that all models are an imperfect representation of the reality, it is
important to quantify the impact of epistemic uncertainties on a given result. The nu-
merical approach utilised in this investigation enabled an assessment of a state-of-the
art modelling framework, comprised by meteorological, hydrological and hydrodynamic
models. Emphasis was given to the effects of epistemic uncertainty propagation from
the meteorological model to the definition of an affected area in a 2-D domain. Ensem-
ble climate simulations have become a common practice in order to provide a metric
of the uncertainty associated with climate predictions. In this study, a multi-physics
ensemble technique is utilised to evaluate the propagation of epistemic uncertainties
within a model chain. Therefore, the assessment of hydro-meteorological model per-
formance at the three stages is carried out through the estimation of skill scores.

Figure 9 presents a summary of the propagation of two well-known error metrics,
BIAS (top panel) and NSC/TSS (bottom panel). These metrics are selected, as they
enable a direct comparison of their values at each of the stages within the model cas-
cade. In both metrics, the evolution of the confidence limits is illustrated by the size
of the bars. Their evolution from the meteorological model to the hydrological model
results, show a clear decrease in both cases. This result may point towards an en-
hancement of meteorological uncertainties in the rainfall-runoff model. However, the
skill of the hydrological model is considerably improved from a mean value of 0.65 in
the meteorological model, to 0.834. In the last stage of the model chain, the confi-
dence limits of the results at the hydrodynamic model results, show a small improve-
ment. Nevertheless, the mean value of the skill is reduced to TSS = 0.645. The results
provide a useful way to evaluate the uncertainty propagation within the whole hydro-
meteorological modelling system.

It should be pointed out, that this methodology contains more uncertainties that were
not considered or quantified in the generation of flood extent maps for this event. To
quantify the epistemic uncertainty in the larger scale (i.e. atmosphere), a mesoscale
numerical weather system was used along with a multi-physics ensemble. The en-
semble was designed to represent our limited knowledge of the processes generating
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precipitation in the meteorological system. The propagation of this uncertainty to
a rainfall-runoff model revealed large spatial variations of the model skill across scales
and models. It was shown that a large amount of uncertainty exists in the NWP, and
this is indeed propagated over the catchment and floodplain scales. Members of the
ensemble were shown to differ significantly in terms of cumulative precipitation, its spa-
tial distribution, river discharge and the size of the affected area by the event. Therefore,
epistemic uncertainties from each step in the hazard analysis chain accumulate in the
final outputs.

The evaluation of the skill in the model cascade shows further potential for improve-
ments of the model system. Consequently, future work is planned to include the re-
maining uncertainties as adopted by, e.g. Pedrozo-Acuifa et al. (2013). Special atten-
tion should be paid to the interaction of meteorological uncertainty with that of hydro-
logical origin. The assessment of the error propagation within the model cascade is
seen as a good step forward, in the communication of uncertain results to the soci-
ety. The proposed numerical framework could be utilised as a robust alternative for the
characterisation of extreme events in ungauged basins.

The acknowledgment of these uncertainties, by showing their impact on model re-
sults, favour preventive action in the production of methodologies that evaluate flood
extension with some level of confidence. Therefore, the investigation paves the road
towards a more honest knowledge transfer to decision-makers, whom consider the re-
liability of the model results.
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Table 1. Ensemble members defined for the multi-physics WRF ensemble.

Ensemble Micro- surface layer Cumulus Feedback/
member Physics physics physics sst_update
1 WSM5 5-Layer TDM Kain-Fritsch Eta off/on
2 WSM5 5-Layer TDM Kain—Fritsch Eta  on/off
3 WSM5 5-Layer TDM Kain—Fritsch Eta on/on
4 WSM5 Noah Kain—Fritsch Eta  off/off
5 WSM5 Noah Kain—Fritsch Eta  off/on
6 WSM5 Noah Kain—Fritsch Eta on/on
7 Thompson 5-Layer TDM  Kain—Fritsch Eta  off/off
8 Thompson 5-Layer TDM  Kain—Fritsch Eta  off/on
9 Thompson 5-Layer TDM  Kain—Fritsch Eta  on/off
10 Thompson 5-Layer TDM  Kain—Fritsch Eta on/on
11 Thompson Noah Kain—Fritsch Eta  off/off
12 Thompson Noah Kain—Fritsch Eta  off/on
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Table 2. Error Metrics in the estimation of precipitation by members of the multi-physics en-

semble (bold rows indicate the stations located within the Tonala catchment).

Root-Mean Square Error (RMSE) and Normalised RMSE per Station considering Ensemble average

Multi-physics ensemble member

Station No. (Nor_RMSE)
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 %
30167 210.26 96.56 144.62 104.42 106.84 76.31 160.48 129.88 101.03 210.95 164.85 86.80 13.96
27003 544.34 578.19 564.46 474.81 427.30 516.95 458.25 484.05 568.20 572.30 385.17 479.47 35.13
27007 23490 246.00 198.01 135.27 129.43 207.93 126.51 197.32 246.90 328.28 132.09 191.81 19.44
27015 96.68 129.89 151.02 194.33 235.76 179.69 152.06 152.60 118.97 116.87 260.49 188.20 24.01
27074 173.37 211.87 191.22 19746 78.94 148.88 17492 24765 187.98 207.39 123.09 157.21 17.19
27073 227.47 201.91 22862 256.39 281.38 24568 186.21 219.36 159.34 147.79 247.69 223.88 46.46
27075 87.04 119.26 104.10 100.82 151.17 64.92 76.45 14730 8575 105.68 52.14 68.67 10.72
27076 140.53 160.28 14195 124.03 108.33 130.53 191.75 16259 226.04 236.09 129.78 150.84 17.14
27077 89.10 113.42 83.60 22548 25224 207.73 25420 28240 110.77 83.93 203.01 192.86 30.57
27039 333.50 204.36 197.48 295.84 302.19 261.39 264.08 321.66 172.86 152.14 257.59 430.63 73.28
27054 123.18 30.77 4528 113.16 119.18 7741 106.84 11268 118.83 127.43 110.06 106.67 34.75
27060 70.69 56.23  59.51 33.42 40.13 30.04 78.07 93.80 88.46 80.36  56.73 66.31 19.88
27024 160.33 137.81 140.76 120.58 127.54 73.57 14827 136.47 14512 167.79 153.26 151.87 85.04
27084 68.72 71.32 54.58 53.56 106.93 65.65 61.06 72.31 61.46 62.96 50.14 50.92 19.02
7365 172.91 117.44 103.02 252.03 139.79 163.49 30152 216.38 179.67 129.71 271.88 210.11 24.52
27011 143.70 162.77 14361 107.82 7755 86.15 128.03 143.69 10659 11649 86.81 81.27 106.83
27036 81.46 60.69 27.36 61.69 19.14 35.64 23.58 4589 22.13 40.23  39.22 55.55 12.04
27008 158.85 72.82 7496 131.34 13494 100.16 102.82 149.97 66.67 79.36 97.87 254.33 19.68
Average {Rel_RMSE} catch. 23.14
Average {Rel_RMSE} all 33.87
BIAS per Station and Ensemble Average
Station No. Multi-physics ensemble member (BIAS)
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12
30167 0.71 0.90 0.81 1.07 1.12 0.99 0.80 0.85 0.91 0.71 1.23 1.06 0.93
27003 0.51 0.48 0.50 0.58 0.62 0.54 0.59 0.57 0.49 0.49 0.66 0.58 0.55
27007 0.72 0.71 0.79 0.91 0.91 0.78 1.13 1.26 0.73 0.61 0.90 0.80 0.85
27015 1.21 1.32 1.40 1.50 1.61 1.46 1.37 1.37 1.24 1.21 1.68 1.48 1.40
27074 0.82 0.76 0.79 0.78 1.08 0.86 0.81 0.71 0.80 0.77 0.88 0.83 0.82
27073 1.74 1.65 1.74 1.83 1.91 1.80 1.58 1.70 1.47 1.44 1.80 1.72 1.70
27075 0.92 0.85 0.88 0.88 1.20 0.96 0.90 0.80 0.89 0.86 0.98 0.93 0.92
27076 0.86 0.82 0.86 0.91 0.95 0.89 0.79 0.84 0.73 0.71 0.89 0.85 0.84
27077 1.12 1.17 1.10 1.48 1.54 1.44 1.54 1.60 1.20 1.14 1.42 1.40 1.35
27039 2.41 1.87 1.84 2.26 2.29 2.1 213 2.36 1.73 1.64 2.09 2.84 2.13
27054 1.89 1.08 1.24 1.82 1.87 1.54 1.76 1.81 1.84 1.91 1.79 1.77 1.69
27060 1.42 1.33 0.72 1.08 1.20 1.05 1.47 1.57 1.54 1.49 1.32 1.39 1.30
27024 3.34 2.96 3.03 2.76 2.88 2.07 3.16 2.98 3.11 3.45 3.17 317 3.01
27084 1.32 1.35 1.17 1.23 1.61 0.78 1.27 1.36 1.27 1.29 1.07 1.01 1.23
7365 1.43 1.20 1.09 1.63 1.32 0.72 1.78 1.55 1.43 1.26 1.68 1.51 1.38
27011 3.57 3.91 3.55 2.93 2.33 2.49 3.33 3.58 2.91 3.09 2.56 245 3.06
27036 1.36 1.25 1.09 1.28 0.97 1.15 0.95 1.20 1.06 1.16 1.15 1.24 1.15
27008 1.37 1.07 1.05 1.29 1.31 1.20 1.21 1.35 0.99 0.93 1.19 1.62 1.22
Average {Rel_RMSE} catch. 0.94
Average {Rel_RMSE} all 1.42
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Table 2. Continuation of Table 2. Error Metrics in the estimation of precipitation by members
of the multi-physics ensemble (blue rows indicate the stations located within the Tonala catch-

ment).

Nash-Suitcliffe Coefficient per Station and Ensemble average

Multi-physics ensemble member

Station No. (NSC)
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12
30167 0.72 0.94 0.87 0.93 0.93 0.96 0.84 0.89 0.94 0.72 0.83 0.95 0.88
27003 0.16 0.05 0.09 0.36 0.48 0.24 0.40 0.33 0.08 0.07 0.58 0.34 0.26
27007 0.70 0.67 0.78 0.90 0.91 0.76 0.91 0.79 0.66 0.41 0.90 0.80 0.77
27015 0.88 0.78 0.70 0.50 0.27 0.57 0.70 0.69 0.81 0.82 0.11 0.53 0.61
27074 0.84 0.76 0.80 0.79 0.97 0.88 0.84 0.67 0.81 0.77 0.92 0.87 0.83
27073 -0.27 0.00 -0.28 -0.61 -0.94 -0.48 0.15  -0.18 0.38 046 -050 -0.23 -0.21
27075 0.94 0.89 0.91 0.92 0.82 0.97 0.95 0.83 0.94 0.91 0.98 0.96 0.92
27076 0.87 0.83 0.86 0.90 0.92 0.88 0.75 0.82 0.65 0.62 0.89 0.85 0.82
27077 0.82 0.70 0.84 -0.17 -0.46 0.01 -0.48 -0.83 0.72 0.84 0.05 0.15 0.18
27039 —-4.41 -1.03 -090 -326 -344 -232 -239 -403 -045 -0.13 -223 -8.02 -272
27054 -0.46 0.91 0.80 -0.23 -0.36 042 -0.10 -022 -0.36 -0.56 -0.16 -0.09 -0.03
27060 0.60 0.75 0.72 0.91 0.87 0.93 0.51 0.29 0.37 0.48 0.74 0.65 0.65
27024 -7.99 -5.64 -593 -4.08 -469 -089 -6.68 -551 -636 -884 -721 -7.06 -5091
27084 0.67 0.64 0.79 0.80 0.20 0.70 0.74 0.63 0.73 0.72 0.82 0.82 0.69
7365 0.50 0.77 0.82 -0.07 0.67 0.55 -0.54 0.21 0.45 0.72 -0.25 0.25 0.34
27011 -16.74 -2176 -16.72 -899 -417 -538 -13.08 -16.74 -8.76 -10.66 -547 -4.67 -11.09
27036 0.61 0.78 0.96 0.78 0.98 0.93 0.97 0.88 0.97 0.91 0.91 0.82 0.87
27008 0.60 0.92 0.91 0.72 0.71 0.84 0.83 0.64 0.93 0.90 0.85 -0.03 0.73
Average {Rel_RMSE} catch. 0.63
Average {Rel_RMSE} all -0.63
Correlation Coefficient per Station and Ensemble average
Station No. Multi-physics ensemble member (Con)
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12
30167 0.99 0.99 0.99 0.97 0.98 0.99 0.99 0.99 0.99 0.99 0.97 0.98 0.99
27003 0.95 0.96 0.97 0.97 0.98 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.98
27007 0.98 0.97 0.97 097 097 0.97 0.97 0.97 0.97 0.95 098  0.97 0.97
27015 0.97 0.96 0.97 094 093 095 0.95 0.95 0.94 0.94 093  0.94 0.95
27074 0.98 0.98 0.98 0.98 0.99 0.98 0.99 0.98 0.98 0.98 0.99 0.99 0.98
27073 0.95 0.96 0.95 0.94 0.94 0.94 0.92 0.92 0.91 0.92 0.94 0.94 0.94
27075 0.98 0.98 0.98 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
27076 0.98 0.98 0.97 0.97 0.97 0.97 0.97 0.97 0.96 0.96 0.97 0.97 0.97
27077 0.96 0.95 0.96 0.96 0.95 0.96 0.95 0.95 0.97 0.97 0.95 0.96 0.96
27039 0.95 0.95 0.94 0.93 0.94 0.94 0.94 0.94 0.95 0.95 0.94 0.93 0.94
27054 0.91 0.96 0.94 0.93 0.93 0.94 0.91 0.92 0.91 0.90 0.93 0.93 0.93
27060 0.96 0.97 0.97 0.96 0.97 0.97 0.95 0.95 0.96 0.96 0.97 0.96 0.96
27024 0.91 0.93 0.92 0.90 0.91 0.95 0.89 0.90 0.89 0.89 0.94 0.94 0.91
27084 0.91 0.91 0.92 0.94 092 095 0.92 0.91 0.92 0.92 0.93 093 0.92
7365 0.93 0.93 0.94 0.92 0.94 0.97 0.91 0.92 0.91 0.92 0.91 0.92 0.93
27011 0.94 0.94 0.95 0.93 0.95 0.96 0.89 0.93 0.91 0.92 0.91 0.91 0.93
27036 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
27008 0.97 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.97 0.96 0.96 0.96 0.96
Average {Rel_RMSE} catch. 0.97
Average {Rel_RMSE} all 0.95
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Table 3. Error metrics in the estimation of river discharge by the rainfall-runoff model using the
12 members of the multi-physics ensemble. -
@
Error metrics per ensemble member and ensemble average for the hydrological model _
M1 M2 M3 M4 M5 M6 M7 V] M9  M10 M1 M12  (Ens Av) o
RMSE (m®s™") 163.05 122.49 11053 230.13 201.49 153.81 14725 13142 12396 12751 23276 13168 156.34 @) - -
NSC 0.84 0.91 0.93 0.69 0.76 0.86 0.87 0.90 0.91 0.90 0.68 0.90 0.84 o
Cor 0.97 0.98 0.98 0.97 0.95 0.96 0.95 0.96 0.96 0.96 0.94 0.95 0.96 2 - -
BIAS 0.83 0.89 0.92 1.29 1.20 0.86 1.08 0.90 0.94 0.94 1.24 1.05 1.01 )
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Table 4. Error metrics in the estimation of river discharge by the hydrodynamic model using the

12 members of the multi-physics ensemble.

Error metrics

Comparison of flooded areas between numerical results from running ensemble members vs. Observed

Ensemble Member

(Ensemble average)

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M1 M12
BIAS 0.872 0.893 0.904 0917 0.910 0.872 0.940 1.006 1.022 1.073 1.040 1.119 0.964
FAR: False Alarm Ratio 0.132 0.143 0.148 0.154 0.149 0.132 0.562 0.817 0.824 0.847 0.865 0.877 0.453
POD: Probability of Detection 0.757 0.765 0.770 0776 0.750 0.757 0.782 0.817 0.824 0.847 0.856 0.877 0.799
POFD:Probability of False Detection 0.107 0.119 0.125 0.132 0.112 0.107 0.145 0.176 0.185 0.210 0.205 0.225 0.154
CSI: Critical Succes Index 0.868 0.857 0.852 0.846 0.851 0.868 0.834 0.812 0.806 0.790 0.791 0.784 0.831
True Skill Statistics 0.650 0.646 0.645 0.644 0.653 0.650 0.645 0.641 0.639 0.637 0.641 0.652 0.645
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Figure 4. Comparison of cumulative precipitation estimated by the 12 members of the WRF
model (blue lines) and its mean (red line) vs. measurements (black solid line) at four weather
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Figure 5. Input data parameters in the hydrological model; (a) land use; (b) pedology; (c) river

network, curve number and grid.
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Figure 6. Calculated hydrographs using the rainfall-runoff model with WRF ensemble precipi-
tation fields as input data; grey shaded area illustrates the uncertainty bounds (maximum and
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minimum); the red line shows the measured river discharge for this event.
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Figure 8. Data vs. model comparison of flood extent; probabilistic flood map derived from
ensemble runs with the hydrodynamic model (left panel); infrared SPOT image corresponding
to the 15 November 2009 (right panel).
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Figure 9. (a) BIAS and (b) skill propagation within the model cascade (meteorological—
hydrological-hydrodynamic); diamonds: corresponding ensemble mean value.
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