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Abstract. Floods can arise from a variety of physical processes. Although numerous risk assessment approaches stress the

importance of taking into account the possible combinations of flood types (i.e. compound floods), this awareness has so far

not been reflected in the development of early warning systems: Existing methods for forecasting flood hazards or the corre-

sponding socio-economic impacts are generally designed for only one type of flooding. During compound flood events, these

flood type-specific approaches are unable to identify the overall hazards or impacts. Moreover, from the perspective of the5

end-users (e.g. civil protection authorities), the monitoring of separate flood forecasts – with potentially contradictory outputs

– can be confusing and time-consuming, and ultimately impede an effective emergency response. To enhance the decision sup-

port, this paper proposes the integration of different flood type-specific approaches into one compound flood impact forecast.

This possibility has been explored by
::::::
through

:::
the

:::::::::::
development

::
of

::
a

::::::
unified

::::::
system combining the simulations of two impact

forecasting methods(representing fluvial and :
:::
the

::::::
Rapid

::::
Risk

::::::::::
Assessment

::
of

:::
the

:::::::::
European

:::::
Flood

:::::::::
Awareness

:::::::
System

::::::
(EFAS10

:::::
RRA;

::::::::::
representing

::::::
fluvial

::::::
floods)

:::
and

:::
the

::::::::::
radar-based

::::::::::
ReAFFIRM

:::::::
method

:::::::::::
(representing flash floods)

:
.
:::
The

::::::
unified

:::::::
system

:::
has

::::
been

:::::
tested

:
for a recent catastrophic episode of compound flooding: the DANA event of September 2019 in Southeast Spain

:::::::::
(Depresión

:::::::
Aislada

::
en

:::::::
Niveles

:::::
Altos,

::::::::
meaning

::::::
cut-off

::::
low). The combination of the two methods identified well the overall

compound flood extents and impacts reported by various information sources. For instance, the simulated economic losses

amounted to about 670 million Euros against 425 million Euros of reported insured losses. Although the compound impact15

estimates were less accurate at municipal level, they corresponded significantly
:::::
much better to the observed impacts than those

generated by the two methods applied separately. This demonstrates the potential of such integrated approaches for improving

the decision support.

1 Introduction

Around the globe, floods regularly result in devastating impacts on human society. Between 2008 and 2017, floods claimed on20

average about 5 000 lives per year (CRED, 2019). With more than one trillion USD over the last four decades, floods accounted
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for about 40 % of all natural hazard-related economic losses (Munich Re, 2020). Climate change projections suggest that the

frequency and magnitude of floods will increase in many parts of the world over the decades to come (IPCC, 2018). In

combination with rising trends in urbanisation and population growth, the impacts of floods on society are expected to increase

significantly if no further adaptation measures are adopted (Dottori et al., 2018).25

The development of early warning systems (EWSs) is a highly cost-effective way to reduce flood impacts, as they support

the coordination of emergency response measures, such as warnings to the population, evacuations, or the installation of

temporary flood barriers (Pappenberger et al., 2015; World Bank, 2010).
::
To

::::::
enable

:::
an

::::::::
effective

:::::::::
emergency

::::::::
response,

::::
the

:::::::
warning

:::::::::
information

::::::
needs

::
to

::
be

::::::::
accurate,

:::::
easily

:::::::::::
interpretable,

:::
and

:::::::::::
disseminated

:::
in

:
a
::::::
timely

::::::
manner

::
to

::::::::
end-users

:::::
such

::
as

::::
civil

::::::::
protection

:::::::::
authorities

:::::::::::::
(WMO, 2018b)

:
. Flood EWSs generally rely on methods that continuously provide the end-users with30

forecasts of upcoming flood hazards or impacts (UNISDR, 2006). Typically, these forecasting methods are based on models

representing the physical processes that generate floods, which are diverse: The most common flood types include fluvial

floods, flash floods, pluvial (urban or surface water) floods, and coastal floods (e.g. European Commission, 2007). Due to the

differences in the governing physical processes, forecasting approaches are traditionally designed separately for the individual

flood types (see e.g. Alfieri et al., 2012). Fluvial floods, for instance, develop over days or weeks in large river basins and35

are most commonly forecasted by coupling weather observations and Numerical Weather Prediction (NWP) with distributed

hydrological models. In contrast, flash floods have a more sudden onset (minutes to a few hours) and typically occur in small

to medium-sized mountainous catchments. The processes
::::::::::
fast-evolving

::::::
nature

:::
of

::::
flash

::::::
floods

::::::
require

::
a
:::::
quick

:::::::::::
computation

:::
and

::::::::::::
dissemination

::
of

:::
the

::::::::
warnings

:::
to

:::
the

::::::::
end-users

::
to

:::::::::
maximise

:::
the

::::
time

::::::::
available

:::
for

::::::::::
emergency

:::::::
response

::::::::
measures

:::::
(e.g.

:::::::::
evacuations

:::
or

::::
road

::::::::
closures).

::::::::
Processes

:
leading to flash floods are usually strongly dominated by extreme rainfall intensities40

that evolve quickly in time and space, which makes the use of weather radar data attractive for flash flood monitoring and

forecasting (Corral et al., 2019; Georgakakos, 1986; Javelle et al., 2016; Versini et al., 2010).

As of today, the overwhelming majority of flood forecasting approaches focuses on the hazard component of the flood:

Methods for fluvial floods (Cloke and Pappenberger, 2009; Jain et al., 2018) or flash floods (Alfieri et al., 2019; Corral et al.,

2019; Hapuarachchi et al., 2011) typically forecast peak flows or return periods in the stream network, while pluvial (Henonin45

et al., 2013; Zanchetta and Coulibaly, 2020) or coastal flood forecasting approaches (Fernández-Montblanc et al., 2019; Kohno

et al., 2018) are mostly designed to predict water levels in the affected areas. For end-users such as civil protection authorities,

these flood hazard forecasts form an important part of the decision support in the coordination of emergency response measures.

:::
The

::::::
hazard

::::::::
forecasts

::::::
provide

:::::::::::
information

::
of

:::::::
potential

:::::
flood

::::::::
locations

::::
and

:::::::::
magnitudes

::::::
before

:::
the

:::::
onset

::
of

:::
the

:::::
event

::::
and

::::
thus

:::
help

:::
to

:::::::::
coordinate

::::::::
measures

::::
such

::
as

::::::::
warnings

::
or
:::::::::::

evacuations.
:
To estimate the expected impacts (e.g. the affected number of50

people), the end-users combine the hazard forecasts with socio-economic exposure and vulnerability information in the areas

at risk. In the current practice, this combination is commonly done based on personal knowledge and experience, or by means

of simple GIS-based tools (e.g. Vaz, 2017). However, this non-automatic procedure of estimating the potential impacts can

consume valuable time during approaching events and lead to sub-optimal decisions (Basher, 2006; Merz et al., 2020). For a

more effective and faster emergency response, the World Meteorological Organization (WMO, 2015) and the United Nations55
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International Strategy for Disaster Reduction (UNISDR, 2015a) promote the enhancement of the decision support with tools

that automatically translate the forecasted hazards into the expected socio-economic impacts.

The general recipe for impact forecasting is similar across �ood types (Merz et al., 2020); the forecasted �ood hazard

is automatically combined with vulnerability and exposure layers, such as population density or land use maps. For �uvial

�oods, several impact forecasting approaches were developed in recent years (e.g. Bevington et al., 2019; Brown et al., 2016;60

Cole et al., 2016; Dale et al., 2014; Guimarães Nobre et al., 2020). The Rapid Risk Assessment (RRA; Dottori et al., 2017)

predicts with up to 10 days ahead the economic losses, critical infrastructures, and population affected by European rivers

with catchment sizes larger than 500 km2, based on discharge forecasts from the hydrological model LISFLOOD (Roo et al.,

2000; Van Der Knijff et al., 2010). As part of the European Flood Awareness System (EFAS), the RRA has been providing

for a few years operational decision support to various end-users across the continent
:
,
::::
who

:::::::
monitor

:::
the

:::::::
outputs

::
on

::
a

:::::
daily65

::::
basis

:::
for

:::
the

:::::::::::
coordination

::
of

::::::::
response

::::::::
measures

::
in

::::
case

:::
of

::::::::::
emergencies. Also with respect to other �ood types, progress in

impact forecasting has been made in recent years. For instance regarding �ash �oods, several approaches are available for

predicting impacts in individual catchments or relatively small areas (e.g. Le Bihan et al., 2017; Saint-Martin et al., 2016;

Silvestro et al., 2019). The ReAFFIRM method (Ritter et al., 2020a) is the �rst approach applicable also over larger domains

(e.g. at regional or national scale). Based on �ash �ood hazard nowcasts obtained with the ERICHA system (Corral et al.,70

2019, 2009), ReAFFIRM estimates in high spatiotemporal resolution (e.g. 25 m and 15 min) the numbers of affected people

and critical infrastructures, and the economic losses.

All of the forecasting approaches mentioned above focus on one speci�c type of �ooding. In reality, though, �ood events

are often the result of a combination of �ood types, also referred to as “compound �oods” (e.g. Wahl et al., 2015; Zscheischler

et al., 2020). The Intergovernmental Panel on Climate Change (IPCC, 2018) de�nes compound events as “(1) two or more75

extreme events occurring simultaneously or successively, (2) combinations of extreme events with underlying conditions that

amplify the impact of the events, or (3) combinations of events that are not themselves extremes but lead to an extreme event

or impact when combined. The contributing events can be of similar (clustered multiple events) or different type(s)”. Previous

studies on compound �oods mostly focused on scenario-based hazard assessments accounting for different combinations of

�ood types. For instance, Chen et al. (2010) and Apel et al. (2016) applied coupled hydraulic models to simulate combined80

�uvial and pluvial �ooding in urban environments. Similarly, many studies explored the compound hazard from �uvial and

coastal �ooding, often experienced as a crucial factor during hurricanes (for a review of such approaches, see Santiago-Collazo

et al., 2019). To our knowledge, �ash �oods have so far not been considered in the context of compound �ooding.

Although the results of the mentioned hazard assessments stress the importance of taking into account the possible combina-

tions of �ood types, this awareness has not yet been addressed by the developers of EWSs. Up to today, forecasting approaches85

remain �ood type-speci�c. For the end-users of the forecasts, however, a distinction between �ood types is secondary. Their

main focus is on the provided information on potentially inundated locations and the corresponding impacts, regardless of

the underlying �ood type. Yet, the end-users' decision-making process is in the current practice usually based on a number

of separate �ood forecasts (representing the different �ood types) that may even show contradictory outputs. This practice is
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inef�cient and might reduce the trust of the end-users in the forecasts. Systems that predict compound events in an integrated90

way – especially in terms of socio-economic impacts – could signi�cantly improve the decision support (Merz et al., 2020).

This paper proposes the development of a framework that automatically integrates the �ood-type speci�c forecasting ap-

proaches into one compound �ood impact forecast. A particularly severe episode of compound �ooding (the 2019 DANA event

in Southeast Spain; Sect. 2) has been taken as an opportunity to explore thepossibility
:::::::
possible

:::::::::
advantages

:::
and

::::::::::
drawbacks of

such an integrated system. For this event, we test a simple real-time adapted combination of �uvial �ood impact simulations95

from EFAS RRA (Dottori et al., 2017) with �ash �ood impact simulations from ReAFFIRM (Ritter et al., 2020a, Sect. 3). The

resulting simulated compound impacts for the DANA event are compared to impacts reported by satellite images, �ood insur-

ance, civil protection authorities, and the media (Sect. 4). This exploratory study allows for identifying potential opportunities

and challenges of combining �ood type-speci�c impact forecasting methods, and future developments required for creating a

full compound �ood impact forecast encompassing all of the common �ood types (Sect. 5).100

2 The DANA event of September 2019 in Southeast Spain

The south-eastern part of Spain (Fig. 1) is characterised by the hydrometeorological extremes. Almost every year, the region

experiences long-lasting droughts as well as torrential rains and �oods. To balance the extremes over the course of the year and

compensate for interannual rainfall variabilities, the stream network in the region has been strongly modi�ed through structural

interventions. Especially in the basin of the Segura River (19 025 km2 including coastal catchments), the degree of regulation105

is exceptional: The 33 dams in the basin have an overall capacity of 1 230 Hm3 (CHS, 2020b), which is about 20 % larger than

the average yearly rainfall volume in the basin after discounting evapotranspiration (1 027 Hm3; CHS, 2020a). Among various

purposes (e.g. public water supply, irrigation, or hydropower generation), the enormous retention capacities in the dams play a

crucial role for �ood protection.

From 11 to 15 September 2019,an upper level low-pressuresystem– in Spain better known
:
a
::::::::

weather
:::::::::::
phenomenon110

:::::::::
commonly

::::::
known

::
in

:::::
Spain as “DANA” or “Gota Fría” (Martín León, 2003)–

::::::
affected

:::
the

::::::::::::
south-eastern

:::
part

:::
of

:::
the

:::::::
country.

:::
The

::::
term

::::::
DANA

::::::
means

::::::
"upper

:::::::::::
tropospheric

:::::
cut-off

:::::
low",

::
a

:::::::
situation

::::::::
occurring

::::::::
typically

::
in

::::::
autumn

:::::
when

:::::::
easterly

:::::
winds

:::::
push

:::::
warm

:::::
humid

:::
air

::::::
masses

:::::
from

:::
the

::::::::::::
Mediterranean

:::
Sea

:::::::
towards

:::
the

:::::
steep

:::::::::
topography

:::
of

:::
the

::::::
coastal

:::::
region

::::::::::::::
(Ferreira, 2021).

::::
The

::::::
DANA

::::
event

:::
of

:::::::::
September

::::
2019

:
caused rainfall accumulations of up to 461 mm in 24 h in the region (García et al., 2020). As

a result, devastating �oods occurred across eight provinces, of which Murcia and Alicante suffered the most severe impacts115

(for some visual impressions, see the references compiled in CRAHI, 2019). In total, seven people lost their lives and more

than 5 000 were evacuated from their homes (Fig. 1). The Spanish Insurance Compensation Consortium (CCS, 2020) recorded

private �ood insurance claims of more than 450 million Euros, while AON (2019) estimated the overall economic losses from

the event to exceed 2.2 billion Euros. The most severe incidents were reported in the �oodplain of the lower Segura River

(especially in the town of Orihuela), in several coastal towns in the Murcia province, and along some small tributaries of the120

Jucar River (e.g. the Clariano River; the Jucar River itself did not �ood).
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