Ensemble flood forecasting considering dominant runoff processes: . Setup
and application to nested basins (Emme, Switzerland)

Authors replies to RC1:

We want to thank the reviewer for his/her assessment of our manuscript. We are glad that
the topics of our paper have been found to be interesting. In the following we give our
answers to the comments and recommendations that have been raised. Reviewer comments
RC are bold, our reply AR is in jtalic. Insertions in the revised manuscript Ml are underlined.

RC: I find that the presentation requires significant improvement. Particularly, in the
current version the manuscript is somewhat disorganized and does not stand by itself (the
authors send the reader to external references in an excessive number of times).

AR: The reviewer is right in his statement, that the current paper might not stand by itself in
its current organization. As this manuscript is part | of 2 companion papers, we tried to avoid
redundancies between the two manuscripts and also to avoid duplicating too large portions
of the papers by Antonetti et al. (2016, 2017 and 2018). Reviewer RC2 suggests to include a
diagram showing the logic of our past and recent papers in order clarify where relevant
information on the adopted data. The diagram is now part of the introduction.

In the revised paper replaced some of the “external” references to the other manuscripts with
short descriptions of the previously referenced topic.

MAJOR COMMENTS

RC: 1) Introduction: The organization of the first section requires some sharpening and
reorganization. Section 1.1 gives too much detail on some of the approaches and very little
detail about some others.

AR: In order to streamline section 1.1 and correct the imbalance with the other parts of the
introduction we removed a full paragraph (P3 L 25-33 of the original manuscript). Further
adjustments have been taken in accordance with the comments of reviewer RC2.

RC: 2) The presentation of the datasets and methods used in the study should be
improved. The authors could focus on the following points:

a. Description of the datasets should include their origin and resolutions. In particular, a
brief description of the analyzed COSMO configurations is missing.



b. Calibration of RGM-PRO and RGM-TRD. Given that one of the main differences
between the two systems is in the way they are calibrated, the authors should
provide a detailed description of the calibration process.

c. How were the uncalibrated and calibrated versions of PREVAH set up? Was the TRD-
UC configuration calibrated using the observations of a single event? Did the
authors use uniform parameters in the Emme catchment?

d. I find Section 2 too long. The authors could consider splitting g it into “Target area
and datasets”, and “Models and methods.”

AR: We will accommodate the reviewer request and split the section as suggested (d). When
preparing the two manuscripts we decided to put the focus of the methodological details of
this first paper on the DRP model and on the description of COMBIPRECIP and present the
details on COSMO in the companion paper.

COSMO data are now introduced as follows:

MiI: “As future rainfall input, quantitative precipitation forecasts were used from NWP by
MeteoSwiss, namely COSMO-E and COSMO-1, and were processed as in Addor et al. (2011).
COSMO-1 has a grid spacing of 1.1 km and runs as deterministic model with initialisations

every three hours. Lead time is 33 hours except for the 03 UTC run, where a 45 hour forecast

is 10 available. COSMO-E is an ensemble prediction system with 2.2 km grid spacing, two
initialisations each day and a lead time of 120 hours. Both COSMO-E and COSMO-1 are
available for only one season and there is no prior experience in applying these models in a
forecasting chain. A recent evaluation of COSMO-E is presented in Klasa et al (2018) }, while
its configuration can be found accessing the MeteoSwiss webpage (MeteoSwiss, 2018).”

(b,c) A detailed description of how the two models have been configured (RGM-PRO) and
calibrated (RGM-TRD), would basically duplicate the papers Antonetti et al. (2017) and
Antonetti et al. (2018, published in the meantime).The reviewer is of the opinion of dealing
with a “calibrated” and “uncalibrated” version of our “classic model PREVAH, while as
described, RGM-PRO is a new module, configured a priori as presented in Antonetti et al.
(2017), where the concepts of runoff generation are strongly oriented to the dominant runoff
process approach with 5 separated storage according to the runoff types, while RGM-TRD is
identical with the runoff generation module integrated in PREVAH, where one concepts fits
all processes (as shown in Figure 2). As far as the calibration of the TRD (one set for the
whole basin) version is concerned, yes, only one event is used. We choose this approach in
order to have a setup with minimum requirements of observed discharge. This should show
the potential of the TRD approach, when a single measurement campaign is available, as
discussed for example in Pool et al., (2017).

We adapted the sections 3.1.2 and 3.1.3 (formerly 2.3.2 & 2.3.3) sections on RGM-PRO and
RGM-TRD to include these argumentations and, more important, we better declared RGM-
PRO and RGM-TRD as standalone event based modules (see abstract and section 1.3).



MINOR COMMENTS

RC: 1) Page 4, line 13: “which requires a high model resolution” | guess that the text refers
to high NWP model resolution, but it would be worth making it explicit.

AR: Has been accommodated

RC: 2) Page 5, lines 26-29: “For the Trueb catchment, measurements from the Bau-,
Verkehr- und Energiedirektion of the Canton of Berne were available. For the evaluation of
hindcasts, only four events are investigated as runoff data is not available from 2005 to
2010.” It is not fully clear that the last sentence refers to the Trueb catchment.

AR: Has been accommodated

RC: 3) Page 6, lines 10-15: How was CombiPrecip applied in the study? Was the operational
CombiPrecip product the one applied here? Were the rain gauge measurements of the
Napf station blended in CombiPrecip?

AR: A reanalysis of COMBIPRECIP is available for the period 2005 to 2013. Since 2013 we
receive the operational COMBIPRECIP product, which includes the station of Napf in the
blending procedure. This information is now included in Section 2.2. The location of the
Napf-station has been placed in Figure 1.

RC: 4) Page 7, lines 1-9: It is difficult to follow the retrieval of the RTs maps. Could you
provide some details about the Magreth map of SoilCom GmbH, DEM used for the Miiller
map, resolution. . .?

AR: The RT maps used coincides with the products developed in the Antonetti and Zappa
(2018) study. As detailed in Antonetti et al. (2016) the “SoilCom” map requires more input
information than the Miiller Map and uses a DTM in 2 m resolution. The Miiller map is
obtained from a DTM of 25 m resolution. The information required by the reviewer has been
added to the manuscript.

RC: 5) Page 7, line 31. Why is RGM-PRO event-based? Is this the only alternative?

AR: We did not want to develop a new fully fledged model, but develop something that we
can setup ad hoc in any area and feed with precipitation information only, while prescribing
initial soil moisture deficit, in this case from a nation wide simulation of the “donor” model
PREVAH. This tool should be only active when thunderstorms are to be expected and provide
information to anticipate flash-floods in fast-reacting area small areas, while for larger
catchments the “established” PREVAH versions are adequate. We integrated some of these
thoughts when we first introduce RGM-PRO in section 1.3.

RC: 6) Page 8, lines 4-7: It is surprising that the calibration of the RGM-TRD was done using
a single event. How could this affect the performance of the system?



AR: We replied to the second question above, i.e. to mimic nearly ungauged conditions. For
sure calibration over several events would have led to more robust parameters.

7) Figure 4 - caption: In the figure “Uncalibrated PREVAH” is referred to as “NC”".
AR: corrected, thanks

8) Figure 7 — caption: Please, specify the duration of the analysis. Is this for the event of 12
May? Over what period?

AR: It refers to all events considered events between May and July. Caption will be modified
accordingly.

AR: We assume the reviewer refers to Figure 6. The analyses cover the

9) Please, refer to the accepted version of the work of Kienzler and Naef (2008): Kienzler,
P. M. and Naef, F.: Temporal variability of subsurface stormflow formation, Hydrol. Earth
Syst. Sci., 12, 257-265, https://doi.org/10.5194/hess-12-257-2008, 2008.

AR: corrected, thanks
References:

Antonetti, M., Buss, R., Scherrer, S., Margreth, M., and Zappa, M.: Mapping dominant runoff
processes: an evaluation of different approaches using similarity measures and synthetic runoff
simulations, Hydrol. Earth Syst. Sci., 20, 2929-2945, https://doi.org/10.5194/hess-20-2929-2016,
2016.

Antonetti, M., Scherrer, S., Kienzler, P. M., Margreth, M., & Zappa, M. (2017). Process-based
hydrological modelling: the potential of a bottom-up approach for runoff predictions in ungauged
catchments. Hydrological Processes, 31(16), 2902-2920. https://doi.org/10.1002/hyp.11232

Antonetti, M., & Zappa, M. (2018). How can expert knowledge increase the realism of conceptual
hydrological models? A case study based on the concept of dominant runoff process in the Swiss Pre-
Alps. Hydrology and Earth System Sciences, 22(8), 4425-4447. https://doi.org/10.5194/hess-22-4425-
2018

Klasa C, Arpagaus M, Walser A, Wernli H. An evaluation of the convection-permitting ensemble
COSMO-E for three contrasting precipitation events in Switzerland. Q J R Meteorol Soc.
2018;144:744-764. https://doi.org/10.1002/qj.3245

MeteoSwiss: COSMO forecasting system, https://www.meteoswiss.admin.ch/home/measurement-
and-forecasting-systems/warning-andforecasting-systems/cosmo-forecasting-system.html —
[Accessed: 28/10/2018], 2018.

Pool, Sandra; Viviroli, Daniel; Seibert, Jan (2017). Prediction of hydrographs and flow-duration curves
in almost ungauged catchments: Which runoff measurements are most informative for model
calibration? Journal of Hydrology, 554:613-622.
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Ensemble flood forecasting considering dominant runoff processes: . Setup
and application to nested basins (Emme, Switzerland)

Authors replies to RC2:

We want to thank the reviewer for his/her assessment of our manuscript. In the following
we give our answers to the comments and recommendations that have been raised.
Reviewer comments RC are bold, our reply AR is in italic. Insertions in the revised
manuscript Ml are_underlined.

MAJOR COMMENTS

RC: However, it should be considered that the paper has some conceptual/methodological
limitations:

e The investigation period (of some months) is very limited in order to gain
substantial data for further statistical analyses (e.g., skill determination, etc.).
However, the authors address and discuss this issue in their text.

e The number of investigated catchments is low; conclusions on regional
transferability of the suggested methods remains limited due to lacking statistical
significance. However, the authors anticipate these shortcomings within the study
design (by using MC methods) and briefly discuss the matter.

AR: We are of course aware, that more basins and longer periods of evaluation are always
welcome. NHESS is in this respect a journal that regularly publishes case studies (e.g.
Kobayashi et al., 2016; Cane et al., 2013), preliminary assessments (Picciotti et al., 2013) or
intercomparison of approaches during limited period of time (e.g. Davoli et al., 2018). Having
targeted NHESS as journal for disseminating our experience, this study is designed to
evaluate two different model structures, during a representative flood season and in case of
nested basins with different area. With this approach we can learn about the quality of the
novel approaches from different perspectives at the same time. The transfer of experience to
another catchment and climatic region is presented in the companion paper by Horat et al.
(2018). As far as the length of the investigation period is concerned, some limitations arise
from the use of COSMO-E and COSMO-1. MeteoSwiss decommissioned after several years
the antecedent operational NWP COSMO-2 and COSMO-LEPS in 2016. As we want to make
our systems operational, it was for us important to focus on a first analysis with the NEW
NWRPS that we receive and archive in real-time since February 2016.

In the revised manuscript we will better declare our choices concerning selection of basins
and investigation period..



RC: For the reviewer, it was a bit hard to get the methodological (?) connection of the
reviewed paper to the “accompanying paper” (Horat et. al., 2018), as well as to previous
work of the researchers (e.g., Zappa et al., 2011 or Antonetti, 2017). Maybe, a graphical,
structured representation of the questions covered in those papers would offer a way to
better comprehend the overarching research activities of authors/group/lab and serve the
scientific significance of the manuscript.

AR: With thank the reviewer for this suggestion. We first taught to follow his comment and
create an image, but finally opted for a table that we will insert in the supplementary
material of the revised manuscript. The table is also provided here below.

Paper Zappa et al. Addoretal. Liechtiet al. Antonettietal.  Antonettietal. =~ Antonettiet al. Horat et al.
Year 2011 2011 2013 2017 2018 2018 2018
Journal At. Research HESS HESS Hydrol. Proc. HESS NHESSD NHESSD
Target areas
Verzasca X X X
Sihl X
Emme X X
Other X X
Topics
Forecasting X X X X X
Model development X
Uncertainty propagation X X X (X) (X)
Intercomparison X X (X) (X) X X
Model/module
PREVAH-HRU X X X X
RGM-PRO X X X X
RGM-TRD X X
Rainfall forcing
Intrepolated gauges X X X X X
Combiprecip X X X X
COSMO-1| X X
COSMO-2 X X X (X)
COSMO-LEPS X X (X)
COSMO-E X X
Weather radar nowcasting X X
Frequency| continuous continuous events events events events events
Period 2007-2010 2007-2009 2007-2010 2005-2016 2005-2016 2016 2016
Analyses
NSE/KGE NSE KGE KGE NSE/KGE
Brier/ROC/FAR/RankHist (X) X X X X
MonteCarlo X (X) X X X (X)
Other SWAE ANOVA

Zappa et al. (2011) is our benchmark paper on uncertainty propagation

Addor et al.. (2011) is our reference work on verification of deterministic and ensemble

forecasts

Liechti et al. (2013) focuses on flash-flood nowcasting with advanced weather radar products
Antonetti et al. (2017) introduces RGM-PRO

Antonetti et al. (2018, HESS) evaluate structures and configurations of RGM-PRO in the
Emme catchment

Antonetti et al. (2018, NHESSD) first apply RGM-PRO in forecasting mode for the Emme
catchment and is our first study with COSMO-E/COSMO-1

Horat et al. (2018, NHESSD) applies RGM-PRO in forecasting mode for the Verzasca
catchment and compare its quality with our current operational model as forced by COSMO-
E/COSMO-1.



SPECIFIC COMMENTS

RC: P1-L1: Add “potential” before the word “risk” >> if there is no vulnerability, a hazard
(i.e., heavy rain) would pose no risk.

AR: Has been addressed

RC: P1-L21: What is meant by “satisfying skill” here? Please give a brief comment on that
in the manuscript.

AR: Has been addressed

RC: P2-L31: Maybe add a reference to Collier & Fox (2003) who propose a Flash Flood
Susceptibility Assessment Procedure (FFSAP) which is quite comparable to the one
proposed by Mani et. al (2012).

AR: We elaborated on FFSAP in the revised manuscript

RC: P2-L32: What is meant here by the word “torrent”?

AR: We replaced “torrent” with “flash floods”, it was originally meant “torrential flow”

RC: P3-L2: What is determined “with radar” and why?

AR: The meaning of “radar”, i.e. identification of thresholds according to data from rainfall
radar, has been specified

I"

RC: P4-Ls27-30: The systematic of “physically-based” and “conceptual” models excludes

other approaches (e.g., FFSAPs) which are potentially useful for deriving information on
“timing and magnitude” (e.g., see http://www.hochwasserzentrum.sachsen.de/fruehwarnung
which is based on a simple FFSAP).

AR: As already states before we elaborated on FFSAP in the revised manuscript and also
present the application for Saxony (Philipp et al., 2016)

RC: P5-L4: Does this mean “assimilation (of transient data)”? If this is not the case, would
not it be better to talk of “estimation”, rather than “assimilation”?

AR: We will rephrase the sentence: “To what extent does the skill of the FF prediction depend

on the use of model structures considering spatially distributed information on runoff

processes into a hydrological model?”




RC: P5-L12: What is the “statistical approach”? Better replace with something like “skill
assessment procedures. . ."”?

AR: Has been addressed
RC: P8-L1: What is meant by “. . . served as fingerprint”?

AR: We used here the terminology introduced by Bléschl et al. (2009). The sentence will be
expanded: “With this method, the map of RTs serves as fingerprint since it contains

information determining the spatial variability of soil moisture Antonetti (2018).”

RC: P8-L3: “Traditional benchmark version...” ... of what?

AR: “Traditional benchmark version with conventional hydrological runoff generation

module”

RC: P9-L2: From our point of view, using continuous measures for skill assessment (e.g.,
NSE or KGE) should be called “validation”. On the other hand, employing event or
threshold-based (binary, dichotomous) methods (e.g., AUC or BSS), it is “verification”.

AR: We re-arranged the section, removed the sub-section title and introduce the definition of
BSS in order to make the manuscript less dependent on the companion paper.

RC: P11-L5: Are the probabilistic forecasts post-processed? This should be stated if this
applies.

AR: no, they are not.

Technical corrections

RC: P5-L8: Please rewrite “. . . model is executed at the runoff gauge” (language).
AR: Has been addressed

RC: P8-L8: Better replace “completed” with “conducted”.

AR: Has been addressed

RC: P19-L21: “bericht” should be “Bericht” (capitalized).

AR: Has been addressed

RC: Larger figures/numbers (e.g., “2120”) are not separated in the manuscript. Please
check, if this is in agreement with the NHESS style guide (e.g., be written as “2,120”).

AR: Has been addressed
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Ensemble flood forecasting considering dominant runoff processes:
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Abstract. Flash floods({(FFs)evolverapidly during and after heavy (precipitation events)and feépresentapotential risk forSociety:
To predict the timing and magnitude of a peak runoff, it is common to couple meteorological and hydrological models in a
forecasting chain. However, hydrological models rely on strong simplifying assumptions and hence need to be calibrated. This
makes their application difficult in catchments where no direct observation of runoff is available.

To address this gap, a FF forecasting chain is presented based on: (i) a nowcasting product which combines radar and
rain gauge rainfall data (CombiPrecip), (ii) meteorological data from state-of-the-art numerical weather prediction models
(COSMO-1, COSMO-E), (iii)(@perationally available soil moisture estimations from the PREVAH hydrological model, @nd(iv)
a process-based runoff generation module with no need for calibration (RGM-PRO). This last component tisesfinformation on
the spatial distribution'ef dominant runoff processes from the so-called [aps'of funoff types (RTS)) which €an'be derived &ith
different mapping approaches with increasing involvement of expert knowledge. RGM-PRO is €vent=based and parametrised
a priori based on the results of sprinkling experiments.

This prediction chain has been evaluated using data from April to September 2016 in the Emme catchment, a medium-size
FF prone basin in the Swiss Prealps. Two novel forecasting chains were set up with two different maps of RTs, which allowed
sensitivity of the forecast performance on the mapping approaches to be analysed. Furthermore, special emphasis was placed on
the predictive power of the new forecasting chains in nested subcatchments when compared with a prediction chain including
a original version of the runoff generation module of PREVAH calibrated for one event.

Results showed a low sensitivity of the predictive power on the amount of expert knowledge included for the mapping
approach. The forecasting chain including a map of RTs with high involvement of expert knowledge did not guarantee more
skill. In the larger basins of the Emme region, process-based forecasting chains revealed comparable skill as a prediction system
including aconventional'hydrologicalmodel  In'the small nested subcatchments, @lthough'the) process-based forecasting chains
outperformed the (Gfigifial' funoff generation module; no forecasting chain showed satisfying Skilliinrthe'sense thatiit could'be
useful for decision makers.

Despite the'short period available for evaluation; preliminary) outcomes of this study show that operational FF predictions in
ungauged basins can benefit from the use of information on runoff processes, as no long-term runoff measurements are needed

for calibration.
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1 Introduction

Flash floods (FFs) arising from the interaction of the atmospheric and the hydrological system are characterised by a runoff
peak that develops within time periods that range from minutes to hours and may occur during or after intense rainfall (Norbiato
et al., 2008). They may result in threatening catastrophes and pose a risk to society, especially on small scale catchments (of few
hundred square kilometres of size or less) with steep slopes and shallow soils. Since small basins react quickly to precipitation
there is only little time for warnings (Liechti et al., 2013). Furthermore, FFs can be accompanied by landslides and mud flows
(Collier, 2007). Impermeable surfaces and saturated soils may accelerate the rainfall-runoff transition (Norbiato et al., 2008).
FFs are considered to be significant natural hazards and they are associated with serious risk to life and destruction of
buildings and infrastructure (Collier, 2007; Norbiato et al., 2008; Gaume et al., 2009). In Europe, FF occurrence peaks during
autumn in Mediterranean and Alpine-Mediterranean areas and during summer in inland continental regions due to pronounced
convective activity (Norbiato et al., 2008; Marchi et al., 2010). The magnitude of the events is in general larger in Mediterranean
countries than in inner continental countries (Gaume et al., 2009; Javelle et al., 2010). According to Gaume et al. (2009), the
most severe FF events in Europe were the Barcelona flood in Spain (1962) with over 400 casualties (Lopez Bustos, 1964), the
two floods in the region of Piedmont in Italy (1968 and 1994) with respectively 72 and 69 victims (Ferro, 2005; Guzzetti et al.,
2005) and the Aude flood in France (1999) with 35 fatalities (Gaume et al., 2004). Economic damages associated with such
floods were substantial, e.g. 3.3 billion euros for the Aude flood (Lefrou et al., 2000) and 1.2 billion euros for the Garde flood
which occured 2002 in France (Huet et al., 2003; Delrieu et al., 2005; Braud et al., 2010). In Switzerland, in June 2007, heavy
precipitation caused flooding by the river Langeten and landslides in the region of Huttwil, Canton of Bern. This led to three
fatalities and damages of 60 million Swiss francs (Liechti, 2008). In July 2014, flooding by the river Emme and landslides

were responsible for damages of 15 million Swiss francs in Schangnau, Canton of Bern (Andres et al., 2015).
1.1 Current approaches for flash flood prediction

As both meteorological and hydrological conditions are important for FF prediction, coupled approaches were developed, as,
for instance, the so-called Flash Flood Guidance (FFG) concept, which is used to issue warnings in the U.S. (Carpenter et al.,
1999; Norbiato et al., 2008). FFG is defined as the rainfall depth which is necessary to occur for a certain duration to cause
minor flooding in a specific basin. According to Georgakakos (2006) and Norbiato et al. (2008), for the U.S., FFG thresholds
are computed with a hydrological model that is run iteratively with increasing amounts of rainfall of a given duration. The FFG
provides a value of susceptibility of a basin to a FF and takes the hydrological state of the system and in particular soil moisture
into account. In operational mode, FFG is computed each day. When nowcast or forecast rainfall depth is higher than FFG, a
warning is issued as a flooding is likely. Although this concept is useful, neither the timing nor the magnitude of the event is as-
sessed (Norbiato et al., 2008). As a further approach, Collier and Fox (2003) proposed a Flash Flood Susceptibility Assessment
Procedure (FFSAP) which is similartorwhatMani et @al?(2012)€laborated for the catchments investigated here (see Sect. 2:1)
and to what is currently deployed in Saxony (Eastern Germany) for operational flash-flood early warning (Philipp et al., 2016).

Mani et al. (2012) developed an approach for the Swiss Emme basin based on the concept of "disposition", defined as the
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susceptibility of a region to flashifle6ds and debris flow. In their approach, 8 actual @diSposition'is’defined by the Sumef base

and variable disposition, where the former is inferred from geological (pfopertiesiof thelcatchmentianditheNatterisidependent
(enrtifme) Whethef™a process (initiation through heavy precipitation’isS'expectéd — meaning that €@ actual disposition reaches
a threshold — is determined with @fialysesiof fainifall fadar data (Panziera'et'al:; 2016)2 Although this approach provides the
geographical distributions of event-prone @f€as;litlis’éxpensiverastit requires periodic field'Work o sample the variable dispo-

FFG concept, it does not provide detailed information on the magnitude and timing of an event.

al combinations of meteorological and hydrological models were implemented in so-called forecasting chains to quan-
predict peak flows. It was already examined by e.g. Georgakakos (1986), who implemented a stochastic-dynamic
eorological model. In general, a forecasting chain consists of (a) an atmospheric model, (b) a hydrological prediction
a nowcasting tool for initial conditions and (d) warnings for end-users (Zappa et al., 2008, 2011). The advantage of

is that timing and magnitude of the event can be predicted. Some examples of forecasting chains are described

(2010) carried out a case study for the 26 September 2007 Venice FF in the 90 km? Dese river basin. (Théy)
-

reen and Ampt, 1911) for infiltration-excess and saturation-excess runoft generation and the Penman-Monteith

, 1948; Monteith et @I511965) for €vapo-transpiration) fluxes. As the river network of their study area is @f-
he coupling to the hydrodynamic model was of importance. Liechti et al. (2013) explored the (poténtial’ef
nsemble forecasting chains fofFF €atly warhing ifi alpifie catchments'in southern Switzerland, including the
that it is valuable having an ensemble iifhydrologicaliifiitial conditionsiHowever, dataneeded for
are (Gl availablelificertaiiregionsiasitheyiare cxclusively produced for research projects, which prevents the

ication of their approach. A skilful forecasting EhainforEhieiver Sibliand thecity on Zurichywas developed
(2011), which combined PREVAH hydrological model with FLORIS hydraulic model and used deterministic

ic meteorological input. In all of the forecasting chains of IEi€chti et| al. (2013)) and Add6? et| al. (2011);the
odel used (PREVAH, Viviroli et al. (2009)) relied on calibration.

1. (2016) integrated spatially distributed information on dominant runoff processes (DRPs, see Sect. @ilil)ibased
of (Seheéfter and Naef (2003) into [ZARSIMI(IZafge) Area Rufioff Simulation Model, Bremicker (2000)))
DRP, the soil module was (parameterised basedion numerical experiments. Depending on which runoff process is
nant in a certain Hydrological Response Unit (HRU), a corresponding basis parametrisation of the soil storage was tised?
scaling factors, Whichrallow for an'adaptation of the) basis (parametrisation; theé) model was calibrated while maintaining
geographical heterogeneity. Subsequently, LARSIM was forced with meteorological input data and applied on the Nahe catch-

ment in Rheinland-Pfalz, where it is used for operational flood prediction and early warning since 2014.
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1.2 Challenges and uncertainties

FF predictions are challenging for several reasons. A first challenge is that FFs are extreme events and often occur in ungauged
basins, which means that there is only little data available for their investigation (Gaume et al., 2009). In most extreme cases,
hydrometric measuring devices may even be destroyed (Collier, 2007). In order to still have sufficient data to perform a proper

statistical analyses, warning thresholds are often set too low and become not relevant for FFs anymore (Liechti et al., 2013).

2007).

ering a forecasting chain, uncertainties of meteorological input, of the hydrological initial conditions, of the structure

drological model and of the hydrological model parameters propagate and superpose through the flood forecasting

Meteorological (ificértainty, whichi¢an'be'assessed
(ensemble prediction systeém, is usually assumed to account for the largest share of total uncertainty
2011; Zappa et al., 2000)% Uncertainty in the [paranieters of the hydrological model follows from an incomplete
mathematically Fépresentithe rainfall-runoff transition (processiand can be (ffeated withrahydrological
proach (Fenicia et al., 20015 VEIaZquez et al., 2011). Hydrological model parameter uncertainties result whern
es affecting runoff generation are modelled conceptually and multiple parameter sets are identified during the
ss that lead to optimum model performance, a problem which is known as equifinality (Beven, 1993). Zappa |

ted uncertainty in model parameters with an ensemble of the PREVAH hydrological model and found this

responsible for the second largest contribution to €@ total uncertainty in their study.

'southern Switzerland, including the Verzasca river, Antonetti et al. (2017) first introduces RGM-PRO and its
module (RGM) with no need for calibration. Re-simulating sprinkler
experiments (Kienzler and Naef, 2008)7allows an'a priori determinination’ef the parameters (generally feéquiring) Calibration
(see Scct. 3). This procedure has been evaluated in five target areas, including a sub-basin of the Emme catchment. Antonetti

and Zappa (2018) investigated with different configurations of RGM-PRO to which extent expert knowledge can improve
simulation results under consideration of uncertainty in the Emme catchment and its main tributaries. All the studies confirmed

4,
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‘that forecasts of timing and magnitude of flash-floods are of importance, and require combination of a meteorological prediction
(Withi@hydrologicalodelr The latter could either be a physically-based model — which is computationally expensive and not

the first choice for operational use — or a conceptual model, where calibration problems arise and hinder applicability for

ungauged basins. (e T e e O S e e e e e T e TN S Sl i)
on calibration (Zappa et al., 2008) (This study and the companion paper by Horat et al. (2018)havelbeendesigned:toievaluate
e e e B e Y g el W)
being configured for ungauged areas without needs for tailored calibration. Such event-based tools should be only operate
‘when thunderstorms are to be expected and provide information to anticipate flash-floods in small fast-reacting areas. These
two latest experiments are the firsts usipg the COSMO-E and COSMO-1 numerical models for hydrological predictions (see
EECHomE)NTHEIPETon of SE—————— o eSS TpeToNONEEOMpIENEnNSiE Ssessmento
(RGMFPRO; butitmight alrfeady provide indicafion of fSIpotential) The first research question of the present study addresses

this aspect:

> To what extent does the skill of the FF prediction depend on the use of model structures considering spatially distributed

information on runoff processes into a hydrological model?

The new RGM which includes knowledge on runoff processes is expected to be advantageous over traditional RGMs in nested
subcatchments (Antonetti et al., 2016a). The reason for this is that the calibration procedure for the common hydrological

ol perforied Wit datarom e funo i gauge oNHENmain catchment. (CHEFEROTENEi® second research GUESHOMISIE

following:

> Is it possible to increase skill in FF forecasting in niested'subcatchments with the use of a process-based RGM which
includes spatially distributed informationonDRPsinsteadioRusinga (raditional RGNIFelyingion calibrationsin fore-

casting chain?

A forecasting chain with state-of-the-art meteorological and hydrological components is proposed and evaluated for the
(SWisSIEmime catchment(SeeSecti2al)i The different components of the forecasting chains are described in Sect. 3%In Sect. 3133
the SKill'assessmient procediite used for this study is presented. The results are shown in Seéctidiand are discussed in (Secti5SHIn
(SEEtN6) the conclusions are drawn.

To avoid large overlaps in the presentations of the methods, the methods section of the present paper focusses on the hydro-
(Iogical component of the'FE forecasting chain, Wheréasithe companion paper (Horat et al., 2018) (pfésentsmore information on
the used NWP COSMO-E and COSMO-1 and applies RGM-PRO in forecasting mode for the Verzasca catchment and compare
its quality with our current operational model.
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2 (Pargetarea and data

2.1 Target area

The Emme catchment (445 km?), shown in Fig.1, is located in the Prealps and lies mainly in the Canton of Berne. It ranges
from 560 to 2120 m a.s.l.. The Trueb subcatchment (55 km?) is nested within the Ilfis subcatchment (184 km?), which is in turn

nested within the main catchment, here also referred to as Emmenmatt. Another nested subcatchment of the main catchment is

ogiwil, which is #25%K? in area. Considering land use, 4 % of the basin is covered by settlements, 52 % by pasture and 44 %
ested. In the catchment, geological sequence of Upper Freshwater Molasse, Upper Marine Molasse, Lower Freshwater

e, Flysch and limestone is present. For a more detailed description of the study area we refer to Antonetti and Zappa

easurements at hourly resolution for comparison with simulations were provided by the Swiss Federal Office for
(FOEN) for the Emmenmatt, Eggiwil and Ilfis catchments. For the Trueb catchment, measurements from the

- und Energiedirektion of the Canton of Berne were available. For the evaluation of hindcasts, only four events

gical forcing

ation estimation is a demanding task. Rain gauges provide relatively accurate precipitation measurements on
eir spatial representativeness may be low depending on the aggregation used and the type of weather. More-
etworks can cover only sparsely large regions, therefore important features of the precipitation field may be
fall is typically characterised by high spatiotemporal variability (Liechti et al., 2013; Sideris et al., 2014).

on estimates cover large regions densely but these estimates are essentially mean values for grid cells with
1 km?. (MGT€0VEr) such estimates are subject to complex errors generated through the chain of processes of

3ion, hydrometeors backscattered signal detection, and their eventual transformation into units that characterise

of adaRANANAINEAUgS precipitation EStimAES(CoMbIPRECIP)ISA essence a localized GUUSHNEATONMS radar

(Unbiased in comparison with the @XiSfifig) rain gauge measurements. I also maintains the underlying spatial
associated with the radar rainfall observation. CombiPrecip is a techique developed by SwissiFederaliOfficerct vie-

MeteoSwiss which relies on spatiotemporal (g€ostatistics'to produce this adjustment (Sidefisietials)

study in order to force the event-based runoff generation modules with gridded precipitation for the selected events.(Retrospec-
tive CombiPrecip data are available for the period 2005 to 2013. The data used here have been collected and archived during
real-time operations of systems developed by WSL.

As future rainfall input, quantitative precipitation forecasts were used from (NWPTbY (Mete6Swiss;hamely) COSMO-E and
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30

COSMO-1, and were processed as in Addor et al. (2011). COSMO-1 hasia'grid spacing of 1:1"Kim and runssas deterministic

‘model with initialisations every three hours. Lead time is 33 hours except for the 03 UTC run, where a 45 hour forecast is avail-
able. COSMO-: is an ensemble prediction system with 2.2 km grid spacing, two initialisations each day and a lead time of
1120 hours. Both COSMO-E and COSMO-1 are available for only one season and there is no prior experience in applying these
‘models in a forecasting chain. A recent evaluation of COSMO-E is presented in Klasa et al. (inpress), while its configuration
can be found accessing the MeteoSwiss webpage (MeteoSwiss, 2018).

3 Models Methods
3.1 Process-based modelling with RGM-PRO

311 Mapping dominant runoff processes

Information on the spatial distribution of runoff processes i a catchment can be visualised in maps of RTs (e.g. Schmocker-

Fackel et al. (2007)). Such maps are necessary for RGM-PRO simulations and can be generated in various ways. For identifi-
cation of the DRPs at the plot scale, Scherrer and Naef (2003) developed a decision scheme based on the possible flow paths of
water on temperate grassland. In each vertical soil compartment — from the surface to underlying geology — the flow process
is determined by critical factors. These can be for instance the vegetation cover for the surface compartment. macropores for
he topsoil, lateral preferential pathways for the subsoil and permeability for the geological underground. At the end of each
possible path through the system, the occurring DRP#S identified. For other land use types such as @rablefland or forest, dif-

ferent decision schemes are used. In order to upscale the DRPs from the plot to the catchment scale, Schmocker-Fackel et al.

(2007) developed a simplified method relying on a soil map and a high resolution digital terrain model (2x2 meters) in a GIS
environment. During the upscaling, the DRPs are reclassified into RTs according to Table 2 (Antonetti et al., 2016a, 2017). In
regions where soil data is absent, a relatively time-consuming soil model based on expert knowledge was used (Margreth et al.,
(2010)» MapsTof RTs generated with thisTmethodology are referred to as Margreth map and were already used, for instance,
in Anfonettiletiall (2016a, 2017). A simpler upscaling approach with (ESShfivelvenmentiofiexpertiknowledgeswasiproposediby)
Miiller et al. (2009), and the resulting maps are onwards referred to as Miiller map. The method of Miiller et al. (2009) relies on
a digital terrain {Model'atlowerresolution than Margreth niap (25X25 metersin thisiapplication); a geological map, and a land
use map. It assumes that mainly slope and permeability of the geological substratum determine DRPs, whereby information
about soil characteristics are not needed. Geological substratum is classified into permeable and impermeable, land use data
into grass-, arable land and forest, and slope into five categories. For any land use class and slope, regions with permeable
substratum are (€lassified"asideéep) percolation, i.e. RT5. DRPSH6 impermeable geology [d€penidionia combination of land use
and slope category (Miiller et al., 2009).

For the Emme region, a Margreth map from SoilCom GmbH was available and used for this study (Fig. 1, left). In addition,
a map of RTs with the approach of Miiller et al. (2009) was derived (Fig. 1, right).

Antonetti et al. (2016a) compared the similarity of various DRP mapping approaches including high to low amount of expert
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knowledge in the Meilen and the Reppisch catchments on the Swiss Plateau. A manually derived map after Scherrer and Naef
(2003) served as reference. Furthermore, they performed synthetic runoff simulations in order to assess the sensitivity of the
hydrograph on the mapping approach. Antonetti et al. (2016a) found that the simulations with the most complex automatic
mapping approach, i.e. Schmocker-Fackel et al. (2007), produced the most similar results when compared with the reference.

In contrast, simulations following the simplified schemes lead to the strongest deviations.

ere we evaluate the role of maps in another region and focus on the role of mapping approaches on flood predictions in

ational setup.
ructure and a priori parametrisations

of the PREVAH

information contained in maps of RTs (Fig. 2, b), which are based on the classification of DRPs (Table 2,
of (2003))s e paranieter values of RGMEPROare determiiiega priori for each RT by re-simulating Gprifkien

nzler and Naef (2008)3 Scherrer et al. (2007), Fig. 2, a). With this approach, RGM-PRO @anraveid classic
t runoff observations which allows the application in areas where no measurements are available. Therefore,
calibration is meeded?
e RGM-PRO parameters in Fig. 2 is (presentediifl Table 37 Foi'a detailed [description'of the) model please refer
(2017).
a spatial resolution of 500 m and a temporal resolution of one hour and requires gridded precipitation input.
ailable at higher spatial resolution (25 by 25 m) and used to obtain a sub-grid parametrisation of RGM-PRO.
-ach 500x500 m cell the percentage of each RT is taken into account (Antonetti et al., 2017). As RGM-PRO
d model"and soil moisture data is needed for initialisation. For this, an operationally available gridded input
at a spatial resolution of 500x500 m was used. This PREVAH version coincided with the one used for real-
t of drought in Switzerland (Zappa et al., 2014; Jorg-Hess et al., 2015). Subsequently, soil moisture data was
ngerprint
(Antonetti and Zappa, 2018))

aditional benchmark version with conventional hydrological runoff generation module
omparison, a forecasting chain with the (raditional Structure (RGM=TRD) was set up. ([deally'RGM=TRD ficeds to'be


Compare: Insert�
text
"51015202530"

Compare: Move�
artifact
This artifact was moved from page 7 of old document to page 7 of this document

Compare: Replace�
annotation
The following annotation attributes were changed: 
   other

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Replace�
text
[Old text]: "2.3.2"

[New text]: "3.1.2"

Compare: Replace�
text
[Old text]: "RGM-PROisaspin-offofthetraditional,calibratedRGM(RGM-TRD)ofthePREVAHhydrologicalmodel(Vivirolietal.,2009)withintegratedknowledgeonrunoffgenerationmechanisms(Antonettietal.,2017)."

[New text]: "RGM-PROisastandalonerunoffgenerationmoduleandinmanytermsaspin-offofthetraditionalmodule"

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"Acomparison"

Compare: Replace�
text
[Old text]: "RGM-TRDwithRGM-PROisshowninFig.2."

[New text]: "thePREVAHhydrologicalmodel(Vivirolietal.,2009).ItintegratesknowledgeonrunoffgenerationmechanismsaselaboratedinAntonettiandZappa(2018).AcomparisonofthetraditionalstructureofthePREVAHmodule(RGM-TRD)withRGM-PROisshowninFig.2.RGM-PROuses"

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"RGM-PROuses"

Compare: Replace�
text
[Old text]: "containedinmapsofRTs(Fig.2,b),whicharebasedontheclassificationofDRPs(Table1,"

[New text]: "containedinmapsofRTs(Fig.2,b),whicharebasedontheclassificationofDRPs(Table2,"

Compare: Replace�
text
[Old text]: "(2003))."

[New text]: "(2003)).TheparametervaluesofRGM-PROaredetermineda"

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"TheparametervaluesofRGM-PROaredetermineda"

Compare: Replace�
text
[Old text]: "sprinklerexperiments"

[New text]: "sprinklerexperiments"

Compare: Replace�
text
[Old text]: "(2007),"

[New text]: "(2008),"

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Replace�
text
[Old text]: "itismoreadvantageoushavingfiveparametersthatcanbeobtainedapriorithanoneparameterforwhich"

[New text]: "itismoreadvantageoushavingfiveparametersthatcanbeobtainedapriorithanoneparameterforwhich"

Compare: Replace�
text
[Old text]: "needed.The"

[New text]: "needed.The"

Compare: Replace�
text
[Old text]: "describedinTable2.Fora"

[New text]: "presentedinTable3.Fora"

Compare: Replace�
text
[Old text]: "descriptionofthe"

[New text]: "descriptionofthe"

Compare: Replace�
annotation
The following annotation attributes were changed: 
   other

Compare: Replace�
text
[Old text]: "Specifically,for"

[New text]: "Specifically,for"

Compare: Replace�
text
[Old text]: "500x500mcellthepercentageofeachRTistaken"

[New text]: "500x500mcellthepercentageofeachRTistaken"

Compare: Replace�
text
[Old text]: "(Antonettietal.,2017)."

[New text]: "(Antonettietal.,2017).AsRGM-PRO"

Compare: Move�
text
This text was moved from page 7 of old document to page 8 of this document

Compare: Move�
text
This text was moved from page 7 of old document

Compare: Insert�
text
"downscaledtoaresolutionof25maccordingtoBlöschletal."

Compare: Insert�
text
"(2009).Withthismethod,themapofRTsservesas"

Compare: Replace�
text
[Old text]: "canavoid"

[New text]: "canavoid"

Compare: Replace�
text
[Old text]: "AsRGM-PROis"

[New text]: "is"

Compare: Replace�
text
[Old text]: "model,"

[New text]: "modeland"

Compare: Delete�
text
"510152025downscaledtoaresolutionof25maccordingtoBlöschletal.(2009),wherethemapofRTsservedas"

Compare: Insert�
text
"sinceitcontainsinformationdeterminingthespatialvariabilityofsoilmoisture"

Compare: Replace�
text
[Old text]: "2017)."

[New text]: "2018)."

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Insert�
text
"3.1.3"

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"2.3.3"

Compare: Replace�
text
[Old text]: "benchmarkversion"

[New text]: "benchmarkversionwithconventionalhydrologicalrunoffgenerationmodule"

Compare: Replace�
text
[Old text]: "calibratedRGM-TRD"

[New text]: "traditionalstructure(RGM-TRD)"

Compare: Replace�
text
[Old text]: "The"

[New text]: "IdeallyRGM-TRDneedstobecalibratedandvalidatedagainstseveralobservedfloodevents.Inthisapplicationwedecidedtocalibrateononesingleevent,thelargestrunoffeventmeasuredatEmmenmattgaugein2016whichoccurredonthe14thofMay.Wechoosethisapproachinordertoevaluateasetupwithminimumrequirementsconcerningobserveddischarge.ThisshouldshowthepotentialoftheRGM-TRDapproach,whenasinglemeasurementcampaignisavailable,asdiscussedforexampleinPooletal.(2017).The"

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Move�
artifact
This artifact was moved from page 8 of old document


calibrated parameter (St Valid'forthe'whole target'area; finally) resulted from the ten runs with highest Kling-Gupta €fficiéficy)
((KGE;j see Sect.3:3) out of 4’000 Monte Carlo simulations, as Conducted also for the'study by Antonettiand Zappa (2018)>

3.2 | Overview of completed experiments

Experimental setup for the Emme areas is displayed in Fig. 3. Two forecasting chains with RGM-PRO were set up based on

Miiller map (DRP-mu-C1 and DRP-mu-CE) and two based on Margreth map (DRP-ma-C1 and DRP-ma-CE). Comparison

these will show possible advantages of including high amount of expert knowledge in the map of RTs for forecasting
ses. In addition, two chains were built with the calibrated RGM-TRD, namely PRE-C-C1 and PRE-C-CE. Comparison
-PRO-based chains with the ones based on the calibrated PREVAH indicates whether a hydrological model integrating
e on DRPs can compete with a calibrated one in forecast mode. The outcomes of the Monte Carlo experiment have
to evaluate RGM-PRO and RGM-TRD for past events in the Emme area. All forecasting chains relied on model
with CombiPrecip and soil moisture data from PREVAH simulations. Furthermore, for all forecasting chains, start
tion was at the moment in time with minimum observed runoff in the last five days prior to the forecast.

igation period was restricted to May until July 2016. The reason for this is that the NWPs with the new COSMO-E
1 models are only available since March 2016. The prior models COSMO-LEPS and COSMO-2 (e.g. Zappa et al.
been dismissed in September 2016 and will not be available for future operational deployment. A comparison
models jis Gutside the §€opeof this'study?

h of the @pproachiprésented in this study including the new RGM is that it does not require calibration. Although
age having an ensemble in hydrological initial conditions (Liechti et al., 2013), the use of probabilistic nowcasting
this kind of uncertainty is renounced. This seems justified as spread decays within the first 48 hours (Zappa et al.,
his study aims to have a system in operational mode. Furthermore, uncertainty due to the hydrological model

not addressed here. Studies on this topic have been presented by Seiller et al. (2017) and Perrin et al. (2001).

e verification of deterministic forecasts for continuous predictands, the Nash—Sutcliffe efficiency (NSE) was computed
ash and Sutcliffe, 1970). As a precursor of NSE, the mean squared error (MSE, Eq. (1)) was calculated as the arithmetic

| average of the squared difference of the forecast-observation pairs.

n

1
MSE = ;Z(yk—ok)z (1)
k=1
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The NSE is then obtained with building the skill score of MSE, given in Eq. (2). A skill score describes the improvement

of a specific forecast over a reference forecast, where the mean runoff during the events served as reference forecast, shown in

Eq. (3).

MSE
2

NSE=1— —12—"
l S MSEclim

GBS 0 o) [6))

Lt
In addition, with Eq. (4) the Kling—Gupta efficiency (KGE) was computed (Gupta et al. (2009)), which is a decomposition

of NSE into a linear correlation (r), a bias () and a variability of flow component ().

LKGE=1—/(r—1)2+(a—1)2+(8—1)2 4)

10 The perfect value of NSE and KGE is one and positive values indicate benefit compared with a reference forecast.

As these scores evaluate dichotomous predictands, a quantile of hourly runoff climatology from May to July 2016 served to

(ForBSS; the
‘BS
15 BSS=1—-—— (©)
with
B =13 - ©
k=1
‘and
Bun=1Y 0= »

20 For the ensemble predictions, area under Receiver Operating Characteristics (ROCa) was computed, which is a well suited
measure to establish a synthesis across methods and lead times. Furthermore, with ROCa, the utility of a prediction system for

end-users can be assessed. According tp Buizza et al. (1999), a ROCa value of 0.7 is the minimum value useful for decision
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‘makers. ROCa is used here to summarise the outcomes presented also in the supplementary information. A matrix is compiled
to Visualiserwhich of thenusedrchains is performing bestyligeneral) the Verification'of iydfological) cnsemble predictions

accounts for the recommendations isSiediby oW erals(2010) Andusedinprevious Applications (Addoreral 201 Liechi
et al., 2013).

@, Results

Evaluation of hindcasts

t large runoff events from 2005 to 2016 and using the configuration and evaluation strategy described in Antonetti
7), we compared the performance of uncalibrated (TRD-UC) and calibrated (TRD-C) PREVAH and RGM-PRO
th (DRP-ma) and Miiller map (DRP-mu) when forced exclusively with CombiPrecip data (Fig. 4). A calibration

d for the Emmenmatt gauge, the results for the nested Ilfis, Eggiwil and Trueb catchments represent an internal

ison of the mapping approaches for RGM-PRO, the coloured border in Fig. 4 defines whether DRP-ma (pink)
t green) performs better in terms of median KGE. It reveals that DRP-ma outperforms DRP-mu in 18 out of 28
hen not considering the Eggiwil catchment, the two models perform best exactly an equal number of times,
ses.

alibrated and calibrated PREVAH as well demonstrates that TRD-UC is worst in terms of KGE in by far the
ition, uncertainty is always largest. Comparing calibrated PREVAH with RGM-PRO approaches indicates
ter than both DRP-ma and DRP-mu in only 5 out of 28 times. However, performance of the three latter
is comparable and highly depending on the event-catchment combination. In Trueb basin, DRP-mu seems
r DRP-ma and the DRP-based approaches over the calibrated PREVAH. However, there are only four events
ot available from 2005 to 2010. |

y assessment of re-forecasts
e of re-forecasts

is of events remains a very valuable complement to statistical evaluation and gives to forecasters and users a
gible way to get a feeling on the quality of their systems. Fig. 5 depicts deterministic flood predictions of DRP-
P-mu-C1 and PRE-C-C1 in Emmenmatt basin, as well as the temporal evolution of precipitation and soil moisture
ay 11 to May 15, 2016. This was the largest event in the Emmenmatt catchment investigated in this study and also the
period for which PRE-C-C1 (and PRE-C-CE) was calibrated. In terms of COSMO-1 precipitation forecasts, cumulated
edicted rainfall reveals to be in good agreement with CombiPrecip data and leads to a gradual increase in soil moisture, which
started from slightly unsaturated conditions as assimilated from the real-time product introduced in Sect. 371223 Main phases

of precipitation input are in the late evening of May 12 and in the early morning of May 14. Corresponding peaks in observed
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runoff lag only few hours behind, which is a consequence of the fast responding properties of Emmenmatt catchment. None of
the three prediction chains is really able to catch the quickly rising hydrograph during initialisation period with CombiPrecip,
although performance is satisfying. Simulated first peak of DRP-ma-C1 and PRE-C-C1 is relatively good in terms of volume,
whereas DRP-mu-C1 underestimates it. These characteristics appear as well in forecast mode, where highest forecasts of DRP-

ma-C1 and PRE-C-C1 reach up to observed second peak but are substantially below for DRP-mu-C1. Overall, performance of

P-ma-C1 and PRE-C-C1 is comparable in this example. Comparing the two DRP-based RGMs, Margreth mapping approach
s to be generating higher peaks than the Miiller approach. This holds as well when considering more examples, however, it
ways of advantage. Spread in hydrographs resulting from the eight COSMO-1 initialisations on that day is considerable,
for the strongly reacting DRP-ma-C1 and PRE-C-C1. This jumpiness is a typical behaviour of deterministic systems
problem for decision makers still relying on such systems (e.g. Bruen et al. (2010)). Probabilistic forecasts for the
om DRP-ma-CE, DRP-mu-CE and PRE-C-CE are depicted in Fig. 6, with a switch to forecast mode on May 12,
tart of the forecasting period, all three prediction chains are overconfident, as ensemble spread in precipitation
t developed. Afterwards, observed runoff is contained within ensemble range for all forecasting chains, except

ecession period. As for deterministic predictions, DRP-ma-CE and PRE-C-CE perform very similar in this

of short range forecasts with hydrological measures of agreement

Esedoproviderarclassical hydrologicalnway ot evaluating the expesiments) When considering NSE and

att and Eggiwil catchments, shown in Fig. 7, it can be seen that there is skill for all deterministic forecasting
estigated lead times and that skill declines over time.

catchment, DRP-ma-Cl1 reveals the poorest and DRP-mu-C1 the best performance in terms of NSE. Findings
no clear preference for one forecasting chain. In Eggiwil basin, all three forecasting chains perform equally
s catchment, there is skill for all forecasting chains and any lead time except for DRP-ma-C1 after six hours
. Values of both NSE and KGE are decreasing over time. For all lead times, DRP-mu-C1 is the best and
e worst performing forecasting chain, apart from a lead time of 29 hours where PRE-C-C1 is best in terms of
rueb basin, there is no skill for any forecasting chain in terms of NSE. Considering KGE, there is little skill for

at lead times of 12, 24 and 29 hours and for PRE-C-C1 at 24 and 29 hours lead time.

Comparison of deterministic and probabilistic forecasts

e BSS is used as proposed in Addor et al. (2011) as a measure for comparing deterministic and probabilistic forecasts, with
the boxplots representing the sampling uncertainties of the score computations obtained with bootstrapping. In all catchments,
there is in general a decrease of BSS with [€adtime} which is in particular strong for Emmenmatt (Fig. 8). Figures of BSS for
Eggiwil, Ilfis and Trueb catchments are provided in the supplementary materials. Furthermore, there is less skill for increasing

threshold quantiles. For deterministic forecasts there is mostly no skill for gy.975 and gg.99 quantiles in Emmenmatt, Eggiwil
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and Ilfis, whereas in Trueb there is only skill for the g 7 threshold quantile.

In all basins, no increase of uncertainty Withflead time is visible and spread of forecasting chains relying on CE is larger
than for approaches based on C1. The ensemble approach is always better than its respective deterministic counterpart with
few exceptions. This confirms numerous previous studies on the topic. Deterministic forecasting chains are most competitive

at short lead times, whereas for lead times of 24 and 29 hours skill of ensemble approach is substantially larger. In most cases,

wever, uncertainty bars of BSS overlap.

mparing the deterministic forecasting chains based on Miiller and Margreth mapping approaches in Emmenmatt reveals
-mu-C1 is better than DRP-ma-C1 for all quantiles apart from the low ones and long lead times, where BSS values are
le. In Eggiwil and Trueb basins, performance of DRP-ma-C1 and DRP-mu-C1 is similar, with a slight preference for
proach in Eggiwil. In Ilfis catchment, DRP-mu-Cl is favoured over DRP-ma-C1 for all thresholds and lead times
skill.

att, Eggiwil and Ilfis catchments, there is no clear preference when comparing the deterministic process-based
ins with PRE-C-C1, as (pétformance’depends) on threshold quantile and lead time. For the few cases when there
basin, process-based forecasting chains perform better than PRE-C-C1.

three probabilistic forecasting chains among each other leads to different outcomes in the four Emme catch-
matt and I1fis, DRP-mu-CE is slightly better than DRP-ma-CE in most cases whereas in Eggiwil, the opposite
catchment, no clear preference for Margreth or Miiller approach is found. In Eggiwil and Ilfis, it is not ob-
favour PRE-C-CE or the process-based forecasting chains. In the Emmenmatt basin, in general one of the
forecasting chains performs better than PRE-C-CE, although this is highly depending on threshold and lead

antage is found for progessHbased forecasting ehains e Truebbasingasiskill — if there is any — is usually
er than for PRE-C-CE.

is of extended-range forecast quality with COSMO-E

pare the different forecasting chains DRP-ma-CE, DRP-mu-CE and PRE-C-CE on their performance in terms
mmary is shown in Fig. 9. The values of ROCa that served as a basis for Fig. 9 can be found in the supplementary
n no catchment there is a clear pattern or preference for one approach. Out of 87 cases, which is the number of
orange, pink or yellow coloured squares, DRP-ma-CE is best 38, PRE-C-CE 31 and DRP-mu-CE 18 times. For
mble approaches and catchments, values of ROCa are in general not higher than 0.9 and decrease with lead time.
ongest lead times, values of ROCa tend to be around 0.7, i.e. at the boundary of being useful (Buizza et al., 1999). An
ception is found in the Trueb basin, where highest quantiles have largest values of ROCa (around 0.8) for longest lead times.
In contrast, for the gg.975 threshold quantile at 113 hours lead time there is clearly no skill in Emmenmatt and Eggiwil and

there was not enough data for the computations to be executed in Ilfis basin.
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5 Discussion
51 | Effect of different DRP mapping approaches

In terms of most measures of agreement, no clear preference for using either the Margreth or Miiller map in FF forecasting
chains is found, with uncertainty bars overlapping in most cases. However, there is a modest advantage for the Miiller mapping
approach. For Emmenmatt, Ilfis and Trueb catchments, DRP-mu-C1/CE perform slightly better than DRP-ma-C1/CE for most |
d times in terms of NSE, KGE and BSS.

e case studies with the forecasting chains reveal that DRP-ma-C1/CE react more intense on precipitation in comparison

P-mu-C1/CE. This does not necessarily lead to faster occurring peaks, but to peaks that are higher in magnitude.
good agreement with the relative shares of RTs in Table @ for the different mapping approaches: as the Miiller
sifies much more deep percolation (RT5) there is less simulated water at the runoff gauge. In terms of peak timing,
uch difference between process-based forecasting chains, which could be because Miiller classifies also a higher
1, leading to compensation effects. Both visual inspections of hydrographs and measures of agreement reveal
rformance of both approaches which is remarkable when taking into account how distinct the two maps in
ason that this difference was not as large as expected could be that — in agreement with Zappa et al. (2011) —
ncertainties are dominant, and uncertainty in DRP mapping is of minor importance in forecast mode. However,
ith CombiPrecip data (Fig. 4) showed no clear preference between the two process-based forecasting chains
ering Eggiwil catchment. These results are in agreement with Antonetti and Zappa (2018)3 who find that
performance is also achieved using mapping approaches with low involvement of expert knowledge. Due to
ertainties there is only a slight increase in potential value when a more complex map of RTs is considered,
optimal runoff and real-time meteorological input data (Antonetti and Zappa, 2018)%

1 basin, there are ongoing discussions whether runoff gauge overestimates runoff (Antonetti and Zappa, 2018))
d by the fact that all three forecasting chains reveal strong under-forecasting for the highest threshold quantiles,
trast to the other catchments. However, it could also be possible that none of the three models is able to represent
important for runoff formation correctly in Eggiwil. As Margreth approach generates usually highest runoffs, it
petitive in Eggiwil basin.

the analysis shows that, in forecast mode, a map of RTs with high involvement of expert knowledge does not
e a higher performance compared with a map of RTs based on less expertise. The Miiller mapping approach is faster
ement, financially more attractive, and does not lead to worse results compared with the Margreth method. This finding

agreement with Antonetti and Zappa (2018)3
572 | Effect of integrating knowledge on DRP into hydrological modelling in nested catchments of Emme region

Comparing the two process-based forecasting chains with the one including a calibrated hydrological model indicates compa-
rable performance in terms of all measures of agreement used in Emmenmatt, Eggiwil and Ilfis catchment. If there is skill in

Trueb basin in terms of BSS and KGE, which is hardly ever the case, performance of process-based forecasts is substantially
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better than the one of PRE-C-C1/CE. This is in accordance with Antonetti et al. (2016a) and Antonetti and Zappa (2018)3 who
state that process-based forecasting chains should be advantageous especially in nested subcatchments and not in the main
catchments where the calibration was made for. However, as with the discharge measurement in Eggiwil, Scherrer AG (2012)
doubts the quality of the runoff data for the Trueb basin and Antonetti and Zappa (2018)€Xplaif) the poor model performance

in this area to be a consequence thereof.

investigated the potential of a process-based runoff generation module for flash flood prediction from May to
in the Emme catchments. The main task was to set up four quasi-operational forecasting chains for Emmenmatt,
and Trueb basin. The innovation in the approach followed in this paper is the use of RGM-PRO, a conceptual
odule with no need for calibration (Antonetti et al., 2017). RGM-PRO relies on spatially distributed information
ses in a catchment, i.e. the so-called maps of runoff types. For all forecasting chains, either numerical weather
rom deterministic COSMO-1 or probabilistic COSMO-E served as meteorological input. To initialise the
el, gridded precipitation nowcasts from CombiPrecip were used, which also provided meteorological input
ing reference runs. The forecasting chains including RGM-PRO were set up each depending on maps of
ittle (Miiller) and high amount of expert knowledge (Margreth), resulting in the forecasting chains DRP-mu-
d DRP-ma-C1/DRP-ma-CE. This design allowed for a sensitivity analysis of the forecast performance on
information of runoff processes. In addition, two forecasting chains including a conventional hydrological
calibration (PREVAH, Viviroli et al. (2009)) were set up (PRE-C-C1/PRE-C-CE). Special emphasis was

rmance of the prediction systems in nested subcatchments.

gest that DRP-mu-C1/DRP-mu-CE have slight advantages in terms of most measures of agreement and
when compared with forecasting chains involving high knowledge for maps of runoff types. The faster
ation speed of the Muller mapping approach is an additional reason for considering it as our preferable choice

st mode.

ing chains with integrated knowledge on runoff processes revealed comparable performance as the ones employ-
onventional hydrological model in the larger catchments of the Emme region. In the smallest nested subcatchment,
rueb basin, prediction systems based on RGM-PRO outperformed the ones relying on conventional PREVAH sub-
ntially in the few cases when there was any skill. This confirms the potential of including information on dominant
noff process in hydrological models, as an a priori parametrised (i.e. non calibrated) hydrological model reached com-

parable — if not even better — results than a conventional hydrological model.

For a future study, it would be informative to assess sensitivity of spatial distribution of rainfall, i.e. whether precipitation
falls on a fast or a slow reacting surface, on flood response. For this, iffierical'éxperiments'With) simulated thunderstorms of

same intensity and duration but at different locations in a catchment could be executed in a similar way as in Paschalis et al.
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(2014) and Lumassegger et al. (2016), who investigated streamflow response on space-time variability of precipitation. To
quantify uncertainty in runoff type mapping approaches and propagation through the forecasting chain, an extension of Zappa
et al. (2011) and Antonetti and Zappa (2018) could be possible.

‘We can conclude that a skilful application of a hydrological model with no need for calibration in a forecasting chain is possible.

which extends the prediction of flash floods to ungauged and nested basins. In the companion paper Horat et @(2018);the

sted against theralfeady) operational forecasting chain FElyigion the PREVAHImOdEl(Zapparrals 201

th map used for this study is provided by SoilCom GmbH (http://www.soilcom.ch). For the Miiller map, Are-
9/85 (http://www.bfs.admin.ch) with 100 m resolution serves as land use map and DTM25 (Data: BFS GEO-
Office of Topography swisstopo, http://www.swisstopo.admin.ch) with a resolution of 25 m as digital terrain
ological map, Geologischer Atlas GA25 (Data: BES GEOSTAT/Federal Office of Topography swisstopo) with
000 is used where it is available and elsewhere Geologische Karte (Data: BFS GEOSTAT/Federal Office of
sstopo) with a scale of 1:500°000. Meteorological data, i.e. CombiPrecip, COSMO and rain gauge data, is pro-
iss Federal Office of Meteorology and Climatology (MeteoSwiss, http://www.meteoswiss.admin.ch). Runoff
e obtained from Swiss Federal Office for Environment (FOEN, http://www.bafu.admin.ch) and Bau-, Verkehr-
ktion of the Canton of Berne (http://www.bve.be.ch).

ions. The study design was in the responsibility of Massimiliano Zappa and Manuel Antonetti. Massimiliano Zappa pre-
O data for the simulations performed by Manuel Antonetti and Christoph Horat. The statistical analysis was carried out
orat with the aid of Manuel Antonetti. In addition, Manuel Antonetti and Christoph Horat prepared the manuscript, where

is created and provided the CombiPrecip product used. The manuscript benefited from the contributions of all co-authors.

ledgements. This work was carried out at Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), Birmensdorf,
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verification of the forecasts.
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Figure 1. Overview on the investigated Emme catchment. Top-left: process map after Margreth et al. (2010); Top-right: process map after

Miiller et al. (2009); Bottom-left: location of the target area within Switzerland. Bottom-center: situation of the nested Sub=areastandlocation

(ofthe'Napf meteorological station) GIS elements feproduced by kind @UtHORSAHGAGE swisstopo (JA022265), BFS GEOSTAT/BUWAL. | | | |

4 A Table 2FAttfibution'6f DRPSTGRTS) Nomenclature of the DRPs: HOF = Hortonian Overland Flow; SOF = Saturation Overland Flow; SSF =
Subsurface Flow; DP = Deep Percolation. The suffix / is attributed to landscapes showing immediate reaction in terms of runoff generation.

The suffixes 2 and 3 mean delayed and strongly delayed reaction, respectively. Sources: Scherrer and Naef (2003) and Antonetti and Zappa

((2018): The'portion'of RTin the'maps of Margteth (DRP-ma) and Miiller (DRP-mu) is given for the whole target area up to Emmenmatt.
RGHOMAYPE | Runoff generation  RUNOMprocesses  DRPsiia (%) DRPSHu(%%)
A

RT1 Fast HOF1, HOF2, SOF1 2 8 L
RT2 Slightly delayed SOF2, SSF1 28 16

RT3 Delayed SSF2 36 47

RT4 Strongly delayed SOF3, SSF3 29 1

RT5 Not contributing DP [ ] 28
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4 parameters, assessed a priori after Antonetti et al. (2017) for each runoff type (RT) and used in each pixel of
the domain, according to the RT portion obtained from the process maps

4 parameters, calibrated on an event with Monte-Carlo and valid for the whole target area

Figure 2. Structure of the adopted RGMs. Left: RGM-TRD module from traditional PREVAH with four parameters requiring calibration
(Gurtz et al., 2003) and valid for the whole target area. Right: RGM-PRO module using typical infiltration curves (a) for a priori estimation
of four parameters for five runoff types (Table 2) after Antonetti et al. (2017) and Antonetti et al. (2016b). RTs are obtained from process
maps (b, Fig. 1)
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Figure 3. Scheme of the FF forecasting chains in the Emme catchments investigated in this paper with keys indicated on the right hand side.
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represent the simulation results of the different model configurations. ZRD=NC stands for uncalibrated PREVAH, TRD-C for calibrated
PREVAH, DRP-ma for RGM-PRO relying on Margreth map and DRP-mu for RGM-PRO based on Miiller map. Border color reveals
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were below zero. The spread in KGE of uncalibrated PREVAH esults'from ten random hydrological parameter sets out of 4’000 Monte
Carlo simulations, whereas uncertainty from calibrated PREVAH originates from the ten parameter sets with highest KGE for the May16
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Figure 5. Flood predictions with DRP-ma-C1 (middle), DRP-mu-C1 (second lowest) and PRE-C-C1 (lowest panel) for Emmenmatt with
eight initialisations each on alert date of 13/5/2016. Catchment precipitation predictions from COSMO-1, measurements from Napf station

and CombiPrecip (bothiprovidedibyIVIEEGSWiss)) are depicted in the uppermost, and evolution of soil moisture from PREVAH simulations

in the second panel.

27


Compare: Move�
artifact
This artifact was moved from page 24 of old document to page 24 of this document

Compare: Replace�
image
This image was replaced
The following image attributes were changed: 
   dimensions
 (click to see the old and difference images)

Compare: Replace�
image
This image was replaced
 (click to see the old and difference images)

Compare: Replace�
image
This image was replaced
 (click to see the old and difference images)

Compare: Replace�
image
This image was replaced
 (click to see the old and difference images)

Compare: Replace�
image
This image was replaced
 (click to see the old and difference images)

Compare: Replace�
image
This image was replaced
 (click to see the old and difference images)

Compare: Insert�
text
"(bothprovidedbyMeteoSwiss)"

Compare: Move�
artifact
This artifact was moved from page 27 of old document


Yo}
&g © DRP-ma-CE —— Observations
g < — CPC

o .
) — Median
o> M @& () 5/00.75
E ° min/max
5 o
% o
= o
o o
g
0w <

© T T T T T T

12/05 13/05 14/05 15/05 16/05 17/05

— v
58\ © DRP-mu-CE —— Observations
g < — CPC

o .
@ — Median
o> M @& () 5/00.75
E ° min/max
s 3
5
=
o o
g
0w <

© T T T T T T

12/05 13/05 14/05 15/05 16/05 17/05

—
58\ © PRE-C-CE —— Observations
5 3 — CPC

o .
@ — Median
o> M @& () 5/00.75
E ° min/max
5 3
5
=
o o
g
0w <

o

|
12/05

13/05

| |
14/05

15/05 16/05

I
17/05

Figure 6. Probabilistic forecasts for Emmenmatt catchment with switch to forecast mode on May 12, 19:00 for DRP-ma-CE (top), DRP-mu-
CE (middle) and PRE-C-CE (bottom panel).

28


Compare: Move�
artifact
This artifact was moved from page 25 of old document to page 25 of this document

Compare: Move�
artifact
This artifact was moved from page 28 of old document


(a) Emmenmatt

(b) Eggiwil

o (=}
bl + DRP-ma-Cl + DRP-mu-Cl - PRE-C-C1 bl + DRP-ma-Cl + DRP-mu-Cl - PRE-C-C1
@« @
o —— — o
=
—_— © N —_— © H
r s =3 I = ==
s - - 8 ~
< <
z S z S
o o
[~ (=}
o o
e T T T T e T T T T
6h 12h 24h 29h 6h 12h 24h 29h
Lead time Lead time
(=) (=]
— + DRP-ma-Cl1 - DRP-mu-Cl PRE-C-C1 — + DRP-ma-Cl1 + DRP-mu-Cl PRE-C-C1
@ ] - @
=} = =]
- o 1 = . — 9
— O == - i o —_ — O
W el I
Qo < | : - = + O <
X o X o
N N
o [=]
o o
° T T T T ° T T T T
6h 12h 24 h 29h 6h 12h 24 h 29h
Lead time Lead time
(c) Iifis (d) Trueb
o o
~ + DRP-ma-Cl1 - DRP-mu-Cl PRE-C-C1 -~ + DRP-ma-Cl1 - DRP-mu-Cl PRE-C-C1
] -]
S 7 =}
— © i — ©
L o 7 L o
o) o)
< <
z o z o
N N
o [=]
o o
S S}
T T T T
6h 12h 24 h 29h
Lead time Lead time
o o
Al - DRP-ma-Cl1 + DRP-mu-Cl1 - PRE-C-C1 — - DRP-ma-C1 + DRP-mu-Cl1 - PRE-C-C1
@ @
o o
T S —_— = T 8
m - [ w
Q « : ; L IS 9 < .
X o7 - =+ + ¥ o i
o o -
S c .
S T T T S T T T
6h 12h 24h 29h 6h 12h 24h
Lead time Lead time
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Ensemble flood forecasting considering dominant runoff processes:
I. Setup and application to nested basins (Emme, Switzerland)
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Correspondence to: Massimiliano Zappa (massimiliano.zappa@wsl.ch)

Abstract. Flash floods (FFs)'évolvetapidly) during and after heavy (precipitation'eévents and gepresentia risk for Society: ' To
predict the timing and magnitude of a peak runoff, it is common to couple meteorological and hydrological models in a
forecasting chain. However, hydrological models rely on strong simplifying assumptions and hence need to be calibrated. This
makes their application difficult in catchments where no direct observation of runoff is available.

To address this gap, a FF forecasting chain is presented based on: (i) a nowcasting product which combines radar and
rain gauge rainfall data (CombiPrecip), (ii) meteorological data from state-of-the-art numerical weather prediction models
(COSMO-1, COSMO-E), (iii) (operationally available soil moisture estimations from the PREVAH hydrological model, @nd
(i¥)'@ process-based runoff generation module with no need for calibration (RGM-PRO). This last component isesiinformation
on the spatial @istribution"ef dominant runoff processes from the so-called @aps of Ffunoff types (RTS)) which €an'be derived
with different mapping approaches with increasing involvement of expert knowledge. RGM-PRO is thén parametrised a priori
based on the results of sprinkling experiments.

This prediction chain has been evaluated using data from April to September 2016 in the Emme catchment, a medium-size
FF prone basin in the Swiss Prealps. Two novel forecasting chains were set up with two different maps of RTs, which allowed
sensitivity of the forecast performance on the mapping approaches to be analysed. Furthermore, special emphasis was placed on
the predictive power of the new forecasting chains in nested subcatchments when compared with a prediction chain including
a conventional hydrological model relying on calibration.

Results showed a low sensitivity of the predictive power on the amount of expert knowledge included for the mapping
approach. The forecasting chain including a map of RTs with high involvement of expert knowledge did not guarantee more
skill. In the larger basins of the Emme region, process-based forecasting chains revealed comparable skill as a prediction
system'including a’conventionalhydrological model In'the small nested subcatchments, e process-based forecasting chains
outperformed the (€onVentional'system; however) no forecasting chain showed satisfying SKill:

The outcomes of this study show that operational FF predictions in ungauged basins can benefit from the use of information

on runoff processes, as no long-term runoff measurements are needed for calibration.
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1 Introduction

Flash floods (FFs) arising from the interaction of the atmospheric and the hydrological system are characterised by a runoff
peak that develops within time periods that range from minutes to hours and may occur during or after intense rainfall (Norbiato
et al., 2008). They may result in threatening catastrophes and pose a risk to society, especially on small scale catchments (of few
hundred square kilometres of size or less) with steep slopes and shallow soils. Since small basins react quickly to precipitation
there is only little time for warnings (Liechti et al., 2013). Furthermore, FFs can be accompanied by landslides and mud flows
(Collier, 2007). Impermeable surfaces and saturated soils may accelerate the rainfall-runoff transition (Norbiato et al., 2008).
FFs are considered to be significant natural hazards and they are associated with serious risk to life and destruction of
buildings and infrastructure (Collier, 2007; Norbiato et al., 2008; Gaume et al., 2009). In Europe, FF occurrence peaks during
autumn in Mediterranean and Alpine-Mediterranean areas and during summer in inland continental regions due to pronounced
convective activity (Norbiato et al., 2008; Marchi et al., 2010). The magnitude of the events is in general larger in Mediterranean
countries than in inner continental countries (Gaume et al., 2009; Javelle et al., 2010). According to Gaume et al. (2009), the
most severe FF events in Europe were the Barcelona flood in Spain (1962) with over 400 casualties (Lopez Bustos, 1964), the
two floods in the region of Piedmont in Italy (1968 and 1994) with respectively 72 and 69 victims (Ferro, 2005; Guzzetti et al.,
2005) and the Aude flood in France (1999) with 35 fatalities (Gaume et al., 2004). Economic damages associated with such
floods were substantial, e.g. 3.3 billion euros for the Aude flood (Lefrou et al., 2000) and 1.2 billion euros for the Garde flood
which occured 2002 in France (Huet et al., 2003; Delrieu et al., 2005; Braud et al., 2010). In Switzerland, in June 2007, heavy
precipitation caused flooding by the river Langeten and landslides in the region of Huttwil, Canton of Bern. This led to three
fatalities and damages of 60 million Swiss francs (Liechti, 2008). In July 2014, flooding by the river Emme and landslides

were responsible for damages of 15 million Swiss francs in Schangnau, Canton of Bern (Andres et al., 2015).
1.1 Current approaches for flash flood prediction

As both meteorological and hydrological conditions are important for FF prediction, coupled approaches were developed, as,
for instance, the so-called Flash Flood Guidance (FFG) concept, which is used to issue warnings in the U.S. (Carpenter et al.,
1999; Norbiato et al., 2008). FFG is defined as the rainfall depth which is necessary to occur for a certain duration to cause
minor flooding in a specific basin. According to Georgakakos (2006) and Norbiato et al. (2008), for the U.S., FFG thresholds
are computed with a hydrological model that is run iteratively with increasing amounts of rainfall of a given duration. The FFG
provides a value of susceptibility of a basin to a FF and takes the hydrological state of the system and in particular soil moisture
into account. In operational mode, FFG is computed each day. When nowcast or forecast rainfall depth is higher than FFG, a
warning is issued as a flooding is likely. Although this concept is useful neither the timing nor the magnitude of the event is
assessed (Norbiato et al., 2008).

With'feégard'to) the catchments investigated here (see Sect.(28)3) Mani et al. (2012) developed an approach for the Swiss Emme
basin based on the concept of "disposition", defined as the susceptibility of a region to totrents and debris flow. In their ap-

proach, actual @diSposition'is'defined by the SUM'GL base and variable disposition, where the former is inferred from geological J
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e- Whethera process (ififiationiSiexpected — meaning that actual
disposition reaches a threshold — is determined with #adaf) Although this approach provides the geographical distributions of
event-prone areas, it is expensive as it requires periodic field work to sample the variable disposition. In addition, as with the

L FFG concept, it does not provide detailed information on the magnitude and timing of an event.

Several combinations of meteorological and hydrological models were implemented in so-called forecasting chains to quan-
titatively predict peak flows. It was already examined by e.g. Georgakakos (1986), who implemented a stochastic-dynamic
hydrometeorological model. In general, a forecasting chain consists of (a) an atmospheric model, (b) a hydrological prediction
system, (c) a nowcasting tool for initial conditions and (d) warnings for end-users (Zappa et al., 2008, 2011). The advantage of

this approach is that timing and magnitude of the event can be predicted. Some examples of forecasting chains are described

‘below, with a particular focus on the hydrological model. The companion paper (Horat et al., 2018) will then discuss the me-
teorological forecasts in depth.

Rossa et al. (2010) carried out a case study for the 26 September 2007 Venice FF in the 90 km?2 Dese river basin. (Theyim-
plemented a forecasting chain with a semi-distributed hydrological-hydraulic model that is based on the Green-Ampt approach
(Heber Green and Ampt, 1911) for infiltration-excess and saturation-excess runoff generation and the Penman-Monteith equa-
tion (Penman, 1948; Monteith et @I511965) for evapo-transpiration fluxes. As the river network of their study area is @ffected
(by tides, the coupling to the hydrodynamic model was of importance. Liechti et al. (2013) explored the (potential'of twotadars

(based ensemble forecasting chains {61 FF €afly warning in'alpine catchments'in southern Switzerland, including the-Verzasca
basin-which-is-investigated-in the (€ompanion paper (Horat'etral:;2018): Theyfound that it is valuable having an ensemble
in hydrological initial conditions. However, data needed for such predictions are only available in certain regions as they arc
exclusively produced for research projects, which prevents the operational application of their approach. A skilful forecasting

iy For v Sililand e city of Zurichiwas developed by Addoretly (201 1), which combined PREVAH hydrological

model with FLORIS hydraulic model and used deterministic and probabilistic meteorological input. In all of the forecasting

Haag et al. (2016) integrated spatially distributed information on dominant runoff processes (DRPs, see Sect: 2:3-1)-based
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on the classification of Scherrer-and Naef (2003) into [ZARSIM(IZarge Area Runoff'Simulation Model, Bremicker (2000))7Fo6t
Jeach DRP, a‘basis parametrisation-of the soil module was €stablishedWwith numerical experiments. Depending on which runoff
process is dominant in a certain Hydrological Response Unit (HRU), a corresponding basis parametrisation of the soil storage
was (@ssigned:With scaling factors, Whichrallow for an'adaptation of the basis parametrisation; theé model was calibrated while
maintaining geographical heterogeneity. Subsequently, LARSIM was forced with meteorological input data and applied on the

Nahe catchment in Rheinland-Pfalz, where it is used for operational flood prediction and early warning since 2014.

4 1.2 Challenges and uncertainties

FF predictions are challenging for several reasons. A first challenge is that FFs are extreme events and often occur in ungauged
basins, which means that there is only little data available for their investigation (Gaume et al., 2009). In most extreme cases,
hydrometric measuring devices may even be destroyed (Collier, 2007). In order to still have sufficient data to perform a proper
statistical analyses, warning thresholds are often set too low and become not relevant for FFs anymore (Liechti et al., 2013).
[Furthermore, especially small catchments are prone to FFs (Alfieri et al., 2011), which requires a high model resolution (Collier,
2007).

Considering a forecasting chain, uncertainties of meteorological input, of the hydrological initial conditions, of the structure

of the hydrological model and of the hydrological model parameters propagate and superpose through the flood forecasting

chain in a fonElinearFashion (Velazquezenals 20l Zapparetalsi20 Mereorological @EeHt@inty is usually assumed o
account for the largest share of total uncertainty (Rossa et al., 2011; Zappa et al., 2011)/and’is treéated in the'companion paper
(Horatetaly12018)2 Uncertainty in the Stiuctire of the hydrological model follows from an incomplete UfiderStandingonhiow

(to mathematically g€ptesent'the rainfall-runoff transition (Pf6cessiand can be (reatedWith'ahydrological multi-model approach
(Fenicia et al., 200I5IVEIaZque? et al., 2011). Hydrological model parameter uncertainties result when physical processes

affecting runoff generation are modelled conceptually and multiple parameter sets are identified during the calibration process
that lead to optimum model performance, a problem which is known as equifinality (Beven, 1993). Zappa et al. (2011) treated
uncertainty in model parameters with an ensemble of the PREVAH hydrological model and found this uncertainty source being

responsible for the second largest contribution to fotal uncertainty in their study.
1.3 Objectives

Forecasts of fimning and Magnifude are of iMpOftance, which fequires a combination of a Meteorological prediction with'd
‘hydrological model. The latter could either be a physically-based model — which is computationally expensive and not the first
choice for operational use — or a conceptual model, where calibration problems arise and hinder applicability for ungauged
(basins? Antonetti et al. (2017) developedrafunoff @eneration) module (RGM) with no need for calibration. Re-simulating
sprinkler experiments (Kienzler and Naef, 2007)7allowed) the model parameters fo/be/determined apriori (see Sect. 2)NIirthis)
study, the potential of the newly developed RGM-PRO (Antonetti and Zappa, 2017) in EF prediction is evaluated for Summer
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(catchmentAmntonetti et al. (2017) already investigated to which extent expert knowledge can improve simulation results under

uncertainty without focussing on FF prediction, The first research question of the present study addresses this aspect:

> To what extent does the 8Kill of the ([FEprediction depend on the @ssimilation of spatially distributed information on

runoff processes into a hydrological model?

The new RGM which includes knowledge on runoff processes is expected to be advantageous over traditional RGMs in nested

subcatchments (Antonetti et al., 2016a). The reason for this is that the calibration procedure for the common hydrological

el S ExeCuted At e O EAUEE 0N UE AN catchment. (THEREORENthe sccond research GUESHOMISEN® following:

> Is it possible to increase skill in FF forecasting in fiested Subcatchments with the use of a process-based RGM which in-
cludes spatially distributed informationonRTSinstead of using atraditional RGMIrelyingon calibration|ina forecasting

chain?

1 The different components of the forecasting chains are further described in Sect. 20 In Sect. 2153 the (Stafistical'approach) used
for this study is presented. The results are shown in Seet#37@nd are discussed in (SECE4NINISECtIS) the conclusions are drawn.

The present paper focussesion thehydrological component of the'FR forecasting chain, Whefeasithe companion paper (Horat

15 etal.. 2018) discusses the meteorological aspects of FF prediction in the Verzasca catchment (southern Switzerland).

20

25

2 [Data and Métheds
2.1 Target area

The Emme catchment (445 km?), shown in Fig.1, is located in the Prealps and lies mainly in the Canton of Berne. It ranges
from 560 to 2120 m a.s.l.. The Trueb subcatchment (55 km?) is nested within the Ilfis subcatchment (184 km?), which is in turn
nested within the main catchment, here also referred to as Emmenmatt. Another nested subcatchment of the main catchment is
Eggiwil, which is #1252 in area. Considering land use, 4 % of the basin is covered by settlements, 52 % by pasture and 44 %
is forested. In the catchment, geological sequence of Upper Freshwater Molasse, Upper Marine Molasse, Lower Freshwater
Molasse, Flysch and limestone is present. For a more detailed description of the study area we refer to Antonetti and Zappa
(2017).

Runoff measurements at hourly resolution for comparison with simulations were provided by the Swiss Federal Office for
Environment (FOEN) for the Emmenmatt, Eggiwil and Ilfis catchments. For the Trueb catchment, measurements from the

Bau-, Verkehr- und Energiedirektion of the Canton of Berne were available. For the evaluation of hindcasts, only four events

are investigated as runoff data is not available from 2005 to 2010. Rain gauge measurements of the Napf station were provided
by the Swiss Federal Office of Meteorology and Climatology MeteoSwiss.
5
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2.2 Meteorological forcing

Accurate precipitation estimation is a demanding task. Rain gauges provide relatively accurate precipitation measurements on
the ground, but their spatial representativeness may be low depending on the aggregation used and the type of weather. More-
over, rain gauge networks can cover only sparsely large regions, therefore important features of the precipitation field may be
missed, since rainfall is typically characterised by high spatiotemporal variability (Liechti et al., 2013; Sideris et al., 2014).
Radar precipitation estimates cover large regions densely but these estimates are essentially mean values for grid cells with
resolution of 1x1 km?. IMI6féover such estimates are subject to complex errors generated through the chain of processes of
signal transmission, hydrometeors backscattered signal detection, and their eventual transformation into units that characterise
precipitation Water

Combination of fadafandfain’gatge precipitation EStifatestistin essence a localized @djustment of the) radar field @SiAg the |
rain gauge measurements. Such techniques typically involve geostatistics and produce as an output an optimal field which is
(unbiased in comparison with the existing rain gauge measurements buf also maintains the underlying spatial structure associ-
ated with the radar rainfall observation. CombiPrecip is a techique developed by MeteoSwiss which relies on spatiotemporal
‘geostatistics to produce this adjustment (Sideris et al., 2014) and was used in this studyin order to force RGM-PRO and PRE-
VAH with gridded (precipitation of theipaset)

As future rainfall input, quantitative precipitation forecasts were used from NWPnamely) COSMO-E and COSMO-1, and were
processed as in Addor et al. (2011). COSMO-E and COSMO-1 (arefavailable o only 6ne'season) and Ehereisno prior eXperi-
of COSMO-E @and'COSMO=1 with heit precursors COSMO-=LEEPS) and (COSMO=2 (Horat etal:;) 2018).

N O s, O pap O P

23 | Process-based modelling with RGM-PRO

231 Mapping dominant runoff processes

Tnformation on the spatial distribution of runoff processes in a catchment can be visualised in maps of RTS (e.g. Schmocker-

Fackel et al. (2007)). Such maps are necessary for RGM-PRO simulations and can be generated in various ways. For identifi-
cation of the DRPs at the plot scale, Scherrer and Naef (2003) developed a decision scheme based on the possible flow paths of
water on temperate grassland. In each vertical soil compartment — from the surface to underlying geology — the flow process
is determined by critical factors. These can be for instance the vegetation cover for the surface compartment., macropores for the
topsoil, lateral preferential pathways for the subsoil and permeability for the geological underground. At the end of each pos-
sible path through the system, the occurring DRP8 identified. For other land use types such as @rablefland or forest, different
decision schemes are used. In order to upscale the DRPs from the plot to the catchment scale, Schmocker-Fackel et al, (2007),

developed a simplified method relying on a soil map in a GIS environment. During the upscaling, the DRPs are reclassified into
RTs according to Table 1 (Antonetti et al., 2016a, 2017). In regions where soil data is absent., a relatively time-consuming soil
model based on expert knowledge was used (Margreth et ., 2010). Maps of RTs generated with this methodology are referred

to as Margreth map and were already used, for instance, in Antonetti'etald (2016a, 2017). A simpler upscaling approach with |
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less-involvement-of-expert knowledge-was-proposed-by Miiller et al. (2009), and the resulting maps are onwards referred to
It assumes that mainly slope and permeability of the geological substratum determine DRPs, whereby information about soil
characteristics are not needed. Geological substratum is classified into permeable and impermeable, land use data into grass-,
arable land and forest, and slope into five categories. For any land use class and slope, regions with permeable substratum
are (€lassified"asideep percolation, i.e. RT5. DRPsH6r impermeable geology [dépendion’a combination of land use and slope
category (Miiller et al., 2009).

For the Emme region, a Margreth map from SoilCom GmbH was available and used for this study (Fig. 1, left). In addition,
a map of RTs with the approach of Miiller et al. (2009) was derived (Fig. 1, right).
Antonetti et al. (2016a) compared the similarity of various DRP mapping approaches including high to low amount of expert
knowledge in the Meilen and the Reppisch catchments on the Swiss Plateau. A manually derived map after Scherrer and Naef
(2003) served as reference. Furthermore, they performed synthetic runoff simulations in order to assess the sensitivity of the
hydrograph on the mapping approach. Antonetti et al. (2016a) found that the simulations with the most complex automatic
mapping approach, i.e. Schmocker-Fackel et al. (2007), produced the most similar results when compared with the reference.
In contrast, simulations following the simplified schemes lead to the strongest deviations.
Here we evaluate the role of maps in another region and focus on the role of mapping approaches on flood predictions in

operational setup.
23.2 Structure and a priori parametrisations

RGM-PRO is a spin-off of the traditional, calibrated RGM (RGM-TRD) of the PREVAH hydrological model (Viviroli et al.,
2009) with integrated knowledge on runoff generation mechanisms (Antonetti et al., 2017). A comparison of RGM-TRD
Wwith" RGM-=PRO"is 'shown'ifi Figl'2) RGM-PRO uses information (€ontained in'maps of RTs (Fig: 2;'b); which are based on
the classification of DRPS(Table 1) Scherrer and Naef (2003))) The-parameter-values-of RGM-PRO-are determined a priori
for each RT by re-simulating (Sprinkler experiments) (Kienzler and Naef (2007)3 Scherrer et al. (2007), Fig. 2, a). With this
approach, RGM-PRO €anfavoid classic calibration against runoff observations which allows the application in areas where no
measurements are available. Therefore, it'iS'more advantageous having five parameters that can be obtained a priori than one
parameter’ for which) calibration is méeded"The meaning of the RGM-PRO parameters in Fig. 2 is (describedin'Table’ 2 For'a
detailed (description’of the model please refer to Antonetti et al. (2017).

RGM-PRO runs at a spatial resolution of 500 m and a temporal resolution of one hour and requires gridded precipitation input.
Maps of RT are available at higher spatial resolution (25 by 25 m) and used to obtain a sub-grid parametrisation of RGM-PRO.
Specifically, for each 500x500 m cell the percentage of each RT is taken into account (Antonetti et al., 2017). ' As RGM-
PROS an event-based @odel) soil moisture data is needed for initialisation. For this, an operationally available gridded input
from PREVAH at a spatial resolution of 500x500 m was used. This PREVAH version coincided with the one used for real-

time assessment of drought in Switzerland (Zappa et al., 2014; Jorg-Hess et al., 2015). Subsequently, soil moisture data was
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downscaled-to-aresolution-of 25-m-aceording to-Bloschl-et-al. (2009),-where-the-map-of RTs-served-as fingerprint (Antonetti

and Zappa, 2017):
2.3.3 Traditional benchmark version

For comparison, a forecasting chain with the €alibrated' RGM=TRD was set up. The calibrated parameter et resulted from the
ten runs with highest Kling-Gupta @fficiency (KGE} see Sect.(215) out of 4’000 Monte Carlo simulations, as(€ompléteéd also for
the'study by Antonetti'et'al’) (2017)--Calibration-was-performed-for-the-largest runoff-event measured-at Emmenmatt-gauge-in
2016 which occurred on the 14" of May.

24 Overview of completed experiments

Experimental setup for the Emme areas is displayed in Fig. 3. Two forecasting chains with RGM-PRO were set up based on
Miiller map (DRP-mu-C1 and DRP-mu-CE) and two based on Margreth map (DRP-ma-C1 and DRP-ma-CE). Comparison
of these will show possible advantages of including high amount of expert knowledge in the map of RTs for forecasting
purposes. In addition, two chains were built with the calibrated RGM-TRD, namely PRE-C-C1 and PRE-C-CE. Comparison
of RGM-PRO-based chains with the ones based on the calibrated PREVAH indicates whether a hydrological model integrating
knowledge on DRPs can compete with a calibrated one in forecast mode. The outcomes of the Monte Carlo experiment have
been used to evaluate RGM-PRO and RGM-TRD for past events in the Emme area. All forecasting chains relied on model
initialisation with CombiPrecip and soil moisture data from PREVAH simulations. Furthermore, for all forecasting chains, start
of the simulation was at the moment in time with minimum observed runoff in the last five days prior to the forecast.

Our investigation period was restricted to May until July 2016. The reason for this is that the NWPs with the new COSMO-E
and COSMO-1 models are only available since March 2016. The prior models COSMO-LEPS and COSMO-2 (e.g. Zappa et al.
(2008)) have been dismissed in September 2016 and will not be available for future operational deployment. A comparison
between the prior and new NWP models is outside the scope of this study. A meteorological evaluation of the new numerical
models against-the-previous-systems is @ddressed'in the €ompanion paper.

The strength of the @pproach'presented in this study including the new RGM is that it does not require calibration. Although
it is of advantage having an ensemble in hydrological initial conditions (Liechti et al., 2013), the use of probabilistic nowcasting
tools to treat this kind of uncertainty is renounced. This seems justified as spread decays within the first 48 hours (Zappa et al.,
2011) and this study aims to have a system in operational mode. Furthermore, uncertainty due to the hydrological model

structure is not addressed here. Studies on this topic have been presented by Seiller et al. (2017) and Perrin et al. (2001).
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2.5 Data analysis

251 Verification with hvdrolosical ¢

For the verification of deterministic forecasts for continuous predictands, the Nash—Sutcliffe efficiency (NSE) was computed
(Nash and Sutcliffe, 1970). As a precursor of NSE, the mean squared error (MSE, Eq. (1)) was calculated as the arithmetic

5 average of the squared difference of the forecast-observation pairs.

n

1
MSEZEE:@k—%P (1)

k=1
The NSE is then obtained with building the skill score of MSE, given in Eq. (2). A skill score describes the improvement

of a specific forecast over a reference forecast, where the mean runoff during the events served as reference forecast, shown in

Eq. 3).

MSE

10 NSE=1———— 2
MSEclimA ( )
with
® n
_EX_
k=1

In addition, with Eq. (4) the Kling—Gupta efficiency (KGE) was computed (Gupta et al. (2009)), which is a decomposition

of NSE into a linear correlation (), a bias () and a variability of flow component («).

15 KGE=1-\/(r—1)2+(a—1)2+(6-1) )

|\ The perfect value of NSE and KGE is one and positive values indicate benefit compared with a reference forecast. TThe

application of KGE in the context of the evaluation of RGM-PRO is described in more detail by Antonetti et al, (2017),
) For the ensemble predictions, area under Receiver Operating Characteristics (ROCa) was computed, which is a well suited
measure to establish a synthesis across methods and lead times. Furthermore, with ROCa, the utility of a prediction system for
20 end-users can be assessed. According to Buizza et al. (1999), a ROCa value of 0.7 is the minimum value useful for decision
makers. A detailed description of Brier Skill Score (BSS). that is used in this study as well, and ROCa can be found in
the (€ompanion’paper (Horat et al;12018) In general; the verification of hiydrological ensemble predictions accounts for the
recommendations (iSsued by Browi etrali(2010) and usedrin previousiapplications (Addoretially 20115 Liechti et al., 2013).
ROCa is used here to summarise the outcomes presented also in the supplementary information. A matrix is compiled to

25 visualise which of the used chains is performing best.
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3 Results
3.1 | Evaluation of hindcasts

For eight large runoff events from 2005 to 2016 and using the configuration and evaluation strategy described in Antonetti
et al. (2017), we compared the performance of uncalibrated (TRD-UC) and calibrated (TRD-C) PREVAH and RGM-PRO
with Margreth (DRP-ma) and Miiller map (DRP-mu) when forced exclusively with CombiPrecip data (Fig. 4). A calibration
was completed for the Emmenmatt gauge, the results for the nested Ilfis, Eggiwil and Trueb catchments represent an internal
verification.

For a comparison of the mapping approaches for RGM-PRO, the coloured border in Fig. 4 defines whether DRP-ma (pink)
or DRP-mu (light green) performs better in terms of median KGE. It reveals that DRP-ma outperforms DRP-mu in 18 out of 28
cases. However, when not considering the Eggiwil catchment, the two models perform best exactly an equal number of times,
i.e. 10 out of 20 cases.

Considering uncalibrated and calibrated PREVAH as well demonstrates that TRD-UC is worst in terms of KGE in by far the
most cases. In addition, uncertainty is always largest. Comparing calibrated PREVAH with RGM-PRO approaches indicates
that TRD-C is better than both DRP-ma and DRP-mu in only 5 out of 28 times. However, performance of the three latter
mentioned models is comparable and highly depending on the event-catchment combination. In Trueb basin, DRP-mu seems
to be preferred over DRP-ma and the DRP-based approaches over the calibrated PREVAH. However, there are only four events
as runoff data is not available from 2005 to 2010.

3.2 Preliminary assessment of re-forecasts
3221 Example of re-forecasts

Visual analysis of events remains a very valuable complement to statistical evaluation and gives to forecasters and users a
better intelligible way to get a feeling on the quality of their systems. Fig. 5 depicts deterministic flood predictions of DRP-
ma-C1, DRP-mu-C1 and PRE-C-C1 in Emmenmatt basin, as well as the temporal evolution of precipitation and soil moisture
from May 11 to May 15, 2016. This was the largest event in the Emmenmatt catchment investigated in this study and also the
time period for which PRE-C-C1 (and PRE-C-CE) was calibrated. In terms of COSMO-1 precipitation forecasts, cumulated
predicted rainfall reveals to be in good agreement with CombiPrecip data and leads to a gradual increase in soil moisture, which
started from slightly unsaturated conditions as assimilated from the real-time product introduced in Sect. 2:312) Main phases
of precipitation input are in the late evening of May 12 and in the early morning of May 14. Corresponding peaks in observed
runoff lag only few hours behind, which is a consequence of the fast responding properties of Emmenmatt catchment. None of
the three prediction chains is really able to catch the quickly rising hydrograph during initialisation period with CombiPrecip,
although performance is satisfying. Simulated first peak of DRP-ma-C1 and PRE-C-C1 is relatively good in terms of volume,
whereas DRP-mu-C1 underestimates it. These characteristics appear as well in forecast mode, where highest forecasts of DRP-

ma-C1 and PRE-C-CI reach up to observed second peak but are substantially below for DRP-mu-C1. Overall, performance of

10
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DRP-ma-C1 and PRE-C-C1 is comparable in this example. Comparing the two DRP-based RGMs, Margreth mapping approach
reveals to be generating higher peaks than the Miiller approach. This holds as well when considering more examples, however, it
is not always of advantage. Spread in hydrographs resulting from the eight COSMO-1 initialisations on that day is considerable,
especially for the strongly reacting DRP-ma-C1 and PRE-C-C1. This jumpiness is a typical behaviour of deterministic systems
and a major problem for decision makers still relying on such systems (e.g. Bruen et al. (2010)). Probabilistic forecasts for the
same event from DRP-ma-CE, DRP-mu-CE and PRE-C-CE are depicted in Fig. 6, with a switch to forecast mode on May 12,
19:00. At the start of the forecasting period, all three prediction chains are overconfident, as ensemble spread in precipitation
input has not yet developed. Afterwards, observed runoff is contained within ensemble range for all forecasting chains, except
for parts of the recession period. As for deterministic predictions, DRP-ma-CE and PRE-C-CE perform very similar in this

example.
3.2:2 Evaluation of short range forecasts with hydrological measures of agreement

NSE and KGE are @ised'toprovide a classical'hydrological'way of evaluating the 'experiments? When considering NSE and
KGE for Emmenmatt and Eggiwil catchments, shown in Fig. 7, it can be seen that there is skill for all deterministic forecasting
systems and all investigated lead times and that skill declines over time.

In Emmenmatt catchment, DRP-ma-C1 reveals the poorest and DRP-mu-Cl1 the best performance in terms of NSE. Findings
from KGE imply no clear preference for one forecasting chain. In Eggiwil basin, all three forecasting chains perform equally
well. For the Ilfis catchment, there is skill for all forecasting chains and any lead time except for DRP-ma-Cl1 after six hours
in terms of NSE. Values of both NSE and KGE are decreasing over time. For all lead times, DRP-mu-C1 is the best and
DRP-ma-Cl1 the worst performing forecasting chain, apart from a lead time of 29 hours where PRE-C-C1 is best in terms of
KGE. In the Trueb basin, there is no skill for any forecasting chain in terms of NSE. Considering KGE, there is little skill for
DRP-mu-C1 at lead times of 12, 24 and 29 hours and for PRE-C-C1 at 24 and 29 hours lead time.

3.2.3 Comparison of deterministic and probabilistic forecasts

The BSS is used as proposed in Addor et al. (2011) as a measure for comparing deterministic and probabilistic forecasts, with
the boxplots representing the sampling uncertainties of the score computations obtained with bootstrapping. In all catchments,
there is in general a decrease of BSS with l€ad'fime) which is in particular strong for Emmenmatt (Fig. 8). Figures of BSS for
Eggiwil, Ilfis and Trueb catchments are provided in the supplementary materials. Furthermore, there is less skill for increasing
threshold quantiles. For deterministic forecasts there is mostly no skill for gg.975 and qg.99 quantiles in Emmenmatt, Eggiwil
and Ilfis, whereas in Trueb there is only skill for the gg 7 threshold quantile.

In all basins, no increase of uncertainty Withlead time is visible and spread of forecasting chains relying on CE is larger
than for approaches based on C1. The ensemble approach is always better than its respective deterministic counterpart with
few exceptions. This confirms numerous previous studies on the topic. Deterministic forecasting chains are most competitive

at short lead times, whereas for lead times of 24 and 29 hours skill of ensemble approach is substantially larger. In most cases,

11
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however, uncertainty bars of BSS overlap.

Comparing the deterministic forecasting chains based on Miiller and Margreth mapping approaches in Emmenmatt reveals
that DRP-mu-Cl is better than DRP-ma-C1 for all quantiles apart from the low ones and long lead times, where BSS values are
comparable. In Eggiwil and Trueb basins, performance of DRP-ma-C1 and DRP-mu-Cl is similar, with a slight preference for
Margreth approach in Eggiwil. In Ilfis catchment, DRP-mu-Cl1 is favoured over DRP-ma-C1 for all thresholds and lead times
when there is skill.

In Emmenmatt, Eggiwil and Ilfis catchments, there is no clear preference when comparing the deterministic process-based
forecasting chains with PRE-C-C1, as(performance dépends on threshold quantile and lead time. For the few cases when there
is skill in Trueb basin, process-based forecasting chains perform better than PRE-C-C1.

Comparing the three probabilistic forecasting chains among each other leads to different outcomes in the four Emme catch-
ments. In Emmenmatt and Ilfis, DRP-mu-CE is slightly better than DRP-ma-CE in most cases whereas in Eggiwil, the opposite
is true. In Trueb catchment, no clear preference for Margreth or Miiller approach is found. In Eggiwil and Ilfis, it is not ob-
vious whether to favour PRE-C-CE or the process-based forecasting chains. In the Emmenmatt basin, in general one of the
two process-based forecasting chains performs better than PRE-C-CE, although this is highly depending on threshold and lead
time. A clear advantage is found for(process=based forecasting chains'in the Trueb'basin; as'sKill — if there is any — is usually
substantially larger than for PRE-C-CE.

3:24 Synthesis of extended-range forecast quality with COSMO-E

In order to compare the different forecasting chains DRP-ma-CE, DRP-mu-CE and PRE-C-CE on their performance in terms
of ROCa, a summary is shown in Fig. 9. The values of ROCa that served as a basis for Fig. 9 can be found in the supplementary
materials. In no catchment there is a clear pattern or preference for one approach. Out of 87 cases, which is the number of
either dark orange, pink or yellow coloured squares, DRP-ma-CE is best 38, PRE-C-CE 31 and DRP-mu-CE 18 times. For
all ensemble approaches and catchments, values of ROCa are in general not higher than 0.9 and decrease with lead time.
For longest lead times, values of ROCa tend to be around 0.7, i.e. at the boundary of being useful (Buizza et al., 1999). An
exception is found in the Trueb basin, where highest quantiles have largest values of ROCa (around 0.8) for longest lead times.
In contrast, for the gg.975 threshold quantile at 113 hours lead time there is clearly no skill in Emmenmatt and Eggiwil and

there was not enough data for the computations to be executed in Ilfis basin.

4  Discussion

4.1 | Effect of different DRP mapping approaches

In terms of most measures of agreement, no clear preference for using either the Margreth or Miiller map in FF forecasting
chains is found, with uncertainty bars overlapping in most cases. However, there is a modest advantage for the Miiller mapping

approach. For Emmenmatt, Ilfis and Trueb catchments, DRP-mu-C1/CE perform slightly better than DRP-ma-C1/CE for most

12



Compare: Move�

text

This text was moved to page 11 of new document



Compare: Move�

artifact

This artifact was moved to page 12 of new document



Compare: Delete�

text

"510152025"



Compare: Replace�

text

[Old text]: "performancedepends"

[New text]: "performancedepends"



Compare: Replace�

text

[Old text]: "3.2.4"

[New text]: "4.2.4"



Compare: Replace�

text

[Old text]: "4"

[New text]: "510152025305"
The following text attributes were changed: 
   font, size



Compare: Move�

artifact

This artifact was moved from page 13 of this document to page 13 of new document



Compare: Insert�

text

"5.1"



Compare: Delete�

text

"30"



Compare: Replace�

text

[Old text]: "process-basedforecastingchainsintheTruebbasin,asskill"

[New text]: "process-basedforecastingchainsintheTruebbasin,asskill"





10

15

20

25

30

lead times in terms of NSE, KGE and BSS.

The case studies with the forecasting chains reveal that DRP-ma-C1/CE react more intense on precipitation in comparison
with DRP-mu-C1/CE. This does not necessarily lead to faster occurring peaks, but to peaks that are higher in magnitude.
This is in good agreement with the relative shares of RTs in Table @ for the different mapping approaches: as the Miiller
method classifies much more deep percolation (RTS5) there is less simulated water at the runoff gauge. In terms of peak timing,
there is not much difference between process-based forecasting chains, which could be because Miiller classifies also a higher
fraction of RT1, leading to compensation effects. Both visual inspections of hydrographs and measures of agreement reveal
very similar performance of both approaches which is remarkable when taking into account how distinct the two maps in
Fig. 1 look. A reason that this difference was not as large as expected could be that — in agreement with Zappa et al. (2011) —
meteorological uncertainties are dominant, and uncertainty in DRP mapping is of minor importance in forecast mode. However,
also re-analysis with CombiPrecip data (Fig. 4) showed no clear preference between the two process-based forecasting chains
when not considering Eggiwil catchment. These results are in agreement with Antonetti and Zappa (2017)) who find that
satisfying model performance is also achieved using mapping approaches with low involvement of expert knowledge. Due to
considerable uncertainties there is only a slight increase in potential value when a more complex map of RTs is considered,
even when using optimal runoff and real-time meteorological input data (Antonetti and Zappa, 2017):

In the Eggiwil basin, there are ongoing discussions whether runoff gauge overestimates runoff (Antonetti and Zappa, 2017):
This is supported by the fact that all three forecasting chains reveal strong under-forecasting for the highest threshold quantiles,
which is in contrast to the other catchments. However, it could also be possible that none of the three models is able to represent
the processes important for runoff formation correctly in Eggiwil. As Margreth approach generates usually highest runoffs, it
is most competitive in Eggiwil basin.

Overall, the analysis shows that, in forecast mode, a map of RTs with high involvement of expert knowledge does not
guarantee a higher performance compared with a map of RTs based on less expertise. The Miiller mapping approach is faster
to implement, financially more attractive, and does not lead to worse results compared with the Margreth method. This finding

is in agreement with Antonetti and Zappa{(2017):
4.2 | Effect of integrating knowledge on DRP into hydrological modelling in nested catchments of Emme region

Comparing the two process-based forecasting chains with the one including a calibrated hydrological model indicates compa-
rable performance in terms of all measures of agreement used in Emmenmatt, Eggiwil and Ilfis catchment. If there is skill in
Trueb basin in terms of BSS and KGE, which is hardly ever the case, performance of process-based forecasts is substantially
better than the one of PRE-C-C1/CE. This is in accordance with Antonetti et al. (2016a) and Antonetti and Zappa(2017)3 who
state that process-based forecasting chains should be advantageous especially in nested subcatchments and not in the main
catchments where the calibration was made for. However, as with the discharge measurement in Eggiwil, Scherrer AG (2012)
doubts the quality of the runoff data for the Trueb basin and Antonetti and Zappa (2017)/€xplaiii the poor model performance
in this area to be a consequence thereof.

A detailed analysis on added value of DRP approaches in forecasting mode can be achieved by comparing them to a current
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operational-system-using-a state-of-the-art-hydrological- medel.--This-will-be-addressed-in-the-companion-paper, Horat-et-al:
2018)-

5 Conclusions

This study investigated the potential of a process-based runoff generation module for flash flood prediction from May to
July 2016 in the Emme catchments. The main task was to set up four quasi-operational forecasting chains for Emmenmatt,
Eggiwil, Ilfis and Trueb basin. The innovation in the approach followed in this paper is the use of RGM-PRO, a conceptual
hydrological module with no need for calibration (Antonetti et al., 2017). RGM-PRO relies on spatially distributed information
of runoff processes in a catchment, i.e. the so-called maps of runoff types. For all forecasting chains, either numerical weather
prediction data from deterministic COSMO-1 or probabilistic COSMO-E served as meteorological input. To initialise the
hydrological model, gridded precipitation nowcasts from CombiPrecip were used, which also provided meteorological input
for the corresponding reference runs. The forecasting chains including RGM-PRO were set up each depending on maps of
runoff types with little (Miiller) and high amount of expert knowledge (Margreth), resulting in the forecasting chains DRP-mu-
C1/DRP-mu-CE and DRP-ma-C1/DRP-ma-CE. This design allowed for a sensitivity analysis of the forecast performance on
spatially distributed information of runoff processes. In addition, two forecasting chains including a conventional hydrological
module relying on calibration (PREVAH, Viviroli et al. (2009)) were set up (PRE-C-C1/PRE-C-CE). Special emphasis was

placed on the performance of the prediction systems in nested subcatchments.

> Results suggest that DRP-mu-C1/DRP-mu-CE have slight advantages in terms of most measures of agreement and
catchments when compared with forecasting chains involving high knowledge for maps of runoff types. The faster
implementation speed of the Muller mapping approach is an additional reason for considering it as our preferable choice

in a forecast mode.

> Forecasting chains with integrated knowledge on runoff processes revealed comparable performance as the ones employ-
ing a conventional hydrological model in the larger catchments of the Emme region. In the smallest nested subcatchment,
i.e. Trueb basin, prediction systems based on RGM-PRO outperformed the ones relying on conventional PREVAH sub-
stantially in the few cases when there was any skill. This confirms the potential of including information on dominant
runoff process in hydrological models, as an a priori parametrised (i.e. non calibrated) hydrological model reached com-

parable — if not even better — results than a conventional hydrological model.

For a future study, it would be informative to assess sensitivity of spatial distribution of rainfall, i.e. whether precipitation
falls on a fast or a slow reacting surface, on flood response. For this, fiuferical'experiments with simulated thunderstorms of
same intensity and duration but at different locations in a catchment could be executed in a similar way as in Paschalis et al.
(2014) and Lumassegger et al. (2016), who investigated streamflow response on space-time variability of precipitation. To
quantify uncertainty in runoff type mapping approaches and propagation through the forecasting chain, an extension of Zappa

et al. (2011) and Antonetti and Zappa {(2017) could be possible.
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We can conclude that a skilful application of a hydrological model with no need for calibration in a forecasting chain is
possible, which extends the prediction of flash floods to ungauged and nested basins. In the companion paper (Horat et @l
2018)our state=of=the=art'model’is tested against am operational benchmark forecasting chain i the (@lpine"Verzasca basin;

Southern Switzerland, with a particular focus on meteorological aspects.

6 Data availability

The Margreth map used for this study is provided by SoilCom GmbH (http://www.soilcom.ch). For the Miiller map, Are-
alstatistik 1979/85 (http://www.bfs.admin.ch) with 100 m resolution serves as land use map and DTM25 (Data: BFS GEO-
STAT/Federal Office of Topography swisstopo, http://www.swisstopo.admin.ch) with a resolution of 25 m as digital terrain
model. As a geological map, Geologischer Atlas GA25 (Data: BFS GEOSTAT/Federal Office of Topography swisstopo) with
a scale of 1:25°000 is used where it is available and elsewhere Geologische Karte (Data: BFS GEOSTAT/Federal Office of
Topography swisstopo) with a scale of 1:500°000. Meteorological data, i.e. CombiPrecip, COSMO and rain gauge data, is pro-
vided by the Swiss Federal Office of Meteorology and Climatology (MeteoSwiss, http://www.meteoswiss.admin.ch). Runoff
measurements are obtained from Swiss Federal Office for Environment (FOEN, http://www.bafu.admin.ch) and Bau-, Verkehr-

und Energiedirektion of the Canton of Berne (http://www.bve.be.ch).
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Figure 1. Overview on the investigated Emme catchment. Top-left: process map after Margreth et al. (2010); Top-right: process map after
Miiller et al. (2009); Bottom-left: location of the target area within Switzerland. Bottom-center: situation of the nested sum areass GIS
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4 parameters, assessed a priori after Antonetti et al. (2017) for each runoff type (RT) and used in each pixel of
the domain, according to the RT portion obtained from the process maps

4 parameters, calibrated on an event with Monte-Carlo and valid for the whole target area

Figure 2. Structure of the adopted RGMs. Left: RGM-TRD module from traditional PREVAH with four parameters requiring calibration
(Gurtz et al., 2003) and valid for the whole target area. Right: RGM-PRO module using typical infiltration curves (a) for a priori estimation
of four parameters for five runoff types (Table (I} after Antonetti et al. (2017) and Antonetti et al. (2016b). RTs are obtained from process
maps (b, Fig. 1)

Table 17Aftribution'6f DRPSTO'RTS? Nomenclature of the DRPs: HOF = Hortonian Overland Flow; SOF = Saturation Overland Flow; SSF =
Subsurface Flow; DP = Deep Percolation. The suffix / is attributed to landscapes showing immediate reaction in terms of runoff generation.
The suffixes 2 and 3 mean delayed and strongly delayed reaction, respectively. Sources: Scherrer and Naef (2003) and Antonetti and Zappa
(2017)- The portion of RT in the'maps'of Margreth) (DRP-ma) and Miiller (DRP-mu) is given for the whole target area up to Emmenmatt.

Runeff Type Runoff generation Runoff processes DRP-ma (%) DRP-mu (%)

RT1 Fast HOF1, HOF2, SOF1 2 8
RT2 Slightly delayed SOF2, SSF1 28 16
RT3 Delayed SSF2 36 47
RT4 Strongly delayed SOF3, SSF3 29 1
RT5 Not contributing | DP. 5 28
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Figure 3. Scheme of the FF forecasting chains in the Emme catchments investigated in this paper with keys indicated on the right hand side.

On the left hand side, P.I. stands for precipitation input, HM. for hydrological model and S.D. for soil moisture data.
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Figure 4. Re-analysis of eight large runoff events from 2005 to 2016 with CombiPrecip data in the four Emme catchments. The boxplots
represent the simulation results of the different model configurations. ZRD=UC stands for uncalibrated PREVAH, TRD-C for calibrated
PREVAH, DRP-ma for RGM-PRO relying on Margreth map and DRP-mu for RGM-PRO based on Miiller map. Border color reveals
whether DRP-ma (pink) or DRP-mu (light green) performed better in terms of median KGE. Where no boxplot is visible, all KGE values
were below zero. The spread in KGE of uncalibrated PREVAH &esults'from ten random hydrological parameter sets out of 4’000 Monte
Carlo simulations, whereas uncertainty from calibrated PREVAH originates from the ten parameter sets with highest KGE for the May16
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Figure 5. Flood predictions with DRP-ma-C1 (middle), DRP-mu-C1 (second lowest) and PRE-C-C1 (lowest panel) for Emmenmatt with
eight initialisations each on alert date of 13/5/2016. Catchment precipitation predictions from COSMO-1, measurements from Napf station

and CombiPrecip are depicted in the uppermost, and evolution of soil moisture from PREVAH simulations in the second panel.
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boxplots represent the sampling incertainties’of the score computations obtained with bootstrapping (Addor et al., 2011).
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Figure 8. Comparison of BSS in Emmenmatt catchment for deterministic DRP-ma-C1, DRP-mu-C1, PRE-C-C1 and probabilistic DRP-ma-
CE, DRP-mu-CE, PRE-C-CE as a function of lead time for several threshold quantiles. A window of 6 hours was taken for the computations.

The boxplots {epresent the sampling incertainties’of the score computations obtained with bootstrapping.
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* DRP-mu-CE best + DRP-mu-CE best
* PRE-C-CE best + PRE-C-CE best
* none above ROCa =0.7 + none above ROCa =0.7
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8
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[e4
@
&
S
o
Lead time Lead time
(o) Iifis (d) Trueb

« DRP-ma-CE best + DRP-ma-CE best
¢ DRP-mu-CE best * DRP-mu-CE best

* PRE-C-CE best + PRE-C-CE best

* none above ROCa = 0.7 + none above ROCa = 0.7
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Compare: Move�

artifact

This artifact was moved to page 28 of new document



Compare: Insert�

text

"30"



Compare: Delete�

image

Matching image not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found
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Compare: Move�

artifact

This artifact was moved to page 29 of new document



Compare: Delete�

text

"Table2.DescriptionofparametersforRGM-PRO.AllparametershaveindicesforRTsfrom1to5."



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

text

"Abbreviation"



Compare: Delete�

text

"Description"



Compare: Delete�

text

"Unit"



Compare: Delete�

text

"SGRLUZ1-5"



Compare: Delete�

text

"thresholdforoverlandflow"



Compare: Delete�

text

"[mm]"



Compare: Delete�

text

"K0H1-5"



Compare: Delete�

text

"storagetimeforoverlandflow"



Compare: Delete�

text

"[h]"



Compare: Delete�

text

"K1H1-5"



Compare: Delete�

text

"storagetimeforsubsurfaceflow"



Compare: Replace�

text

[Old text]: "[h]"

[New text]: "lead"



Compare: Replace�

text

[Old text]: "CPERC1-5"

[New text]: "timeandthe"



Compare: Replace�

text

[Old text]: "maximumpercolationrate"

[New text]: "q0.975thresholdquantile"
The following text attributes were changed: 
   font



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Replace�

text

[Old text]: "[mm/h]"

[New text]: "."



Compare: Delete�

text

"SSM1-5"



Compare: Delete�

text

"soilmoisturestorage"



Compare: Delete�

text

"[mm]"



Compare: Delete�

text

"SUZ1-5"



Compare: Delete�

text

"upperzonerunoffstorage"



Compare: Replace�

text

[Old text]: "[mm]"

[New text]: "Figure9.SummariesofROCaforEmmenmatt(a),Eggiwil(b),Ilfis(c)andTrueb(d)asafunctionofleadtimeandthresholdquantileforDRP-ma-CE,DRP-mu-CEandPRE-C-CEforalleventsintheinvestigatedperiodfromMayuntilJuly2016.DarkorangecolourindicatesthatROCaofDRP-ma-CEishighest,whereaspinkandyellowcolourimplythatDRP-ma-CEandPRE-C-CE,respectively,performbest.GreyshadingindicatesthatnoneoftheforecastingchainshasROCahigherthan0.7,whichisconsideredtobetheminimumvalueusefulfordecisionmakers(Buizzaetal.,1999).PleasenotethattherewasnotenoughdataforthecalculationsinIlfiscatchmentforthe113hours31"
The following text attributes were changed: 
   font
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image

Matching image not found
 (click to see the new image)
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image

Matching image not found
 (click to see the new image)
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image

Matching image not found
 (click to see the new image)
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image

Matching image not found
 (click to see the new image)



Compare: Insert�

image

Matching image not found
 (click to see the new image)



Compare: Insert�

image

Matching image not found
 (click to see the new image)



Compare: Delete�

graphic

Matching graphic not found





