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Abstract

The Sihl River flows through Zurich, Switzerland’s most populated city, for which it
represents the largest flood threat. To anticipate extreme discharge events and pro-
vide decision support in case of flood risk, a hydrometeorological ensemble predic-
tion system (HEPS) was launched operationally in 2008. This models chain relies
on limited-area atmospheric forecasts provided by the deterministic model COSMO-7
and the probabilistic model COSMO-LEPS. These atmospheric forecasts are used to
force a semi-distributed hydrological model (PREVAH), coupled to a hydraulic model
(FLORIS). The resulting hydrological forecasts are eventually communicated to the
stakeholders involved in the Sihl discharge management. This fully operational setting
provides a real framework to compare the potential of deterministic and probabilistic
discharge forecasts for flood mitigation.

To study the suitability of HEPS for small-scale basins and to quantify the added-
value conveyed by the probability information, a reforecast was made for the period
June 2007 to December 2009 for the Sihl catchment (336 km2). Several metrics sup-
port the conclusion that the performance gain can be of up to 2 days lead time for the
catchment considered. Brier skill scores show that COSMO-LEPS-based hydrological
forecasts overall outperform their COSMO-7 based counterparts for all the lead times
and event intensities considered. The small size of the Sihl catchment does not prevent
skillful discharge forecasts, but makes them particularly dependent on correct precip-
itation forecasts, as shown by comparisons with a reference run driven by observed
meteorological parameters. Our evaluation stresses that the capacity of the model to
provide confident and reliable mid-term probability forecasts for high discharges is lim-
ited. The two most intense events of the study period are investigated utilising a novel
graphical representation of probability forecasts and used to generate high discharge
scenarios. They highlight challenges for making decisions on the basis of hydrologi-
cal predictions, and indicate the need for a tool to be used in addition to forecasts to
compare the different mitigation actions possible in the Sihl catchment.
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1 Introduction

1.1 Decision-making based on atmospheric and hydrological forecasts

To effectively anticipate and mitigate weather-related impacts, strategies that take into
account climatological records or meteorological forecasts have been developed in re-
cent decades. The first scientific studies published in the 1970s—1980s showed that
an efficient use of weather and climate information could provide an added-value in di-
verse fields and decision-making situations (e.g. the review by Katz and Murphy, 1997).
Novel opportunities and challenges were provided in the 1990s by the introduction of
global atmospheric ensemble prediction systems (EPS, e.g. Molteni et al., 1996) and
more recently by their downscaled limited-area derivatives (e.g. COSMO-LEPS, Mar-
sigli et al., 2005). Ensembles are composed of several members, starting from slightly
perturbed initial conditions, and aim to reflect the predictability of atmospheric condi-
tions through the amount of spread among their members. Reliable EPS enable the
estimation of the probability of local weather events, and are expected to deliver a
more trustworthy basis for quantifying risk and providing early warnings than their de-
terministic counterparts. Among others, Richardson (2000) and Zhu et al. (2002) have
investigated their benefits in the domain of decision-making using a simple cost-loss
ratio model. They reported that, in comparison with deterministic forecasts, probabilis-
tic forecasts offer an added-value for a wider range of end-users and present a higher
economic value for the majority of end-users and lead-times. However, the ability of
the standard two-action, two-event cost-loss ratio scheme to effectively assist with real
decision-making situations is disputed (e.g. Murphy, 1985).

When coupled to a hydrological model, an EPS forms a hydrological ensemble
prediction system (HEPS). HEPS have developed rapidly in the last few years (see
the review by Cloke and Pappenberger, 2009). They have been adopted by several
flood forecast centres and are, for example, routinely run by the European Flood Alert
System (EFAS) of the European Commission Joint Research Centre (Thielen et al.,
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2009a). An evaluation of two years of EFAS forecasts for Europe suggests the results
are promising, especially when accounting for forecast persistence (Bartholmes et al.,
2009). On a smaller scale, the Swiss Federal Office for the Environment (FOEN) op-
erationally runs deterministic and probabilistic hydrological forecasts for the Swiss part
of the Rhine basin (Zappa et al., 2008). In the framework of the Mesoscale Alpine
Programme (MAP), a demonstration of probabilistic hydrological and atmospheric sim-
ulation of flood events in the Alpine region (D-PHASE) was performed. The feasibility
of a real-time hydrological forecast system that combines radar-based, high-resolution
and ensemble hydrological forecasts is shown, and examples illustrating the useful-
ness of the probability information are provided (Zappa et al., 2008; Rotach et al.,
2009). End-user feedback has so far been positive.

Considerable efforts have been made to demonstrate and quantify the added-value
provided by HEPS, as illustrated by the following examples. Verbunt et al. (2007) anal-
ysed qualitatively two severe discharge events, in the upper Rhine basin and in central
Europe. These were missed by deterministic runoff predictions but adequately forecast
by probabilistic forecasts. The authors report good probabilistic forecast guidance up
to 48 h lead time for the two investigated cases. For August 2005 flood event in the
upper Rhine basin, Jaun et al. (2008) highlight that forecast uncertainty as reflected
by ensemble dispersion provides additional guidance in comparison to determinis-
tic forecasts. This is in particular supported by higher Brier skill scores. Velazquez
et al. (2009) compared, for a rainfall event in Quebec, the continuous ranked prob-
ability score of an hydrological ensemble with the absolute error of a deterministic
forecast and concluded that the probability information led to a performance gain. First
attempts to evaluate probabilistic discharge forecast from an economics perspective
(Roulin, 2007) relied on a cost-loss ratio-based decision model and showed that hy-
drological ensemble predictions have greater skills than deterministic ones. Laio and
Tamea (2007) proposed new tools for economical evaluation of probability discharge
forecasts, but emphasize that the choice of the therefore necessary cost-loss functions
is subjective and may be disputed. Reggiani et al. (2009) suggested a stirring approach
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consisting in combining calibrated probabilistic forecasts to cost-loss functions to esti-
mate economic risk, computed as the expected cost.

1.2 Discharge monitoring and flood mitigation in the Sihl catchment

The Sihl catchment originates in the Swiss Alps (Fig. 1) and drains basins which are
particularly prone to flash floods. In winter snow accumulates in the headwaters. Snow
melt governs runoff generation in late spring and early summer. The Sihl River flows
through Zurich, the most populated city in Switzerland. Shortly before joining the larger
Limmat River, the Sihl flows beneath the main railway station of Zurich (Fig. 2).

Although the area was comparatively little affected by the devastating floods of Au-
gust 2005 (Bezzola and Hegg, 2007, 2008; Jaun et al., 2008), these floods prompted a
series of studies assessing the flood risk of the catchment (Schwanbeck et al., 2007).
Floods are especially threatening while a new underground railway station, located be-
low the river bed, is being built (Bruen et al., 2010). Two tide gates have been installed
in the river bed for the duration of the project (2008-2011) (Fig. 2). They provide dry
construction areas, but therefore reduce the section available for the river by around
40%.

To cope with the resulting increased flood risk, the Department of Waste, Water,
Energy and Air (AWEL) of Canton Zurich requested the Swiss Federal Railway (SBB) to
organize a panel of experts. This panel is in charge of monitoring the Sihl discharge, of
representing the interests of the stakeholders concerned by the river, and of setting up
an emergency procedure to mitigate flooding events. A first mitigation measure is the
preventive controlled water release (drawdown) from the Lake Sihl, which collects the
waters from a 156 km? large headwater (Fig. 1). Drawdowns are designed to increase
the buffering capacity of the lake in case of floods. Secondly, should the Sihl discharge
exceed 300 m°/s, the gates sealing the two channels beneath the main railway station
can be opened, giving the river bed its full capacity. This would result in the inundation
of the construction site, but it would reduce the risk of flooding the areas around Zurich
main railway station. To improve decision support for the panel of experts, the Swiss
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Federal Institute for Forest, Snow and Landscape Research (WSL) was mandated to
implement an ensemble flood forecasting system. This constitutes the corner stone of
this study. More details on the Sihl catchment, the flood-warning procedures and the
mitigation measures can be found in Badoux et al. (2010).

1.3 Scope of the present paper

This study concentrates on the evaluation of the operational streamflow forecasting
system of the Sihl catchment for a 31-month reforecast period. The evaluation was
in particular tailored to cope with the weaknesses identified in the review paper by
Cloke and Pappenberger (2009) and strives following objectives: (1) to compare quan-
titatively probabilistic and deterministic hydrological forecasts to assess whether the
former has added-value over the latter, (2) to discriminate between errors originating
from atmospheric forecasts and those stemming from the hydrological/hydraulic com-
ponents of the models chain, (3) to analyse the reliability of the forecasts, ensemble
members’ dispersion, hit rate and false alarm ratio, (4) to obtain some insights into
the performance of the flood prediction chain by analysing the two most severe events
during the study period (one of which being a forecast failure), and (5) to investigate
extreme discharge scenarios.

This paper differs from similar studies in the nature of the catchment investigated.
It has a total area of 336 km2, which is considerably smaller than most catchments,
and even sub-catchments, referred to in the current literature on ensemble streamflow
forecasting (e.g. Dietrich et al., 2008; Jaun and Ahrens, 2009; Thielen et al., 2009b;
Reggiani et al., 2009). The current state of knowledge for larger basins suggests
that the skill of ensemble prediction systems improves with increasing catchment size
(Renner et al., 2009). Furthermore, forecast uncertainty is reported to decline with in-
creasing catchment size (Jaun et al., 2008). The usefulness of such systems in small
mesoscale areas has not been yet assessed and therefore we focus on the skill of an
operational HEPS for comparatively small catchment. Furthermore, the reservoir lake
required the implementation of a module to account for the consequences of possible
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lake drawdowns, overflow and hydropower production on the discharge in Zurich. In
this basin, correct assessment of events leading to snow accumulation and snow melt
is crucial for obtaining good forecasts from October to May. Finally, the pre-alpine to-
pography of the region and the presence of sub-catchments prone to flash floods trig-
gered by summer thunderstorms complicate correct meteorological and hydrological
modeling.

This paper also explores how flood mitigation measures could be triggered on the
basis of the presented streamflow forecasts. The operational setting the Sihl catch-
ment enables to illustrate the complexity of such a decision process involving imperfect
forecasts (Bruen et al., 2010).

2 The hydrological ensemble prediction system
2.1 Probabilistic and deterministic atmospheric models

As the operational hydrological forecasts for the Sihl catchment are not systematically
archived, a reforecast from June 2007 to December 2009 was completed to proceed
with model evaluation. Runs in hindcast mode were issued from a recent model version
(November 2009), using operationally available information only. The prediction chain
is sketched out in Fig. 3 and described below.

Probability atmospheric forecasts are based on the global Ensemble Prediction Sys-
tem (EPS, Molteni et al., 1996) of the European Centre for Medium-Range Weather
Forecasts (ECMWF), which is issued twice daily. The two youngest runs of this model
are combined to form a super-ensemble of 102 members (Marsigli et al., 2005), from
which 16 representative members are selected. They are dynamically downscaled
on a daily basis from their original ~50 km horizontal resolution to a ~10km resolu-
tion (~7 km since December 2009). This is performed by the Limited-area Ensemble
Prediction System developed and run by the COnsortium for Small-scale MOdelling
(COSMO-LEPS, Molteni et al., 2001). COSMO-LEPS relies on the non-hydrostatic
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COSMO model (Steppeler et al., 2003) run with initial and boundary conditions pro-
vided by the representative members. Hydrological forecasts for the Rhine catchment
have been shown to improve after this dynamic downscaling (Renner et al., 2009).

The lead time of COSMO-LEPS is of 132 h, with three-hourly output intervals. Fore-
casts are initialized at 12:00 UTC and are delivered approximately 10 h later. As the
hydrological model requires initialization at 00:00, the first 12 h of the atmospheric en-
semble forecasts are disregarded and 120 h of hydrological forecasts are computed.
This cutoff is consistent with the temporal data availability in operational mode. Note
that, while errors in streamflow forecasts have multiple sources, the present ensemble
principally aims to capture and cascade the uncertainty arising from initial atmospheric
conditions, as they are commonly regarded as the most important error factor in hydro-
logical forecasts. To account for some of the model uncertainty, the convection scheme
(Marsigli et al., 2005) is randomly chosen at each COSMO-LEPS integration. Similarly,
the value of two model parameters (the maximal turbulent length scale and the length
scale of thermal surface patterns) is randomly chosen from a set of two reasonable
values for each variable.

Deterministic atmospheric forecasts are obtained from the operational model
COSMO-7, the Swiss Federal Office of Meteorology and Climatology (MeteoSwiss) im-
plementation of COSMO model. COSMO-7 is nested in ECMWF deterministic global
model and presents a horizontal grid spacing of ~7km. It offers a total time hori-
zon of 72h. During the study period, COSMO-7 forecasts are issued twice a day (at
00:00UTC and 12:00 UTC). However, only the forecasts from the 00:00 UTC run are
here considered. In contrast to COSMO-LEPS, no random selection of a parametriza-
tion or a parameter value is applied to reflect model uncertainty.

Forecasts of temperature, precipitation, wind, relative humidity, sunshine duration
and global radiation are downscaled for both atmospheric models to a resolution of
500 m to meet the grid-size requirements of the hydrological model, as described in
Jaun et al. (2008).
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2.2 Hydrological and hydraulic models

The downscaled atmospheric forecasts are used to force the semi-distributed hydro-
logical modelling system PREVAH (PREecipitation-Runoff-EVApotranspiration HRU
Model). PREVAH is a conceptual hydrological model and clusters raster grids of similar
hydrological properties into hydrologic response units (HRU, Gurtz et al., 1999). For
the Sihl catchment, one HRU averages about 7 raster cells of 500 x 500 mZ. Details
on PREVAH input data, structure, parameterizations and tools can be found in Viviroli
et al. (2009Db).

The hydrological model calibration and evaluation for the Sihl catchment was per-
formed by Schwanbeck et al. (2007), with the catchment split into nine sub-catchments
(Fig. 1). This discretization enables in particular a simple representation of water man-
agement of the Sihl reservoir.

The sub-catchments of Alp, Biber, Minster and the sub-catchment downstream of the
gauge Blattwag were calibrated on the basis of the observed runoff time series. The
parameters for the other sub-basins were regionalised on the basis of the five most
similar calibrated catchments out of a database of 140 successfully calibrated Swiss
catchments (Viviroli et al., 2009a,c). The chosen calibration method is a intermediate
solution between a flood-oriented and average discharge-oriented optimization (Vivi-
roli et al., 2009a). Validation (Schwanbeck et al., 2007) revealed a tendency towards
volume overestimation but an overall satisfying peak discharge representation.

Initial conditions for PREVAH are provided by a hydrological reference simula-
tion (HREF) driven by interpolated observations from weather stations (see Fig. 1 for
the location of the rain-gauges). Note that HREF was also used to identify the origin
of forecasts errors. To focus on meteorological uncertainties, the forecasts were com-
pared with HREF instead of with observations (OBS). This removes most of the error
introduced by PREVAH and the subsequent hydraulic model. For instance, if OBS
and HREF correspond well, while the hydrological forecast overestimates OBS, this
overestimation was probably introduced by the atmospheric model.
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PREVAH forecasts are combined with observations of the level of the Lake Sihl for a
sound water balance of the artificial lake. This module accounts principally for (1) es-
timations of the hydropower production, (2) the eventual triggering of the dam emer-
gency regulation (water is released from the lake into the Sihl if its level rises more
than two centimeters within 30 min) and (3) water overspill if the lake operation limit
(889.34ma.s.l.) is exceeded. See Badoux et al. (2010) for more details on dam regu-
lation.

Because of the elongated shape of the basin between Blattwag and Zurich (Fig. 1),
a hydraulic model was used to propagate the flood wave. Routing is carried out by
the hydraulic model FLORIS, a commercial 1-D simulation program developed in the
1990s by the Laboratory of Hydraulics, Hydrology and Glaciology (VAW) of the ETH
Zurich. FLORIS computes possible Lake Sihl overflows and delivers forecasts of the
timing and discharge of the flood wave originating from the PREVAH sub-catchments,
combined to eventual water release from the Lake Sihl.

3 Model evaluation from three perspectives

A major issue faced by this study was the under-sampling due to the low number of se-
vere events. A comparison between the duration of the reforecast period (~ 2.5 years)
and the return period of discharge events for which large driftwoods reach Zurich
(~30 years, 250 ms/s) suffices to illustrate that even a reforecast of several decades
would not present enough extreme events to build robust statistics. To cope with this
well known limitation in evaluation of HEPS, three complementary perspectives were
chosen.

First, HEPS skills to forecast low to high discharges were evaluated using several
metrics and graphical representations. Although these results cannot be directly ex-
trapolated for extreme discharges, it is argued that they can highlight those deficiencies
in the models chain that may also also affect extreme discharges forecasts. Second,
COSMO-7- and COSMO-LEPS-based forecasts for the two most intense events of the
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study period were analysed and compared. The insights provided by this case-by-case
analysis are limited because none of these events exceeded the first critical threshold
of 250m®/s. This makes assessing model’s performance for events endangering the
city of Zurich delicate. To overcome this, a third perspective was explored. Two sce-
narios with increased lake level were computed. They led to overspills of the Lake Sihl,
resulting in increased discharges in Zurich. These three approaches are described in
the next three sub-sections.

3.1 Evaluation of low to high discharge forecasts

For the evaluation of the year-round model performance, the Nash-Sutcliffe efficiency
NSE (Nash and Sutcliffe, 1970) and the volume error VOL (as formulated in Zappa and
Kan, 2007) were selected because they enable fast comparison with other studies due
to their widespread use in evaluation of hydrological models. The mean absolute error
MAE (Wilks, 2006) was also chosen as it is easily interpretable and enables the contri-
bution of some error sources within the forecast chain to be assessed quantitatively. As
these three indices are designed for deterministic forecasts, COSMO-LEPS forecasts
were reduced to their median to be evaluated. Note that a large part of the ensemble
information is thereby disregarded and hence theses scores do not capture the infor-
mation content of the full ensemble. Attention was focused on the level of the Lake Sihl
and on the Sihl discharge in Zurich, as these two variables are of most interest for the
end-users.

For the VOL computation, hourly values were used. In contrast, for NSE, MAE and all
the scores discussed below, evaluations were based on observed and simulated daily
maxima. Different lead times from 1 day (1-24 h) to 5 days (97—120h), referred to as
LT1 to LT5 subsequently, were considered. For COSMO-7, LT1 to LT3 were assessed
while for COSMO-LEPS, LT1 to LT5 were evaluated to take into account the models’
respective time horizons.

Different discharge thresholds were considered (Table 1). They consist of the 75th,
90th and 99th quantiles of the daily maximum distribution estimated from records of

725

HESSD
8, 715-761, 2011

An operational HEPS
for the city of Zurich:
skill, case studies
and scenarios

N. Addor et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/715/2011/hessd-8-715-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/715/2011/hessd-8-715-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

hourly measurements from 1974 to 2007 in Zurich. They represent a trade-off between
low thresholds (e.g. the average discharge) and very high thresholds (e.g. associated
with a return period of 100 years or more). The former would lead to an evaluation
largely irrelevant for flood forecasting purposes and the latter to weak statistics, given
the duration of the present reforecast.

To compare the performance of deterministic and probabilistic forecasts, the Brier
skill score (BSS) was chosen (e.g. Wilks, 2006). This skill score has the advantage
that it can be applied to both deterministic and probabilistic forecasts, without requiring
the transformation of a probability forecast into a deterministic one (e.g. by considering
the median only). It corresponds to a ranked probability skill score (RPSS, Wilks,
2006) for a single threshold, and hence allows for the individual evaluation of several
discharge thresholds. BSS is based on the Brier score (BS), which can be seen as a
mean squared error of probabilities, and reads:

BS = 13 (04 - Yo (1)
d=1

where n is the number of days of the reforecast. o4 (resp. y4) indicates whether the daily
maximum of the observation (resp. of COSMO-7) exceeded the threshold considered
(1 =yes, 0=no). For the probabilistic COSMO-LEPS, y, is the probability of exceed-
ing this threshold. In this study, such probabilities were computed as the number of
ensemble members exceeding the threshold divided by the total number of members
(16, i.e. ensemble members were not weighted). Forecasts show a null BS if they are
perfect and a positive BS otherwise. The combination of the obtained BS with the BS
of a climatology forecast (BS,¢) and of a perfect forecast (BS,; = 0) yields

BS
BSref .

A BSS of 1 designates perfect forecasts, while positive BSS correspond to forecasts
with more skill than the reference. As we are interested in investigating the actual
726

BSS = 1

()

HESSD
8, 715-761, 2011

An operational HEPS
for the city of Zurich:
skill, case studies
and scenarios

N. Addor et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/715/2011/hessd-8-715-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/715/2011/hessd-8-715-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

and not the potential model performance, the negative BSS bias associated with small
ensemble size was not removed (Weigel et al., 2007). To evaluate the influence of the
limited number of high intensity events on BSS, confidence intervals were derived by
bootstrapping. 500 random samples of 940 daily maxima pairs of forecast-observations
were drawn with replacement from the 940 days of the study period. The BSS was then
computed for each bootstrap sample, enabling an estimation of a confidence interval
formed by the 5% and 95% quantiles.

When using a probability forecast, a common way to decide whether or not to issue a
warning is based on thresholds exceedance. This requires the definition of a probability
threshold P (e.g. 60%) and a weather or hydrological threshold Q (e.g. a discharge
of 250 m%/s in Zurich). If the forecast probability to exceed Q@ is greater than P, a
decision to implement protection measures may be taken. A challenge here consists in
finding a balance between a risk-adverse strategy (e.g. a low P might frequently lead
to unnecessary preventive measures) and a risk-friendly strategy (e.g. a high P might
lead to missing an extreme event). This dilemma is illustrated by the variation in the hit
rate H and false alarm rate F (Egs. 3 and 4) with P as summarized by relative operating
characteristics curves (ROC, Mason, 1982).

h hits

H = = , 3
h+m observed events ®)

f false alarms
f +c non-events’

(4)

where h is the number of hits, m the number of misses, f the number of false alarms
and ¢ the number of correct rejections during the study period. h, m, f and ¢ are
defined using a contingency table (e.g. Zhu et al., 2002).

In forecasting of extreme events, false alarms are considerably less frequent than
correct rejections, as highlighted by the well known Finley case for evaluating tornadoes
(Murphy, 1996). Therefore, even false alarm prone systems can benefit from a low F.
In contrast, the false alarm ratio FAR (Eq. 5) does not reward correct rejections, and
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hence can be considered as a more informative metric on the frequency of false alarms
for severe events (Ambuhl, 2010). FAR was therefore preferred to F in this study to
produce ROC.

f false alarms

FAR = =
f+h forecast events

(5)

HREF and COSMO-7 forecasts were considered as binary forecasts (i.e. ex-
ceedance or not of the discharge threshold by the daily maximum) to compute cor-
responding H and FAR.

Reliability diagrams enable in particular the assessment of model reliability, i.e. of
the correspondence between the forecast probability and the observed relative fre-
quency (e.g. Wilks, 2006). The diagram associated with reliable forecasts follows the
plot diagonal.

Rank diagrams show the rank of OBS (resp. of HREF) within the ensemble members
(Anderson, 1996). They highlight whether the consistency condition is met, i.e. whether
the ensemble includes OBS (resp. HREF) being predicted as an equiprobable member.
If it does, the rank histogram has an uniform distribution. Other histogram shapes
indicate over- or underdispersion tendencies and model biases (see Wilks, 2006, for
examples).

3.2 \Visualisation of case studies using continuous persistence plots

For the evaluation of the forecasts for the two most intense events of the study period,
a novel representation of probabilistic forecasts is proposed. Similarly to persistence
plots (e.g. Thielen et al., 2009b), this new type of plot shows how the predictions of a
given event evolve over time, by displaying the outputs from several model runs on the
same graph.

However, while for each realisation of the model, persistence plots usually display
one forecast threshold exceedance per day of forecast, hourly values of selected quan-
tiles are depicted by these plots. In this article, the ensemble minimum and maximum,
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as well as the 25% and the 75% quantiles, were chosen. We argue that this kind
of plot enables a finer and more quantitative comparison of the model runs because
(1) it is based on hourly instead of daily values and (2) the four quantiles chosen are
considered to reflect with more details the PDF of the HEPS output than threshold
exceedances information.

For readability reasons, only a selection of lead times are shown and transparent
colors are used to depict the inter-quartile ranges (IQR). We acknowledge that the in-
terpretation of such a graphical representation might require an adaptation time. While
we believe that traditional persistence plots are an efficient way to provide a global
overview of the situation in a first place, we found these “continuous persistence plots”
useful to obtain complementary and deeper insights into the forecasts, for operational
work and verification exercises as in this paper.

3.3 Use of scenarios

Under normal conditions, the areas upstream and downstream of the Sihl Lake dam
can be considered as uncoupled. About 88% of the inflows to Lake Sihl are used for
energy production and released directly into Lake Zurich (Fig. 1). Only weak water
amounts are necessary to guarantee the residual water discharge in the downstream
part of the basin, as required by the Swiss environmental law. However, during heavy
precipitation events, the application of the dam emergency regulation may result in sig-
nificant water releases into the Sihl. In such situations, the catchment area upstream
of the dam contributes greatly to the discharge in Zurich. To explore the consequences
of coupling the upstream and downstream areas of the catchment during an extreme
event, scenarios were considered. For the two discharge events investigated using
continuous persistence plots, the lake balance and the hydraulic model were initialised
using an artificially increased Lake Sihl level. For each event, two simulations were
started: one forced by interpolated observed meteorological data (HREF-SCEN) and
one using the COSMO-LEPS forecast initiated about one day before the peak dis-
charge observed in Zurich (CLEPS-SCEN).
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4 Results and discussion
41 Scores

For the Lake Sihl level, COSMO-LEPS and COSMO-7 forecasts show almost equal
scores for the shortest lead time (LT1), but performance differences in favor of COSMO-
LEPS increase with the time horizon (Table 2). In particular, the COSMO-LEPS LT5
median shows an equally elevated Nash Sutcliffe efficiency value as the COSMO-7 LT3
forecasts. The COSMO-LEPS median is also associated with slightly better results in
terms of MAE, but this should not draw off the attention from both models relatively
high amplitude of the absolute error which is as high as several centimeters and even
reaches 15.9cm for the COSMO-LEPS LT5 median. A non-negligible error source
for the Lake Sihl forecasts stems from uncertainty in the hydropower production. At
present, estimates of hydropower production derived from multiple regressions of re-
cent records are used, as the planned hydropower production is confidential and not
disclosed. These estimations present an absolute error reaching on average half of
the forecast absolute error. Substantial forecast improvements could be achieved if the
planned hydropower production could be integrated in real-time model operations.

For forecasts of the Sihl discharge in Zurich, the added-value conveyed by the prob-
ability information can be appreciated by comparing the COSMO-LEPS median to the
COSMO-7 NSE and MAE (Table 3). For these two scores, using the COSMO-LEPS
median instead of the COSMO-7 forecast correspond to a performance gain of 1 to
2 days lead time (COSMO-LEPS LT3 and LT5 are equivalent or better than COSMO-
7 LT2 and LT3, respectively). MAE amplitude could be reduced by tuning PREVAH to
simulate low flows better. This however would probably be at the expense of the flood
forecasting performance (Viviroli et al., 2009c). Positive VOL values indicate a dis-
charge overestimation for both atmospheric models and all lead times, as discussed
hereafter. For the metrics considered, the overall performance of the COSMO-LEPS
median is better than that of COSMO-7.
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Some key forecasts characteristics are summarized by BSS variations with lead time
and discharge threshold (Fig. 4):

— the COSMO-LEPS scores are higher than those achieved forcing PREVAH with
COSMO-7 forecasts. This is valid for all lead times and thresholds, and consti-
tutes a quantitative proof of the benefits of running a probability model for the Sihl
catchment;

— as expected, BSS reflects the difficulty of correctly forecasting intense events and
the decline in weather predictability with increasing lead time. This is depicted by
better scores for lower discharge thresholds and generally decreasing values for
longer lead times;

— the decrease in performance is faster for COSMO-7 than for COSMO-LEPS,
i.e. the “loss of BSS per day of lead time” is smaller for COSMO-LEPS than for
COSMO-7. This appears, for instance, clearly for the threshold Q0.9. It could
indicate a the greater robustness of mid-term probabilistic forecasts thanks to the
sampling of the initial atmospheric uncertainties;

— the mid-term forecasts (LT3 to LT5) for the Q0.9 and Q0.99 thresholds have little
skill, and sometimes no skill. This reflects the limited predictability of high dis-
charge events in the small Sihl catchment with the currently available forecasting
chain;

— the size of the error bars underlines that the uncertainty in evaluating model per-
formance increases significantly with event intensity. This emphasizes under-
sampling resulting from the rarity of extreme events.

4.2 Rank histograms

Rank histograms depicting the OBS rank for all days of the time series show overpop-

ulation of the lowest bin (first column in Fig. 5). This denotes recurrent discharge over-

estimation in Zurich, although this tendency is slightly dampened by increasing lead
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times. When the HREF rank is depicted (second column), rank uniformity is improved.
This suggests that the overestimation originates at least partially from the hydrological
model, and affects HREF and COSMO-LEPS forecasts similarly.

When HREF is considered instead of OBS, the histograms switch from an “L-shape”
to a “W-shape” (LT1) or a “U-shape” (LT3 and, to a lesser extent, LT5). The population
of the two extreme ranks is higher than average which indicates that the COSMO-LEPS
atmospheric ensemble tends to be underdispersed. As the ensemble spread usually
increases with lead time, less underdispersion is found for LT4 and LT5. There seems
to be several reasons for this underdispersion. In particular, the ensemble is coerced
by the deterministic initial conditions, so that the spread for the first few hours of the
forecast is too narrow. This overconfidence for short-term forecasts is also due to the
ECMWF EPS setup, which maximizes the growth of the perturbation total energy in
the first 48 h of the forecast (Buizza and Palmer, 1995). As COSMO-LEPS relies on a
combination of the two youngest EPS runs (Marsigli et al., 2005), its spread probably
needs around two days to develop and reflect atmospheric uncertainty. But it does not
explain why underdispersion is still pronounced in LT3 forecasts. The histograms of
HREF rank hence show that the corresponding COSMO-LEPS atmospheric forecasts
are overall underdispersed. Thus, Marsigli et al. (2008) found that the percentage of
outliers for 66-h COSMO-LEPS precipitation forecasts is around twice as high as the
theoretical percentage. An overconfidence of COSMO-LEPS-based flow forecasts has
been also reported by Renner et al. (2009).

The “W-shape” of the histogram depicting the HREF rank for LT1 can be explained
as follows. The comparatively high population of rank 9 is due to the initialization
of the ensemble using HREF. If the initialization discharge is the highest discharge
of the day for HREF and the 16 members, these 17 simulations will show the same
daily maximum. This results in the value 9 (the mean rank among 17 elements) being
assigned as the HREF rank. It does not reflect ensemble overdispersion but results
from the model setup. It disappears for lead times exceeding 1 day.
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To focus on events of more interest from a flood perspective, only forecasts for days
with maximum discharge higher than a selected threshold are considered. However,
note that the higher the threshold, the greater the under-sampling. When a threshold
selection is applied, the histograms showing OBS rank lose their “L-shape”. This sug-
gests that low and middle discharges are overestimated and that such overestimation
is probably due to calibration of the hydrological/hydraulic model setup. This may help
to explain the VOL observed earlier (Table 3).

The third column (observed discharges exceeding Q0.9) in Fig. 5 indicates frequent
underdispersion for LT1 forecasts. For LT3 and LT5, the ensemble members tend to
underestimate the intensity of larger events, as illustrated by high ranks being more
populated than the low ranks (underforecasting bias). This tendency is also reflected
in the histograms of the fourth column (observed discharge exceeding Q0.99). This
implies that the discharges of the most intense events during the study period were
associated with relatively low probabilities three to five days before their occurrence.
Although this may hinder the effective anticipation of high discharges, more intense
events might show earlier warning signs (e.g. Jaun et al., 2008; Thielen et al., 2009b).

For the forecasts of the Lake Sihl level, the two extreme ranks of the histograms
are overpopulated for all lead times (not shown). This means that the atmospheric
uncertainty, as propagated by HEPS, underestimates the full system uncertainty. In
particular, approximations of the hydropower production with multiple regressions rep-
resents a large error source, but are not represented by the ensemble spread.

4.3 ROC

ROC indicate that forecast skills in terms of H and FAR decrease with lead time for
COSMO-LEPS and COSMO-7 (Fig. 6). Given the comparatively good scores of HREF,
this emphasizes that correct atmospheric forecasts are essential for trustworthy dis-
charge forecasts. The diamonds referring to COSMO-7 are located close to COSMO-
LEPS ROC for the same lead times, which suggests comparable performance. How-
ever, probabilistic forecasts allow end-users to optimize the choice of their warning
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thresholds according to their economic profile (e.g. Roulin, 2007), which is not possible
when using deterministic forecasts.

By increasing the discharge threshold from 0.75 to 0.9, a performance decrease
for all lead times and both models is observed. The scores for the threshold Q0.99 are
not shown because of their very high sampling uncertainty. For the Q0.90 threshold,
LT2 to LT5 forecasts frequently produce false alarms, which account for roughly 50 to
70% of the warnings. Although end-users are usually more concerned about missed
events than by false alarms, these high FAR should be not neglected or trivialized.
Unnecessary preventive drawdowns represent significant monetary losses for the dam
operators, and successive false alarms could undermine end-users’ confidence in the
flood forecasting system. The almost vertical inclination of these COSMO-LEPS ROC
implies that increasing the probability threshold barely reduces this FAR, but largely
penalises the forecasts in terms of H. For the probability threshold 50% (indicated by
the central circle on the ROC), mid-term (LT3 to LT5) forecasts perform poorly when
capturing observed events (H ~ 0.35).

4.4 Reliability diagrams

It was not possible to consider the forecast reliability for each probability threshold
because of the limited number of events (see the small effective shown by the sub-
plots in Fig. 7 and the important dispersion of the circles). Instead, we tried to capture
the dominant tendency using linear regressions. Regression lines for all lead times
and both thresholds are mostly located under the diagonal of the plots, with a slope
lower than 1. This denotes overforecasting (forecast probability overestimation), which
seems to be more accentuated for Q0.9 than for Q0.75. As a consequence, caution is
required when using raw model outputs to assess flood risk in its most basic definition
(“probability times consequence”) as it might to lead to biased (overestimated) risk
estimates for the Sihl catchment.

Discharge overestimation is also indicated by the VOL values presented in Table 3
and by the high FAR shown in Fig. 6. It is probably not solely due to uncertainty in
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assigning calibrated parameter values to PREVAH, but is thought to stem also from
COSMO-LEPS’ tendency to overforecast precipitation (Marsigli et al., 2008). This bias
in precipitation forecasts can be reduced consistently if reforecast techniques (Fundel
et al., 2010) are adopted to calibrate the forecasts. Although some experience exists
at the European scale (Thielen et al., 2009b), the influence of this bias on the reliability
of discharge forecasts still needs to be assessed.

4.5 Insights from the event on 8 August 2007

For both the events chosen, precipitation forecasts were compared to hourly rainfall,
measured by the stations shown in Fig. 1. The data were analysed using continuous
persistence plots. Theses figures are not included in this paper, but some of the find-
ings are enumerated here in order to better understand the impact of precipitation fore-
casts on the predicted discharge. Two intense precipitation events on 8 August 2007
triggered the generation of two distinct peak flow events (Fig. 8). A first peak discharge
in Zurich was recorded at 09:00UTC and a second at 23:00 UTC (229 m®/s, return
period of ~18 years). The first phase of intense precipitation peak was missed by
COSMO-LEPS and COSMO-7 for all time horizons. Both models performed better in
forecasting the second precipitation peak, although they underestimated it for all lead
times.

The COSMO-LEPS hydrological forecasts for the day of the event (LT1) showed
underdispersion and its spread did not envelope the two discharge peaks (Fig. 8a).
The peaks were exceeded by the daily maxima of a single member of the LT2 fore-
cast, indicating an underestimation of the observed peak discharge by most ensemble
members. The LT3 forecast missed both peaks. On 9 August, model initialization us-
ing HREF (very close to the observed value) explained the good performance of the
LT1 forecast. The LT2 and the LT3 forecasts showed higher discharges on 9 August
than on the day of the event, but remained overall lower than the observed maximum.
COSMO-7 hydrological forecasts also reflected the rather conservative precipitation
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forecasts and are disappointing. The first peak amplitude has been underestimated by
at least a factor 3 and the second by at least a factor 2 for all time horizons (Fig. 8b).

The poor hydrological forecasts of this event can be mainly attributed to the atmo-
spheric components of the models chain. This is confirmed by the satisfying agreement
between OBS and the HREF run, which captured the timing and the magnitude of both
peaks correctly.

4.6 Insights from the event on 15 August 2008

The Sihl discharge in Zurich reached 136 m>/s at 18:00UTC on 15 August 2008 (return
period of ~3 years). The correspondence between the COSMO-LEPS precipitation
forecasts for 15 August and the observed rainfall increased when going from LT3 to
LT1. The forecast initiated the day of the event provided a good approximation of the
24 h cumulated rainfall. However, all forecasts suffered from a rainfall overestimation in
the morning. The COSMO-7 cumulated precipitation amounts were lower for LT1 than
for antecedent forecasts (LT2 and LT3). Observed amounts were underestimated for
the afternoon when the main precipitation event was recorded.

COSMO-LEPS’ forecasts of the Sihl discharge increased too early on 15 August
(Fig. 9a) because of the precipitation overestimation for the morning. For all the de-
picted quantiles, the peak discharge gradually increased with decreasing lead times.
The forecast initiated at 00:00 UTC on 15 August nicely enveloped the amplitude of the
peak discharge, although the observed discharge increase was steeper and occurred a
few hours later than forecast. The COSMO-7 forecast with best correspondence to the
observed hydrograph is LT3 (Fig. 9b). For this event, COSMO-7 forecasts worsened
with decreasing lead time and were clearly outperformed the probabilistic forecasts.

The observed peak discharge amplitude on 15 August 2008 was well captured by
HREF, although it was simulated a few hours too late.
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4.7 Scenarios

Given the satisfying correspondence between HREF and the observed discharge
for the two analysed events (Figs. 8 and 9), HREF-SCEN is assumed to approxi-
mate the discharge that would have been observed if the level of Lake Sihl was of
889.00 ma.s.l. when forecasts were initialized.

In the case of the August 2007 event, the operation limit of the dam (889.34 ma.s.l.)
was exceeded by HREF-SCEN for 52 h (Fig. 10). This caused an emergency water
release into the Sihl, coupled with a dam overflow whose peak reached 180% of the
observed peak discharge at the outlet of the dam (river gauge Schlagen, see Fig. 1).
The first inflow peak from the Lake Sihl catchment caused a sharp lake level increase,
but most water was retained by the dam. This is indicated by the comparatively low re-
sulting HREF-SCEN discharge at the dam outlet. However, it caused Lake Sihl to reach
and exceed the dam operation limit. As a consequence, most of the inflow generated
during the second rainfall-runoff event was released into the Sihl. This is supported
by the close match between the curves depicting HREF-SCEN discharge in Schlagen
and the sum of the Lake Sihl inflows. The peak discharge of the emergency release
into the Sihl occurred two hours before the peak observed in Zurich. As the travel time
from the dam to Zurich is around three hours for high discharges (Schwanbeck et al.,
2007), this release accentuated the observed peak in Zurich. Hence, a situation like
HREF-SCEN in August 2007 could have led to a peak runoff of about 325 m>/s. Such
a runoff would have probably caused the flooding of the construction site and large
damage to the city of Zurich.

As the forecast evaluation would let us expect, this peak discharge was heavily un-
derestimated by CLEPS-SCEN, principally as a result of the propagation of the precip-
itation underestimation by COSMO-LEPS (see Sect. 4.5). It caused the lake level to
be underestimated, which biased the water release in Schlagen and led to an overly
conservative forecast for the Sihl discharge in Zurich. It is probable that if only this
forecast for the Sihl discharge in Zurich had been considered, no preventive action
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would have been taken, although it would have been clearly necessary. CLEPS-SCEN
did, however, indicate that an exceedance of the dam operation limit and an emer-
gency water release into the Sihl were very probable. In such a situation, producing
hydroelectricity at maximum capacity can help to reduce damage by generating addi-
tional storage capacity within the reservoir. On 7 August, the daily average discharge
for hydroelectricity production was of 6.33 m?/s, well below the maximum capacity of
26 m°>/s. Similarly, proceeding to a controlled lake drawdown before the event can also
increase the reservoir storage capacity. This action can moreover decrease the risk
of superposition of the peak discharge caused by a defavourable forced water release
in Schlagen, with the peak generated in the downstream part of the basin. These two
mitigation measures could probably have been implemented successfully on the basis
of this still imperfect CLEPS-SCEN forecast.

In the case of August 2008 event (Fig. 11), the lake level simulated by HREF-SCEN
exceeded the dam operation limit by 14 cm at its maximum. The peak discharge re-
leased into the Sihl was 107 m®/s greater than the observation, and took place when
the total Lake Sihl inflows were close to their maximum and almost fully released into
the Sihl. Although CLEPS-SCEN forecast the maximum lake level and the peak dis-
charge in Schlagen around four hours too early, it captured their amplitude correctly.
HREF-SCEN peak discharge in Schlagen occurred around eight hours after the ob-
served peak in Zurich. Hence, the two wave peaks were delayed and did not super-
impose. HREF-SCEN peak discharge in Zurich (238 m3/s) was higher than the ob-
servation (136 m3/s), but probably would have not caused more serious damage than
driftwood. Nevertheless, as seven members of CLEPS-SCEN exceeded 300 m3/s, a
preventive lake drawdown would probably have been chosen on the basis of this hy-
pothetical CLEPS-SCEN forecast. It can in this case be argued that CLEPS-SCEN
correctly reflected the flooding risk in Zurich, and that it justified the costs of a preven-
tive drawdown.
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4.8 Challenges in decision-making based on hydrometeorological forecasts

The first scenario illustrates how dam overflow can cause serious damage in Zurich
and emphasizes the importance of timely controlled water release into the Sihl and
modulated hydropower production to reduce the flood risk. Concretely, this implies de-
termining how much and when water should be released to minimize water losses and
protecting Zurich. A new module is currently being developed. It consists of an online
interface where decision makers can prescribe several drawdown regimes. Re-running
the hydraulic model then enables consequences of these scenarios on the peak runoff
forecast to be compared. As new atmospheric forecasts become available, the chosen
drawdown strategy can be re-evaluated and if necessary adjusted. This adaptive pol-
icy should help to manage uncertainties and to contribute to the minimization of water
losses for the dam operators and to the reduction of flood damage.

Several studies made use of the cost-loss ratio method to interpret the quality of
atmospheric and hydrologic ensemble forecasts in terms of forecast value (Richard-
son, 2000; Roulin, 2007). This method is a static and probably too simplistic to pro-
vide efficient guidance for a situation like the Sihl catchment, which involves several
stakeholders with divergent interests, as well as several interrelated mitigation actions.
Multi-purpose dam-management, for example based on dynamic programming, could
be envisaged to circumvent these limitations (e.g. Faber and Stedinger, 2001; Yao and
Georgakakos, 2001; Turgeon, 2005).

Improvements of the system towards decision support might focus on quantitatively
assessing whether taking the risk of performing an unnecessary drawdown is justified
by an even higher risk of flooding in Zurich. This would require at least two cost-loss
functions: one relating the flooding damage in Zurich to the Sihl discharge and one
expressing the costs likely to be incurred by the dam operators (losses in energy pro-
duction) if water is released into the Sihl. The probabilistic hydrological forecasts could
be used as input for these two functions to quantify risk. This procedure still presents
at least two difficulties for the present case study. First, the reliability diagrams point
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towards a possible overforecasting of the discharge in Zurich. Moreover, too few events
are available to assess whether forecasts for extreme discharges are reliable or not.
Hence, it seems risky to use raw ensemble output as probabilities. Post-processing of
the forecasts before combining them with economic data (e.g. via Bayesian calibration,
Reggiani et al., 2009; Raftery et al., 2005) is probably a necessary step towards reli-
able risk assessment. Second, a quantitative risk estimate and a cost-benefits analysis
of the system require the determination of several cost-loss functions for the Sihl catch-
ment. Estimations of flood costs in the city of Zurich are underway and will be available
at the earliest in 2011. Until then, only orders of magnitude will be available. It is at
present unclear whether precise and accurate risk assessment is necessary for flood
mitigation in the Sihl catchment or if robust protection measures can be implemented
without reliable models and rather approximate economic information (Dessai et al.,
2009).

5 Conclusions and outlook

This study reveals that probability information can be efficiently used by the models
chain and delivers useful support for flood mitigation in the Sihl catchment. Multiple
deterministic and probabilistic metrics, as well as graphical representations, have been
used to evaluate the model chain. The performance of the hydrologic ensemble pre-
diction system is better and decreases less rapidly with lead time than for deterministic
forecasts. However, the spread of the weather forecasts is often too low. The hydrolog-
ical and hydraulic models appear overall to perform well in capturing the amplitude and
the timing of the observed peak discharges. The largest source of forecast uncertainty
stems from the difficulty of accurately forecasting the intensity, location and timing of in-
tense precipitation events in the relatively small-scale Sihl catchment. Although caution
is required because of under-sampling, this seems to limit the ability of mid-term fore-
casts to confidently and reliably capture observed intense peak discharges. Therefore,
although probabilistic forecasts do convey added-value in comparison to deterministic
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ones, precipitation forecasts must be improved to guarantee sufficiently early flood pre-
dictions in the Sihl catchment.

The reliability diagrams and false alarm ratios suggest that medium to high dis-
charges tend to be overforecast. This might as well affect extreme discharge forecasts
and impede reliable assessment of flood risk. Furthermore, the first high discharge
scenario showed that uncontrolled water releases into the Sihl could lead to dramatic
damage in Zurich. This advocates for development of a dedicated system to support
efficiently decision-making based on hydrological forecasts. Correct streamflow fore-
casts may not be sufficient for efficient flood mitigation if they are not accompanied by
a dedicated tool to compare multiple mitigation actions.

Possible future developments include using calibrated COSMO-LEPS rainfall fore-
casts (Fundel et al., 2010) to drive the hydrological and hydraulic model. As calibration
improves the reliability of precipitation forecasts, it might be beneficial for discharge
forecasts as well. Possible combinations of ensemble forecasts with deterministic fore-
casts (seamless predictions) will also be explored (e.g. Dietrich et al., 2008). COSMO-7
and COSMO2 being more frequently updated than COSMO-LEPS, this could provide
time-lagged ensembles of discharge predictions (e.g. Zappa et al., 2008). Such a
multi-model approach would give more weight to uncertainties stemming from the for-
mulation of atmospheric models.

This study illustrated the challenge that represent the interpretation and communi-
cation of probabilistic forecasts, and their efficient use for decision-making (Demeritt
et al., 2007; Bruen et al., 2010). We would like to remember that the framework of
this study is a real-life case and not purely experimental. There is a real panel of
experts consisting of hydrologists and stakeholders, with the delicate task of making
decisions by interpreting the outputs of high-end but nevertheless imperfect models
(Badoux et al., 2010). Further real-time experience in dealing with such uncertainties
should be gained by the end of the construction of the new railway station below the
Sihl River.
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Table 1. Thresholds for the Sihl discharge in Zurich considered for models evaluation.

Quantile Discharge (m®/s) Average frequency

Q0.75 75th 9.1 Every four days

Q0.9 90th 21.18 Three times a month

Q0.99 99th 73.13 ~ every three months
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Table 2. Nash Sutcliffe efficiency NSE (-) and mean absolute error MAE (cm) for the daily
maximum of the Lake Sihl level. HREF reflects the skill of the hydrological/hydraulic part of
the models chain. Forecasts based on COSMO-LEPS median (CLm) and COSMO-7 (C7) are

evaluated for lead times (LT) of 1 to 5, and 1 to 3 days, respectively.

HREF LT1 LT2 LT3 LT4 LT5

NSE CLm 0.84 065 0.65 058 0.52 0.46

NSE C7 ’ 0.64 0.56 0.46 - -

MAE CLm 17 24 59 9.2 125 159

MAE C7 ’ 24 63 101 - -
749
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Table 3. Nash Sutcliffe efficiency NSE (-), mean absolute error MAE (ms/s) and volume error
VOL (%) for the Sihl discharge in Zurich. The notation conventions are the same as in Table 2.

HREF LT1 LT2 LT3 LT4 LT5
NSE CLm 0.87 0.70 0.44 025 0.20 0.10
NSE C7 ) 055 020 -0.09 - -
MAE CLm 3 39 52 5.6 6 6.3
MAE C7 4.1 5.7 6.2 - -
VOL CLm 17 18 18 12 9 3
VOL C7 12 7 12 - -
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Fig. 2. The Sihl River flows beneath Zurich central railway station. Two of the five channels are
currently sealed to provide dry conditions for the construction site located under the river level.
The mean discharge on the day of the picture was 8.92 m®/s. Photo courtesy of A. Badoux,

WSL.
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Fig. 3. Flowchart of the prediction chain, illustrating in particular that probability (prob.) and de-
terministic (det.) atmospheric forecasts are used to force the hydrological model. The model’s
horizontal grid spacing is denoted by x and indicates that atmospheric forecasts are down-

scaled throughout the chain.
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Fig. 4. Brier skill scores (BSS) for COSMO-LEPS and COSMO-7 based forecasts for the
daily maximum Sihl discharge in Zurich. Scores for the discharge thresholds Q0.75, Q0.9 and
Q0.99 are shown from left to right. The circles exhibit the raw BSS, while the extremities of the
confidence intervals consist of the 5th and 95th quantiles derived by bootstrapping.
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Fig. 5. Rank histograms for the daily maximum Sihl discharge in Zurich. The rank of OBS
or HREF, within the 16 daily maxima forecast by the ensemble members, is depicted for lead
times of 1, 3 and 5 days. Histograms of the two first columns are based on the whole time
series. For the two last columns, only days with an observed discharge exceeding Q0.9 and
Q0.99, respectively, are included. Perfect rank uniformity is indicated by the horizontal dashed
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