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Abstract. The Sihl River flows through Zurich, Switzer- dependent on correct precipitation forecasts, as shown by
land’s most populated city, for which it represents the largestcomparisons with a reference run driven by observed meteo-
flood threat. To anticipate extreme discharge events and prarological parameters. Our evaluation stresses that the capac-
vide decision support in case of flood risk, a hydrometeo-ity of the model to provide confident and reliable mid-term
rological ensemble prediction system (HEPS) was launchegbrobability forecasts for high discharges is limited. The two
operationally in 2008. This model chain relies on limited- most intense events of the study period are investigated utilis-
area atmospheric forecasts provided by the deterministiéng a novel graphical representation of probability forecasts,
model COSMO-7 and the probabilistic model COSMO- and are used to generate high discharge scenarios. They
LEPS. These atmospheric forecasts are used to force a sentiighlight challenges for making decisions on the basis of hy-
distributed hydrological model (PREVAH), coupled to a hy- drological predictions, and indicate the need for a tool to be
draulic model (FLORIS). The resulting hydrological fore- used in addition to forecasts to compare the different miti-
casts are eventually communicated to the stakeholders ingation actions possible in the Sihl catchment. No definitive
volved in the Sihl discharge management. This fully oper-conclusion on the model chain capacity to forecast flooding
ational setting provides a real framework with which to com- events endangering the city of Zurich could be drawn be-
pare the potential of deterministic and probabilistic dischargecause of the under-sampling of extreme events. Further re-
forecasts for flood mitigation. search on the form of the reforecasts needed to infer on floods
To study the suitability of HEPS for small-scale basins andassociated to return periods of several decades, centuries, is
to quantify the added-value conveyed by the probability in-€encouraged.
formation, a reforecast was made for the period June 2007
to December 2009 for the Sihl catchment (336knSeveral
metrics support the conclusion that the performance gain cag
be of up to 2 days lead time for the catchment considered.
Brier skill scores show that overall COSMO-LEPS-based] 1 pecision-making based on atmospheric and
hydrological forecasts outperforms their COSMO-7-based hydrological forecasts
counterparts for all the lead times and event intensities con-
sidered. The small size of the Sihl catchment does not preTo effectively anticipate and mitigate weather-related im-
vent skillful discharge forecasts, but makes them particularlypacts, strategies that take into account climatological records
or meteorological forecasts have been developed in recent
decades. Scientific studies published in the 1960s-1970s al-
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decision-making situations (e.g. the reviewkstz and Mur- 250
phy, 1997. Novel opportunities and challenges were pro-
vided in the 1990s by the introduction of global atmospheric
ensemble prediction systems (EPS, &lglteni et al, 1996
and more recently by their downscaled limited-area deriva-
tives (e.g. COSMO-LEPSMarsigli et al, 2005. Ensembles 240
are composed of several members, starting from slightly per-
turbed initial conditions, and aim to reflect the predictabil-
ity of atmospheric conditions through the amount of spread N
among their members. Reliable EPS enable the estimation o
the probability of local weather events, and are expected to 230
deliver a more trustworthy basis for quantifying risk and pro-
viding early warnings than their deterministic counterparts.
Among othersRichardsor(2000 andzZhu et al.(2002 have
investigated their benefits in the domain of decision-making ,,, |
using a simple cost-loss ratio decision model. They reported
that, in comparison with deterministic forecasts, probabilistic
forecasts offer an added-value for a wider range of end-users
and present a higher economic value for the majority of end- o ri5rgaugs
users and lead-times. However, the ability of the standard210 - [ basin downstream
two-action, two-event cost-loss ratio scheme to effectively Sithogam (180 K1)
assist with real decision-making situations is disputed (e.g. [ basin of Lake Sihl (156 km?)
Murphy, 1985. T T T T
When coupled to a hydrological model, an EPS forms 680 690 700 X[km] 710
a hydrological ensemble prediction system (HEPS). HEPS
have developed rapidly in the last few years (see the review9- _1. Map of the Sihl catchment. T_he nine sub-ca_tchments (in-
by Cloke and Pappenberg@009. They have been adopted _cludlng _the one formed by the Lake Sihl) and the avallablt_e measur-
by several flood forecast centres and are, for example, rou|_ng stations are shown. Courtesy of J. Schwanbeck, University of
tinely run by the European Flood Alert System (EFAS) of the Bern.
European Commission Joint Research Cerittéglen et al.

20093. An evaluation of two years of EFAS forecasts for jaun et al(2008 highlighted that forecast uncertainty, as re-
Europe suggests the results are promising, especially wheflected by ensemble dispersion, provides additional guidance
accounting for forecast persisten@a(tholmes et a]2009.  jn comparison to deterministic forecasts. This is in particu-
On a smaller scale, the Swiss Federal Office for the Envi-|gy supported by higher Brier skill score¥elazquez et al.
ronment (FOEN) Operationally runs deterministic and proba-(zoog Compared, for a rainfall event in QuebeC, the con-
bilistic hydrOIOQical forecasts for the Swiss part of the Rhine tinuous ranked probab|||ty score of a hydro|ogica| ensemble
basin Zappa et al.2008. In the framework of the Mesoscale ith the absolute error of a deterministic forecast and con-
Alpine Programme (MAP), a demonstration of probabilistic c|yded that the probability information led to a performance
hydrological and atmospheric simulation of flood events ingain. First attempts to evaluate probabilistic discharge fore-
the Alpine region (D-PHASE) was performed. The feasi- casts from an economic perspecti®o(lin, 2007 relied on
bility of a real-time hydrological forecast system that com- 3 cost-loss ratio-based decision model and showed that hy-
bines radar-based, high-resolution and ensemble hydrologigrological ensemble predictions have greater skills than de-
cal forecasts was shown, and examples illustrating the usegrministic onesLaio and Tame#&2007) proposed new tools
fulness of the probability information were providetappa  for economic evaluation of probability discharge forecasts,
et al, 2008 Rotach et al.2009. End-user feedback has so put emphasize that the choice of the therefore necessary cost-
far been positive. loss functions is subjective and may be disputBeggiani
Considerable efforts have been made to demonstrate angk a1. (2009 suggested a stirring approach consisting of the

quantify the added-value provided by HEPS, as illustratedcombination of calibrated probabilistic forecasts to cost-loss
by the following examplesMerbunt et al.(2007) analysed  fynctions to estimate economic risk.

qualitatively two severe discharge events, in the upper Rhine

basin and in central Europe. These were missed by determint.2  Discharge monitoring and flood mitigation in the

istic runoff predictions but adequately forecast by probabilis- Sihl catchment

tic models. The authors report good probabilistic forecast

guidance up to 48 h lead time for the two investigated casesThe Sihl catchment originates in the Swiss Alps (Rigand

For the August 2005 flood event in the upper Rhine basindrains basins which are particularly prone to flash floods.
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Fig. 2. The Sihl River flows beneath Zurich central railway station. Two of the five channels are sealed to provide dry conditions for the
construction site located under the river level. The mean discharge on the day of the picture wasss. B2Rhoto courtesy of A. Badoux,
WSL.

During wintertime snow accumulates in the headwatersthe river bed its full capacity. This would result in the in-
while snow melt governs runoff generation in late spring andundation of the construction site, but it would reduce the
early summer. The Sihl River flows through Zurich, Switzer- risk of flooding the areas around the Zurich main railway
land’s largest city. Shortly before joining the Limmat River, station. To improve decision support for the panel of ex-
the Sihl flows beneath the main railway station of Zurich perts, the Swiss Federal Institute for Forest, Snow and Land-
(Fig. 2) located in the city centre. scape Research (WSL) was mandated to implement an en-

Although this area was comparatively little affected by the semble flood forecasting system. This constitutes the corner
devastating floods of August 200Bézzola and Hegg@007, stone of this study. More details on the Sihl catchment, the
2008 Jaun et a].2008, they prompted a series of studies as- flood-warning procedures and the mitigation measures can
sessing the flood risk of the catchmeBthwanbeck et gl.  be found inBadoux et al(2010.

2007. Floods are especially threatening during the con- The evaluation of the socio-economic consequences of
struction period of a new underground railway station, lo- floods and the investigation of protection measures were per-
cated below the Sihl River be@&fuen et al.2010. The Sihl formed via collaboration with the stakeholders concerned by
passes through the construction site by five culverts, two othe management of the Sihl discharge. They include (1) the
which are sealed alternately for the duration of the projectDepartment of Waste, Water, Energy and Air of Canton
(2008-2011, Fig2). This provides dry construction areas, Zurich in charge of protection against floods, (2) the oper-
but therefore reduces the section available for the river byators of the Sihl reservoir, (3) the consortium in charge of the
around 40 %. construction of the railway station located beneath the Sihl

To cope with the resulting increased flood risk, the Depart-bed, (4) the engineers responsible of the present flood warn-
ment of Waste, Water, Energy and Air (AWEL) of Canton ing system and emergency plan and (5) the company insuring
Zurich requested the Swiss Federal Railway (SBB) to organthe construction site against flood damage.
ise a panel of experts. This panel is in charge of monitoring Discussions with the stakeholders helped us understand
the Sihl discharge, of representing the interests of the stakethe challenges inherent to the Sihl discharge management.
holders concerned by the river, and of setting up an emerkor instance, as we visited the construction site of the rail-
gency procedure to mitigate flooding events. A first mitiga- way station, the head of the works confided us that he “would
tion measure is the preventive controlled water release (drawhave slept more peacefully” if the level of the Lake Sihl had
down) from the Lake Sihl, which collects the waters from a been a few meters lower during the building period. As we
156 kn? large headwater. This reservoir is operated by a pri-mentioned that to the operators of the dam, we were told that,
vate company for hydropower production. The water usedn contrast, they would have probably slept better if the lake
therefore is not released into the Sihl River, but is divertedlevel had been a few meters higher. Despite this expected di-
through a penstock to a hydropower station and flows intovergence, both parties agreed that “win-win” situations could
the Lake Zurich (Figl). In contrast, for a preventive draw- be found. In particular, for a high lake level, hydropower pro-
down, three gates located at the top of the dam are graduallgluction before a heavy precipitation event can decrease both
lowered and water is directly released into the Sihl River, the water losses for the dam operators and the risk of flooding
without passing through the power plant, i.e. without pro- in Zurich.
ducing electrical energy. The water is thus lost from the point  All the stakeholders showed interest in a system to support
of view of the dam operators, but it enables to increase thelecision-making in the Sihl catchment based on the forecasts
buffering capacity of the lake. Secondly, should the Sihl dis-corresponding to their needs, and which would account for
charge exceed 300181, the gates sealing the two chan- their individual profiles (e.g. for their respective economic
nels beneath the main railway station can be opened, givingisks and room to manoeuvre in case of flood risk). In this
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study, we provide an overview of the form that such a sys- This paper also explores how flood mitigation measures
tem could take and of the information that would therefore could be triggered on the basis of the presented streamflow

be required. forecasts. The operational setting of the Sihl catchment en-
ables the illustration of the complexity of such a decision
1.3 Scope of the present paper process involving imperfect forecasBr(en et al. 2010.

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 partic-

ular tailored to cope with the weaknesses identified in they 1 propabilistic and deterministic atmospheric models
review paper byCloke and Pappenbergé009 and strives

to achieve the following objectives: (1) to compare quantita- A5 the operational hydrological forecasts for the Sihl catch-
tively probabilistic and deterministic hydrological forecasts ment are not systematically archived, a reforecast from
to assess whether the former has added-value over the lafyne 2007 to December 2009 was completed to proceed with
ter, (2) to discriminate between errors originating from at- model evaluation. Runs in hindcast mode were issued from
mospheric forecasts and those stemming from the hydrologthe November 2009 version of the model, using operationally
ical/hydraulic components of the model chain, (3) to anal-ayajlable information only. The prediction chain is sketched
yse forecasts reliability and eventual under- or overforecastyt in Fig.3 and described below.
ing bias, under- or overdispersion of the ensemble members, propabilistic atmospheric forecasts are based on the global
proneness to false-alarms as well as forecasts ability to cap=nsemple Prediction System (EPMplteni et al, 1996
ture observed events, (4) to obtain some insights into the pergs the European Centre for Medium-Range Weather Fore-
formance of the flood prediction chain by analysing the two ¢4cts (ECMWEF), which is issued twice daily. The two
most severe events during the study period (one of whichyq ngest runs of this model are combined to form a super-
being a forecast failure), and (5) to investigate extreme disensemble of 102 members. To reduce the computational bur-
charge scenarios. den that the downscaling of the full super-ensemble would
This paper furthermore differs from similar studies in the represent, only 16 “representative members” are downscaled.
nature of the catchment investigated. It has a total area ofrg select them, the super-ensemble is distributed in 16 groups
336 knt, which is considerably smaller than most catch- of gifferent populations with help of a cluster analysis. The
ments, and even sub-catchments, referred to in the currerfegpotential height, specific humidity and horizontal wind
literature on ensemble streamflow forecasting (Bigtrich  are considered to identify similar weather patterns and estab-
et al, 2008 Jaun and Ahren009 Thielen et al. 2009 |ish the groupsNlarsigli et al, 2005. A single representative
Reggiani et al.2009. Earlier studies have shown that fore- member is finally selected from each cluster. It is defined
cast skill depends on temporal and spatial scales. For inys the member with the smallest ratio between the average
stance, the current state of knowledge for larger basins suggistance from its cluster members and the distance from the
gests that the skill of ensemble prediction systems imprOV9$emaining membersMolteni et al, 200). These 16 mem-
with increasing catchment siz&¢nner et a.2009. Fur- perg are dynamically downscaled on a daily basis from their
thermore, forecast uncertainty is reported to decline with i”'original ~50 km horizontal resolution to &10km resolu-
creasing catchment sizdgun et al.2008. The usefulness tjon (~7 km since December 2009). This is performed by the
of such systems in small mesoscale areas has not yet begfynjted-area Ensemble Prediction System developed and run
investigated. We therefore concentrate on the skill of an OPpy the COnsortium for Small-scale MOdelling (COSMO-
erational HEPS for a comparatively small catchment. Con-| Eps, Molteni et al, 200). COSMO-LEPS relies on the
cerning the temporal scales, while the focus of this study isnon-hydrostatic COSMO modeS$teppeler et al2003 run
on high flows (spanning over a few days), we additionnaly\yith initial and boundary conditions provided by the rep-
assess several aspects of the performance of the model fggsentative members. Hydrological forecasts for the Rhine
average discharge situations (on the basis of the entire 31satchment have been shown to improve after this dynamic
month reforecast period). Moreover, the reservoir lake '®-downscaling Renner et a).2009.
quired the implementation of a module to account for the 35,4 et al(2008 investigated the influence on the fore-
consequences of possible lake drawdowns, overflow and hys,<t skill of a decrease from 51 to 10 dynamically down-
dropower production on the discharge in Zurich. Finally, in 5564 ensemble members. They therefore focussed on the
this basin, the correct assessment of events leading to SNOWygust 2005 flood event in the Swiss part of the Rhine catch-

accumulation and snow melt is crucial for obtaining correct ,ont They pointed out a loss of information, denoted by an
forecasts from October to May. The pre-alpine topographyoyera|l decrease of Brier skill score (BSS) for precipitation

of the region and the presence of sub-catchments prone tgnq rynoff forecasts. By plotting the BSS for the ensem-
flash floods triggered by summer thunderstorms complicatgyje sjzes of 1 to 51 members, they observed an improvement
correct meteorological and hydrological modeliing. of the BSS with the ensemble size, but emphasized that the

The hydrological ensemble prediction system

Hydrol. Earth Syst. Sci., 15, 2322347, 2011 www.hydrol-earth-syst-sci.net/15/2327/2011/



N. Addor et al.: An operational HEPS for the city of Zurich: skill, case studies and scenarios 2331
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Fig. 3. Flowchart of the prediction chain, illustrating in particular that probability (prob.) and deterministic (det.) atmospheric forecasts are
used to force the hydrological model. The horizontal grid spacing of the models is denotethtyindicates that atmospheric forecasts are
downscaled throughout the HEPS. A detailed description of the model chain can be found i2 Sectd2.2

increase of ensemble members beyond 15 had comparativesonsidered. As mentioned for COSMO-LEPS, PREVAH re-
little impact on the BSS. This led them to conclude that, for quires initialization at 00:00. This could favour COSMO-7,
the studied event, working with a reduced ensemble constias the first 12 h of COSMO-LEPS are disregarded but the full
tuted a reasonable trade-off between the forecast skill and th€EOSMO-7 forecast is considered. However, despite truncat-
demand on computational resources. ing the first 12 h of COSMO-LEPS, this model performs bet-
The lead time of COSMO-LEPS is 132h, with three- ter than COSMO-7 for the large majority of the metrics and
hourly output intervals.  Forecasts are initialized at events considered, as shown in SéctNote that COSMO-7
12:00 UTC and are completed and delivered approximatelydriven forecasts are faster computed than the ones relying on
10h later. As the hydrological model requires initialization COSMO-LEPS, and are available as early as 04:00 UTC.
at 00:00, the first 12 h of the atmospheric ensemble fore- Forecasts of temperature, precipitation, wind, relative hu-
casts are disregarded and 120 h of hydrological forecasts ammidity, sunshine duration and global radiation are down-
computed. This cutoff is consistent with the temporal datascaled for both atmospheric models to a resolution of 500 m
availability in operational mode. Note that, while errors in to meet the grid-size requirements of the hydrological model,
streamflow forecasts have multiple sources, the present eras described idaun et al(20089.
semble principally aims to capture and cascade the uncer-
tainty arising from boundary atmospheric conditions, as they2.2 Hydrological and hydraulic models
are commonly regarded as the most important error factor in
hydrological forecasts. To account for some of the model un-The downscaled atmospheric forecasts are used to force the
certainty, the convection scheme is randomly chosen at eackemi-distributed hydrological modelling system PREVAH
COSMO-LEPS integratiorMarsigli et al, 2005. Similarly, (PREecipitation-Runoff-EVApotranspiration HRU Model).
the value of two model parameters (the maximal turbulentPREVAH is a conceptual hydrological model and clus-
length scale and the length scale of thermal surface patterng®rs raster grids of similar hydrological properties into hy-
is randomly chosen from a set of two reasonable values fodrologic response units (HRUGurtz et al, 1999. For
each variable. the Sihl catchment, one HRU averages about 7 raster
Deterministic atmospheric forecasts are obtained from thecells of 500x 500n?. Details on PREVAH input data,
operational model COSMO-7, the Swiss Federal Office ofstructure, parametrisation and tools can be found in
Meteorology and Climatology (MeteoSwiss) implementa- Viviroli et al. (20098).
tion of COSMO model. COSMO-7 is nested in the ECMWF  The hydrological model calibration and evaluation for the
deterministic global model. Its horizontal grid spacing is of Sihl catchment were performed Bghwanbeck et a(2007),
~7km and it offers a total time horizon of 72 h. In contrast with the catchment split into nine sub-catchments (Hig.
to COSMO-LEPS, no random selection of a parametriza-This discretisation enables in particular a simple representa-
tion or a parameter value is applied to reflect model uncertion of water management of the Sihl reservoir.
tainty. During the study period, COSMO-7 forecasts were The sub-catchments of Alp, Biber, Minster and the sub-
issued twice a day (at 00:00 UTC and 12:00 UTC). How- catchment downstream of the gauge Blattwag were cali-
ever, only the forecasts from the 00:00 UTC run are herebrated on the basis of the observed runoff time series. The
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parameters for the other sub-basins were regionalised on thassociated to the formulation of the atmospheric models, to
basis of the five most similar calibrated catchments out ofthe stations measurements, to the interpolation errors, to the
a database of 140 successfully calibrated Swiss catchmentsstimation of the hydropower production and to the hydro-
(Viviroli et al., 20094ac). The chosen calibration method is an logical and hydraulic modelling.
intermediate solution between a flood-oriented and average The performance of the system was assessed for its current
discharge-oriented optimization. Validation revealed a ten-operational setting. Hence, although calibrated COSMO-
dency towards volume overestimation, but an overall satisfy-LEPS precipitation forecasts exigundel et al.2010, they
ing peak discharge representati@tliwanbeck et gl2007). were not used. No calibration (e geggiani et al.2009 or
Initial conditions for PREVAH are provided by a hy- correction for underdispersion or bias was applied to the out-
drological reference simulation (HREF) driven by interpo- put of the atmospheric forecasts before their use in PREVAH.
lated observations from weather stations (see Fifpr the  Similarly, no bias correction or statistical post-processing of
location of the rain-gauges). Note that HREF was alsothe hydrologic and hydraulic ensemble forecasts was done.
used to identify the origin of forecasts errors, as presentedNote thatZappa et al(2011) used a model configuration sim-
in Sect.2.3. ilar to the one presented here, but considered several of the
PREVAH forecasts were combined with observations of mentioned uncertainty sources. They identified in particu-
the level of the Lake Sihl for a sound water balance of thelar that the uncertainty of the hydrological model is about
artificial lake. This module accounts principally for (1) the ten times smaller than that stemming from COSMO-LEPS
estimation of the hydropower production, (2) the eventualin case of severe flood events.
triggering of the dam emergency regulation (water is released For the Sihl catchment, a more comprehensive a priori (be-
from the lake into the Sihl if its level rises more than two cen- fore the occurrence of the forecast event) assessment of the
timetres within 30 min) and (3) water overspills if the lake uncertainty is still necessary. In the present study, we quan-
operation limit (889.34ma.s.l.) is exceeded. B=mloux tify the a posteriori (after the occurrence of the event) er-
et al.(2010 for more details on dam regulation. ror stemming from the atmospheric part of the model chain
The hydropower production is not set by the dam opera-and from the hydraulic/hydrologic part. Therefore, HREF
tors themselves, but is determined by a control centre whichs compared with OBS and the forecasts to differentiate be-
considers in particular the previsions of the electricity de-tween two sources of prediction errors.
mand and the market prices. As no access to the details of Comparing HREF to a forecast highlights the first source
this procedure was granted for this study, estimations of theof errors, a divergence between the interpolated meteorologi-
hydropower production were used. They were obtained bycal surface observations and the meteorological forecast. Let
means of a multiple regression based on a 31-month records remind that the single element that differentiates HREF
of the daily hydropower production. The explanatory vari- from a standard discharge forecast is the type of meteorolog-
ables considered were the hydropower production of the preical data. Interpolated surface observations are used for the
vious day, the day of the week (less electricity is producedformer, while a forecast is used for the latter. Hence, if these
during the week-ends), the month of the year and the level ofwo datasets correspond, HREF should match the forecast.
the Lake Sihl. Note that the interpolated meteorological observations do
Because of the elongated shape of the basin betweeRot necessarily correctly reflect the true meteorological situa-
Blattwag and Zurich (Figl), a hydraulic model was used tion. There are uncertainties, mainly related to measurement
to propagate the flood wave. Routing is carried out byerrors at the meteorological stations and to the interpolation
the hydraulic model FLORIS, a commercial 1-D simula- Process. In this study, we assumed that the combined un-
tion program developed in the 1990s by the Laboratory ofcertainty of these two effects is usually smaller than that be-
Hydraulics, Hydrology and Glaciology (VAW) of the ETH tween the forecast and the interpolated observations. Hence,
Zurich. FLORIS computes possible Lake Sihl overflows andwe interpreted differences between HREF and an associated
delivers forecasts of the timing and discharge of the floodforecast as a divergence between the actual and the forecast
wave originating from the PREVAH sub-catchments, com- meteorological situation, i.e. as an imperfect meteorological

bined to eventual water release from the Lake Sihl. forecast.
Comparing HREF to OBS reveals the second source of
2.3 Uncertainty sources affecting the HEPS output prediction errors. A difference between the two parameters

is the consequence of approximations in one or both of the
It is important to stress that the operational ensemble systerfollowing steps: (a) the meteorological measurements and
only quantifies and propagates the atmospheric uncertainttheir interpolation, (b) the simulation using PREVAH and
by ingesting atmospheric ensembles from COSMO-LEPS. IlFLORIS. In a few cases, the interpolated data were clearly
other words, the spread of the hydrological ensemble solelyerroneous, e.g. because a very local event had been missed
reflects the uncertainty associated to the atmospheric boundy the measuring network. Nevertheless, we assumed that
ary conditions. In particular, with the current setting, the measurement and interpolation errors are usually compara-
spread of the forecast does not account for the uncertaintieively small. We thus interpret in continuation divergences
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Table 1. Thresholds for the Sihl discharge in Zurich considered for 3.2 Three perspectives on the reforecast

the evaluation of the model chain. . .
To cope with under-sampling of extreme events for the

present dataset, three complementary perspectives were cho-

Quantile Discharge Average frequency

(m3s-1) sen. First, HEPS skills to forecast low to high discharges

were evaluated using several metrics and graphical repre-

Q0.75  75th 9.10  Every four days sentations. A large part of this evaluation is based on dis-

009 90th 21.18  Three times a month charge thresholds: the 75th, 90th and 99th quantiles of
00.99 99th 73.13 ~ every three months

the daily maximum distribution estimated from records of
hourly measurements from 1974 to 2007 in Zurich (Ta-
ble 1). These quantiles represent a trade-off between low
thresholds (e.g. the average discharge) and very high thresh-
olds (e.g. associated with a return period of 100 years or
more). The former would lead to an evaluation largely ir-
relevant for flood forecasting purposes, and the latter to
3 Evaluation of the model chain weak statistics given the duration of the present reforecast.
Note that the discharges associated to these thresholds (9.10,
3.1 Alonger reforecast to cope with the under-sampling  21.18 and 73.13#s™?) are significantly lower than the
of extreme events? threshold considered to decide the flooding of the construc-
tion site (300 Ms™1). Hence, the metrics computed on the
We focused on the flooding of the construction site of thebasis of these thresholds are not used to draw definitive con-
Zurich railway station which would occur for a Sihl dis- clusions on the model capacity to correctly forecast flood-
charge of 300ms 1, i.e. with a return period of about ing events. Nevertheless, it is argued that these results can
T =70years. None of the events of the 31-month reforecashighlight those deficiencies in the model chain that may also
period exceeded this threshold, as the maximum dischargaffect extreme discharge forecasts.
peaked at 229 &s~1. This of course made the assessment Second, COSMO-7- and COSMO-LEPS-based hydrolog-
of the model performance for events endangering the conical forecasts for the two most intense events of the study
struction site delicate. period were analysed and compared. The insights provided
Intuitively, one could think that this issue can be solved by this case-by-case analysis are limited as neither of these
by producing a longer reforecast. A model run over a longerevents reached the 3051 threshold. To overcome this, a
period would generate more examples of intense events. Ithird perspective was explored. Two scenarios with increased
would hence enable to build robust statistics on flood fore-lake level were computed. They led to overspills of the Lake
casting and provide a clear guidance for mitigation measuresSihl, resulting in increased discharges in Zurich. These three
But how long should such a reforecast be? Let us assumapproaches are described in the next three subsections.
at least several timeg. This would mean two orders of
magnitude longer than the reforecast presented in this study-3 Evaluation of low to high discharge forecasts
This quick reasoning illustrates that producing a longer re- .
forecast is not a straight-forward task and leads to delicatd ©" the evaluation of the year-round model performance, the

questions such as: should the HEPS be run in hindcast moddash-Sutcliffe efficiency (NSENash and Sutcliffe1970
as far back in time as possible, or only for selected events®nd the volume error (VOL, as formulated #appa and
Is it necessary to run the full ensemble, or could running’@n 2007 were selected because they enable fast compar-

a reduced number of the ensemble members enable to déson with other studies due to their widespread use in the

crease the computing expenses while preserving most of thgvaluation of hydrological models. The mean absolute er-
original ensemble representativity? How to cope with the " MAE (Wilks, 200§ was also chosen as it is easily inter-

fact that. since the construction of the Sihl dam in 1937 thepretable and enables the contribution of some error sources
300 m'ss’_l threshold has never been exceeded? " “within the forecast chain to be assessed quantitatively. As

Although in our view these questions deserve further in-these three indices are designed for deterministic forecasts,
vestigation, they will not be answered in this study. We nev- COSMO-LEPS forecasts were reduced to their median to be
ertheless argue that a longer reforecast would better Suppc)Fa[valuated. Note that a large part of the ensemble information
evaluation studies of extreme evenkamill et al, 2004 is thereby disregarded and hence these scores do not capture
constitute a useful basis to develop post-processing correct-he information content of the full ensemble. Attention was

tions and enable to design efficient decision support ruledocused on the level of the Lake Sihl and on the Sihl dis-
or systems for hydrologic applicationalfieri et al., 2011). charge in Zurich, as these two variables are of most interest

However, it is at present unclear which form such a reforecasi© the end-users.
should take.

between HREF and OBS as resulting mainly from hydrolog-
ical/hydraulic errors.
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For the computation of VOL, hourly values were used. The BSS was used to estimate the skill of each of the fore-
In contrast, for NSE, MAE and all the scores discussed be<asts in comparison to a reference forecast. Using COSMO-
low, evaluations were based on daily maxima. Different lead7 as a reference to compute COSMO-LEPS BSS would have
times from 1 day (1-24 h) to 5 days (97-120 h), referred to adeen a direct way to assess the added-value of the probabilis-
LT1 to LT5 subsequently, were considered. For COSMO-7 tic forecasts in comparison to the deterministic ones. This
LT1 to LT3 were assessed while for COSMO-LEPS, LT1 to assessment is however also possible with the chosen refer-
LT5 were evaluated to take into account the respective timeence, and permits in addition an individual evaluation of the
horizons of the models. two models. To analyse how much gain the COSMO-LEPS

To further compare the performance of deterministic andensemble brings to the hydrologic ensembles, one could gen-
probabilistic forecasts, the Brier score (BS, Bjwas cho-  erate hydrologic ensembles based on climatological forcing
sen (e.gWilks, 2006. This score can be seen as a meaninputs using the same hydrologic model chain and same ini-
squared error of probability forecasts, and has the advantaggal conditions (se®emargne et 812010 for such analysis).
that it can be applied to both deterministic and probabilistic  When using a probability forecast, a common way to de-
forecasts, without requiring the transformation of the ensem-cide whether or not to issue a warning is based on thresh-
ble forecast into a deterministic one (e.g. by considering theold exceedance. This requires the definition of a probabil-
median only). While a ranked probability score would enableity threshold P (e.g. 60%) and a weather or hydrological
to assess the overall quality of the ensemble, the BS permitthresholdQ (e.g. a discharge of 30078~ in Zurich). If
to focus on specific warnings and thresholds meaningful forthe forecast probability of exceedin@ is greater tharP, a

this case study. BS reads: decision to implement protection measures may be taken. A
1 challenge here consists in finding a balance between a risk-

BS — _Z (0d — ya)? 1) adverse strategy (g.g. a lo® might freque_ntly I_ead to un-
n necessary preventive measures) and a risk-friendly strategy

) (e.g. a highP might lead to missing an extreme event). This
where n is the number of days of the reforecastos  gjlemma is illustrated by the variation in the hit rateand
(resp.yq) indicates whether the daily maximum of the ob- 3ise alarm rateF (Eqs.3 and 4) with P, as summarized
servation (resp. of COSMO-7) exceeded the threshold conpy, rejative operating characteristics curves (RO@ison
sidered (1 =yes, 0=no). For COSMO-LEBRG,is the prob- 1982.
ability of threshold exceedance. In this study, such proba-

bilities were computed as the number of ensemble member: h hits

exceeding the threshold divided by the total number of mem-" ~ J, +m ~ observed evenis ®)
bers (16, i.e. ensemble members were not weighted). Fore-

casts show a null BS if they are perfect and a positive BS f false alarms

otherwise. The combination of the obtained BS with the ' = f +c _ observed nor events )

BS associated to a systematic forecast of the climatologi-
cal frequency of the event (B§) and with the BS of a per-  where: is the number of hitsp: the number of misseg, the
fect forecast (Bgert=0) yields to the Brier skill score (BSS) number of false alarms arghe number of correct rejections

which reads: during the study periodk, m, f andc are defined using a
BS— BSyef BS contingency table (e.@hu et al, 2002.
BSS= m =1l- BSe 2 In forecasting of extreme events, false alarms are consid-

erably less frequent than correct rejections, as highlighted by
A BSS of 1 designates perfect forecasts, while positivethe well known Finley case for evaluating tornadobis-

BSS correspond to forecasts with more skill than the referphy, 1999. Therefore, even false alarm prone systems can
ence. As we are interested in investigating the actual and ndpenefit from a lowF. In contrast, the false alarm ratio FAR
the potential model performance, the negative BSS bias agiEq. 5) does not reward correct rejections, and hence can be
sociated with small ensemble size was not remoWeeigel  considered as a more informative metric on the frequency of
et al, 2007). To evaluate the influence of the limited number false alarms for severe event#nibihl, 2010. Therefore,
of high intensity events on BSS, confidence intervals werein this study, H-FAR curves were preferred to ROC curves
derived by bootstrappingefron, 1992. 500 random sam- (depictingH versusF).
ples of 940 daily maxima pairs of forecast-observation were
drawn with replacement from the 940 days of the study pe- [ falsealarms
riod. The BSS was then computed for each bootstrap sample, " f+h  forecastevents
enabling an estimation of a confidence interval formed by the
5% and 95% quantiles. To improve the estimation of the HREF and COSMO-7 forecasts were considered as binary
sampling uncertainty, block bootstrapping could be consid-forecasts (i.e. exceedance or not of the discharge threshold by
ered to account for temporal dependency (saifiri, 2003. the daily maximum) to compute correspondifdgand FAR.

®)
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To depict the uncertainty related to under-sampling and af-an adaptation time. While we believe that traditional per-

fecting H and FAR, confidence intervals were computed us-sistence plots are an efficient way to provide a global

ing the same bootstrapping procedure as for BSS. overview of the situation in a first place, we found these
Reliability diagrams enable in particular the assessmentcontinuous persistence plots” useful to obtain complemen-

of model reliability, i.e. of the correspondence between thetary and deeper insights into the forecasts, for operational

forecast probability and the observed relative frequency (e.gwork and verification exercises as in this paper. Indices to

Wilks, 2006. The diagram associated with reliable forecastsquantify forecasts consistenciKdy, 2004 Lashley et al.

follows the plot diagonal. 2008 would constitute a helpful complement to the graphic
Rank diagrams show the rank of OBS (resp. of HREF)representations.

within the ensemble member&r{derson1996. They high-

light whether the ensemble includes OBS (resp. HREF) be3.5 Scenarios based on an artificially increased Lake

ing predicted as an equiprobable member. If it does, the Sihl level

rank histogram has an uniform distribution. Other his-

togram shapes indicate over- or underdispersion tendenciednder normal conditions, the areas upstream and down-

and model biases (s&¥ilks, 2006 for examples). stream of the Lake Sihl dam can be considered as uncoupled.
About 88 % of the inflows to Lake Sihl are used for energy
3.4 Visualisation of case studies using continuous production and released directly into Lake Zurich (Fiy.
persistence plots Only low water amounts are necessary to guarantee the resid-

ual water discharge in the downstream part of the basin, as

Uncertainty in probabilistic forecasts is not solely depicted required by the Swiss environmental law. However, during
by the spread of the ensemble members, but is also reflectegeavy precipitation events, the application of the dam emer-
by the persistence of the forecast, i.e. the consistency witlyency regulation may result in significant water releases into
which an event is forecast by successive model runs. For inthe Sihl. In such situations, the catchment area upstream of
stance, a model showing great variability from one run to thethe dam contributes greatly to the discharge in Zurich. To ex-
next will be interpreted by the end-user as uncertain. Thisplore the consequences of coupling the upstream and down-
has significant consequences when the forecasts are used fetream areas of the catchment during an extreme event, sce-
decision-support, for example to decide on flood mitigation narios were considered. For the two discharge events inves-
actions. In presence of a forecast showing great variabilitytigated using continuous persistence plots, the lake balance
the end-user might prefer not to base her/his decision on thiaind the hydraulic model were initialised using an artificially
forecast and to wait for the release of the next model run,ncreased Lake Sihl level. For each event, two simulations
delaying thus the decision process and taking the risk to endvere started: one forced by interpolated observed meteo-
in an emergency situation, with a limited range of generallyrological data (HREF-SCEN) and one using the COSMO-
sub-optimal actions at choice. Forecast consistency is there-EPS forecast initiated about one day before the peak dis-
fore greatly valued by end-uselsashley et al.2008). charge observed in Zurich (CLEPS-SCEN).

For the evaluation of the forecasts for the two most intense
events of the study period, a novel representation of proba-
bilistic forecasts is proposed. Similarly to persistence plots4 Results and discussion
(e.g.Thielen et al. 2009, this new type of plot shows how
the predictions of a given event evolve over time, by display-4.1 Quantification of the added-value of probabilistic
ing the output of several model runs on the same graph. forecasts

However, while for each realisation of the model, persis-
tence plots usually display one forecast threshold exceedandeor the Lake Sihl level, COSMO-LEPS- and COSMO-7-
per day of forecast, hourly values of selected quantiles are debased forecasts show almost equal scores for the shortest
picted by these plots. In this article, the ensemble minimumlead time (LT1), but performance differences in favour of
and maximum, as well as the 25 % and the 75 % quantilesCOSMO-LEPS increase with the time horizon (TaB)e In
were chosen. We argue that this kind of plot enables a fineparticular, the COSMO-LEPS LT5 median shows an equally
and more quantitative comparison of the model runs becauselevated NSE value as the COSMO-7 LT3 forecasts. The
(1) it is based on hourly instead of daily values and (2) we COSMO-LEPS median is also associated with slightly bet-
consider that the four quantiles chosen reflect with more deter results in terms of MAE, but this should not draw atten-
tails the distribution of the HEPS output than threshold ex-tion from the relatively high amplitude of absolute error in
ceedance information. both models. It is as high as several centimetres and even

For readability reasons, only a selection of lead timesreaches 15.9 cm for the COSMO-LEPS LT5 median. A non-
are shown and transparent colours are used to depict theegligible source of errors for the Lake Sihl forecasts is the
inter-quartile ranges (IQR). We acknowledge that the inter-multiple regression used to approximate the hydropower pro-
pretation of such a graphical representation might requireduction. We found that in standard conditions, it explains
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Table 2. Nash Sutcliffe efficiency NSE{) and mean absolute error  Table 3. Nash Sutcliffe efficiency NSE~), mean absolute error
MAE (cm) for the daily maximum of the Lake Sihl level. HREF re- MAE (m3 s~1) and volume error VOL (%) for the Sihl discharge in
flects the skill of the hydrological/hydraulic part of the model chain. Zurich. The notation conventions are the same as in Table

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, HREF LT1 LT2 LT3 LT4 LTS
respectively. NSECLm .. 070 044 025 020 0.10
NSE C7 ' 0.55 0.20 -0.09 - -
HREF LT1 LT2 LT3 LT4 LTS5
MAE CLm 3 3.9 5.2 5.6 6 6.3
NSE CLm 0.84 0.65 0.65 058 052 0.46 MAE C7 4.1 5.7 6.2 _ _
NSE C7 ' 064 056 046 - -
VOL CLm 17 18 18 12 9 3
MAE CLm 17 2.4 5.9 9.2 125 159 VOL C7 12 7 12 _ _
MAE C7 ' 24 63 101 - -

) — the decrease in performance is faster for COSMO-7 than
typically half of the absolute error of the lake level fore- for COSMO-LEPS, i.e. the “loss of BSS per day of lead
casts, but this error is not represented by the spread among  time” is smaller for COSMO-LEPS than for COSMO-
the members. Usually, the only forecast variable affected 7. For instance, this appears clearly for the threshold
by this approximation is the Lake Sihl level. In the rare oc- 00.9. It could indicate greater robustness of mid-term

casions when a dam overflow occurs, this error propagates  nrgpapjilistic forecasts thanks to the sampling of the ini-
downstream of the dam, but its influence is small in com- tial atmospheric uncertainties:

parison to the volume of water involved in a dam overflow.
Substantial forecast improvements could be achieved if the — the mid-term forecasts (LT3 to LT5) for th@0.9 and

planned hydropower production could be integrated in real- 00.99 thresholds have little skill, and sometimes no

time model operations. skill. This reflects the limited predictability of high dis-
For forecasts of the Sihl discharge in Zurich, the added- charge events in the small Sihl catchment with the cur-

value conveyed by the probability information can be rently available forecasting chain;

appreciated by comparing the COSMO-LEPS median to the ) . .

COSMO-7 NSE and MAE (Tablg). For these two scores, — the size of the error bars underlines that the uncertainty

using the COSMO-LEPS median instead of the COSMO-7 in evaluating model performance increases significantly
forecast corresponds to a performance gain of 1 to 2 days  With event intensity. This emphasizes under-sampling
lead time (COSMO-LEPS LT3 and LTS are equivalentorbet-  esulting from the rarity of extreme events.

ter than COSMO-7 LT2 and LT3, respectively). MAE ampli-
tude could be reduced by tuning PREVAH to better simulate

low flows. However, this would probably be at the expensep . histograms depicting the OBS rank for all days of the
of the flood forecasting performancéiyiroli et al., 20099. time series (first column in Figs) show overpopulation of

Positive VOL values indicate a discharge overestimation foryhe |qwest bin. This denotes recurrent discharge overestima-

both _atmosphenc models and all lead times. For the metrics;y, in Zurich, although this tendency is slightly dampened
considered, the overall performance of the COSMO-LEPSy, jcreasing lead times. When the HREF rank is depicted
median is better than that of COSMO-7. _ second column), rank uniformity is improved. This suggests

Some key forecast characteristics are summarized by BSR,5¢ the overestimation originates at least partially from the

vapanons with the lead time and the discharge thresm'%ydrological model, and affects HREF and COSMO-LEPS
(Fig. 4): forecasts similarly.

— the COSMO-LEPS scores are higher than those WhenHREFis considered instead of OBS, the histograms
achieved forcing PREVAH with COSMO-7 forecasts. Switch from an “L-shape” to a “W-shape” (LT1) or a “U-
This is valid for all lead times and thresholds, and con-Shape” (LT3 and, to a lesser extent, LT5). The population
stitutes a quantitative proof of the benefits of running a of the two extreme ranks is higher than average, which in-
probability model for the Sihl catchment; dicates that COSMO-LEPS atmospheric forecasts are glob-

ally affected by underdispersion. However, as the ensem-

— as expected, BSS reflects the difficulty of correctly fore- ple spread usually increases with lead time, this tendency
casting intense events and the decline in weather prejs weaker for LT4 and LT5. There seem to be several rea-
dictability with increasing lead time. This is depicted sons for this underdispersion. In particular, the ensemble is
by better scores for lower discharge thresholds and gencoerced by the deterministic initial conditions, so that the
erally decreasing values for longer lead times; spread for the first few hours of the forecast is too narrow.

4.2 Dispersion of the HEPS members
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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 threshold0.75, 00.9 andQ0.99 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 percentiles derived by bootstrapping.

This overconfidence for short-term forecasts is also due to th@opulation of rank 9 is due to the initialization of the ensem-
ECMWEF EPS setup, which maximizes the growth of the per-ble using HREF. If the initialization discharge is the highest
turbation total energy in the first 48 h of the forecdtigza  discharge of the day for HREF and the 16 members, these
and Palmer1995. As COSMO-LEPS relies on a combina- 17 simulations will have the same daily maximum. This re-
tion of the two youngest EPS runilérsigli et al, 2005, its sults in the value 9 (the mean rank among 17 elements) be-
spread probably needs around two days to develop and reng assigned as the HREF rank. It does not reflect ensemble
flect atmospheric uncertainty. But note that underdispersioroverdispersion but results from the model setup. It disap-
is still pronounced in LT3 forecasts. pears for lead times exceeding 1 day.

The overconfidence of COSMO-LEPS-based flow fore- To focus on events of more interest from a flood per-
casts has also been reported®gnner et al(2009. Mar- spective, only forecasts for days with a maximum discharge
sigli et al.(2008 found that the percentage of outliers for 66- higher than a selected threshold are considered. Note that the
h COSMO-LEPS precipitation forecasts reached about 30 %higher the threshold, the greater the under-sampling. When a
(around 2.5 times the theoretical percentage) when considthreshold selection is applied, the histograms showing OBS
ering the maximum values over boxes of ¥.0.0°. They  rank lose their “L-shape”. This suggests that low and middle
furthermore revealed that the 51-member global EPS prodischarges are overestimated and that such overestimation
duces even more over-confident 66-h forecasts, with a peris probably due to calibration of the hydrological/hydraulic
centage of outliers of around 40 % (about 10 times the themodel setup. It is also possibly related to an overestimation
oretical percentage). Hence, part of the underdispersion afef precipitation occurrence and very light rain events, as it is
fecting COSMO-LEPS precipitation forecasts most probablycommon with numerical weather prediction model outputs.
stems from the original EPS. This motivated the introductionAll this helps to explain the positive VOL values noted ear-
of the super-ensembl@i@rsigli et al, 2005. However, on lier (Table3).
the basis of our results, it appears that it was not sufficientto The third column (observed discharges exceedi)9)
solve the underdispersion issue for the Sihl catchment. Fronin Fig. 5 indicates frequent underdispersion for LT1 fore-
an end-user point of view, a crucial information conveyed bycasts. For LT3 and LT5, the ensemble members tend to
probabilistic forecast is the confidence of the forecast, as repunderestimate the intensity of observed larger events, as il-
resented in particular by the amount of spread between th&ustrated by high ranks being more populated than the low
members. Unfortunately, the tendency to underdispersiomanks. This tendency is also reflected in the histograms of the
means that the correspondence between a narrow spaghefitiurth column (observed discharge exceed®@99). This
plot and a confident forecast cannot be guaranteed. implies that the discharges of the most intense events during

The “W-shape” of the histogram depicting the HREF rank the study period were associated with relatively low proba-
for LT1 can be explained as follows. The comparatively high bilities three to five days before their occurrence. Although
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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 (LT1, LT3 and LT5). Histograms of the two first columns are based on
the whole time series. For the two last columns, only days with an observed discharge ex¢de8iagd00.99, respectively, are included.

Perfect rank uniformity is indicated by the horizontal dashed line.

this may hinder the effective anticipation of high discharges,according to their economic profile (e.gRoulin, 2007,
more intense events might show earlier warning signs (e.gwhich is not possible when using deterministic forecasts.
Jaun et a].2008 Thielen et al, 20098). By increasing the discharge threshold fro@0.75 to

For the forecasts of the Lake Sihl level, the two extreme Q0.9, a performance decrease for all lead times and both
ranks of the histograms are overpopulated for all lead timegnodels is observed. The scores for the thresi@0d9 are
(not shown). This means that the atmospheric uncertaintynot shown because of their very high sampling uncertainty.
as propagated by HEPS, underestimates the full system uror the ©0.90 threshold, LT2 to LT5 forecasts produce false
certainty. As already mentioned, approximations of the hy-alarms at a preoccupying rate, as false alarms account for
dropower production using a multiple regression represent goughly 50 to 70 % of the warnings. Although end-users are
large source of errors, but they are not represented by thgsually more concerned about missed events than by false

ensemble spread. alarms, these high FAR should not be neglected or trivial-
ized. Unnecessary preventive drawdowns represent signif-
4.3 Hit rate and false alarm ratio icant monetary losses for the dam operators, and succes-

sive false alarms could undermine end-users’ confidence in

Figure 6 indicates that forecast skills in terms & and the flood forecasting system. Furthermore, the almost ver-
FAR tend to decrease with lead time for COSMO-LEPS andtical inclination of the COSMO-LEP37-FAR curves im-
COSMO-7. Given the comparatively good scores of HREF,plies that increasing the probability threshold barely reduces
this emphasizes that correct atmospheric forecasts are esshis high FAR, but largely penalises the forecasts in terms of
tial for trustworthy discharge forecasts. The diamonds refer-H. Note that for the probability threshold 50 % (indicated
ring to COSMO-7 are located close to COSMO-LERS by the central circle on thé&/-FAR curves), mid-term (LT3
FAR curves for the same lead times, which suggests comt0 LT5) forecasts perform poorly when capturing observed
parable performance. However, probabilistic forecasts allowevents @ ~ 0.35).

end-users to optimize the choice of their warning thresholds
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Fig. 6. False alarm ratio and hit rate for the daily maximum Sihl discharge in Zurich for the discharge thre@Bdl8s(left) and 0.9

(right) and for lead times (LT) of 1 to 5 days. The lines refer to COSMO-LEPS-based forecasts and their circles correspond to the probability
thresholds 25 %, 50% and 75% (from right to left). The diamonds and stars indicate the performance of HREF and COSMO-7-based
forecasts, respectively. The raw scores are exhibited by the symbols (circles, diamonds and stars), while the extremities of the confidence
intervals consist of the 5th and 95th percentiles derived by bootstrapping.

00.9 corresponds to a discharge of about Zisnt, has been in particular demonstrated for Switzerland using a
which is one order of magnitude smaller than the warningsingle-member reforecast of 30 yeaFaifidel et al.2010.
threshold considered to evacuate the railway station conThe mean amplitude of this bias depends on the intensity of
struction site. Hence, we cannot extrapol&ted=AR results  the event considered, the region and the season, but in the
for 00.9 to discharges endangering the infrastructure. Nev4arge majority of the country (including the Sihl catchment)
ertheless, we do not expect the scores to improve with inprecipitation amounts are generally overestimated. This bias
creasing thresholds, and we consider that the poor model pecan however be reduced consistently by post-processing cali-
formance in terms off and FAR constitutes a real issue for bration, which leads to more reliable forecastar{del et al.

flood mitigation. 2010. Although some experience exists at the European
scale Thielen et al.20098, the influence of this bias on the
4.4 Forecasts reliability reliability of discharge forecasts still needs to be assessed.

It was not possible to consider the forecast reliability for each4.5  Insights from the event on 8 August 2007

probability threshold because of the limited number of events

(see the small effective shown by the sub-plots in Fignd ~ For both the events chosen, precipitation forecasts were com-
the important dispersion of the circles). Instead, we triedPared to hourly rainfall, measured by the stations shown in
to capture the dominant tendency using linear regressiond;i9- 1. The data were analysed using continuous persis-
Regression lines for all lead times and both thresholds aréence plots. Theses figures are not included in this paper, but
mostly located under the diagonal of the plots, with a slopeSOme of the findings are enumerated here in order to better
lower than 1. This denotes overforecasting (forecast probatinderstand the impact of precipitation forecasts on the pre-
bility overestimation), which seems to be more accentuatedlicted discharge. Two intense precipitation events on 8 Au-
for 00.9 than for00.75. As a consequence, caution is re- gust 2007 triggered the generation of two distinct peak flow
quired when using raw model outputs to assess flood risk irfvents (Fig8). Afirst peak discharge in Zurich was recorded
its most basic definition (“probability times consequence”) at 09:00 UTC and a second at 23:00 UTC (225, return

as it might to lead to biased (overestimated) risk estimatederiod of~18 years). The first intense precipitation event
for the Sihl catchment. was missed by COSMO-LEPS and COSMO-7 for all time

This overforecasting tendency probably does not comel0rizons. Both models performed better in forecasting the
solely from PREVAH calibration, but also stems from Second precipitation peak, although they underestimated it
COSMO-LEPS tendency to overforecast precipitatigiai- ~ for all lead times.
sigli et al, 2008. The production of too wet forecasts
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Fig. 7. Reliability diagrams for the daily maximum Sihl discharge in Zurich for the discharge threspold@$ (left) andQ0.9 (right). The
circles indicate the observed frequency of each forecast probability class for lead times of 1, 3 and 5 days (LT1, LT3 and LT5). A linear
regression is depicted for each lead time. The sub-plots show the associated refinement distributions.

The COSMO-LEPS-based hydrological forecast on thethe antecedent forecasts (LT2 and LT3). Observed amounts
day of the event (LT1) showed underdispersion and its sprea@vere underestimated for the afternoon when the main precip-
did not envelope the two discharge peaks (Fdg). The itation event was recorded.
peaks were exceeded by the daily maxima of a single mem- The Sihl discharge based on COSMO-LEPS forecasts in-
ber of the LT2 forecast, indicating an underestimation of thecreased too early on 15 August (F&a) because of the pre-
observed peak discharge by most ensemble members. Tleipitation overestimation for the morning. For all the de-
LT3 forecast missed both peaks. On 9 August, model ini-picted quantiles, the peak discharge gradually increased with
tialisation using HREF (very close to the observed value) ex-decreasing lead times. The forecast initiated at 00:00 UTC
plained the good performance of the LT1 forecast. The LT20n 15 August nicely enveloped the amplitude of the peak dis-
and the LT3 forecasts showed higher discharges on 9 Aucharge, although the observed discharge increase was steeper
gust than on the day of the event, but remained overall loweand occurred a few hours later than forecast. The COSMO-
than the observed maximum. COSMO-7-based hydrological7-based forecast with best correspondence to the observed
forecasts also reflected the rather conservative precipitatiohydrograph is LT3 (Fig9b). For this event, COSMO-7-
forecasts. The first peak amplitude was underestimated by diased forecasts worsened with decreasing lead time and were
least a factor 3 and the second by at least a factor 2 for altlearly outperformed by the probabilistic forecasts.
time horizons (Fig8b). The observed peak discharge amplitude on 15 Au-

The poor hydrological forecasts of this event can begust 2008 was well captured by HREF, although it was sim-
mainly attributed to the atmospheric components of theulated a few hours too late.
model chain. This is confirmed by the satisfying agreement
between OBS and the HREF run, which captured the timing4.7  Insights from the scenarios
and the magnitude of both peaks correctly.

Given the satisfying correspondence between HREF and the
4.6 Insights from the event on 15 August 2008 observed discharge for the two analysed events (F8gs.

and 9), HREF-SCEN is assumed to approximate the dis-
The Sihl discharge in Zurich reached 138sn! at  charge that would have been observed if the level of
18:00 UTC on 15 August 2008 (return period-e8 years). the Lake Sihl was of 889.00ma.s.l. when the forecasts
The correspondence between the COSMO-LEPS precipitawere initialized.
tion forecasts for 15 August and the observed rainfall in- Inthe case of the August 2007 event, the operation limit of
creased when going from LT3 to LT1. The forecast initiated the dam (889.34 ma.s.l.) was exceeded by HREF-SCEN for
the day of the event provided a good approximation of the52 h (Fig.10). This caused an emergency water release into
24 h cumulated rainfall. However, the forecasts suffered fromthe Sihl, coupled with a dam overflow whose peak reached
a rainfall overestimation in the morning. The COSMO-7 cu- 180 % of the observed peak discharge at the outlet of the dam
mulated precipitation amounts were lower for LT1 than for (river gauge Schlagen, see Fij. The first inflow peak from
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Fig. 9. Continuous persistence plots as in Bgbut centred on the 15 August 2008 event.

the Lake Sihl catchment caused a sharp lake level increasenatch between the curves depicting HREF-SCEN discharge
but most water was retained by the dam. This is indicated byin Schlagen and the sum of the Lake Sihl inflows. The peak
the comparatively low resulting HREF-SCEN discharge atdischarge of the emergency release into the Sihl occurred
the dam outlet. However, it caused the Lake Sihl to reach andwo hours before the peak observed in Zurich. As the travel
exceed the dam operation limit. As a consequence, most dime from the dam to Zurich is around three hours for high
the inflow generated during the second rainfall-runoff eventdischarges§chwanbeck et 312007, this release accentu-
was released into the Sihl. This is supported by the closeated the observed peak in Zurich. Hence, a situation like
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Fig. 10. Lake Sihl level (top), water released at the dam outlet (Schlagen, centre) and discharge in Zurich (bottom) for an artificially increased
Lake Sihl level of 889 ma.s.l. on 7 August 2007 at 00:00 UTC. Dotted lines indicate the altitude of the dam operation limit (889.34ma.s.l.,
top plot) and the discharges associated with return periods of 10 and 50 years (HQ10 and HQ50, bottom plot).

HREF-SCEN in August 2007 could have led to a peak runoffreleased into the Sihl was 1071 ! greater than the obser-
of about 325ms~1. Such a runoff would have probably vation, and took place when the total Lake Sihl inflows were
caused the flooding of the construction site and large damelose to their maximum and almost fully released into the
age to the city of Zurich. Sihl. Although CLEPS-SCEN simulated the maximum lake
As the forecast evaluation would let us expect (Sé&), level and the peak discharge in Schlagen around four hours
this peak discharge was heavily underestimated by CLEPStoo early, it captured their amplitude correctly. HREF-SCEN
SCEN, principally as a result of the propagation of the pre-peak discharge in Schlagen occurred around eight afurs
cipitation underestimation by COSMO-LEPS. It caused theter the observed peak in Zurich. Hence, the two wave peaks
lake level to be underestimated, which biased the water rewere delayed and did not superimpose. HREF-SCEN peak
lease in Schlagen and led to an overly conservative foredischarge in Zurich (238#s~1) was higher than the ob-
cast for the Sihl discharge in Zurich. It is probable that if servation (136 is~1), but probably would have not caused
only this forecast for the Sihl discharge in Zurich had beenmore serious damage than driftwood. Nevertheless, as seven
considered, no preventive action would have been taken, amembers of CLEPS-SCEN exceeded 30, a preven-
though it would have been clearly necessary. CLEPS-SCENive lake drawdown would probably have been chosen on the
did, however, indicate that an exceedance of the dam opergbasis of this hypothetical forecast. It can in this case be ar-
tion limit and an emergency water release into the Sihl weregued that CLEPS-SCEN correctly reflected the flooding risk
very probable. In such a situation, producing hydroelec-in Zurich, and that it justified the cost of a preventive draw-
tricity at maximum capacity can help to reduce damage bydown.
generating additional storage capacity within the reservoir.
On 7 August, the daily average discharge for hydroelectric-4.8 Challenges in decision-making based on
ity production was of 6.33 As~1, well below the maximum hydrometeorological forecasts
capacity of 26 Ms 1. Proceeding to aontrolledlake draw-
down into the Sihl before the event can moreover decreas&he first scenario illustrates how dam overflow can cause
the risk of superposition of the peak discharge caused by aBerious damage in Zurich and emphasizes the importance
unfavourabldorcedwater release with the peak generated in of timely controlled water release into the Sihl and modu-
the downstream part of the basin. These two mitigation meatated hydropower production. Concretely, this implies de-
sures could probably have been implemented successfully ofermining how much and when water should be released to
the basis of this still imperfect CLEPS-SCEN forecast. minimize water losses and the flood risk. A new module
In the case of the August 2008 event (Fid), the lake is currently being developed. It consists of an online in-
level simulated by HREF-SCEN exceeded the dam operaterface where decision makers can prescribe several draw-
tion limit by 14cm at its maximum. The peak discharge down regimes. Re-running the hydraulic model then enables
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Fig. 11. As in Fig. 10, but for an artificially increased Lake Sihl level of 889 ma.s.l. on 15 August 2008 at 00:00 UTC.

consequences of these scenarios on the peak runoff foreca®d05 is probably a necessary step towards reliable risk as-
to be compared. As new atmospheric forecasts become avaisessment. Second, a quantitative risk estimate and a cost-
able, the chosen drawdown strategy can be re-evaluated argenefits analysis of the system require the determination of
if necessary adjusted. several cost-loss functions for the Sihl catchment. Estima-
Several studies made use of the cost-loss ratio method ttions of flood costs in the city of Zurich are underway and
interpret the quality of atmospheric and hydrologic ensem-will be available at the earliest in the second half of 2011.
ble forecasts in terms of forecast valutRidhardson200Q Until then, only orders of magnitude are available. It is at
Roulin, 2007). This method is a static method and is proba- present unclear whether precise and accurate risk assessment
bly too simplistic to provide efficient guidance for a situation is necessary for flood mitigation in the Sihl catchment, or if
like the Sihl catchment, which involves several stakeholdergobust protection measures can be implemented without re-
with divergent interests, as well as several interrelated miti-liable models and rather approximate economic information
gation actions. Multi-purpose dam-management, for exam{Dessai et a).2009.
ple based on dynamic programming, could be envisaged to Finally, on the basis of our contacts with the stakeholders,
circumvent these limitations (e.gaber and Stedinge2001; we can report that in the Sihl catchment, several actions rely
Yao and Georgakakp2001, Turgeon 2005. on observations only. For example, the emergency regula-
Improvements of the system towards decision supportion of the Lake Sihl depends on the actual lake level and
might focus on quantitatively assessing whether taking theon the rate of its actual increase. We argue that giving less
risk of performing an unnecessary drawdown is justified byweight to the observations of the parameters relevant from a
an even higher risk of flooding in Zurich. This would require flooding perspective, and more to their forecasts could lead
at least two cost-loss functions: one relating the floodingto a sounder management (less forced, uncontrolled water re-
damage in Zurich to the Sihl discharge and one expressindgases). However, improved forecasts are therefore needed.
the costs likely to be incurred by the dam operators (lossedVhen we presented the simulations of the August 2007 event
in energy production) if water is released into the Sihl. Theto the AWEL, we showed that, in the associated scenario,
probabilistic hydrological forecasts could be used as inputthe forecasts anticipated the lake overspill which hence could
for these two functions to quantify risk. This procedure still have been reduced by a higher hydropower production. How-
presents at least two difficulties for the present case studyever, this positive element was clearly occulted by the miss
First, the reliability diagrams point towards a possible over-of the event by the model chain. A better performing HEPS
forecasting of the discharge in Zurich, and too few events arevould certainly enhance the stakeholders’ confidence in the
available to assess whether forecasts for extreme discharg&ystem, and encourage them to give more weight to the fore-
are reliable or not. Hence, it seems risky to use raw en-casts when making decisions.
semble outputs as probabilities. Post-processing of the fore-
casts before combining them with economic data (e.g. via
Bayesian calibrationReggiani et al.2009 Raftery et al,
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5 Conclusions and outlook 2007 could be implemented to study the interpolation uncer-
tainty. In parallel, using calibrated COSMO-LEPS rainfall
This study reveals that probability information can be effi- forecasts Fundel et al.2010 to drive the hydrological and
ciently used by the model chain and delivers useful supporhydraulic model is planned. As this calibration method based
for flood mitigation in the Sihl catchment. Multiple deter- on quantile mapping improves the reliability of precipitation
ministic and probabilistic metrics, as well as graphical repre-forecasts, it is expected to improve the discharge forecasts as
sentations, have been used to evaluate the model chain. Theell. Note that alternative calibration methods for limited-
performance of the hydrologic ensemble prediction systemarea ensemble precipitation forecasts are currently investi-
is better and decreases less rapidly with lead time than fogated Diomede et a].2011).
deterministic forecasts. However, the spread of the weather This study illustrated the challenge that represent the in-
forecasts is often too low. The hydrological and hydraulic terpretation, communication and efficient use of probabilistic
models appear overall to perform well in capturing the am-forecasts for decision-makingémeritt et al. 2007 Bruen
plitude and the timing of the observed peak discharges. Thet al, 2010. We would like to emphasize that the framework
largest source of forecast uncertainty stems from the dif-of this study is a real-life case and not purely experimental.
ficulty of accurately forecasting the intensity, location and There is a real panel of experts consisting of hydrologists
timing of intense precipitation events in the relatively small- and stakeholders, with the delicate task of making decisions
scale Sihl catchment. Although caution is required becausey interpreting the outputs of high-end but nevertheless im-
of under-sampling, this seems to limit the ability of mid-term perfect modelsBadoux et al.2010. Further real-time expe-
forecasts to confidently and reliably capture observed intensgéience in dealing with such uncertainties should be gained by

peak discharges. Therefore, although probabilistic forecastghe end of the construction of the new railway station below
do convey added-value in comparison to deterministic onesthe Sihl River.

precipitation forecasts must be improved to guarantee suffi-
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