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Abstract. This paper presents a regional extreme rainfall analysiedan 10 years of radar data for the 159 regions adopted
for official natural hazards warnings in Switzerland. Mare a nowcasting tool aimed at issuing heavy precipitatagional
alerts is introduced. The two topics are closely relatau;esthe extreme rainfall analysis provides the threshadésl by the
nowcasting system for the alerts. Warm and cold seasonshigyantixima of several statistical quantities describingjopal
rainfall are fitted to a generalized extreme value distidyuin order to derive the precipitation amounts corresjmmndo
sub-annual return periods for durations of 1, 3, 6, 12, 244fhtours. It is shown that regional return levels exhibitrgda
spatial variability in Switzerland, and that their spatatribution strongly depends on the duration of the agafieg period:
for accumulations of 3 hours and shorter, the largest rééweais are found over the northerly alpine slopes, whereasiiger
durations the southern Alps exhibit the largest values. ifiher Alpine chain shows the lowest values, in agreemertt wit
previous rainfall climatologies.

The nowcasting system presented here is aimed to issue raafgll alerts for a large variety of end-users, who arerested

in different precipitation characteristics and regiong;hsas, for example, small urban areas, remote alpine catuisnor
administrative districts. The alerts are issued not onhéf rainfall measured in the immediate past or forecastenntar
future exceeds some pre-defined thresholds, but also asistloa sum of past and forecast precipitation is larger tivashold
values. This precipitation total, in fact, has primary impace in applications for which antecedent rainfall israpdrtant
as predicted one, such as urban floods early warning sysfdmagainfall fields, the statistical quantity representiagional
rainfall and the frequency of alerts issued in case of cowtiis threshold exceedance are some of the configurable g@@ram
of the tool.

The analysis of the urban flood occurred in the city of Sclafffien in May 2013 suggests that this alert tool might have
complementary skill with respect to radar-based thunderstnowcasting systems for storms which do not show a clear

convective signature.
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1 Introduction
1.1 Rainfall monitoring, nowcasting and war ning systems

In order to increase preparedness and to reduce human amoheicdimpacts of natural hazards caused by heavy predipitat
such as surface water flooding in urban areas, flash flood$asdi®w, warnings are issued to local authorities and pafpunh
when rainfall amounts exceed some threshold values oveea grea in a certain period of time. The thresholds corredipg
to the alert levels are usually given by the depth of obseraedall for a given duration which is likely to cause floodsard-
ing to examination of rainfall accumulations during prexddlooding events, and they are often refined based on thadiadi
of post-events analyses. Therefore, they tend to be spégiiiclividual regions (e.g., Alfieri et al., 2012; Sene, 2D1Both
rainfall depths and river discharges corresponding todef@ied return periods are also used as thresholds for tte édey.,
Alfieri et al., 2011; Javelle et al., 2014; Fouchier et al.1 20 For some applications, precipitation thresholds dddso on
antecedent rainfall: for example, when issuing landslitdris flow or urban flooding warnings, the amount of preatfn
measured in the hours or days preceeding the onset of a sterhleas to be carefully considered, since it strongly imibes
soil saturation conditions or the spare capacity in thendigé network of a city, playing a fundamental role in detaing
the severity of the hazard (e.g., Neary and Swift, 1987; @@anhini et al., 2000; Wieczorek and Glade, 2005; Martirel.et
2006; Guzzetti et al., 2007; Sene, 2013). Soil moisturessad basic input variable also of the US National WeatheviSer
flash flood forecasting system. In such a tool, rainfall-fioorves are computed on a regular basis for each basingékio
account current soil moisture conditions, and the averaigéall over a specified area and temporal interval requiveditiate
flooding on small streams (flash flood guidance) is thus obthiance the threshold runoff is known (e.g., Sweeney, 1992)
Real-time automatic monitoring of precipitation and relearainfall forecasts are thus necessary ingredientsteiaccurate
and timely warnings, especially for flash floods, which ogeyidly and result in a limited opportunity for warnings te jpre-
pared and issued (e.g., Collier, 2007). The large spatthtemporal variability of rainfall requires monitoring afaecasting
systems capable of measuring and predicting precipitatitinhigh spatial and temporal resolutions. Even though gaiuge
provide precise rainfall measurements at the local sdaéepperational ground station networks can rarely proviéeipita-
tion estimates with high spatial resolution: even in thedpean Alps, one of the regions with the densest rain gaugenie,
typical spacing between stations is about 10 km, wheregsréepitation distribution can vary at scales much smaktian 10
km (e.g., Frei and Schér, 1998; Germann and Joss, 20013 kadt., 2014). Ground-based weather radars, on the othdr ha
can measure precipitation over large areas with high datthtemporal resolution, even though the variability ie thlation
between reflectivity and rainfall intensity limits the acacy of the measurements; moreover, the use of radar in r@ioS
regions requires proper solutions and corrections to th& @eg., Germann et al., 2006). Combining rain gauges \sidlar
measurements through geostatistical interpolation igales is a valid solution to obtain reliable precipitatioelds (e.g.,
Sideris et al., 2014a). Since the uncertainty of medium and-range forecasts from numerical weather predictioneisod
is still too large at the scale of individual storms and ralhpeaks, automatic warning systems usually need moreraecu
predictions with lead time shorter than 6 hours (nowcajtiogssue reliable alerts for small geographical regiorchsas ur-
ban areas or mountain catchments. Operational quangitatecipitation nowcasting is based on numerical weathestigtion
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models and heuristic systems. Even though the first incltloe$ull set of equations describing the atmospheric pisEgs
the assimilation and the initialisation cycles as well asttme required to obtain the forecast are still too long wétbpect to
the needs of operational nowcasting (e.g., Panziera é&(dl1). On the other hand, nowcasting by radar-based hiesis-
tems, such as Lagrangian extrapolation or analogues, lguosvides forecasts of rainfall and outperforms numéneadel
forecasts for the first hours, even though it strongly saffesm the lack of growth and decay mechanisms able to préuict
evolution of the storms for lead times longer than a few hdarg., Panziera et al., 2011; Mandapaka et al., 2012). Iiinal
some studies propose a merging of the forecasts obtainédnwiherical weather prediction models and heuristic system
(e.g., Golding, 1998; Bowler et al., 2006; Atencia et al1@0Haiden et al., 2011), but this approach will be succéssfiong

as numerical models could provide good forecasts at the asting spatio-temporal scales (Wilson et al., 2010).

1.2 Radar-based extremerainfall analysis

Even though radar archives are nowadays a unique resouiceetiigate the behavior of precipitation, since weathelar

has been widely used for quantitative precipitation esiong QPE) for many years, radar data have not yet been exéiyns
used to derive statistics of extreme rainfall. Among the fiepers presenting extreme rainfall analyses based on @la,
Durrans et al. (2002) obtained depth-area ratios for skverarn periods for a large portion of Western United States
cluding part of Great Plains and the Rocky Mountains, bynfitth Gumbel distribution to annual radar rainfall maxima for
durations of 1, 2 and 4 hours using a radar data set of 8 yeley. State that the most significant limitations of radandill
data, both for frequency analyses and for development ahegqea relationships, are the shortness of the archivetand
heterogeneities caused by continual improvements in tteepracessing algorithms. In order to derive radar arealagoh
factors, Allen and DeGaetano (2005) estimate areal ptatipn depths for the 2-, 5- and 10-years return periods fewvN
Jersey and North Carolina (United States) employing a Bsyreaar data set of daily rainfall. Overeem et al. (2009)leygul

11 years of radar data adjusted using rain gauges to derptb-deration-frequency curves for accumulation perioti
minutes to 24 hours over the Netherlands. They also fourgbresble agreement between the parameters of the Genéralize
Extreme Value (GEV) distribution derived with rain gaugesl @adar, showing that radar data are suitable to constaythe
duration-frequency curves. The potential of using rada @ rainfall-frequency analyses has been recently ilatet also

by Marra and Morin (2015), who derived intensity-duratfoequency curves for durations of 20 minutes, 1 and 4 hours by
using 23 years of radar data over Israel, a region charaetelly steep climatic transitions. By means of a detailedpeom
ison between gauges- and radar-derived IDF curves, thdd sbiow that weather radar is able to discern between climati
areas in terms of rainfall extremes and to identify extremezipitation small-scale patterns in a region where regjiaation
approaches are very difficult to apply because of the straimdiall gradients and sparse rain gauge stations.

1.3 Objective of this paper

The objective of this paper is twofold: first, to present aaraldased regional extreme precipitation analysis for Zliand;
second, to introduce NowPAL (Nowcasting of PrecipitatioocAmulations), the nowcasting system recently developed a
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MeteoSwiss to issue precipitation alerts for pre-defineafyggphical regions. The two objectives are closely relatgte the
extreme rainfall analysis provides the rainfall thresisalded by NowPAL for the alerts. This article offers an ireitand
practical solution for both implementing an automatic oegil rainfall alert system and for choosing the rainfalkegirolds
corresponding to the alert levels. The basic assumptidraisi a country characterized by different precipitatiegimes such
as Switzerland (e.qg., Isotta et al., 2014), an alert of aiipéevel should have the same probability to be issued imyeragion
in a year. Thus, the alert thresholds should be the rainfadiuants corresponding to specific return periods. The aalginof
this article, with respect to previous works dedicated timegre precipitation analysis, nowcasting and warningesyst lies

in the following aspects.

1. The high spatial resolution of radar precipitation fial€Lilly exploited, as rainfall maxima of several statistigpaantities
describing regional rainfall distribution are not only ¢éakinto account for the extreme value analysis, but are aled u
by the nowcasting system to issue alerts.

2. The presented nowcasting system can be targeted fofispesar requirements, as it is fully configurable and it isduhs
on a simple and practical approach. Thus, it is appropréaigsue alerts for customers interested in specific apitsit

and regions, such as small urban areas or alpine catchments.

3. The alerts are issued not only if the rainfall measuretiénitnmediate past or forecast in the near future exceeds some
pre-defined thresholds, but also as soon as the sum of pagtraedst precipitation is larger than threshold values. In
fact, in operational nowcasting the sum of accumulated aadigted rainfall is the quantity which actually drives the

emergency decisions taken during heavy precipitationteygee figure 1).

4. Since the nowcasting system should issue alerts not onhafe events, but also for frequent storms producing a#inf
amounts with sub-annual return periods, the analysis i®peed taking into account monthly maxima of warm and
cold seasons.

In this paper, the term alert indicates the situation in Whie pre-defined rainfall thresholds are exceeded overemgegion,
and timely communications are fully automatically senthie tustomers of the nowcasting system. Since the utilithef t
alerts and the performance of the system strongly depentiseaquality of the ingested QPE products and on the skill ef th
forecasting systems, a verification of the alerts issueddyPAL is beyond the scope of this work.

1.4 Outlineof thisarticle

The data used by the NowPAL system to issue alerts in re&;tas well as those employed for the statistical analysés, ar
described in section 2, which also presents the methoded@giopted for the regional extreme rainfall analysis. €kalts of
such analysis are presented in section 3, whereas sectliostdates the details of the NowPAL system. Section 5 mfesian
example of the functioning of the system through the anslysa urban flood. Finally, section 6 presents the main ceimhs

of this work.
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2 Dataand methods

This section introduces the data which are used in realdiyrtee NowPAL system, together with the data set and the rdetho

ologies employed for the regional extreme rainfall analysi
2.1 Padtrainfall

Precipitation fields for past rainfall estimates are olgdiftom the MeteoSwiss operational radar product for QPEr(@san et al.,
2006), and from a recent radar-rain gauge merging techr{igidgeris et al., 2014a). Such products are used as QPE for bot
the real-time NowPAL system and the regional extreme vahadyais.

The third generation (3GEN) of Swiss radars, installed bad©93 and consisting of three C-band Doppler radars, has be
recently renewed. Two more radars were added to the netimaskgler to improve rainfall estimates in the inner Alpingitns
where the third generation network had low visibility. Thtige fourth-generation (4GEN) radar network is now comgdse

five C-band Doppler radars with state-of-the-art dual poddion technique (Germann et al., 2015). The operatiorsal strat-
egy of the 3GEN and 4GEN radars consists of 20 elevationsdsgtw).2 and 40 repeated every 5 minutes. For the extreme
value analysis presented in this paper, data from 2005 t8 #&te considered, excluding the year 2011, during which the
3GEN radars were substituted. The analysis was not extdndéer into the past since data prior to the year 2005 hayl anl
global bias adjustment, while data from 2005 were adjustethdth local and global bias, giving more reliable preeipdn
measurements (Germann et al., 2006). Since the last 4GEXira@anton Grisons is operational since the beginning 4620
the rainfall maps used in this study are cartesian compoditgived from the measurements of three radars till 2018, fo
radars afterwards.

The best radar estimate of precipitation at ground levehésresult of sophisticated data processing based on manestha
years of experience in radar operation in the Alpine envitent at MeteoSwiss (Joss and Lee, 1995; Germann et al.,.2006)
Such a product is retrieved through a weighted mean of alldhenetric radar observations above the ground, and reatar d
processing includes automatic hardware calibration, mptoelutter elimination, visibility correction, correctidfor vertical
profile of reflectivity, removal of residual non-weather eel and bias correction (Germann and Joss, 2002; Germahn et a
2006). The latter compensates for systematic errors duertauniform beam filling, low level growth not seen by the ieat
profile correction and attenuation.

The merging of radar and rain gauge measurements is opwatyiperformed at MeteoSwiss by CombiPrecip, a co-kriging
with external drift geostatistical method which incorgesaboth spatial and temporal information into the modglénd esti-
mation technique (Sideris et al., 2014a). CombiPrecipllpeajusts the radar rainfall map according to the valuethefrain
gauges; the main assumption is that the point rain gaugeurezasnts are the primary, trustworthy data, while the rddsa
function as an external drift. The scheme includes a coimrecbntrol routine, in order to reduce the negative effeckiaging

of the scarce representativeness of rain gauge measureimeatse of convective rainfall patterns (Sideris et all42y).

The horizontal spatial resolution of both radar and CongxiRr precipitation maps is 1 km x 1 km. The temporal resolu-
tion of radar measurements is 5 minutes, whereas CombjPhesi a temporal resolution of 1 hour before 2012, 5 minutes
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since 2013. For the statistical analysis presented herad Bdours rainfall accumulations were obtained from radapsn
temporally aggregated every 5 minutes, whereas 6 hoursamged accumulations were obtained from CombiPrecip maps
temporally aggregated every hour. The use of radar inste@dmbiPrecip for short accumulations is motivated by theche

to ingest as soon as possible in NowPAL these data, and Htinearadar maps are available before CombiPrecip. Momeove
using CombiPrecip to derive rainfall totals as short as 1&hdurs would have led to large negative bias in precipitetidals
corresponding to given return periods, since the tempesadlution of CombiPrecip available through the whole datdass1
hour.

2.1.1 Residual ground clutter removal

The continuous repetition of low echoes due to residual mglatiutter in radar QPE can produce isolated large raindils
over long temporal aggregations. For the study of extreiméalg therefore, the identification of radar measurersaaintami-
nated by ground clutter has primary importance. Even thaugtnd clutter elimination algorithms are part of the ssfibated
data processing of radar data, 3GEN radar rainfall estsnagee still partially contaminated by clutter, in oppasitio 4GEN
radar data which are almost free from it. For this study, weleged the two-sample Kolmogorov-Smirnov statisticat tes
identify the pixels significantly contaminated by residgabund clutter in 3GEN radar data. The two-sample Kolmogoro
Smirnov test is a non-parametric hypothesis test which earskd to state whether or not two samples are charactegizbd b
same probability distribution (Kolmogorov, 1933; Smirnd®48). The test is based on the comparison between cuweulati
distribution functions () of the two samples, the test statisficbeing the supremum of the set of their distances:

D:Sgp(lol(x) — Ca()]) @

The null hypothesis assumes that two samples are descrjbibe lsame probability distribution, and it is rejected i tiest
statistic is larger than a critical value which depends andignificance leved. In our case, the two samples are the 5-min
radar rainfall estimates at a given pixel for a year of 3GEN ayear of 4 GEN data, andwas set to 0.01. Assuming that the
differences in distributions between 3GEN and 4GEN radta dae to residual ground clutter are more evident at lowfaifiin
intensities, because of the frequent repetition of lowrisiy echoes, the range considered for the test was limité¢d,5]
mm/h. Two pairs of years characterized by similar mean ygadcipitation in Switzerland were chosen: 2007 and 200882
and 2014. Kolmogorov-Smirnov test was then applied to thepairs of years, and the pixels which did not pass the test in
both cases were considered as affected by residual grouttér@nd were not included in the extreme rainfall analySigure

3 shows the 3-hours rainfall accumulation for three préaijmin events occured between Italy and Swizerland, tegetiith

the resulting mask shaded in black. Such region is partiguddfected by residual ground clutter, since the radanbdaectly
impacts high mountains towards the West as, for examplet&Rnosa (4634 m asl). Figure 3 shows that most of the cluttered
pixels are located over high mountain peaks, where the pcesa residual ground clutter could have effectively coriteated
radar measurements.

We are aware that changes in the radar scan strategy from 3GEBSEN radars might have led to the removal of non-
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cluttered pixels, and that pixels affected by residual gobautter in both 3GEN and 4GEN might not have been identhigd
this analysis. However, we assume that the results of thilysis are appropriate to the scopes of this study.

2.2 Futurerainfall

Information on rainfall expected in the near future is dedifrom three different products: COSMO, INCA and MAPLE. Buc
rainfall fields have not been used for the extreme value aigligut they are used by the real-time NowPAL system.

COSMO (COnsortium for Small-Scale Modeling) is the numadrimodel operationally used at MeteoSwiss, as part of a
major cooperative research effort between several ndtweather services in Europe (http://cosmo-model.orgs & high-
resolution, limited-area, non-hydrostatic numerical thea prediction model with the radar-rainfall observati@ssimilated
using a latent heat nudging scheme. COSMO has a spatialitiesobf 1 km, forecasts are produced every 3 hours and extend
up to 33 hours with 10 minutes temporal resolution.

INCA (Integrated Nowcasting through Comprehensive Arg)yis an operational nowcasting system producing a rdinfal
forecast based on Lagrangian extrapolation of the pretipit field for the first hour of forecast (0 to 1 hour lead tiljesd

on blending of extrapolation with COSMO forecasts for theiso2 to 4 (1 to 4 hours lead times); forecasts for longer lead
times coincide with numerical model forecasts (Haiden e28l11). The INCA precipitation analysis incorporatesistedata,
radar data and elevation effects (orographic effects ariai)i. Forecasts are produced every 10 minutes as new aadarain
gauge measurements become available, and extend up toléaditime with 10 minutes temporal resolution.

MAPLE (McGill Algorithm for Precipitation Nowcasting) pruces forecasts by first estimating the velocity field usiaig-v
ational echo tracking and then extrapolating the curredaramage according to the velocity vectors previously \aeti
(Germann and Zawadzki, 2002; Turner et al., 2004). This @asticg system produces forecasts every 5 minutes, up to 12
hours lead time with 5 minutes temporal resolution. Overitips, MAPLE has a larger skill with respect to COSMO foresast
for lead times shorter than 3 hours (Mandapaka et al., 2@tresent, significant efforts are being made in order ttuihe

the growth and decay processes due to the orographic fooaitige extrapolation scheme (Sideris et al., 2015).

2.3 Extremerainfall analysis

The regional extreme rainfall analysis performed in thislgthas been conducted on radar and CombiPrecip precipifétids
aggregated ovel different temporal periods. In particular, radar data ha@en used to derive 1 and 3 hours accumulations,
whereas CombiPrecip product was aggregated to 6, 12, 24&hduts (see section 2.1). These temporal periods, which are
calledtot; with i = 1, ..,6, have been selected because they are employed by the difiei@bSwiss warning system to issue
alerts for the 159 Swiss warning regions shown in figure 2. fBggonsreg;, with j = 1,..,159, were not defined as part of
this study, since they are administrative districts or lvatents; their area ranges from about 100 to 508, kwith an average
value of 264 km. Different quantities describing the distribution of tleenporally aggregated precipitation field within each

warning regionR(tot;); were computed, exploiting the high spatial resolution direand CombiPrecip rainfall maps:

1. R(tot;);, the average rainfall in peria@t; in the regionj
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2. maz(R(tot;);), the maximum of 1 krhrainfall in periodtot; in the regionj
3. Qz(R(tot;);, the 90 percentile of rainfall in peria@t; in the regionj

4. max(RS(tot;);), the maximum of regional rainfall in perigdt; in the regiory after a spatial aggregation of the original
field with a square moving window of arei.S km?.

These statistical quantities are callegjional statisticsand are indicated witlstat(R(tot;);). Since regional statistics
describe different aspects of regional rainfall distribnt they are required in order to provide a variety of solusito NowPAL
customers, which might be interested in different featofabe rainfall field for a variety of applications. For exaepwhile
for hydrologic applications the average rainfall in theioegis needed, the maximum rainfall in the region might bulde
emergency agencies which need to take care also of verjidedaieavy rainfall. The aim of considering the maximum of
precipitation after spatial aggregation with moving windoof a given area is motivated by the need to derive returioger
of rainfall patterns of different sizes, so that an alert barissued as soon as a rainfall pattern of that size is olberithin
the region, even though only a part of the region is affectelddavy rainfall.

The extreme value analysis presented here is based on arbkxdkna approach. Statistical modeling of the block-maim
of precipitation is performed using the Generalized Ext&eralue (GEV) distribution (e.g., Coles, 2001) whose curtinga
distribution function has the form:

G(z)_exp{[1+§<zau>}_é} @)

and itis defined onthe st : 14 £ (» — ) /o > 0} wherez represents maximum precipitationpo < p < oo is the location
parameterg > 0 is the scale parameter anebo < £ < oo is the shape parameter. The latter describes the heavih#dss o
tail of the distribution: the larger the value ©fthe heavier the tail of the distribution, the larger thelyatoility of occurrence

of extreme values. The subset of the GEV family distribugiovith £ = 0 is interpreted as the limit of the GEV &s— 0,
leading to the Gumbel distribution; the case witk 0 (£ < 0) correspond to the Fréchet (Weibull) family distributioiifie
parameters of the GEV are estimated in this study using maxitikelihood estimation (e.g., Coles, 2001) by means of the
gevfitMatlab function, which also provides the correspondingy@®nfidence intervals.

The quantiles of the GEV can be written as a function of therreperiod by inverting equation 2:

p= g 1= {1 -p)} ] fore#0

Zp = (3)
p—oln{—=In(1—p)} foré=0

wherep is the probability that the maximum rainfall exceegisand the return period' is thus:

T=1/p (4)

zp is called the return level associated with the return pefipend it represents the rainfall amounts which is expectdubto
eceeded on average once evérplocks. The curve which shows the behaviorgfagainstl’ is called return level plot, and
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by log-log transforming the x axis, it is possible to focustha tail behavior of the distribution. Even though in thiadst
return level plots were obtained for each rainfall accurtiog warning region and regional statistic, here we onlgvéimaps

of the return levels corresponding to given return pericaisifall accumulation and regional statistic for each vimgrregion.
Since we need to get rainfall amounts corresponding alsalieasnual return periods, the monthly maxima of each region
statistic and warning region have been extracted from thgeHds data set. In fact, NowPAL must be able to issue altsts a
for heavy rainfall episodes which are relatively frequemd aot necessarily extreme. Our assumption is that the GE&dhpa
eters are constant within each warning region, and it isvatgd by the need to derive rainfall thresholds correspanth
specific return periods for the regions. The local maximaldsethe statistical analysis have not necessarily beersuaned

at the same place, but they might have occurred at diffeogations within the region of interest. As soon as they kgkon
the same warning region, they constitute the empirical masiens for that region, and their actual position witHie tregion

is not taken into account. With this regional approach, thmitéd length of the monthly block is compensated by thedarg
number of pixels within each region which might originate tegional maximum. In order to guarantee the temporal iexlep
dence of maxima of blocks as short as months, a minimum lag ¢i#8 hours among maxima occurring in two successive
months but close in time was imposed for accumulations renffom 1 hour to 1 day. In fact, Fukutome et al. (2015) and
Barton et al. (2016) found that this is the maximum declusgerun length in Switzerland for hourly and daily precipiten
respectively. For 2-days rainfall accumulations, suchtiag was extended to 72 hours. In case of maxima of two separat
months occurring within this lag time, the largest was assitto the corresponding month, while the smallest was isutest
with the second maximum of the other month. Moreover, théyarsawas performed separately for the warm (May to October)
and cold (November to April) seasons in order to reduce tfeeebdf seasonality on the choice of maxima. Thus, a total of 6

(months) x 10 (years) = 60 monthly maxima are considereddohseason.

3 Regional extremerainfall analysis
In this section the main results of the regional extremefatianalysis are reported.
3.1 Returnlevel plots

As introduced in section 2.3, the GEV distribution has bettadito seasonal monthly maxima of rainfall for each warning
region, regional statistic and for several temporal acdatimns. As an example, figure 4 shows the GEV fitted to summer
maxima of 1-hour mean rainfall measured in the Schaffhaugeming region (273 ki), and the return level curve with
empirical observations for the maximum of regional rainf@imputed after a spatial aggregation of the original fieithwa
moving window of 3x3, 5x5 and 7x7 kfnAs expected, return levels decrease with increasing #ieeadithe moving window
used to smooth the original rainfall field, with the regionaan providing the smallest return levels. For exampleparst
which produces about 20 mm of rainfall on average in the repas the same 3-years return period as a storm which causes
about 70 mm of rainfall in a 9 kiarea within the region. Another feature of the regionalnetavel plot, which is common
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also to other Swiss regions, is that the confidence of the Gxdiincreases with increasing the averaging area, wigh th
mean rainfall providing the smallest confidence interval.

3.2 Return level maps

Return level plots for a given rainfall accumulation, likext shown in figure 4, provide a fast tool to associate a rthenfiaount

to each warning region for a particular return period andoreg) statistic. Maps showing for each warning region tharre
level corresponding to 3, 6 and 12 months return periods,fér 32 and 24 hours rainfall for summer are presented in figure
5. It should be noted that the maps of the first line of figureeéraot quantitatively comparable with the other maps, since
they were derived from radar and not from CombiPrecip as tiheranaps of the figure (see section 2.1). The regional Statis
used to obtain the maps isax(R5(tot;);), i.e. the maximum of regional rainfall over an area of 28kthus, the original
rainfall field was spatially aggregated with a moving windofvsx5 kn? before extracting the monthly maximum within
each region. The borders of the regions for which more th#froht¢he pixels were identified as affected by residual grebun
clutter are indicated with a thicker contour in the map, d¢ading that the corresponding return levels were derivey foom

a small part of the region. Only for one region (shaded inlbiacthe figure) on the Jura mountains it was not possible to
derive return levels, as more than%®f it was affected by residual ground clutter. Since monthigxima are considered
for each 6-months season, the rainfall amount correspgrtdia return period of 3 months is expected to occur on average
twice a summer, while the rainfall with 6 months return pdrazcurs on average every summer; similarly, 12-monthsmetu
period is associated to a rainfall amount expected on agexegry two summers. Figure 5 shows that the largest retuefsle
occur south of the Alps in the Ticino region for 6-hours ordenprecipitation accumulations, whereas for 3-hourdadithe
largest values are observed North of the Alps, in particuldhe Western Bernese Alps as well as in the Jura mountauhs an
north-east Switzerland. The central Alpine chain exhitgtarn levels lower than the southerly and northerly Alstapes, in
particular Cantons Valais and Grisons show very low retamels for accumulations longer then 3 hours. It could beexgu
that the maxima of rainfall of these two latter region areeanedtimated because the 3GEN of radars had low visibilgyeth
however, this is not the case since CombiPrecip data areindgbd analysis. The Jura mountains, on the other hand, show
larger values than the Swiss Plateau, with rainfall totalmgarable with those oberved over the Northern Alps. Thecefff
varying the regional statistic on the return levels is shawfigure 6 for 1 hour radar rainfall accumulation for retueripds of

3, 6 and 12 months. The regional statistics employed for tiadyais arenaxz(R1(tot;),), maz(R3(tot;);), max(R7(tot;);)

and R(tot;);. As it was also observed in figure 4, return levels increask decreasing the averaging area, with the mean
rain providing the lowest values. The spatial distributairthe return levels for 1 hour rainfall is generally simitarthose

of 3-hours precipitation, with some regions of Engadin i& @anton Grisons showing values as large as the Westerndgerne
Alps. The spatial distribution of the hourly and daily retdevels shown in figures 5 and 6 mirrors the findings of previou
alpine climatologies (e.g., Frei and Schéar, 1998; Isott.e2014; Fukutome et al., 2015). Figure 6, moreover, shibhat
the regional statistic considered for the extreme valudyanhas a huge impact on the thresholds which should be uged b
NowPAL to issue alerts, and therefore it should be carefthiigsen when designing a regional alert system, dependitigeon
nowcasting application and specific customer needs.
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4 NowPAL algorithm description

This section describes in detail the real-time NowPAL alhon, whose structure is schematically illustrated in fegidr
NowPAL is designed to monitor rainfall accumulations witlthe regions of interest and to automatically issue thesaiiethe
thresholds are exceeded depending on the requirements ofishomers. Indicating with the rainfall accumulation periods
in which the customers are interested, with= p1,p2, .., py the minutes of the past and with= f1, fo,.., fx the minutes of
the future of the rainfall accumulationst; = p; + f; represent the number of minutes for which total rainfalllecalations
are computed. I/ is the number of pre-defined geographical regions assodiatach customereg; = regi,regs,..,regm
are the regions which will be monitored for a specific clights, an alert/;; corresponds to each temporal periodtaf;
minutes for the regiomeg;, in case of threshold exceedance. The system runs eyenjnutes, by taking the most updated

past and forecast rainfall fields for total rainfall comgiata.
4.1 Computation of rainfall totals

This subsection briefly describes the part of the NowPAL i@tlgm responsible for computing past, forecast, and tataifall
accumulation fields.

In order to derive past rainfall accumulations, NowPAL nmekse of the radar QPE or CombiPrecip rainfall maps of the
last py minutes (see section 2.1). Before computing summatioesalgporithm checks if 5-minutes radar images are miss-
ing within the longest accumulation period. The gaps due igsimg images are filled by replicating the last availabia-ra
fall field, assuming that within a short period the rainfadlidi does not significantly change (Eulerian persistenceocagop,
Germann and Zawadzki, 2004). In case of a gap caused by eadiveamissing images, the second missing image is assumed
to be the average of the last two available radar imagesydixg those replicated with Eulerian persistence. Sityildine
third missing rainfall field is created by averaging the éhtast images not already replicated in this process. Thisrais
performed till a configurable number of times (e.g. 3 in theeut version of the system). Once the data gaps have besh fill
some plausibility controls are performed, with the aim tedhwhether the rainfall values measured every 5-minutebdy
radar or estimated by CombiPrecip are within a range of iiaisalues. The average rainfall and the fraction of area wi
rainfall larger than a configurable threshold within the Swiadars domain and within circles around the radars hale to
lower than configurable thresholds, as specified in a cordtgur file. The images which do not show plausible rainfalliea,
which might be due to radar artifacts or other errors, areagded and substituted with the previous ones, followiregEh-
lerian persistence approach described above. Then thetaehgonsistency between successive radar or Combipn@eigas

is checked: some statistical indices between the last iedaye and the previous one, and between the previous ondand t
one before are computed (correlation, bias, variation aftion of area with rainfall larger than a configurable thrdd).
These statistical indices are computed taking into acctintainfall measured only within Switzerland. Then, thiéedéence
between the indices relative to the two pairs of images isprded and evaluated: if it is larger than configurable thokesh

the last radar image is discarded and substituted with theriBo persistence approach. It is worth highlighting tBaterian
replacement of missing and not-plausible images occussraeely, as more than 998 0of 5-minutes radar images of a year

11
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are regularly produced in real-time, and they contain pldesainfall values. The past rainfall accumulatiaRép; ) are then
computed at the pixel level, by taking into account for eastuanulation period also the radar images replicated ortisutesd
with Eulerian persistence. Four quality flags, accountordifes availability and the outcome of the Eulerian reptaeat of
missing and low-quality files, are associated to the pasfathiaccumulation image and reported in the final alertddiril
Section 2.2 already introduced the nowcasting tools whiokiide forecast rainfall fields for NowPAL. In this step ogthlgo-
rithm the most recent available forecasts for the nfaximinutes are taken into account to compute the temporal ggtios.
Similarly to what is done for past rainfall accumulatiorie forecast rainfall data are also checked for possibleinga®hages
and quality controlled, and the same approach of Euleriasigience substitution developed for past rainfall acdatians is
implemented also for forecasts. Then, forecast rainfallawilationsR( f;) are computed as a simple summation at the pixel
level, and five quality flags, giving information about files#ability, quality controls outcome and the delay of tloeefcast
with respect to current time, are assigned to these fieldsepuited in the final alert bulletin.

Finally, total rainfal fieldsR(tot;) are obtained by summing at the pixel level the most updatet gued forecast rainfall

accumulations.
4.2 Issuanceof regional alerts

This subsection briefly describes the part of the algorithaponsible for issuing alerts for pre-defined geographegibns.
A number of consecutive actions is done by the system:

1. Total rainfall field smoothing. In this step the algoritperforms a spatial aggregation of the total precipitatielufwith
a square moving window of configurable size, produditigftot;), a smoothed total rainfall field which is used by the
system if the regional statistic chosen to evaluate redji@iafall is max (RS (tot;);) (see section 2.3). In the current
configuration of NowPAL, aimed to issue alerts for the Swissning regions, the area of the square moving window is
set to 5x5 and 7x7 ki with the largest window being used for the longest accutiuria.

2. Computation of regional statistics. In this step theorgl statisticstat(R(tot;),;) introduced in section 2.3, representa-
tive of the total rainfall distributiorR(tot, ) ; over each regiop, are computed. If the required statistiensx (RS (tot;) ),
the maximum ofRS (tot;) within each region is derived. Moreover, some additioretistics are also computed, in order
to provide further information about the regional rainfdiitribution; these include the percent®8 (tot,), caused by
RS(p;);, the fraction and the area of each region with rainfall latgan a configurable threshold, the average regional

rainfall, the maximum and the total of regional rainfall.

3. Validation of regional rainfall. In this step of the algbhm, RS(tot;); is quality controlled through a plausibility test: for
each region, a maximum value of mean hourly rainfall accatin is allowed. Moreover, also a coefficient from 0 to 1
should be defined, as this number is multiplied by the maximean hourly rainfall and by the number of hoursf;,
to obtain the maximum possible mean regional rainfall fauaculations longer than hourly. This regional plausipilit
control also results in a quality flag which is reported infinal alert bulletin.

12
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4. Evaluation of regional statistics. The regional steissitat(R(tot;);) are then compared with the thresholds values in
order to assess if alerts need to be issued in case of thdeska#edance. This step results in a Temporary Alert Balleti
T AB;, which is a list of the regions with the relative alert leyetsgional and additional statistic5.AB; is produced

for eachR(tot;) total rainfall accumulation, and it is updated everyninutes.

5. Temporal filtering of alerts. Since during a heavy preaimn event the thresolds corresponding to the alerts infigh
continuously exceeded for a particular region for a longqgukrthe aim of temporal filtering is to identify the alerts
reported inT'AB; which should receive special attention by the customerumxéhey can be considered as new. For
this scope, #atency timdat; has to be defined for each total rainfall accumulatiat, representing the temporal period
during which NowPAL checks if an alert has been previoustyiésl for the same region; if this is the case, the system
considers the latest alert as new only if its level is largemfthat of the previous alerts found1nA B;, or if the latency
time since the last new alert has passed. Then a special ftesgigned to alerts recognized as new, and reported in a
Final Alert Bulletin F'AB; for each alert. By disseminating only the alerts identifisthew inf"AB;, NowPAL can thus
control how often the customers should be alerted in casertgfrous rainfall threhsold exceedance.

Figure 8 provides an example of visualization of the alesssiéd by NowPAL for the 159 Swiss warning regions. Different
colors denote the level of the alerts, whereas the regiotisanthick border are those for which a new alert is identifiethe
current time.

5 Urban case study

This section presents a case study for the urban flood whictrad in the city of Schaffhausen in Switzerland on 2 May
2013. The aim of this short analysis is to provide a concnetengle to make the reader familiar with the regional algrtool
presented in this paper.

On 2 May 2013, a moist south-westerly large-scale circntegissociated with an upper level trough favoured the dpuetmt

of multicell thunderstorms in Switzerland, with damageimbeeported in many Swiss Cantons. As shown in figure 9, betwe
16:00 and 16:30 UTC, a mesoscale convective system rapédiglaped over the city of Schaffhausen, which was heavily af
fected by intense precipitation. Widespread flooding thtothe city and the surrounding areas was reported, regtitti25
milions of Swiss Francs damages. From 16:20 to 17:20 UTCloited rain gauge measured a total rainfall of 51.4 mm, with
46.6 mm falling in 30 minutes and a peak intensity of 32.8 mrtini10 minutes (16:40 to 16:50 UTC); small hail has also
been observed. NowPAL was run for the area of Schaffhausenicipality (44 kn¥, see figure 9), by combining the radar
and MAPLE data which would have been available in real-tibagh fields are produced within 3 minutes after the nominal
time. The accumulation period is 1 hour (30 min past + 30 miar), and the rainfall thresholds are 20, 30, 40 and 50 mm,
corresponding to warm-season return periods of 6 montl2sad 4 years fomaz (R7(tot;);) within the larger Schaffhausen
warning region. The regional statistic accounting for thtaltrainfall measured within the Schaffhausen municipalias set

to the mean, updating frequency was 5 minutes and lateneytbminutes. Figure 10 shows the behavior over time of radar
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5-min rain rate, 30-minutes past (radar) and forecast (MAPdccumulation, and 1-hour total rainfall for SchaffhauseAB
and FAB alert levels are also reported, with the new alertBAB highlighted in bold. NowPAL issued an alert level 1 at
16:10, when total rainfall exceeded the lower thresholdOofrizn. Alert level increased to 3 at 16:15, and to 4 at 16:20t@r
largest part of the storm, MAPLE predictions were contiifigiimost to total precipitation accumulation, and they wedeed
overestimating rainfall quantity. The maximum mean rdinfdaensity was observed between 16:45 and 17:00. Theralain
intensity started to slowly decrease, as well as MAPLE faséx At 17:10 alert level dropped to 3. After 17:15, pastarad
rainfall accumulation was larger than MAPLE forecasts. €ffect of temporal filtering of alerts can also bee seen inréigu
10. For example, even though at 17:15 the last radar obgamsaind MAPLE forecasts were corresponding to alert leyel 2
alert level 3 was reported in FAB because the latency timensaget expired (see section 4.2). During this storm, erefaus
would have received the alert levels marked in bold in theréigun order to deal with a manageable amount of information.
Nowcasting of thunderstorms is done at MeteoSwiss by TR&uomatic algorithm for the detection, tracking, charaste
tion and extrapolation of convective cells (Hering et al08). The system includes a thunderstorm severity rankiodyzt,
which, based on cell attributes such as vertically-integtdiquid water, mean of 45 dBZ echo top altitude, maximum re
flectivity and cell size above 55 dBZ, classifies each celhim four categories very weak, weak, moderate and severe. If a
thunderstorm is classified as moderate for two consecutivénbites radar scans, a warning is issued for the regioestefi

by the cell in the following hour according to radar extragimn. Unfortunately, MeteoSwiss did not issue any thusidem
warning on 2 May 2013 for Schaffhausen, as the storm did raatréhe category moderate. This means that the convective ce
was not as vertically developed as severe thunderstornadlyise, although it produced a large quantity of rainfallamall
hail particles. The Schaffhausen storm is typical of thdse &re not correctly classified as severe by common thutoders
radar tracking systems, because of their limited vertiegtld and convective features. For these storms, whichitaes real
challenge for forecasters, nowcasting systems based mapeldtion of radar images, such as INCA or MAPLE, are thetmos
valid solution. The case study presented here shows thaPNbws needed to combine these forecasts with informatiaugb

recent past accumulation, possibly increasing the leagl difnvarnings.

6 Conclusions

This paper presented a regional extreme rainfall analgsisdon 10 years of radar data for the 159 Swiss warning regiwh
introduced NowPAL, a tool for issuing regional heavy préeifion alerts. The statistical analysis and the nowcgstiystem
are strictly related, since the first is aimed to provide thiefall thresholds needed by the second to issue the alértss,

the paper offers an intuitive and practical solution fortbiohplementing a regional rainfall alert system and for cing the
rainfall thresholds corresponding to the alert levels.

Warm and cold seasons monthly maxima of several statigjicahtities describing the rainfall within the regions wétied

to a Generalized Extreme Value distribution for 1, 3, 6, 1@ a4 hours rainfall aggregations. Return level plots, shgvwhe
precipitation amounts correponding to monthly return gesj were obtained for each accumulation period, warniggpne
and for several regional statistics, i.e. the statisticalrdities used to describe the regional rainfall distidwutThus, the high
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spatial resolution of radar precipitation fields is fullypéoited in this analysis. A large variability of return ldsaevas found
between the Swiss warning regions, and it was shown thatgpetial distribution depends on the duration of the agajieg
period, independent on the regional statistics. For actations of 3 hours or shorter, the largest return levels aued in the
Western Bernese Alps and in the Alps of Cantons Fribourg andiMvhereas for longer durations, Ticino exhibits thedatg
values. The inner Alpine chain shows the lowest values, irergent with previous climatologies.

Return levels are used as rainfall thresholds and assddiatdifferent alert levels by NowPAL. In fact, our assumptie that
an alert of a given level, corresponding to a specific reteniog, should be expected the same number of times durirgsase
in every warning region. Under this assumption, the extreairéall analysis objectively provides the threshold estdior each
warning region, for a given regional statistic. The aleft®NowPAL can be based on the precipitation observed or fateca
over the region, or on the sum of measured and predictednagiainfall. The latter quantity has a fundamental impact
for nowcasting applications for which antecedent rainialas important as predicted precipitation, such as urbamall
river floods predictions. The dependance of return levelsegional statistic indicates that the latter is a key elenoéra
regional alert system, which should be carefully chosemrtter to answer the needs of end-users which might be in¢eres
in monitoring different aspects of precipitation, in faitte system should be able to monitor rainfall in real-timeraseveral
spatial and temporal scales. The algorithm, which was @e=stin detail in the paper, also includes a practical metiood
control the number of alerts issued in case of continuowsstiold exceedance during a prolonged precipitation event.
all these reasons, NowPAL was designed as a fully configersygtem, which can be adapted to the different needs of the
end-users.

NowPAL finds a natural application in the prediction of urlfimoding. In order to make the reader familiar with the system
this kind of application, the urban flood which occurred ia tity of Schaffhausen in 2013 was analysed in detail. Evengh

a verification of NowPAL alerts is not within the scopes of gaper, since it performance strongly depends on the quality
the ingested QPE and the skill of the adopted forecastintgsyshe analysis shows that the tool offers a practical ateth
to efficiently combine in real-time past and forecast rdirffalds and to continuously monitor total rainfall accuratibn
over a city. Moreover, the case study suggests that thersysitight have complementary skill with respect to radar-tlase
thunderstorm nowcasting systems for storms which do navsholear convective signature because of their limitedcadrt
development. For such storms, combining two-dimensioregsured and forecast precipitation fields can add lead trtfet
heavy rainfall warnings.

A comparison of extreme rainfall analyses derived from raatal rain gauges deserve future investigations. Even thaig
gauges typically provide longer and more homogeneous éatards with respect to radar, they suffer from limited spati
representativeness. Radar data with 1lspatial resolution, on the other hand, offer the opporjuttitinvestigate in detail
not only the geographical variability of extreme precipda, but also the behavior of extremes over different gphatales.
Thus, extreme rainfall statistics derived from radar arnd gauges provide complementary information, and the §ipeci
application should drive the choice about the source of tatake into consideration. The NowPAL system presented iser
an excellent example of a nowcasting application whichiregwa radar-based statistical analysis, for which rairggawvould
have provided only very limited information.
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Figure 2. The 159 Swiss warning regions for which an extreme rainfall analysisrfepned in this study.
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Figure 3. Zoom between lItaly and Switzerland of the mask used to remove pixetdedfby residual ground clutter in 3GEN radar data. 3

hours rainfall accumulations for three different time steps are shotreiteft column, while the right column shows the same field with the
pixels affected by residual ground clutter shaded in black. The locatitredMonte Lema radar is indicated by the radar symbol.

21



Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-131, 2016 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Published: 30 March 2016 Sciences
(© Author(s) 2016. CC-BY 3.0 License. Discussions

Schaffhausen, warm season, 60 min rainfall
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Figure 4. Histogram of summer monthly maxima of mean rainfall in the Schaffhacesgion (273 ki) with GEV fit (left), and correspond-
ing return level plot for several regional statistics (right).
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Figure 5. Maps of summer return levels for the Swiss warning regions correlpgio 3, 6 and 12 months return periods, for 3, 6, 12 and
24 hours rainfall accumulations.
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Figure 6. Maps of summer 1 hour return levels for the Swiss warning regionesponding to 3, 6 and 12 months return periods, for several
regional statistics.
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Figure 7. Flowchart of NowPAL algorithm.
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Figure 8. Example of NowPAL output: map of Swiss warning regions with corredpanalert levels for 1-hour accumulation.
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Schaffausen, 2 May 2013
15:45 16:00 16:15
Germany -F

17:15 17:30

Rain Rate [mm/h]
0.16 0.25 0.4 0.63 1 1.6 2.5 4 6.3 10 16 25 40 63 100

PLOT_SCHAFFAUSEN 1Feb16 16:27

Figure9. Time serie of radar images showing the storm that hit the city of Schaffimaon 2 May 2013. The first panel shows the large-scale

rainfall pattern, with the box indicating the area of the other panels, a smagdjien centered on Schaffhausen municipality (44 kwhose
boundaries are also shown in bold.
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Figure 10. Behavior over time of 5-min rain rate, 30-minutes past (radar) aret&st (MAPLE) accumulation, and 1-hour total rainfall
averaged over the Schaffhausen municipality. NowPAL TAB and FAB kgeels are also indicated, with the new alerts of FAB highlighted
in bold. See text for details.
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