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Abstract

This paper presents a method to identify intense warm season storms of convective
character based on intensity thresholds and lightning, and analyzes their statistical
properties. Long records of precipitation and lightning data at 4 stations and 10 min
resolution in different climatological regions in Switzerland are used. Our premise is5

that thunderstorms associated with lightning generate bursts of high rainfall intensity.
We divided all storms into those accompanied by lightning and those without lightning
and found the threshold I∗ that separates intense events based on peak 10 min intensity
Ip ≥ I∗ for a chosen misclassification rate α. The performance and robustness of the
selection method was tested by investigating the inter-annual variability of I∗ and its10

relation to the frequency of lightning strikes. The probability distributions of the main
storm properties (rainfall depth R, event duration D, average storm intensity Ia and peak
10 min intensity Ip) for the intense storm subsets show that the event average and peak
intensities are significantly different between the stations, and highest in Lugano in
southern Switzerland. Non-parametric correlations between the main storm properties15

were estimated for the subsets of intense storms and all storms including stratiform
rain. The differences in the correlations between storm subsets are greater than those
between stations, which indicates that care must be exercised not to mix events when
they are sampled for multivariate analysis, e.g. copula fitting to rainfall data.

1 Introduction20

Rainfall is one of main causes of natural hazards in hydrological systems (e.g.
Vörösmarty et al., 2013; Wilhelmi and Morrs, 2013; Kyselý et al., 2013), and is in-
separably related to flood risk (e.g. Hlavcova et al., 2005; Blöschl, 2008; Borga et al.,
2011; Winsemius et al., 2013). Storms associated with high rainfall intensities often
lead to severe flooding in catchments and urban areas, accelerated hillslope and chan-25

nel erosion, triggering of landslides, mud and debris flows (e.g. Llasat, 2009; Brunetti
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et al., 2010; Badoux et al., 2012). The severity of storms and their damage potential is
dependent not only on the total rainfall amount but also on other storm characteristics
such as peak rainfall intensity and event duration. The statistical properties of these
storm characteristics and their inter-dependencies are fundamental descriptors of in-
tense storms and should be known with the highest possible reliability both for practical5

(design) and scientific purposes. That is the general aim of this paper.
The first question we address is how to select intense storms out of all events based

on some common property. A good example is the distinction of precipitation into con-
vective and stratiform rain which captures two different cloud dynamical processes (e.g.
Houze, 1997). Convective rain is associated with higher rainfall intensities and is com-10

monly identified from ground synoptic observations of clouds, state of weather and/or
rain intensity fluctuations (e.g. Pešice et al., 2003; Tremblay, 2005; Llasat et al., 2007;
Berg et al., 2013; Ruiz-Leo et al., 2013; Rulfová and Kyselý, 2013). Weather radar pro-
vide additional information, e.g. updraft velocities and cloud water content, which aid
the identification of convective rain (e.g. Rigo and Llasat, 2004; Llasat et al., 2005; Rigo15

and Llasat, 2007). Although formal convective-stratiform separation techniques (see
comparison in Lang et al., 2003) are inherently limited because they do not directly
quantify the origin and type of convection (Zimmer et al., 2011) they have one thing in
common – that a locally high rainfall intensity is expected in events where convection
is present even if embedded in stratiform systems. It is this extremity of rainfall inten-20

sity during a storm which we would like to capture in our selection of intense events,
regardless of their exact meteorological origin and genesis.

The second question we address in this paper is how to define a threshold intensity
for the identification of intense storms. This choice is rather arbitrary and depends on
the time resolution used, i.e. the duration for which the intensity exceeds the threshold25

(e.g. Llasat, 2001). There are very few objective methods to estimate the threshold
intensity, one notable exception is Tremblay (2005) who partitions rain into stratiform
and convective components with the latter being anomalies in the relation between
total precipitation and precipitation intensity (e.g. Ruiz-Leo et al., 2013). This method is
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based on a global classification from raingauges and provides time-dependent but not
station-specific thresholds. It was developed for 6 h aggregations which are not always
sufficient to capture short-term variations in rain intensity during convective storms.

One of the main goals in this paper is to develop a station-based method to choose
the intensity threshold based on long records of lightning strike data and precipitation5

measured at a high resolution (∼ 10 min). The premise is that summer thunderstorms
with convective activity are commonly associated with lightning (e.g. Tapia et al., 1998;
Rivas Soriano et al., 2001; Rivas Soriano and De Pablo, 2003; Barnolas et al., 2008;
Tadesse and Anagnostou, 2009; Yair et al., 2010; Koutroulis et al., 2012). A number
of recent studies have demonstrated the connection between intra-cloud and cloud-10

to-ground lightning and convective precipitation using rainfall yield, i.e. the amount of
rain per lightning flash, as a measure (e.g. Petersen and Rutledge, 1998; Grungle and
Krider, 2006; Price and Federmesser, 2006; Pineda et al., 2007; Kochtubajda et al.,
2013). Tapia et al. (1998) developed a model to predict the space-time distribution
of rainfall as a function of rainfall yield and lightning strikes. However, the predictive15

strength of lightning count as an explanatory variable on a regional scale in these
studies is not very strong.

The approach we take instead is that the simple presence of lightning in the vicin-
ity of a raingauge is indicating the existence of convective activity. We find the rainfall
intensity threshold that gives us an acceptable separation error between events ac-20

companied by lightning and those that are not, and study their statistical properties.
Although we use highly accurate station-based lightning data, the same approach ap-
plies to lightning data from long-range lightning detection ground networks or satellites
(e.g. Defer et al., 2005; Price and Federmesser, 2006; Kotroni and Lagouvardos, 2008).
Our study complements other recent efforts focused on using lightning observations to25

better understand and predict convective storms and their consequences, e.g. flash
floods (Price et al., 2011a, b; Koutroulis et al., 2012).

The main contributions of this paper are threefold: (a) We provide a new method to
identify intense warm season rainfall events as those in which the maximum intensity
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exceeds a threshold by using lightning strike data as an explanatory variable. We an-
alyze the performance and robustness of this method by investigating the relations
between the estimated threshold and lightning statistics. (b) We show the probability
distributions of main storm properties for the intense storm subset identified by our
method and discuss the differences between the studied stations. (c) We present non-5

parametric correlation coefficients between the main storm properties for the intense
storm subset and contrast these with the correlations for all storms to highlight the par-
ticular inter-dependencies (or lack thereof) in intense storm properties. The analysis is
conducted on 4 stations in different climatological regions in Switzerland and provides
a basis for a follow-up regionalization effort.10

2 Data

2.1 Meteorological data and study sites

The data used in this study are from stations of the SwissMetNet network (Me-
teoSwiss). These are automatic weather stations recording a range of hydroclimatic
data at a 10 min sampling resolution. Our main data are precipitation and air tempera-15

ture for the period 1981–2012 (32 yr) and lightning strikes for the period 1987 to 2005
(19 yr) at 62 stations with about 3000 m altitude difference (Fig. 1).

Precipitation is recorded by a heated tipping-bucket raingauge (Lambrecht) with ori-
fice area 200 cm2 and tip resolution 0.1 mm. The data are quality checked and cor-
rected at the hourly resolution. The 10 min precipitation data have been analysed for20

their scaling-based properties (Molnar and Burlando, 2008) and short-term oscillations
(Paschalis et al., 2012) and we are confident in their good quality. Air temperature is
a standard measurement by a ventilated thermometer at 2 m height.

Four of the 62 stations are chosen as examples of different climatological regions in
this paper (Fig. 1): Geneve-Cointrin (GVE, 420 ma.s.l.) in the lowland region north of25

the Alps, Napf (NAP, 1404 ma.s.l.) in the Swiss pre-Alpine region in central Switzerland,
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Scuol (SCU, 1304 ma.s.l.) in the Graubünden region in the East of Switzerland where
substantial blocking of precipitation is observed, and Lugano (LUG, 273 ma.s.l.) in the
Tessin region to the south of the main Alpine divide which is significantly affected by
Mediterranean weather patterns, especially in the summer and fall seasons (Panziera
and Germann, 2010).5

2.2 Event definition

Our analysis is based on precipitation events which we identify separately for the warm
(April–September) and cold (October–March) half-years, which we also call seasons
in this paper. For the selection of potentially intense rainfall events we limit ourselves
to the warm season only and add a constraint that the air temperature within an event10

T > 4 ◦C to ensure liquid precipitation and minimize the likelihood of snow or mixed
events at high altitude stations. In the determination of individual events we disregarded
all intervals with only 1 tip in 10 min (0.1 mm10min−1) because these are often artifacts
of condensation and water drainage at the end of events and increase the duration of
events with minimal increase in rainfall depth.15

In practice it is common to define individual rainfall events by rainless intervals ex-
ceeding a selected duration called the inter-arrival time (also inter-event time, inter-
storm period) ti (Fig. 2). Many application-based criteria for identifying rainfall events
using a fixed ti have been presented in the literature, with values ranging from 3 min to
24 h (e.g. Dunkerley, 2008, 2010). In our study we have chosen ti = 2 h based on the20

de-correlation time in the rainfall records (see next section for details).
For each event we determined four main event properties: total rainfall depth (R),

event duration (D), average rainfall intensity (Ia = R/D), and peak (maximum) 10 min
intensity during the event (Ip) (Fig. 2). Table 1 summarizes the final number of events
per warm season for the four stations, which ranged from an average of 84 (0.46 per25

day) at Scoul to 98 (0.54 per day) at Napf in the pre-Alpine area.
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2.3 Inter-arrival time

An objective approach to choose ti is to ensure that subsequent events are indepen-
dent. Independence can be evaluated on a conceptual basis or statistically. The con-
ceptual basis may for example be a model of the interception process which would
identify independent events as those where ti exceeds the time scale of evaporation5

from a fully saturated canopy (e.g. Lloyd, 1990; Zeng et al., 2000), or a time period dur-
ing which soil wetness decreases sufficiently not to impact the subsequent flood runoff
(e.g. Bracken et al., 2008). The statistical basis may for example be to ensure that ti
is sufficiently long for the autocorrelation in rainfall to become statistically insignificant
(Grace and Eagleson, 1967), or the probability distribution of ti closely exponential,10

like that of independent events in a Poisson process (Restrepo-Posada and Eagleson,
1982). Selecting long ti may prove useful for ensuring the identification of statistically
independent events, but in turn, it has a negative effect on storm properties by creat-
ing extensive intra-event gaps, leading to a strong bias in storm duration and average
intensity (e.g. Restrepo-Posada and Eagleson, 1982; Dunkerley, 2010).15

We chose a combination of conceptual and statistical considerations in identifying
ti , bearing in mind that we want to preserve the extremal properties of intense rain
events. Conceptually the values of ti were a-priori restricted to the order of the usual
time scale of summer thunderstorms, and statistical independence of the events was
ensured by analyzing the autocorrelogram of the sequences of 10 min rainfall. The lag20

at which the autocorrelation coefficient became statistically insignificantly different from
zero for a chosen significance level indicates the inter-arrival time at which the storm
events may be regarded as independent.

The Pearson correlation coefficient was determined for each station and each warm
season separately. The autocorrelation functions for individual seasons were then av-25

eraged and are shown as dots in Fig. 3. The statistical significance was tested at the
significance level 10 %. The de-correlation time ranged between 2 and 3 h, and this
was similar for the majority of the 62 SwissMetNet stations. Some mountain stations,
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such as Scuol in Fig. 3, show slightly longer de-correlation times. From this result we
conclude that ti = 2 h gave us an appropriate de-correlation time in the rainfall records.
Moreover it also matches the order of lifespan of thunderstorms in general.

2.4 Lightning strikes

Lightning-induced electric charge was measured locally at each SwissMetNet station5

by a ground antenna from 1987 to 2005 (19 yr). After 2005 the data are obtained under
the Europe-wide EUCLID network (http://www.euclid.org) and are extrapolated to the
stations. To ensure homogeneity of the records we only consider the earlier period of
local station measurements in this paper.

Lightning data are reported as the number of strikes within a certain range from the10

station at a 10 min time resolution. The sensitivity of the antenna allows an identifica-
tion of close (' 3 km) and distant (between ∼ 3−30 km) lightning. Separation between
cloud-to-ground and intra-cloud lightning is not possible. Figure 4 shows the most in-
teresting statistics of lightning data at the Geneve station. Because this data has to
our knowledge not yet been reported in the literature we highlight the following main15

features.
There are clearly many more distant strikes than close ones. However, their ratio re-

mains rather stable across years. The occurrence and actual sum of strikes in the cold
(CHY) and warm (WHY) half-years are dramatically different, with more than 90 % of
the strikes in the warm season indicating the connection between convectivity, ice-build20

up in cloud systems, electrification, and thunderstorm activity. The monthly distribution
of lightning shows that the three most active months are June–July–August. The hourly
distribution of lightning further indicates that lightning has a clear diurnal pattern with
maxima between 15:00 and 18:00 UTC in the afternoon when convective activity is
highest. There were some small differences at the Napf, Scuol and Lugano stations25

but the general tendencies were identical. Even if we do not take into account the
actual count of lightning strikes, because this is a highly uncertain and site-dependent

600

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.euclid.org


HESSD
11, 593–628, 2014

Selection of intense
storms by rainfall

intensity and
lightning

L. Gaal et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

quantity, and only the presence or absence of lightning, the seasonal and diurnal statis-
tics do not change appreciably.

Lightning data sheets like that in Fig. 4 for Geneve are available from the authors for
all 62 stations of the SwissMetNet network.

3 Method of intense storm event selection5

The method to select intense warm season storms out of our set of all storms is based
on identifying events during which the peak 10 min intensity exceeds a threshold Ip ≥ I∗.
This subset of intense storms can be assigned a convectivity index for every event j
as the fraction of the event total rainfall depth that falls with intensities greater than I∗

(Llasat, 2001),10

βj =

∫Dj

τ=0 {i ; i ≥ I∗}dτ

Rj
. (1)

All events belonging to the set of intense events then have 0 < β ≤ 1 and those that
are less intense β = 0.

Based on the findings that the occurrence of intense summer rainfall is indeed well15

correlated with lightning activity, especially over land (e.g. Petersen and Rutledge,
1998; Rivas Soriano et al., 2001; Rivas Soriano and De Pablo, 2003; Pineda et al.,
2007; Barnolas et al., 2008; Tadesse and Anagnostou, 2009; Yair et al., 2010;
Koutroulis et al., 2012), we propose to calibrate the threshold parameter I∗ at every
station as a function of the presence or absence of lightning. In Sect. 3.1 we first ana-20

lyze the storm properties for all events with and without lightning, and in Sect. 3.2 we
then develop a statistical approach to estimate I∗ based on lightning data.
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3.1 Storm properties and lightning counts

All storms in our dataset were divided into those that were accompanied by lightning
and those that were not. In this step we did not consider the actual count of lightning
strikes but only the presence of lightning, similar to Katsanos et al. (2007) who used
a fixed 6 h accumulation step for stations in the Mediterranean. We chose to include5

distant strikes as well as close strikes because we are defining a property of the events
which is dependent on a larger scale propensity of the atmosphere around the station to
generate extreme rainfall. In associating lightning with storm rainfall we also considered
strikes that occurred up to 20 min before the actual rainfall event began, which captures
commonly observed time lags in pre-storm lightning-rainfall correlations (e.g. Grungle10

and Krider, 2006; Koutroulis et al., 2012).
We found that 31 % (Scuol), 39 % (Napf), 40 % (Geneve), and 62 % (Lugano) of

the events were associated with lightning (Table 1). In this statistic Lugano was an
exception and most stations in the SwissMetNet network had between 30–40 % of
storms with lightning on the average. Naturally stations at higher elevations and/or15

in valleys surrounded by mountain peaks have a higher proportion simply because
lightning strikes are more frequent there.

Histograms of the four main rainfall event properties (R, D, Ia, Ip) were compared for
the subsets of events with and without lightning for the period 1987–2005. The differ-
ences in the distributions were objectively assessed with statistical tests (Kolmogorov–20

Smirnov). Figure 5 shows the results for Geneve. The results were consistent for the
other stations and show that rainfall duration D and total rainfall depth R are not statis-
tically significantly related to the occurrence of lightning, expect for very short durations
and low rainfall totals. However, average rainfall intensity Ia and especially peak rainfall
intensity Ip were consistently different for events accompanied by lighting.25

The main difference in Ip was that events accompanied by lightning had higher peak
intensities in general and the largest peak intensities were in fact observed only in
storms with lightning. Also very low peak intensities were much more prevalent in
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storms without lightning. This result was true for all analyzed stations. We conclude
that the short term peak 10 min intensity Ip during an event is indeed the most useful
variable to separate intense summer storm events of a mostly convective character
from our event dataset.

3.2 Calibrating the intensity threshold5

The threshold intensity I∗ is an unknown parameter in our approach which selects
intense storms of a mostly convective character out of all storms as those for which Ip ≥
I∗. This is our model under the assumption that lightning data is indicative of convective
activity. We can then use the two subsets of storms with and without lightning for the
calibration of the intensity threshold. For any I∗ we can compute the sensitivity, i.e. the10

fraction of events accompanied by lightning which are identified as intense storms (true
positives), and specificity, i.e. the fraction of events not accompanied by lightning which
are identified as not intense storms (true negatives). Plotting sensitivity vs. specificity
for a range of I∗ (see Fig. 6 for Geneve) gives us a complete indication of how good
our model is because the departure of the data points from the diagonal indicates the15

power of the model to make a reliable selection (e.g. Begueria, 2006).
We choose an acceptable misclassification error α of no lightning events as con-

vective (false positives, Type I error) to make a decision for I∗ as the threshold where
specificity= 1−α. This decision is based on the argument that when lightning occurs in
the vicinity of the gauge but we do not measure high intensity rain this could be caused20

by sampling the edge of a passing convective cell. While when lightning does not oc-
cur but we do measure high intensity rain this is indeed an error in our model which
we would like to minimize. This error contains all the physical processes that may lead
to intense precipitation in the absence of lightning, e.g. embedded convection in strati-
form systems, low updraft velocities and ice build-up, etc. By choosing the same α for25

all stations we have an objective way to compare the properties of the intense storms
between stations. In this study we take α = 0.1, and the corresponding I∗ values are
between 5.8 and 9.2 mmh−1 at the four stations (Table 1).
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4 Results

We present the results by first discussing the calibrated intensity thresholds I∗ with
regard to previous studies of rainfall extremes. We then analyze the performance of
the method to select intense warm season rainfall events, and finally present the basic
statistics of the main storm properties for this set of events and their cross-correlations.5

4.1 Comparison of intensity thresholds

The calibrated thresholds to identify intense warm season storms with convective char-
acter at the four studied stations (between 5.8 and 9.2 mmh−1) are lower than what is
reported in most climatological and engineering hydrology literature for extreme events.
For example, Dutton and Dougherty (1979) and Watson et al. (1982) present a thresh-10

old of 48–50 mmh−1 for considering rainfall to be all of convective origin. Llasat (2001)
considers that convective rain events exceed a peak 5 min intensity of 35 mmh−1, and
a threshold for average hourly intensities for heavy rainfall defined by the Spanish Na-
tional Meteorological Institute is 15 mmh−1. Earlier studies, like Wussow (1922) devel-
oped an empirical formula for Germany which gives 7.1 mm for strong rainfall of 10 min15

duration, i.e. 43 mmh−1, and Reinhold (1940) classified heavy rainfall when intensities
for 10 min durations exceeded 40 mmh−1. Velikanov (1964) describes a classification
where the threshold for 10 min intensive rainfall is given as 3.8 mm, i.e. 23 mmh−1.
This classification was also used in former Czechoslovakia by Dub and Němec (1969).
Dunkerley (2010) reports that in the context of erosion an event was only significant by20

Wischmeier and Smith (1978) if either the rain depth was larger than 12.5 mm or the
rain rate exceeded 6.5 mm in 15 min, i.e. 26 mmh−1 (Kinnell, 2003).

A direct comparison of our thresholds with the above (and other) studies is not pos-
sible for several reasons. First is that these studies are generally focused at identifying
very heavy rainfall events only, while we are interested in selecting a larger set of storms25

which are of convective character and not only the most extreme of them. Second is
that many of these studies use different temporal resolutions of the rainfall data which
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strongly affects the threshold intensities (e.g. Llasat, 2001), and naturally the results
vary considerably from one region to another based on the local climate. In our work it
is the misclassification rate α which determines I∗. If we are stricter on the acceptable
Type I error in our model (lower α) then the threshold I∗ increases. However, this goes
at the expense of increasing Type II error, i.e. our model will have a lower sensitivity5

with respect to identifying events accompanied by lightning as convective (see Fig. 6).

4.2 Testing the robustness of the method

Because lightning data which are key in our method to estimate I∗ may vary strongly
in time and space and be non-homogeneous, a question to be answered is how robust
the results are with respect to lightning variability. We examine two aspects: the inter-10

annual variability of I∗ and its relation to the frequency of lightning strikes.
Inter-annual variability in I∗ estimated on a bi-annual basis is shown together with

the estimate for the entire 18 yr record (until 2004) with reliable lightning data for all
four stations in the left panel in Fig. 7. The result is that there is no evident trend in the
estimate of I∗, although the local station inter-annual variability in lightning strikes, as15

seen for instance in Lugano, may lead to larger variability in the estimate. We also plot
the corresponding bi-annual estimate of sensitivity in the right panel in Fig. 7. If lightning
was not a predictor of intense events in our model, the sensitivity would be equal to
the chosen misclassification rate α = 0.1. The results show that the sensitivity at all
stations is in fact much greater than α and is in the range ∼ 0.4 on the average. There20

is some inter-annual variability in model performance, however, it is not unacceptable.
In fact in Lugano the performance is practically constant, which is a good indication of
the robustness of the connections between lightning and intense rain over time at this
station.

The second aspect to test is whether I∗ is related to the frequency of lightning strikes25

and its variability from year to year. We would like to clarify if it is possible that the
frequency of storms with lightning changes in time and thereby affects the estimate
of I∗. The number of storms with and without lightning estimated on a bi-annual basis
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are shown in the left panel in Fig. 8. The proportion of storms with lightning remains
reasonably consistent between years at all stations. More importantly, I∗ is clearly in-
dependent of the frequency of storms with lightning shown in the right panel in Fig. 8,
which allows us to conclude that we have a robust method to extract intense storms
from our dataset based on peak 10 min intensity alone, which at the same time coincide5

well with those which are accompanied by lightning.

4.3 Properties of selected storms

Because the subset of intense summer storms should mostly contain intensities asso-
ciated with convective events, we use the convectivity index defined by Llasat (2001)
in Eq. (1) to quantify the strength of convection on an event basis. The cumulative10

probability distributions of β in Fig. 9 show an almost uniform shape at all stations. As
expected, the highest convectivity overall was observed in Lugano in southern Switzer-
land. Llasat (2001) identified events with β > 0.8 as strongly convective in Spain, which
would correspond to 18 % (Napf and Scuol), 20 % (Geneve) and 30 % (Lugano) of the
events in our dataset.15

The cumulative distributions of the main storm properties of the events are shown
in Fig. 10 and some basic statistics are listed in Table 1. The exceedance probability
is shown to accentuate the behaviour of extremes. The stations show a very similar
distribution of storm duration, except for Lugano which has the longest events. Storm
duration is not a variable that is very strongly affected by the different regional climates.20

However, the other variables are statistically significantly different between the stations.
Average event intensity is higher in Lugano than in the other stations, leading to the
highest event rainfall depths. Also peak 10 min intensity during an event is highest in
Lugano, followed by Napf and Geneve. Extremes are particularly affected. For exam-
ple an event from our subset with a probability of exceedance of 20 %, that is an event25

that occurs about 5–6 times a year, has a peak 10 min intensity of about 40 mmh−1 in
Lugano, 25 mmh−1 in Napf and 20 mmh−1 in Geneve. In a subsequent study we will
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explore the full spatial distribution of event properties across all 62 stations in Switzer-
land.

One of our main aims was to quantify the correlations between the main storm
properties for the intense storm subset and contrast these with the correlations for all
storms, to highlight the particular inter-dependencies (or lack thereof) in intense storm5

properties. We chose all storms instead of the subset of less intense storms since we
would like to show the differences between our selection and a traditional choice where
all storms are used regardless of their meteorological origin. The Spearman rank cor-
relation coefficient estimated for all 6 pairs of variables and all stations is shown in
Fig. 11. The results show that the intense summer storm events have practically no10

correlation between peak intensity Ip and the duration of the event D, while when all
storms are considered including stratiform rain this correlation was significantly posi-
tive. Another interesting observation is that Ip is less strongly correlated to total rainfall
depth R in our intense storm subset than in all events. In other words, in events with
intensities associated usually with convection, a high intensity over a short period of15

time does not necessarily lead to a high overall event total, while in events with strat-
iform rain rates that is generally the case. As expected, average storm intensity Ia is
negatively correlated with duration D in the convective intense event set but not for all
storms, and this correlation is strongest in the convective intense event set.

Some of the correlation coefficients in the event sets are statistically significant20

(Fig. 11) and they suggest that a multivariate approach, for instance on the basis of
copulas, is necessary for probabilistic modelling of extreme storm properties (e.g. Kao
and Govindaraju, 2007; Serinaldi, 2008; Bardossy and Pegram, 2009; Vandenberghe
et al., 2010). Overall the differences in the correlation coefficients between stations are
much smaller than between the convective event set and the entire set of events, which25

means that it is of first order importance to select wisely the sample of intense events
for multivariate analysis.
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5 Conclusions

Properties of intense storms, such as total rainfall depth, storm duration, average inten-
sity and peak intensity are important descriptors of the rainfall regime at a site. For the
statistical analysis of rainfall events and extremes it is often important that the storms
in the analyzed sample have a common meteorological origin, for instance convective5

rain, stratiform rain, hail, snowfall, etc. A similar concept may also be found in catch-
ment hydrology where on the basis of meteorological conditions and catchment state
different flood types are defined (Merz and Blöschl, 2003) and statistically analyzed
(e.g. Gaál et al., 2012). In this paper we took this common property of intense warm
season storms to be the short term (∼ 10 min) peak in rainfall intensity. It is this extrem-10

ity of rainfall intensity during a storm which we would like to capture in our selection of
intense events. We estimated the threshold intensity with the help of a unique lightning
dataset, thereby capturing the convective character of these intense events. The main
conclusions of the paper are:

1. We developed a new method to identify intense warm season rainfall events as15

those in which the peak 10 min intensity exceeds a threshold Ip ≥ I∗ by using light-
ning data as an external variable for the presence of convection. We divided all
storms into those accompanied by lightning and those without lightning and found
the threshold I∗ that separates intense events for a chosen misclassification rate
α. Altogether 31 % (Scuol), 39 % (Napf), 40 % (Geneve), and 62 % (Lugano) of the20

events were associated with lightning at our studied stations and the calibrated I∗

values are between 5.8 and 9.2 mmh−1 at the four stations (Table 1).

2. The performance and robustness of the selection method was tested by investi-
gating the inter-annual variability of I∗ and its relation to the frequency of lightning
strikes. We found that there is no evident trend in the estimate of I∗ and the perfor-25

mance of the model in time. I∗ is independent of the absolute frequency of storms
with lightning at all stations, which allows us to conclude that our method to extract
intense storms based on peak 10 min intensity, which at the same time coincide

608

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 593–628, 2014

Selection of intense
storms by rainfall

intensity and
lightning

L. Gaal et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

well with those which are accompanied by lightning and thefore have a convective
character, is robust.

3. We analyzed the probability distributions of the main storm properties (rainfall
depth R, event duration D, average intensity Ia and peak 10 min intensity Ip) for the
intense storm subset and found that while storm duration did not vary significantly5

between stations, the other properties did. Average event and peak intensity was
much higher in Lugano in southern Switzerland affected by the Mediterranean,
than in the other stations. An event from our subset with an exceedance probabil-
ity of 20 %, that is an event that occurs about 5–6 times a year, has Ip = 40 mmh−1

in Lugano, Ip = 25 mmh−1 in Napf and Ip = 20 mmh−1 in Geneve. The strength of10

convection measured by the convectivity index (Llasat, 2001) β was also highest
in Lugano where 30 % of the events would be considered strongly convective.

4. We finally present non-parametric correlation coefficients between the main storm
properties for the intense storm subset and contrast these with the correlations for
all storms to highlight the particular inter-dependencies in intense storm proper-15

ties. The results show that the intense warm season storm events have practically
no correlation between peak intensity Ip and event duration D, Ip is less strongly
correlated to total rainfall depth R, and average storm intensity Ia is more strongly
negatively correlated with duration D in our intense event set than for all events,
including those of a stratiform nature. The differences in the correlations between20

storm subsets are significant and greater than those between stations, which in-
dicates that care must be exercised not to mix events when they are sampled for
multivariate analysis, e.g. copula fitting to rainfall data.

The analysis in this paper was reported for 4 stations in different climatological re-
gions in Switzerland. In a follow-up effort we will extend the analysis to all 62 stations of25

the SwissMetNet network and we aim to develop regionalization approaches which will
allow the estimation of spatially-distributed I∗ in Switzerland to be used where lightning
data are not available.

609

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 593–628, 2014

Selection of intense
storms by rainfall

intensity and
lightning

L. Gaal et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Acknowledgements. This research was funded by the Scientific Exchange Program Sciex-
NMS Grant No. 11.034 awarded to the first author. MeteoSwiss provided all the hydroclimatic
data. L. Gaal and J. Szolgay would also like to acknowledge the support of the Slovak Research
and Development Agency, Grant No. APVV-0303-11.

References5

Badoux, A., Turowski, J. M., Mao, L., Mathys, N., and Rickenmann, D.: Rainfall intensity–
duration thresholds for bedload transport initiation in small Alpine watersheds, Nat. Hazards
Earth Syst. Sci., 12, 3091–3108, doi:10.5194/nhess-12-3091-2012, 2012. 595

Bárdossy, A. and Pegram, G. G. S.: Copula based multisite model for daily precipitation simu-
lation, Hydrol. Earth Syst. Sci., 13, 2299–2314, doi:10.5194/hess-13-2299-2009, 2009. 60710

Barnolas, M., Atencia, A., Llasat, M. C., and Rigo, T.: Characterization of a Mediterranean
flash flood event using rain gauges, radar, GIS and lightning data, Adv. Geosci., 17, 35–41,
doi:10.5194/adgeo-17-35-2008, 2008. 596, 601

Begueria, S.: Validation and evaluation of predictive models in hazard assessment and risk
management, Nat. Hazards, 37, 315–329, doi:10.1007/s11069-005-5182-6, 2006. 60315

Berg, P., Moseley, C., and Haerter, J. O.: Strong increase in convective precipitation in response
to higher temperatures, Nat. Geosci., 6, 181–185, doi:10.1038/NGEO1731, 2013. 595

Blöschl, G.: Flood warning – on the value of local information, Int. J. River Basin Manage., 6,
41–50, doi:10.1080/15715124.2008.9635336, 2008. 594

Borga, M., Anagnostou, E. N., Blöschl, G., and Creutin, J.-D.: Flash flood forecasting,20

warning and risk management: the HYDRATE project, Environ. Sci. Policy, 14, 834–844,
doi:10.1016/j.envsci.2011.05.017, 2011. 594

Bracken, L. J., Cox, N. J., and Shannon, J.: The relationship between rainfall inputs and flood
generation in south-east Spain, Hydrol. Process., 22, 683–696, doi:10.1002/hyp.6641, 2008.
59925

Brunetti, M. T., Peruccacci, S., Rossi, M., Luciani, S., Valigi, D., and Guzzetti, F.: Rainfall thresh-
olds for the possible occurrence of landslides in Italy, Nat. Hazards Earth Syst. Sci., 10,
447–458, doi:10.5194/nhess-10-447-2010, 2010. 594

Defer, E., Lagouvardos, K., and Kotroni, V.: Lightning activity in the eastern Mediterranean
region, J. Geophys. Res., 110, D24210, doi:10.1029/2004JD005710, 2005. 59630

610

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/nhess-12-3091-2012
http://dx.doi.org/10.5194/hess-13-2299-2009
http://dx.doi.org/10.5194/adgeo-17-35-2008
http://dx.doi.org/10.1007/s11069-005-5182-6
http://dx.doi.org/10.1038/NGEO1731
http://dx.doi.org/10.1080/15715124.2008.9635336
http://dx.doi.org/10.1016/j.envsci.2011.05.017
http://dx.doi.org/10.1002/hyp.6641
http://dx.doi.org/10.5194/nhess-10-447-2010
http://dx.doi.org/10.1029/2004JD005710


HESSD
11, 593–628, 2014

Selection of intense
storms by rainfall

intensity and
lightning

L. Gaal et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Dub, O. and Němec, J.: Hydrologie, Technicky pruvodce, SNTL, Prague, 380 pp., 1969. 604
Dunkerley, D. L.: Rain event properties in nature and in rainfall simulation experiments: a com-

parative review with recommendations for increasingly systematic study and reporting, Hy-
drol. Process., 22, 4415–4435, doi:10.1002/hyp.7045, 2008. 598

Dunkerley, D. L.: How do the rain rates of sub-event intervals such as the maximum 5- and5

15 min rates (I5 or I30) relate to the properties of the enclosing rainfall event?, Hydrol. Pro-
cess., 24, 2425–2439, doi:10.1002/hyp.7650, 2010. 598, 599, 604

Dutton, E. J., and Dougherty, H. T.: Year-to-year variability of rainfall for microwave applications
in the USA, IEEE T. Commun., 5, 829–832, doi:10.1109/TCOM.1979.1094464, 1979. 604

Gaál, L., Szolgay, J., Kohnová, S., Parajka, J., Merz, R., Viglione, A., and Blöschl, G.: Flood10

timescales: understanding the interplay of climate and catchment processes through com-
parative hydrology, Water Resour. Res., 48, W04511, doi:10.1029/2011WR011509, 2012.
608

Grace, R. A. and Eagleson, P. S.: A model for generating synthetic sequences of short-time-
interval rainfall depths, in: Proceedings of International Hydrology Symposium, Fort Collins,15

Colorado, 268–276, 1967. 599
Grungle, B. and Krider, P.: Cloud-to-ground ligtning and surface rainfall in warm-season Florida

thunderstorms, J. Geophys. Res., 111, D19203, doi:10.1029/2005JD006802, 2006. 596, 602
Hlavcova, H., Kohnova, S., Kubes, R., Szolgay, J., and Zvolensky, M.: An empirical method

for estimating future flood risks for flood warnings, Hydrol. Earth Syst. Sci., 9, 431–448,20

doi:10.5194/hess-9-431-2005, 2005. 594
Houze, R. A.: Stratiform precipitation in regions of convection: a meteorolog-

ical paradox?, B. Am. Meteorol. Soc., 78, 2179–2196, doi:10.1175/1520-
0477(1997)078<2179:SPIROC>2.0.CO;2, 1997. 595

Kao, S.-C. and Govindaraju, R. S.: A bivariate frequency analysis of extreme rainfall with impli-25

cations for design, J. Geophys. Res., 112, D13119, doi:10.1029/2007JD008522, 2007. 607
Katsanos, D., Lagouvardos, K., Kotroni, V., and Argiriou, A.: Combined analysis of rainfall and

lightning data produced by mesoscale systems in the central and eastern Mediterranean,
Atmos. Res., 83, 55–63, doi:10.1016/j.atmosres.2006.01.012, 2007. 602

Kinnell, P. I. A.: Event erosivity factor and errors in erosion predictions by some empirical mod-30

els, Aust. J. Soil Res., 41, 991–1003, doi:10.1071/SR02123, 2003. 604

611

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/593/2014/hessd-11-593-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1002/hyp.7045
http://dx.doi.org/10.1002/hyp.7650
http://dx.doi.org/10.1109/TCOM.1979.1094464
http://dx.doi.org/10.1029/2011WR011509
http://dx.doi.org/10.1029/2005JD006802
http://dx.doi.org/10.5194/hess-9-431-2005
http://dx.doi.org/10.1175/1520-0477(1997)078%3C2179:SPIROC%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1997)078%3C2179:SPIROC%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1997)078%3C2179:SPIROC%3E2.0.CO;2
http://dx.doi.org/10.1029/2007JD008522
http://dx.doi.org/10.1016/j.atmosres.2006.01.012
http://dx.doi.org/10.1071/SR02123


HESSD
11, 593–628, 2014

Selection of intense
storms by rainfall

intensity and
lightning

L. Gaal et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Kochtubajda, B., Burrows, W. R., Liu, A., and Patten, J. K.: Surface rainfall and
cloud-to-ground lightning relationships in Canada, Atmos. Ocean, 51, 226–238,
doi:10.1080/07055900.2013.780154, 2013. 596

Kotroni, V. and Lagouvardos, K.: Lightning occurrence in relation with elevation, terrain
slope, and vegetation cover in the Mediterranean, J. Geophys. Res., 113, D21118,5

doi:10.1029/2008JD010605, 2008. 596
Koutroulis, A. G., Grillakis, M. G., Tsanis, I. K., Kotroni, V., and Lagouvardos, K.: Lightning

activity, rainfall and flash flooding – occasional or interrelated events? A case study in the
island of Crete, Nat. Hazards Earth Syst. Sci., 12, 881–891, doi:10.5194/nhess-12-881-2012,
2012. 596, 601, 60210
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Table 1. Main properties of the four selected SwissMetNet stations in this analysis: Geneve-
Cointrin (GVE), Napf (NAP), Scuol (SCU) and Lugano (LUG). The storm statistics shown are for
the warm season (April–September) with an additional constraint that mean event temperature
T > 4 ◦C.

Station GVE NAP SCU LUG

Station properties
Altitude [ma.s.l.] 420 1404 1304 273
Mean annual precipitation (1961–1990) [mm] 822 1736 693 1454
Climatological region (Schüepp and Gensler, 1980) 5 4 11 12

Storm event statistics
Mean number of events [noyr−1] 88.7 98.0 84.0 94.9
Mean number of events with lightning [noyr−1 and %] 35.1 (39.6) 38.6 (39.4) 25.8 (30.8) 58.5 (61.6)
Threshold peak intensity I∗ [mmh−1] 6.4 9.2 5.8 8.5

Storm characteristics (1981–2012)
Mean number of events Ip > I∗ [noyr−1 and %] 24.6 (28) 26.8 (28) 19.6 (24) 34.3 (37)
Total rainfall depth, mean (stdev) [mm] 11.1 (10.5) 14.8 (14.2) 9.8 (8.7) 21.1 (21.3)
Storm duration, mean (stdev) [h] 3.7 (3.9) 4.1 (4.3) 3.6 (3.4) 4.6 (5.4)
Average storm intensity, mean (stdev) [mmh−1] 4.7 (4.0) 5.6 (5.2) 3.9 (3.3) 7.0 (6.5)
Peak 10 min intensity, mean (stdev) [mmh−1] 15.8 (12.3) 21.9 (16.5) 11.6 (8.2) 27.8 (22.7)
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Fig. 1. The SwissMetNet stations in 12 climatic regions defined by Schüepp and Gensler
(1980). The four selected stations in this paper are marked by red triangles: GVE – Geneve-
Cointrin, NAP – Napf, SCU – Scuol, LUG – Lugano.
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Fig. 2. A schematic to illustrate the identification of independent rainfall events (storms). Sym-
bols: D – event duration, R – total rainfall depth, Ia – average rainfall intensity, Ip – peak 10 min
intensity, ti – inter-arrival time.
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Fig. 3. Autocorrelograms for the selected 4 stations. Solid lines represent the autocorrelation
coefficients for the individual warm half-years (abbr. WHY) with lags of 10 min. The dots show
the average of the autocorrelation functions over all years. The dashed horizontal straight line
is the critical correlation for the significance level 10 %.
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Fig. 4. Lightning data statistics for the station Geneve-Cointrin. Top left: percentage of missing
(N/A) lightning data in each year. Top right: annual sums of close and distant lightning. The
remaining figures show the distribution of all the observed lightning (regardless whether close
or distant) from an annual (row 2), seasonal (row 3) and daily (row 4) perspective. Left panels
show the actual number of lightning strikes, while right panels show the sums of the lightning
occurrence (binary per 10 min interval). WHY (CHY) stands for warm (cold) half-year. Time is
in UTC, which is −2 h LT (summer) and −1 h LT (winter).
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Fig. 5. Empirical probability density functions (PDFs) for the main storm properties: total rain-
fall depth R (top left panel), storm duration D (top right panel), peak intensity Ip (bottom left
panel) and average storm intensity Ia (bottom right panel), differentiated by lightning, for station
Geneve-Cointrin.
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Fig. 6. Estimation of the threshold peak intensity I∗ on the basis of sensitivity (left panel) and
specificity (middle panel) at station Geneve-Cointrin. The right panel shows the inter-relation of
sensitivity and specificity at the same station. The numbers within the plot indicate the corre-
sponding value of peak intensity in mmh−1.
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Fig. 7. Threshold peak intensity I∗ estimated on a bi-annual basis (left panel) and the sensitiv-
ity corresponding to I∗ on a bi-annual basis (right panel) at the studied stations. The dashed
horizontal line on the right side denotes the chosen misclassification error α = 0.1.
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Fig. 8. Number of storms with and without lightning on a bi-annual basis (left panels) and the
relationship between threshold peak intensity I∗ and the frequency of storms with lightning on
a bi-annual basis (right panels) at the studied stations. Note the different scale of x axes for the
stations.
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Fig. 9. Cumulative distributions (non-exceedance probability) of event β coefficients for all the
storms with Ip ≥ I∗ (i.e. β > 0), for the studied stations.
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Fig. 10. Cumulative distributions (exceedance probability) of main storm properties for intense
warm season storms: storm duration D, total rainfall depth R, peak intensity Ip and average
storm intensity Ia (from top to bottom panels) at the studied stations.
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Fig. 11. Spearman rank correlation coefficients between pairs of main storm properties (storm
duration D, total rainfall depth R, peak intensity Ip and average storm intensity Ia) for intense
warm season storms (filled, color markers) and all storms (empty markers) at the studied sta-
tions.
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