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Abstract. In the assessment of social impact caused by med Introduction
teorological events, factors of different natures need to be
considered. Not only does hazard itself determine the impacthe study of the impact that severe weather events have on a
that a severe weather event has on society, but also other feterritory and its population is of maximum interest for soci-
tures related to vulnerability and exposure. ety, involving a broad range of actors in addition to meteorol-
The requests of data related to insurance claims received ingy and climatology specialists, such as emergency services,
meteorological services proved to be a good indicator of thepolicymakers and insurance companies.
social impact that a weather event causes, according to stud- For this purpose, the Social Impact Research (here-
ies carried out by the Social Impact Research Group, createdfter SIR) Group was created within the framework of the
within the framework of the MEDEX project. Taking these MEDEX project (MEDiterranean EXperiment on cyclones
requests as proxy data, diverse aspects connected to the ithat produce high-impact weather in the Mediterranéép;
pact of heavy rain events have been studied. //medex.aemet.uib.psSince 2008, the SIR Group has car-
The rainfall intensity, in conjunction with the population ried out several studies on this subject, centred in two re-
density, has established itself as one of the key factors in sogions of Spain, the Balearic Islands and Catalonia (Fig. 1).
cial impact studies. One of the conclusions we obtained isRequests related to insurance claims received at meteorolog-
that various thresholds of rainfall should be applied for areadcal services were used as proxy data, as they proved to be
of varying populations. In this study, the role of rainfall inten- a good indicator of social impact (Amaro et al., 2010). They
sity has been analysed for a highly populated urban area likeeveal if an event has caused damages in accordance to the
Barcelona. A period without significant population changesnumber of claims received because of adverse meteorologi-
has been selected for the study to minimise the effects linkedal conditions. These claims can be translated into economic
to vulnerability and exposure modifications. First, correla- losses that citizens have to face. One of the advantages of this
tions between rainfall recorded in different time intervals indicator is that it is reasonably objective because it depends
and requests were carried out. Afterwards, a method to inon facts: the weather event causes material damage. On the
clude the intensity factor in the social impact index was sug-contrary, one of the drawbacks is that the requests of reports
gested based on return periods given by intensity—duration€an be altered by some factors, such as the insurance com-
frequency (IDF) curves. pany proceedings and the variations of freely available online
data. On the other hand, the most severe weather events de-
mand special treatment and do not usually require individual
reports, but are handled globally by regions.
This proxy data can be contrasted with others, like the me-
dia coverage. Press news can be used to obtain an indirect
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estimation of the risk (Llasat et al., 2009b), so it is a good -
indicator to verify the social impact of the analysed events. SR RREAE /

A methodology for treating the requests was defined by the  _ *° 20%-24" September 2002

SIR Group, in order to use them in social impact studies. The =, |8 ] 5 iinior iy
SIR Group analysed the events that occurred in the Balearic /
Islands and Catalonia during the period 2000-2002 (Amaro s " i 1 ‘lr
et al., 2010). Afterwards, a cumulative index (CI) to indicate 5 ij iii[
the social impact expected for rain events was established fol Mm_lsﬁuly 2001 SIRevents o1 nuary 2001

each region. Indices are indirect numerical surrogates of real
phenomena (Fekete, 2009). In our case, the Cl could be &igure 2. (a) Cl and (b) RCI calculated for SIR events between
valuable tool to foresee the social impact. 2000 and 2002, ordered by number of requests. The fdgiois

The CI was built as a non-dimensional index, including Shown in blueLp (for the Cl) or Lp + Lp4g (for the RCI) in red,
the following factors: the maximum precipitation in 24 h of LTR In green and.ty in violet. Bars arranged from high (left) to
the event, population affected by rainfall exceeding 60 mm low (right) number of requests. The events discussed in Sect. 2 are

’ . o . highlighted.

length of the event and finally the coincidence with a strong 'ghig
wind event. Each factor was quantified on a scale from 1 to
10 according to different criteria for each of them (Amaro et sjty data, this study has been completed for the period 2008—
al., 2010). As a result, the Cl equation is 2011.

The main goal of this paper is to determine the role of
rainfall intensity in the social impact that rain events have in

. . . . . a densely populated area. After determining the influence of
whereLR is the level associated with the maximum rainfall : . . o . )
the rainfall intensity, the next aim is to find a suitable way to

in 24 h; Lp is the level associated with the population affected include it in the Cl
by rainfall exceeding 60 mn; TR is the level associated with )

) AR . . This paper is structured in three sections: first, a revision
the length of the rain evenk;ty is the level associated with . X
e : . of the events that presented an unexpected Cl adjustment will
the coincidence with a strong wind event.

i ; be made. Then, an assessment of the rainfall intensity factor
The events with a higher number of requests, and there- : . : 7
S will be carried out for the city of Barcelona, analysing its
fore, more social impact, should have a greater Cl (the max- ) : . .
. . X . correlation with the requests related to insurance claims re-
imum possible value being 40). Even though the CI adjust-_". : )
. ceived after heavy rain events, and proposing a method to
ment was suitable for most of the events, there were some . . ) . X
. N include this factor in the CI. Finally, some conclusions will
exceptions which indicated that other factors ought to be cons .
sidered. be drawn and future work will be suggested.
In this study, the analysis of the events that presented an
unexpected Cl adjustment in Catalonia during the period? Events’ revision
2000-2002 has been carried out in order to define which
other factors should be also taken into account (Fig. 2a). Th@ut of the 49 heavy rain events obtained from the MEDEX
revision’s results show that two main features stand out: pop-database for the period 2000-2002 in Catalonia, 11 presented
ulation density, which is connected with vulnerability, and an unexpected Cl adjustment. Consequently, an analysis of
rainfall intensity, related to hazard. As it has been observedthese events has been carried out in order to determine which
rainfall intensity is particularly relevant in densely populated modifications should be applied to the index (Fig. 2a).
areas, so studies for these areas require priority treatment. In the western Mediterranean region, recent studies show
Therefore, a study of the intensity has been carried out foran increase in vulnerability mainly related to the population

the city of Barcelona. According to the availability of inten- displacements towards the coastal regions, where flash floods

Cl=Lr+Lp+ LTr+ LW, (2)
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are frequent (Llasat et al., 2009a, 2010). The more populateéthtensity should be considered in order to assess the social
a region is, the more social impact a weather event causeignpact of heavy rain events, albeit in different ways for urban
in it. Because of this, the population factor was included and rural regions (Amaro et al., 2012).

to build the Cl when a maximum rainfall of over 60 mm in  Other factors that stand out after the revision are the length
24 h was recorded, according to the threshold established bgf the event and the coincidence with strong wind, which
MEDEX. Nevertheless, one single threshold for all Cataloniaseem to be less relevant than the other CI factors. In some
has proved to be insufficient. cases they are partly the cause for a high Cl which is not ver-

One of the best examples to illustrate this fact is the evenified by a high number of requests. The 4 January 2001 and
which occurred on the 14 and 15 July 2001. The number of28 January 2001 events exemplify the overestimation of the
requests received (133) was higher than expected, accordingl caused by the level associated with the coincidence with
to the maximum rainfall in 24 h (98 mm). In fact, the CI for a strong wind event. These events have quite a low number
this event was quite low (Fig. 2a). Moreover, the analysis ofof requests, but their Cl stands out compared to other events
requests by municipality showed that approximately half ofwith a similar number of requests.
them came from municipalities of Barcelona’s metropolitan  On the other hand, the 20-24 September 2002 event illus-
area, where the maximum rainfall was around 40 mm/24 htrates the overestimation caused by the level associated with
(Fig. 3a). It is Catalonia’s most populated region (Fig. 3d), the length of the event. According to the number of requests,
with more than 10 000 inh ki, and the threshold of 60 mm it should have had a lower ClI, but the number of days in-
in 24 h appears to be too high for it, as there was a remarkereased the Cl value.
able social impact caused by a lower precipitation. According Finally, some phenomena that are more unusual can be de-
to press, there were 40 dispatches of firefighters during thigisive, like hail. In agricultural regions, during one single hail
event. event, a high percentage of crops of an area can be damaged,

On the contrary, other events had less social impact tharwausing a huge impact, regardless of the other factors. This
expected according to the requests received. One of the mostas observed during the 14 and 15 July 2001 event, when
outstanding examples is the 21-25 October 2000 event. Onlfail affected between 80 and 100 % of fruit tree crops in a
36 requests were received, with a high maximum accumuspecific rural area in west Catalonia, so a considerable num-
lated rainfall of 270 mm recorded in 24 h (Fig. 3b). The main ber of requests were received from this region, despite the
reason was that it affected mostly rural areas, where the podow population density. Hail must also be considered when
ulation density is low. urban areas are affected, as in the 10 August 2002 event,

In the same way, Petrucci and Pasqua (2008) obtained higtvhen hail of a diameter up to 4cm was reported in cities
levels of damage in areas characterised by high populatiomear the Barcelona city area. This likely contributed to the
density, while in scarcely populated areas hydrogeologicakignificant number of requests received.
phenomena did not induce important damage. Consequently,
the events’ revision suggests that different rainfall thresholds . .
for differently populated areas ought to be applied (Barberl'az'1 Conclusions of the revision
etal., 2011).

The studied cases also indicate that rainfall intensity, The events’ revision confirms that, in social impact assess-
which was calculated on the basis of 30 min data, cannot benent, areas of varying population should be approached in
ignored. The 10 August 2002 event had a higher number oflifferent ways. To carry out a regionalization, the most rele-
requests than expected according to the ClI. It affected an exvant fact is not the total population of a municipality, but the
tensive part of Catalonia, including areas of the metropolitanpopulation density, which is also linked to the type of urban-
area of Barcelona (Fig. 3c). There, the rainfall intensity ex-ization and the land use. The more elements at risk and the
ceeded 20 mm in 30 min, which corresponds to the first levelmore valuable and susceptible those elements are, the higher
of warnings (Vilaclara et al., 2010) according to the thresh-the vulnerability to flooding (Scheuer et al., 2011). Moreover,
olds applied in the Servei Meteoroldgic de Catalunya (here-heavy rain can cause urban flooding when the city sewage
after SMC) for civil protection warnings. Another similar ex- system does not have enough capacity to drain away the
ample is the 14-15 July 2001 event, when rainfall intensityrain during events of very intense precipitation (Petrucci and
also exceeded 20 mm in 30 min in the Barcelona area. ConPasqua, 2012). Thus, urbanisation enhances the risk (Niru-
sequently, exceeding this threshold is likely to be related to gpama and Simonovic, 2007) and cities densely populated be-
high social impact. come more vulnerable.

On the other hand, we must bear in mind that during the Regarding the Cl, some improvements are introduced: the
same event of 14-15 July 2001, the maximum precipitationintensity and the population density should be included in
intensity (36.4 mm in 30 min) was recorded in the northernit, and, on the contrary, the levels associated with the length
part of Catalonia, coinciding with the maximum rainfall in of the event and with the coincidence with a strong wind
24 h (Fig. 3a), but it caused a minor impact because this ievent need to be reduced, as they have proved to be less
a sparsely populated area (Fig. 3d). Therefore, the rainfaltelevant (Barberia et al., 2011). The lack of systematic hail
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Figure 3. Total precipitation and number of requests received from each municipality in the 6 months following the e@)téf

15 July 2001(b) 21-25 October 2000 an@) 10 August 2002. Distribution of accumulated rainfall is represented with colours and the
number of requests received by municipality is indicated in circles. The map of population density by municipality in Catalonia in the year
2001 is shown ir{d); data obtained from thimstituto Nacional de Estadistiq@ww.ine.e$.

information for the period 2000—-2002 prevents the inclusion The population affected by precipitation surpassing 60 mm
of this factor in the CI. is already considered in thep factor. Thus, thd.p andLpag
As a first approach, to build the reassessed cumulative infactors together have a maximum value of 10.

dex (RCI), a new threshold of 40 mm in 24 h for municipal-  On the other hand, the levels associated with the length of
ities surpassing 10 000 inh kr is suggested. The levels as- the rain event and with the coincidence with a strong wind
sociated with this new factoi 4o follow the same criteria  event have to be reduced. In order to maintain 1 as the mini-
established by Amaro et al. (2010) for the levels associateanum value associated, root operation was selected to reduce
with the population affected by rainfall exceeding 60 mm. the levels. The best results were achieved using the square
Consequently, different levels have been obtained from root.

Accordingly, the resulting equation for the RCI for Catalo-
Lpao= (Po4QPoT) - 10, (2) niais

_ _ _ RCl=Lg+ Lp+ Lpao+ L3S+ L% 3
where Po40 is the population affected by rainfall between RSP EPAOT SR Pw ®
40 and 60 mm in municipalities surpassing 10000inttkm  where Ly is the level associated with the maximum rain-

PoT is the total population of Catalonia. fall in 24 h; Lp is the level associated with the population
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S— Table 1. Population and population density in the municipality of
A - BaRcEioNA' Barcelona during the period 2008-2011. Source: Idesgai
idescat.cat
b Population Population
Jse Year (inh) density (inh kmi2)
e e 2008 1615908 15943.8
2009 1621537 15999.4
J ) s 2010 1619337 15977.7
L<i | - J 2011 1615448 15939.3

Figure 4. Location of the three SMC automatic rain gauges in

Barcelona. . . . .
intensity rainfall has a very remarkable impact on the Catalan

territory regardless of the total quantity recorded in 24 h.
affected by rainfall exceeding 60 mnipyg is the level as- Risk has been described as the combination of hazard, ex-

sociated with the population affected by rainfall between 40posure and vulnerability (UNISDR, 2012). As rainfall inten-
and 60 mm in areas of more than 10 000 inhiémLtr isthe  Sity is part of the hazard factor, in order to focus on this vari-
level associated with the length of the rain event; arg is able, a number of events where the other two factors are min-
the level associated with the coincidence with a strong windimised will be analysed. To achieve that, a fixed area and a
event. period without significant changes in population have been

After applying these adjustments, 7 events were modifiedselected: Barcelona, which is the most densely populated city
by the improvement of the population factor, 27 events byin Catalonia, and the period 2008-2011.

the length of the event factor and 8 events by the strong wind ) ) )
factor. 3.1 Considerations about the selected period

Figure 2b shows the RCI with these corrections. All the , .
The period 2008-2011 has been chosen taking into con-

events in the first and second quartile (lower number of re- deration. firstly. th infall d abili :
quests) have values below 8, whereas in the Cl some even% eration, firstly, the rainfall data availability. Since 2008,

in the first quartile were above it. That was too high consider-"¢ SMC has three automatic rain gauges in the city of

ing the low number of requests in comparison with the evemsBarceIona, which are Ioc'ated !n different city areas (Fig. 4),
of a higher impact, so a better adjustment has been achieve _nd cover the pluviometric regimes that have been suggested
or the Barcelona urban area (Rodriguez et al., 2012). There-

On the other hand, in this approach the events with a highe _ :
impact have a RCI above 11. Nevertheless, there are SOmfﬁre,yve can conS|derthatmost of the rain events that affected
e city are included in the study.

exceptions that could be explained by the intensity and haif i - ,
For the city of Barcelona, an increase in the number of ex-

factors, which are not included in the equation yet. : > .
Consequently, the intensity factor should be added. In théraordlnary floods was detected, particularly since the 19th
century, due to rising vulnerability (Llasat et al., 2008), but

same way as total rainfall, this parameter must be incorpo- he other hand th ber of hic floods has d
rated in a specific way for regions of varying populations. In on the other hand the number of catastrophic floods has de-

order to achieve that, a first assessment on the intensity rol&'€as€d thanks to the renewal of the drainage system of the

has been carried out for the city of Barcelona. city (Barrera et al., 2006). Consequently, it is important to
select a period with no significant changes in vulnerability

in order to reduce it to the point of being negligible. During
3 Focusing on hazard: the intensity factor the period 2008-2011 there were no significant changes in

the city population (Table 1) so similar vulnerability can be
Damages can be caused by intense precipitation that doesssumed.
not amount to a high total quantity. According to Di- Concerning the total number of requests received in the
akakis (2011), there is a strong connection between peaEMC during the analysed period, a considerable decrease
storm intensity and flood occurrence. Therefore, this vari-is detected in 2011 (Fig. 5a), even though the number of
able is essential for social impact studies. For Catalonia, d&eavy rain events was higher that year. In Catalonia, there
typology of floods was set up according to their hazard andwere 10 events that exceeded the highest level of warnings
potential impact (Llasat, 2009). This classification includesestablished by the SMC (more than 40 mm in 30 min). Fac-
short-lived events of very intense precipitation caused bytors related to online data are likely to have affected, at
isolated cells or multicells with a limited horizontal exten- least partly, the number of requests, according to the website
sion and episodes of heavy rain sustained for several hourstatistics. Between 2009 and 2011, an increase in the number
caused by multicells or mesoscale convective systems. Thef page views at the SMC websitenyw.meteo.catis de-
occurrence of these flood events supports the fact that hightected (Fig. 5b). Statistics of the year 2008 are not shown, as

www.nat-hazards-earth-syst-sci.net/14/1843/2014/ Nat. Hazards Earth Syst. Sci., 14, 1852 2014
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C)

Number of requests (2008-2011) ® Page Views (2008-2011) Table 2. Rain events in Barcelona during 2008-2011 exceeding
00! 0 . . .
o by 40 mm in 24 h, number of requests received in the SMC, and RCI,

5126 127 132
3 120 . . N .
= ) 5 without considering population.
2000 l z jg I
1000 s .
. £ 3 Maximum

5000 4698 4648 140
2008 2009 2010 2011 2008 2009 2010 2011

fpage views
@
8

Number of requests

Mill

vour vear Number rainfall
Date of requests in24h (mm) RCI
Figure 5. Total number of requests received in the SMC during the
years 2008, 2009, 2010 and 2011 and website statistics (page views) 30 July 2011 41 °3.8 4.0
of www.meteo.catluring 2009, 2010 and 2011. A decrease in the 22 October 2009 27 76.1 4.0
requests was detected in the last few years, especially in 2011, co- 15 March 2011 24 93.9 5.0
inciding with an increase in said years page views. 19 July 2011 22 66.8 4.0
14 September 2009 18 57.6 3.0
7 and 8 June 2011 14 612 44
. . . 10 May 2008 13 62.3 4.0
they are not ava|la_ble. _Data of the automgtlc weathe_r stations ;7 September 2010 13 709 4.0
are freely accessible in the SMC website, and citizens are 15 jyy 2008 12 572 3.0
likely getting acquainted with online data search. The high- 12 March 2011 12 916 5.0
est increase in page views took place during the year 2010, 2-4 November 2011 10 82.1 4.7
when the number of requests decreased, and this trend con- 20 September 2009 9 485 3.0
tinued in 2011. Consequently, different thresholds of requests 26 December 2008 8 440 3.0
ought to be considered when selecting the events that had a 10 October 2010 8 59.4 3.0
significant social impact. 13 November 2011 7 56 3.0
15 November 2011 7 48.8 3.0
3.2 Heavy rain events in Barcelona during 2008—-2011 gsMg‘;tggigzoos 55 54210'39 3360
and their social impact 24 October 2011 3 54.7 3.0
3 May 2011 3 4086 3.0

The rain events that took place during the 4-year period of
2008-2011 in the city of Barcelona and their social impacts * The values of maximum rainfall in 24 h marked with an asterisk were
have been analysed in this study. Rainfall data from three eco'dedPy CLABSA ain gauges.

SMC automatic rain gauges in the city of Barcelona and re-

quests received related to insurance claims have been Coil'equests matched that threshold, except for two of them.
lected. In the SMC a systematic quality control is applied to £, 4 the exceptions, even though no SMC rain gauge ex-

the data recorded by the automatic weather stations. It cONzeeded an accumulated precipitation of 40mm in 24 h, the

sists of a plausible value check (if the values are within theg, ~aedance of this value was recorded by the CLABSA rain
acceptable range limits) and time, internal and spatial cony,, ges (Table 2). Therefore, the overcome of this threshold
sistency checks. These checks are performed daily, monthig, g5 5 clear correlation with a high social impact in the
and yearly, hence this procedure guarantees data reliability, o5 of Barcelona. It verifies that 40 mm in 24 h is a suitable
Moreover, data recorded by the rain gauges of the sewer sy§peshold for densely populated areas, as was proposed for
tem in the city of Barcelona (hereafter CLABSA) has been o rc| equation (see Sect. 2.1).
used to verify the maximum rainfall of the events. , Consequently, the events with a maximum rainfall over
The selection of events was carried out as follows: first, 844 mm in 24 h were selected. as they showed a relation with
list of rain events was made according to the requests related, ;4 impact. Twenty rain events met this criterion and the
to insurance claims received at the SMC. On the other handg | was calculated for them (Table 2). As shown in Table 1
another list of rain events was made based on the recordging 2008-2011 there were no significant changes in the
of the three automatic rain gauges mentioned before. The,ation figures. Thus, the population factor will not have

maximum rainfall in 24 h for each event was obtained from o centible changes, and because of this, it was not necessary
the daily data, recorded from 00:00 to 24:00 UTC. AlsO, {5 include it in the RCI expression.

the rainfall accumulation from 08:00UTC on one day to
08:00UTC on the following day was collected, in order to 3.3 Correlations between rainfall in different time

take into account the pluviometric day. Afterwards, the lists intervals and number of requests
obtained from the requests and from the maximum rainfall
were crossed. In order to determine the influence of rainfall intensity re-

The results showed that for the 2008—2010 period, thegarding social impact, correlations between precipitation
events that had five or more requests were the ones in whichecorded at different time intervals and number of requests
the maximum rainfall in 24 h exceeded 40 mm, with some ex-received have been carried out. Therefore, we will be able to
ceptions. For the year 2011, the events that had three or mordetermine not only if the intensity is correlated with social

Nat. Hazards Earth Syst. Sci., 14, 1843852 2014 www.nat-hazards-earth-syst-sci.net/14/1843/2014/
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Table 3. Maximum rainfall in 24 h, 60, 30 and 10 min for each event.

(a)

Nurmber of requests

(c)

Maximum rainfall in 30 min vs Number of requests

Number of requests

Max. rainfall Max. rainfall Max. rainfall Max. rainfall
Date in24h (mm) in 60min (mm) in30min (mm) in 10 min (mm)
30 July 2011 53.8 53.3 47.7 28.0
22 October 2009 76.1 43.7 37.3 16.5
15 March 2011 93.9 51.3 37.7 16.2
19 July 2011 66.8 41.1 32.0 14.1
7 and 8 June 2011 61.2 38.8 23.0 115
10 May 2008 62.3 12.0 8.4 5.0
17 September 2010 70.9 41.6 28.9 15.8
12 July 2008 57.2 47.6 39.2 17.0
12 March 2011 91.6 9.6 5.2 25
2—-4 November 2011 82.1 43.9 32.0 15.2
10 October 2010 59.4 26.0 20.8 14.6
15 November 2011 48.8 20.6 15.3 8.5
3 May 2010 54.3 5.6 3.3 1.4
24 October 2011 54.7 11.9 9.9 6.1

Maximum rainfall in 24 h vs Number of requests

(b)

Maximum rainfall in 60 min vs Number of requests

p-value: 0.5091 ‘

7 | p-value: 0.006809

Maximum rainfall in 24 h (mm)

Pearson’s Correlation Coefficient: 0.193

(d)

Maximum rainfall in 60 min (mm)

Pearson’s Correlation Coefficient: 0.686

Maximum rainfall in 10 min vs Number of requests

7| p-value: 0.001701

Maximum rainfall in 30 min (mm)

Pearson’s Correlation Coefficient: 0.751

Maximum rainfall in 10 min (mm)

Pearson’s Correlation Coefficient: 0.758

Least squares regression has been applied and Pearson’s
correlation coefficient has been calculated (Fig. 6). Signif-
icance of the regressions has been tested and therefore, it
has been proved whether the different variables considered
are linearly related or not to the number of requests. The
freely available statistical software package R has been used
(http://www.r-project.ory

The results show that the maximum rainfall in 60, 30 and
10 min have statistically significant linear correlations with
the number of requests (95 % confidence level). For the 30
and 10 min periods (Fig. 6¢c and d) the correlation is very
similar, and thep values near zero indicate very strong ev-
idence against the null hypothesis of non-linear association.
The maximum rainfall in 60 min (Fig. 6b) is also correlated
with the number of requests, but not as strongly as the maxi-
mum rainfall in 30 and 10 min.

On the contrary, the maximum rainfall recorded in 24 h
(Fig. 6a) does not show statistically significant linear corre-
lation (95 % confidence level).

Therefore, the maximum rainfall in 30 min or the maxi-
mum rainfall in 10 min should be included in the RCI in or-
der to introduce the rainfall intensity factor, as these variables

Figure 6. Correlations between number of requests and maximumhave the best ability to explain the number of requests.

rainfall in: (a) 24 h, (b) 60 min, (c) 30 min and(d) 10 min. Least

squares regression has been applied. The 30 and the 10 min ped-4 Categories of intensity

ods show the best correlation with the number of requests, and the

p values near zero indicate very strong evidence against the nulln order to include the intensity factor in the RCI, differ-
hypothesis of no linear association.

ent categories of intensity have been built. The first step is
to determine which measurement period is selected, taking
into account that both the 30 min and the 10 min periods pre-
sented a similar correlation with the number of requests. The

impact, but also which measurement periods are more sig30 min period has been chosen, as the range of values for
nificant. The periods of 24 h, 60, 30 and 10 min have beenthe period of 10 min is quite limited, while the period of
considered (Table 3). For 6 out of the 20 events, only accu-30 min covers a wider range (Fig. 7), and would therefore fa-
mulated rainfall values in 24 h were available, so 14 eventcilitate the creation of categories. Moreover, the 30 min pe-
have been included in the correlations.
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Range of values for different recording periods in the studied
events

60

50

]

40

30

Rainfall (mm)

PO Q)

20

10

IS o

20 30 40 50

Recording period (min)

Figure 7. Range of values for the 10, 30 and 60 min period in the
studied events.

Table 4. Rainfall in 30 min calculated for different return periods

L. Barberia et al.: Intensity thresholds in densely populated areas

Table 5. Values ascribed for ranges of intensity in 30 min (see text
for details).

Range Intensity Range Intensity
(mm) levelC;) (mm) level €;)
0-20 1 40-45 6
20-25 2 45 -50 7
25-30 3 50-55 8
30-35 4 55-60 9
35-40 5 > 60 10

of the intensity factork;). Value 1 corresponds to the low-
est intensity range and the 10 to the highest. Therefore, the
minimum value (1) will be for a maximum rainfall in 30 min
associated with a return period below 0.5 year (between 0
and 20 mm), and the maximum (10) for a maximum rain-

for the city of Barcelona, based on the generalised IDF curves equafall in 30 min associated with a return period beyond 50 years

tion.
T I Rainfall
(year) (mmmiml) in 30 min (mm)
0.5 0.74 22.21
1 0.92 27.57
2 1.10 32.92
5 1.33 40.00
10 1.51 45.36
15 1.62 48.49
25 1.75 52.43
50 1.93 57.79
100 2.10 63.14

availability of historic data is higher for the 30 min measure-
ment period than for the 10 min one.
For building categories, different criteria can be applied. In

this study, the categories are based on return periods, so thé%y
are connected to the exceptionality of the events. The return

periods are used for warning thresholds like Meteoalarm
where, for instance, return periods over 5 years correspon
to red warnings (Stepek et al., 2012).

To determine the values of precipitation in 30 min as-
sociated with different return periods, intensity—duration—
frequency (hereafter IDF) curves have been used. For th
city of Barcelona (Observatori Fabra) IDF curves were built
(Pérez, 2012), with the generalised equation
[ =152+4.26InT/(6.5+1)°8, (4)

wherel is the intensity in mm min!; T is the return period
in yearsy is the duration in minutes.

gf Barcelona. The RCI for the 2008-2011 events (Table 6)

(more than 60 mm).

3.5 Reassessed cumulative index adjusted for densely
populated areas

The categorization of rainfall intensity allows the introduc-
tion of this variable in the RCI equation. Therefore, the RCI
for highly populated areas is

®)

whereLR is the level associated with the maximum rainfall
in 24 h; L; is the level associated with the maximum inten-
sity in 30 min; Lp is the level associated with the population
affected by rainfall exceeding 60 mnip4g is the level as-
sociated with the population affected by rainfall between 40
and 60 mm in areas of more than 10000 inbh®¥mLR is

the level associated with the length of the rain evénty is

the level associated with the coincidence with a strong wind
ent.

The L; factor will be different for each region. In this
study, theL; intensity factor was introduced for the city

RCl=Lr+L;+ Lp+ Lpao+ L35 + L%y,

shows a better adjustment after introducing the intensity fac-
tor. The population factor has not been taken into account
because it does not vary, as was explained at the end of

gect. 3.2.

Considering the better adjustment achieved after the intro-
duction of the intensity factor, the next stage should be to in-
troduce it in the revision of the events recorded during the pe-
riod 2000-2002 (Sect. 2). Particularly, the 14-15 July 2001

was one of the events with the highest number of requests but
with a quite low RCI (below 11). As commented in Sect. 2,

rainfall intensity was remarkable in the area of Barcelona,

The rainfall in 30 min was calculated for nine return pe- where the maximum rainfall in 30 min was 20.8 mm. This
riods (0.5, 1, 2, 5, 10, 15, 25, 50 and 100 years) (Table 4)intensity corresponds to the second level of thgTable 5).
Based on the rounded values, ranges of rainfall in 30 minlf we introduce theL; in the RCI of this event, we obtain a
were ascribed values from 1 to 10 (Table 5) to build the levelsvalue of 11, which is comparable with other events that had

Nat. Hazards Earth Syst. Sci., 14, 1843852 2014
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Table 6. Comparison between the RCI calculated without the inten-  On the other hand, the length of the event and the coinci-
sity factor and the RCI including it, for the studied events. Popula- dence with a strong wind event are relevant within the frame-
tion factor has not been included. work of social impact. However, in the previous study the CI
was overestimated because of them, so a correction has been
applied to reduce the levels associated with these factors, as
they have proved to be less relevant.

30 July 2011 41 4.0 11.0 After these improvements, a better adjustment is observed.

Number of RCI RCI
Date requests without; includingL;

22 October 2009 27 4.0 9.0 All the events in the first and second quartile (events with a
ig %"’I‘;Cgozﬁll gg i:g 13?(.)0 lower number of requests) have values below 8, quite reason-
7 and 8 June 2011 14 a4 6.4 able compared with the events with a higher social impact,
10 May 2008 13 4.0 5.0 which present RCI values above 11. Nevertheless, other fac-
17 September 2010 13 4.0 7.0 tors, such as hail and rainfall intensity, should be taken into
12 July 2008 12 3.0 8.0 account.

12 March 2011 12 5.0 6.0 Hail can be a crucial factor in agricultural regions or when
2-4 November 2011 10 4.7 8.7 densely populated areas are affected by this phenomenon. In
10 October 2010 8 3.0 5.0 these cases, this parameter should be considered. However,
15 November 2011 7 3.0 4.0 . .
3 May 2010 5 30 4.0 this factor has not been analysed due to the lack of systematic
24 October 2011 3 3.0 4.0 hail information in the SMC during the studied period.

The importance of rainfall intensity has been demonstrated
for a densely populated urban area like the city of Barcelona.
The heavy rain events that took place during the period 2008—

a high social impact. However, this improvement cannot be2011 have been analysed. The results show that there is a

applied to the other events yet becauselthés not still cal- ;stanlstlbcatlly S|g?r|]f|car)t fI|r|1|ear C%”Z'?“gg (3905 % dcggﬁd'ence d
culated for all of Catalonia. evel) between the rainfall recorded in 60, 30 an min an

Thus, a specific study for each region is needed. Moreoverthe requests related to insurance claims. The best correlation

the importance of intensity should be evaluated to determin@as be_er_1| obslerved fodr the 30 _?Q?hlog?\lﬂncpgrltods, b.? u;)gl_:)oth
if its correlation with social impact is high in other areas that Very simiiar. In accordance wi € ata avariability,

are not so densely populated. We must keep in mind tha{he 30 min period has been used to asses the social impact of

the lack of IDF curves may be a drawback for obtaining the hiralntiv%n;s. including the intensity factor in th il
L, factor for all the areas. To overcome this disadvantage method tor including the intensity tactor in the socia

an association between a municipality which has data an&m_pact index has been suggested, based on return p_eriods ob-
other areas with a similar precipitation regime could be car-tained from IDF curves. The results show a better adjustment

of the RCI to assess the social impact of weather events in

ried out. highly populated areas when the intensity factor is consid-
ered.
Future work will be aimed at carrying out a regionalization
4 Conclusions based on the vulnerability of the territory, suggesting differ-

ent thresholds of rainfall for each area. Furthermore, in order

The role of different factors related to the social impact of to introduce the intensity factor in the equation, IDF curves
rain events has been considered in this study. Based on theeed to be calculated for more regions. Therefore, the RCI
work achieved by the SIR Group (Amaro et al., 2010), a re-would become a useful tool to foresee events with high social
vision of cases has been carried out, in order to improve thémpact and it will allow a better management of contingency
Cl which was established to indicate the social impact ex-plans in vulnerable areas.
pected for rain events.

The events’ revision confirms that, in social impact assess-
ment, areas of varying populations should be approached in
a different way. The degree of urbanisation stands out as 4cknowledgementsThe authors would like to thank Merce
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