Nat. Hazards Earth Syst. Sci., 13, 174%58 2013 Natural Hazards &
www.nat-hazards-earth-syst-sci.net/13/1745/2013/ g
doi10.5194/nhess-13-1745-2013 and Earth System >
© Author(s) 2013. CC Attribution 3.0 License. Sciences ¢

Forcing factors of cloud-to-ground lightning over Iberia:
regional-scale assessments

J. A. Santog, M. A. Reis!, F. De Pabl@, L. Rivas-Sorianc?, and S. M. Leite!

1Centre for the Research and Technology of Agro-environmental and Biological Sciences,
University of Tras-os-Montes e Alto Douro, Vila Real, Portugal
2Departamento deifica General y de la Atbsfera, University of Salamanca, Salamanca, Spain

Correspondence tal. A. Santos (jsantos@utad.pt)

Received: 26 November 2012 — Published in Nat. Hazards Earth Syst. Sci. Discuss.: —
Revised: 3 May 2013 — Accepted: 28 May 2013 — Published: 5 July 2013

Abstract. Cloud-to-ground lightning in a sector covering the 1 Introduction

Iberian Peninsula, the Balearic Islands and nearby seas (36—

44 N, 10° W-5° E) is analysed in the period from 2003 to The Iberian Peninsula, due to its extent, topography, soil het-
2009 (7 yr). Two Iberian lightning detection networks, com- €rogeneity and geographical location, exhibits intense light-
posed of 18 sensors over Portugal and Spain, are combindding activity. In the 1990s, soon after the installation of the
for the first time in the present study. The selected characterSpanish lightning detection network (LDN), which is main-
istics are cloud-to-ground flashes (CGFs), first stroke peakained by the Spanish Meteorological Office (Agencia Estatal
current, polarity and multiplicity (number of strokes in a de Meteorologa — AEMET), scientific research on lightning
given f|ash) This Study examines the tempora| (on hour|y,aCtiVity over the Iberian Peninsula started. This observational
monthly and seasonal timescales) and spatial variability ofetwork provides the location of lightning flashes based on
CGFs. The influence of five forcing factors on lightning (ele- their electric and magnetic properties (e.g. Rakov and Uman,
vation, lifted index, convective available potential energy and2003; Poelman, 2010). The corresponding sensors (IMPACT
daily minimum and maximum near-surface air temperaturesjl41T and IMPACT ES) are similar to those installed in many
over the Iberian sector is also assessed. For regional-scale a@ther LDNs, such as in the United States. For a more de-
sessments, six subsectors with different climatic conditiongailed development of this methodology, readers are referred
were analysed separately. Despite important regional differto Orville and Huffines (1999), Cummins et al. (1998) and
ences, the strongest lightning activity occurs from late springPérez-Puebla (2004).

to early autumn, and mostly in the afternoon. Furthermore, A similar technology has also been installed in the Por-
CGFs are mainly located over high-elevation areas in latduguese LDN, which is maintained by the Portuguese Mete-
spring to summer, while they tend to occur over the sea inorological Office (Instituto Portugs do Mar e da Atmos-
autumn. The results suggest that (1) orographically forcedera — IPMA). This network comprises four detectors that
thunderstorms over mountainous areas, mostly from May td1ave been operating since June 2002 (Carvalho et al., 2003;
September, (2) tropospheric buoyancy forcing over WesternROdrigueS etal, 2008) Both the location of the sensors and
central and northern regions in summer and over the Mediterthe equipment were designed to complement the Spanish
ranean regions in autumn, and (3) near-surface thermal cort-DN (Fig. 1). This warrants a common observational system
trasts from October to February largely control the locationfor the two institutions (AEMET and IPMA), which brings

of lightning in Iberia. There is no evidence of different forc- important advantages concerning the location accuracy and
ings by polarity. A clear correspondence between summerdetection efficiency of lightning strokes in both countries.

time precipitation patterns and CGFs is also found. More recently, the European Cooperation for Lightning De-
tection (EUCLID;http://lwww.euclid.orgy project has aimed

to establish a united LDN over most of Europe.
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climatic contrasts between the northwestern regions (with
A pronounced Atlantic influence) and the eastern coastal areas
(with strong Mediterranean influence) the main forcing fac-
tors of lightning are diverse.
As lightning activity is physically related to deep convec-
tion, significant relationships between the number of CGFs
and convective activity, in particular its forcing factors, is
— o - S A e?<pec;ted. Therefore, an importgnt forcing factor of light-
anf i o ning is orography, as orographically forced d'egp convec-
‘Baeﬁc:i ' tion is closely linked to thunderstorms. The initiation of
fiag— S L deep convection is often associated with low-level conver-
: gence zones of different origins (Fankhauser et al., 1995).
In particular, thermally induced local winds, like slope and
Fig. 1. Lightning detection network in the Iberian Peninsula with mountain winds, generate convergence zones upstream and
14 IMPACT sensors in Spain and 4 IMPACT sensors in Portugal.gownstream of mountains that can potentially trigger deep
?Lack_mrcleis Itndollcati thetgeo%éaipkg;:al I?'::atllgns_ of the %8 s(?gsgresconvective development (Kunz and Wassermann, 2011; Toth
e six selected subsectors (S1-6) in the Iberian sector (IS: 36~ } L :
N IOV €)ooy (e e v e ma Sy SN, 1985 Kot o, 200) T s prie,
mountain ranges are also depicted. . . . :
is rather complex, with several mountain ranges and high-
elevation plateaus surrounded by water surfaces (Fig. 1).
Several indices have been proposed to measure the likeli-
The present study focuses on the analysis the cloud-tohood of severe thunderstorms under a given temperature—
ground flashes (CGFs) over a sector (36-M410° W-5° E) humidity vertical profile (e.g. Kunz, 2007). Among them, LI
covering the entire Iberian Peninsula, the Balearic Islandsand CAPE are widely recognized as key indicators of the
and nearby seas (Iberian sector — IS). This new dataset constrength of the convective activity and are also used herein
bines the two existing databases generated by the Spanisis forcing factors of lightning activity. As LI is an estimate
(AEMET) and Portuguese (IPMA) LDNSs, resulting in an in- of the net buoyancy force at 500 hPa (negative upwards), its
tegrated database for the whole of Iberia. opposite value tends to be positively correlated with deep
The spatial and temporal characteristics of CGFs overconvection and thunderstorm development. CAPE provides
Spain were analysed by Soriano et al. (2005). Their results quantitative estimate of vertically integrated buoyancy and
revealed a high correlation between orography and the distriit is also an estimate of the updraft strength (Holton, 2004).
bution of CGFs (on a 072x 0.2 grid). Tomas et al. (2004) Near-surface thermal contrasts may also be important forcing
performed a classification of circulation weather types re-factors of thunderstorms through the generation of baroclinic
lated to the daily CGF occurrences in Iberia (1992—-1994).instability and deep convection (Peixoto and Oort, 1992).
Soriano et al. (2004) and De Pablo and Soriano (2007) studTherefore, the minimum (TN) and maximum (TX) 2m air
ied the wintertime North Atlantic Oscillation (NAO) forcing temperatures are also tested as potential forcing factors of
on CGFs in the Iberian Peninsula. Ramos et al. (2011) anallightning activity in the IS, since they tend to represent near-
ysed the CGFs over Portugal for a 7 yr period (2003—2009) surface nocturnal and midday conditions, respectively. Five
focusing mainly on the variability of the CGF temporal and potential forcing factors are tested in the present study: el-
spatial distributions, as well as their correlation with eleva- evation (Elev), best four-layer lifted index (LI), convective
tion and topography. Santos et al. (2012) examined the largeavailable potential energy (CAPE) and daily minimum (TN)
scale atmospheric forcing mechanisms on CGF occurrencegind maximum (TX) 2 m air temperatures. Further, in order to
including the underlying lightning regimes. characterize the seasonality of the relationship between light-
A number of studies have been conducted in order to asning and precipitation in the IS, the precipitation totals (RR)
sess the role of soil characteristics in conducting electricalare also taken into account. However, since precipitation is
discharges, including elevation parameters (e.g. Dissing andot a driving mechanism of lightning, but rather a possible
Verbyla, 2003), temperatures (e.g. Altaratz et al., 2003; Pintanmanifestation of convective activity, it is thus not included in
and Pinto, 2008; Tinmaker et al., 2010), land use (e.g. Rozofthe set of the five forcing factors mentioned above.
et al., 2003), type of vegetation (e.g. Carleton et al., 2008), Therefore, the present study aims at isolating some of
fire effects (e.g. Kilinc and Beringer, 2007), lake effects (e.g.these forcings and to assess their relative importance on a
Steiger et al., 2009), among others. Soriano et al. (2001a¥easonal/monthly basis. This information may also be of key
highlighted the important role played by the orographic forc- relevance for improving weather forecasting across the re-
ing on lightning activity in Castile and l&m (Spain). Ow-  gion. In this manner, the temporal (on hourly, monthly and
ing to the very high complexity of the orographic features seasonal timescales) and spatial distributions of CGFs are
of the Iberian Peninsula, which are accompanied by strongnalysed and correlated with the aforementioned five forcing
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factors. Section 2 describes the selected datasets, including, CAPE, TN, and TX). The gridded Elev dataset (alti-
the Iberian lightning dataset, and the followed methodology.tude in metres) is obtained from the global digital eleva-
Section 3 presents and discusses the temporal and spatitdbn model GTOPO30 of the Earth Resources Observation
variability of CGFs and their correlations with the five forc- and Science (EROS) Centénttp://eros.usgs.goy/with a
ing factors. Finally, Sect. 4 presents the main conclusions ofyrid spacing of approximately 1 km. The LI dataset from the
the present study. National Centers for Environmental Prediction Final Opera-
tional Model Global Tropospheric Analyses (NCEP FNL) is
supplied by the University Corporation for Atmospheric Re-
2 Data and methods search (UCARNttp://rda.ucar.edu/datasets/ds088a21id is
available at a spatial resolution of 1.@titude x 1.0 longi-
The characteristics of CGFs in the IS are herein analysed inude and at 6 h intervals. The CAPE dataset are obtained from
the period from 2003 to 2009 (7 yr) and using a dataset thathe European Centre for Medium-range Weather Forecasts
combines the Spanish and Portuguese LDNs. This IberiafECMWF) ERA-Interim reanalysis (Dee et al., 2011) and are
LDN is composed of 18 IMPACT (IMProved Accuracy available ona15x 1.5 grid and at 6 h intervals. As will be
Through Combined Technology) sensors (14 in Spain and 4hown below, most of the CGFs occur in the afternoon. As
in Portugal). This network employs three methods to locatesuch, only the instantaneous fields at 12:00 and 18:00 UTC
lightning flashes: time of arrival, direction and a combination are extracted for LI and CAPE; the four daily instantaneous
of the two. The time of arrival is based on the time lapse infields (00:00, 06:00, 12:00 and 18:00 UTC) were also tested
the detection of electromagnetic radiation by different sen-separately, but the results were in general less significant
sors. The direction is detected by a triangulation methodthan using 12:00-18:00 UTC means (not shown). The grid-
thus using at least three sensors (Cummins et al., 1998). Theed daily TN, TX and RR from the E-OBS dataset (Haylock
flash detection efficiency in Spain has improved in the lastet al., 2008), produced by the EU-FP6 project ENSEMBLES
years, increasing from about 70% in 1992 up to 90% by (http://ensembles-eu.metoffice.cpm@re provided by the Eu-
2001 (Ferez-Puebla, 2004). Worth noting is that the detec-ropean Climate Assessment & Dataset (ECA&D) project
tion efficiency does not exclusively depend on the distanceghttp://eca.knmi.fjl The original gridded data is defined only
to the sensors (Schulz et al., 1998; Schulz et al., 1996). Omver land areas in Europe on a (°260.25 grid and is
the other hand, the precision in stroke location has increaselerein extracted for the IS.
from an error of 3km to 0.5 km in the same period over main- Monthly means of LI, CAPE, TN, TX, and RR are
land Spain. Although the efficiency over mainland Portugalcomputed on their original grids and, along with eleva-
is lower, it has enhanced from 50 % in 1992 to 80 % in 2001tion, are bilinearly interpolated to the CGF grid (D.ati-
(Pérez-Puebla, 2004). Despite some uncertainty due to sewudex 0.1° longitude) within the IS. The 7 yr (2003-2009)
eral maintenance problems, the 2001 values remain nearlyneans of these variables are then spatially (point-by-point)
unchanged up to the present, as well as during the studiedorrelated with the corresponding monthly numbers of CGFs
period (2003—-2009). The joint efficiency of flash detection inin the period from 2003 to 2009. As the distributions are
the Iberian LDN is nearly 90 % for strokes with peak currentsin general non-Gaussian, the non-parametric Spearman rank
higher than 5 kA and over the entire peninsula (Rodrigues etorrelation is used (Wilks, 2011); their statistical significance
al., 2010). is assessed at 5% level. The analysis is also undertaken sep-
Apart from the time of occurrence of the lightning flashes arately for positive- and negative-polarity CGFs.
(UTC inyear, month, day, hour, minute and second) and their The analysis of the temporal-spatial variability of the
location (latitude and longitude in degrees with four decimal CGFs and of their forcing factors is undertaken for the whole
places), first stroke peak current (in kA) and polarity (pos- of Iberia and for six non-overlapping subsectors within the IS
itive or negative), and multiplicity (number of strokes that (Fig. 1): north (S1), Pyrenees (S2), western Iberia (S3), cen-
constitute a given flash) are also provided. The raw dataset8al Iberia (S4), eastern Iberia (S5) and Balearic Islands (S6).
are available in text files, where each detected flash correThis procedure enables a better characterization of the diur-
sponds to a single line with all the specifications referred tonal and seasonal lightning cycles in each region, as well as a
above. In the present study, raw data are interpolated intdetter differentiation of the lightning forcing factors amongst
a gridded dataset on an hourly basis. The number of CGFsegions. The choice of the different subsectors was based on
by polarity, average peak current and average multiplicityboth the annual mean distribution of the CGFs, already dis-
are defined on a 0°1x 0.1° grid (spatial resolution of about cussed by previous studies (e.g. Soriano et al., 2005), and the
10 km, typical size of ordinary thunderstorms) over IS, with main climatic characteristics in the Iberian Peninsula (e.qg.
81 latitudesx 151 longitudes (12 231 grid boxes). The same Leite and Santos, 1998; Santos and Mendes, 2009; Santos
gridded parameters are also computed on a daily basis frorand Santos, 2009). The set of six subsectors do not entirely
hourly data. cover the peninsula, leaving out the southern coast of An-
The number of CGFs, total and by polarity, is related dalusia and parts of Catalonia. However, their particular cli-
to the five potential forcing factors mentioned above (Elev, matic features do not allow their inclusion in the chosen
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09 broad maximum from 15:00 to 20:00 UTC. In western Iberia
(S3, Fig. 3c), the strongest activity is found in September,
whereas a weaker maximum is found in May. In both cases
activity is stronger from 16:00 to 18:00 UTC, which is in
clear agreement with Santos et al. (2012). In central Iberia
(S4, Fig. 3d), two clear maxima are identified (June and
September), with maximum CGF occurrences between 15:00
and 19:00UTC in June, and slightly earlier in September
(14:00to 17:00 UTC). The lightning activity in eastern Iberia
Ot Nov Dec (S5, Fig. 3e) is mainly in August—September, with a weaker
_ ) maximum in June. The peaks of CGF occurrences are re-
F|_g._2. Hour—month diagram of the hourly CGF totals recorded ,5rkable in August-September, particularly during the after-
within the Iberian sector (IS: 36-4N, 10° W-5"E) and averaged 5 (16:00 to 18:00 UTC). Lastly, the Balearic Islands (S6,
ovz_erthe _7yr baseline period (2003-2009). Values are normalized tq:ig 3f), with more maritime conditions, depict a predomi-
unit maximum. ’ ’ !

nant peak in September, between 01:00 and 05:00 UTC, and
experience very low activity in the afternoon, which is a note-

subsectors and are, at the same time, not large enough to y@rt.hy difference when compared to other sectors/regions.
considered separately; the sample sizes become excessiv?i‘m"ar results were found by Gladich et al. (2011) and
short and do not ensure the statistical robustness of the rd=nno (2011) in the daily cycle of CGFs over the south of
sults. A sensitivity study was carried out testing different setsthe Alps and Estonia, respectively. These studies also found

of subsectors, but the main results remain largely unchangedhat coastal regions present higher nocturnal lightning activ-
ity than inland areas, which is in accordance with the diurnal

cycle for the Balearic Islands.

hours (UTC)
Normalized number of flashes hr”

an Feb Mar Apr May Jun Jul  Aug

3 Results Convective activity in the Iberian Peninsula is mainly (but
not only) associated with warm-air convection (Soriano and
3.1 Temporal variability De Pablo, 2002). This explains that most of lightning activ-

ity is observed around 17:00 UTC from May to September

The hourly CGF totals (in flashesH) recorded within the  (Figs. 2 and 3). Nonetheless, in July, the influence of the
IS are calculated for each month separately and averagedzores high pressure system in suppressing convection (by
over the 7yr baseline period (2003—-2009). The correspondfarge-scale subsidence) is apparent over most of the penin-
ing normalized (to unit maximum) values are displayed in sula, particularly over its southwestern regions (S3 and S4),
an hour—month diagram (Fig. 2); this normalization allows awhich are the most exposed to its direct influence. Further-
comparison with other similar diagrams for different subsec-more, northern Iberia is usually affected by Atlantic synoptic
tors. This diagram shows strong seasonal and diurnal cycleglisturbances, which may account for the pronounced maxi-
with an important concentration of the lightning activity in mum detected in June over that area (S1, Fig. 3a). In fact,
relatively narrow periods of the year and of the day. The over-as the Azores anticyclone is not yet fully consolidated, it al-
all distribution reveals a maximum occurrence in Septembeiows the arrival of cold-core mid-latitude disturbances when
and a secondary peak in June. Few flashes (weak activity) ocsurface temperature is already rather high, generating atmo-
cur in the period from November to April, the winter half of spheric instability.
the year, a result that can also be extended to other regions, For the Balearic Islands there is no evidence for the bi-
such as for Estonia (Enno, 2011). In September, the daily cymodal distribution observed in the other regions (Fig. 3f). As
cle shows high CGF occurrences from 15:00 to 05:00 UTC,the Balearic Islands are less exposed to the influence of the
revealing a long diurnal period with strong activity, but peak- Azores high pressure system, there is no clear split between
ing at 02:00 and 17:00UTC. In June there is a clear inci-late spring and early autumn activity, though spring activity
dence of CGF occurrences in the afternoon, from 15:00 tas indeed very low. In fact, eastern Iberia and the Balearic Is-
18:00UTC. lands are deeply influenced by the Mediterranean Sea. The

The corresponding hour—month diagrams for each of thehighest sea surface temperature (SST) values in September
six selected sections are displayed in Fig. 3. For both thesignificantly enhance moisture availability and, when accom-
northern sector (S1, Fig. 3a) and Pyrenees (S2, Fig. 3b)panied by upper-tropospheric troughs, may trigger thunder-
the CGF occurrences reveal a preference of occurring in thetorms and extreme precipitation events over the western
warm months (June—August) and in the afternoon, with aMediterranean (e.g. Pinto et al., 2013). Therefore, the ther-
bi-modal distribution, peaking in June or in August, respec-modynamic atmospheric background over the Mediterranean
tively. In S1, the maximum of CGF occurrences in June isareas of Iberia is more appropriate for deep convection in
recorded between 15:00 and 17:00UTC, while in S2 theSeptember (Soriano and De Pablo, 2002). Moreover, mar-
largest number of CGF occurrences in August hints at atime convection is typically at its maximum in nocturnal
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Fig. 3. As in Fig. 2, but now for the following subsectors in IS (cf. Fig. (3) north (S1),(b) Pyrenees (S2)c) western Iberian (S3),
(d) central Iberia (S4)e) eastern Iberia (S5), an{) Balearic Islands (S6). Values are normalized to unit maximum in each diagram.

hours, both over the western and eastern Mediterranean Sé&a2 Spatial variability
(De Pablo and Soriano, 2002; Altaratz et al., 2003), as well
as over other maritime areas like the Pacific (Orville et al., The spatial distribution of CGF occurrences in the IS not only
1997) and the Indian Ocean (Hidayat and Ishii, 1998). Sev-ighlights the already mentioned large seasonality, but also
eral factors may contribute to this maximum, namely conver-its spatial heterogeneity (Fig. 4). Overall, within the IS, a
gence of land breezes over the sea or convergence of prevaikigh number of CGF occurrences is found in summer (June—
ing large-scale westerly winds with continental land breezesaygust, JJA) and autumn (September—November, SON),
(Altaratz et al., 2003). Therefore, areas with dominant wateryhereas much lower occurrences are observed in spring
surface, such as S6, commonly present maximum lightningMarch—May, MAM), and particularly in winter (December—
activity in the early morning. This characteristic is much less February, DJF). More specifically, in winter, the occurrence
pronounced in S5 (Fig. 3e), because the ground surface igf lightning activity is generally weak over the entire penin-
greater than the maritime surface and lightning activity tendssula, though with some scattered activity over the Mediter-
to concentrate over land masses (Christian et al., 2003). Furanean Sea (Fig. 4a). This result is an indication of the con-
ther, S5 includes part of the Iberian mountain range (Fig. 1)irasting conditions found over land and sea surfaces in win-
which enhances lightning activity over land mass. It shouldter, as the former tend to be much cooler than the latter
be noted that lightning activity over a particular island may (j.e. low temperatures often inhibit deep convection). Dur-
show two peaks, since land areas near coastline are influng spring (Fig. 4b), however, there is already significant
enced by both land and sea. This fact has been found, folightning activity over the peninsula, mainly over moun-
example, on the islands of Mallorca (De Pablo and Sorianotain ranges, with a maximum over the Iberian System. The
2002) and Java (Hidayat and Ishii, 1998). low activity levels recorded over the inner plateaus are
worth mentioning, since their flat orography is not favourable
for deep convection and thunderstorm development when
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Fig. 4. Maps of the 7 yr (2003-200%) DJF, (b) MAM, (c) JJA, andd) SON means of the daily CGFs (flashes dayrecorded within the

Iberian sector (36—44N, 10° W-5° E). (e) Spatial Spearman rank correlations between the 7 yr monthly means of CGF occurrences and the
selected five forcing factors: elevation (Elev), monthly means of the opposite of the lifted intl8x ¢onvective available potential energy
(CAPE), and daily minimum (TN) and maximum (TX) 2 m air temperatures. The correlations with the monthly precipitation totals (RR) are
also displayed (black line). Grey shading indicates the 95 % confidence interval of non-statistically significant correlations.

compared to the encircling mountain ranges (cf. Fig. 1). Con-early autumn over these regions (Fig. 3c and d). Secondary
versely, low activity is observed over the sea surfaces. peak occurrences are also found over the Cantabrian and
The thunderstorm activity is significantly enhanced in Central systems (Fig. 4c). In autumn, a noteworthy shift in
summer (Fig. 4c), with the highest CGF occurrences foundhe location of the maximum activity area is clear, when max-
over mountainous areas in northern—northeastern Iberia, sudmum CGF occurrences are found over the Mediterranean
as over the Pyrenees and the Iberian System (Fig. 4c)Sea and the Balearic Islands (Fig. 4d). This strong lightning
Furthermore, very low activity is found over southern— activity in the Mediterranean can be explained by higher min-
southwestern Iberia, which is in line with the aforementionedimum temperatures over the Mediterranean than over inner
clear separation between lightning activity in late spring andlberia, which can also be related to the nocturnal maximum
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of CGF occurrences in S6 (Fig. 3f). These seasonal patternin November ¢0.6). For the rest of the year, the values re-
are indeed corroborated by the spatial distribution of annuamain relatively low, ranging from nearly 0 t¢0.4. Hence,
mean CGF density in Spain (Soriano et al., 2005). tropospheric buoyancy plays an important role in triggering
Along the previous lines, it can be concluded that the spadightning activity within the IS as a whole, particularly in au-
tial distribution of CGFs (Fig. 4a—d) is clearly driven by tumn. In fact, as a large amount of the autumn CGFs are de-
orographic features and land—sea thermal contrasts. Thedected over the Mediterranean and the Balearic Islands, it can
results are also supported by Kumar and Kamra (2012) irbe concluded that tropospheric buoyancy is a significant fac-
their study for southern and southeastern Asia. In studiesor in triggering thunderstorms over these areas. The coastal
carried out by de Souza et al. (2009) and by Kumar andzones in the western Mediterranean region are favourable
Kamra (2010), for Brazil and India, respectively, the key role for the development of mesoscale convective systems due
played by mountainous areas in triggering lightning activ- to low-level flow of humid and warm air combined with the
ity is highlighted. In fact, convection initiation over com- presence of a large-scale trough over France and Spain, espe-
plex terrain is commonly associated with a combination of cially in autumn (Romero et al., 1999; Cohuet et al., 2011).
different mechanisms that interact on different temporal and With respect to the near-surface air temperatures (TX and
spatial scales, which can ultimately lead to deep convectiormN), a strong agreement is found between them, with posi-
(Corsmeier et al., 2011). tive correlations from October to February and negative from
The role of the aforementioned five forcing factors on May to September (Fig. 4e). No significant correlations can
lightning activity in IS will now be examined in greater de- be found in March and April. This suggests that near-surface
tail by considering the spatial correlations between the 7 yrair temperature patterns in autumn and winter, and their spa-
means of the monthly CGF patterns (not shown) and the cortial contrasts, tend to govern the spatial distribution of the
responding patterns for each forcing (Fig. 4e). CGFs, while in summer the negative correlations with TN
The correlations with elevation show a maximum in Juneand TX are mostly an indirect effect of the elevation forcing,
(+0.7) and a minimum in November-(Q.8). These results as high-elevation areas are cooler. Hence, it can be stated that
reflect that CGF occurrences are mainly located over high-orographic effects in the warmer months (May—September),
elevation areas (positive correlation with elevation) duringtropospheric buoyancy in autumn, and convergence zones
summer, while they tend to occur over sea surfaces (negahat develop in the cooler months (October—February) play
tive correlation with elevation) in autumn and winter. Cor- a key role in the location of thunderstorms within the IS.
relations with elevation are relatively low in spring. Hence, Although precipitation is not a forcing factor, it is an im-
the orographic forcing plays a key role in the location of portant parameter associated with thunderstorms, especially
CGFs, which is particularly clear in summer. These resultsin the case of convective precipitation. Owing to the rel-
are in agreement with Soriano et al. (2001a) in their studyevance of this climatic element, its association with light-
for Spain. In effect, the convective processes over complexing is also investigated here. The correlations with the CGF
ground surfaces are significantly different from those thatpatterns disclose some correspondence between precipita-
originated over flat terrain. In fact, a number of studies havetion and the CGF patterns (positive correlations throughout
found that mountains tend to enhance convective activitythe year), mainly in the warmer period of the year (May—
(e.g. Tian and Parker, 2002; Stein, 2004; Barthlott et al.,September), when most of the CGFs occur (Fig. 2), with cor-
2006). Vertical velocities were found to be higher over the relations ranging from 0.4 to 0.6. This result suggests that
summits than over flat terrain (Founda et al., 1997). Homarprecipitation is mostly convective in these periods of strong
et al. (2003) reported that mountain breezes favour mesocylightning activity.
clogenesis by flow convergence over mountain ridges. Lo- The spatial distributions of positive-polarity CGFs, and
cal wind systems leading to convergence zones may alsthe corresponding correlations with the five forcing factors
be important for the initiation of convection over mountain- and precipitation, are displayed in Fig. 5. As the spatial dis-
ous areas (Raymond and Wilkening, 1980). Furthermorefributions of the negative-polarity CGFs are very similar to
Pielke (2001) found that discontinuities in sensible heatthe patterns shown in Fig. 4, they are not presented here.
flux can generate mesoscale circulations, which may trig-Moreover, the numbers of positive-polarity CGFs are much
ger deep convection mechanisms over highland areas, evdower than their negative counterparts (note the same colour
under weak synoptic flows (Hanesiak et al., 2004). In win-scales in Figs. 4 and 5), which is in agreement with pre-
ter, however, when frontal thunderstorms are the main driv-vious studies for the Iberian Peninsula (e.g. Soriano et al.,
ing mechanism for lightning activity in the Iberian Peninsula, 2005; Santos et al., 2012). However, the spatial patterns of
orography is not a relevant factor for deep convection, whichthe positive-polarity CGFs are similar to those of the to-
is approximately homogeneously distributed throughout thetal CGFs, which explains the close correspondence between
day (Soriano et al., 2001b). their forcing factor correlations (Figs. 4e and 5e). Neverthe-
The correlations for-LI and CAPE reveal quite similar less, the forcing factor correlations for the positive-polarity
behaviours across the year (Fig. 4e). The highest values fo€GFs tend to be slightly lower than for the total CGFs. This
both parameters are found in autumn (aben@®4), peaking  can be partially explained by the significantly lower number
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Fig. 5. As in Fig. 4, but only for the positive-polarity CGFs. The same colour scale as in Fig. 4 is also used here.

of positive-polarity CGFs than of total CGFs, resulting in a shown in Fig. 6. S6 is not represented in Fig. 6d—f as TN,
much more irregular spatial pattern and in lower correlations.TX and RR are not available for this sector (E-OBS data
As such, there is no clear evidence for differences in the forc-only over continental areas). The results for Elev highlight
ing factors of positive- and negative-polarity CGFs. It should the leading role of the orographically driven thunderstorms in
be mentioned that positive-polarity CGFs are favoured byCGF occurrences during the summer half of the year (May—
other factors, such as wind shear and cloud top heights (Fink&eptember) and throughout the peninsula (Fig. 6a). The gen-
and Hauf, 1996), which are not triggering factors of deeperally lower correlations for S6 can be explained by the low
convection. relevance of the orography in a sector that is mostly at the
In order to assess the main regional differences amongshean sea level. With respect to LI and CAPE (Fig. 6b—c),
the six subsectors (S1-6, Fig. 1), the spatial correlations bethere is a clear forcing of lightning activity over most of the
tween the 7yr means of the monthly CGF occurrences angbeninsula, mainly in the north (S1) and west-central Iberia
the corresponding five forcing factors and precipitation are(S3 and S4) in summer, and in the east (S5) in autumn.
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Fig. 6. Spatial Spearman rank correlations betwégrklev, the 7 yr (2003—2009) monthly meangof —LI, (c) CAPE,(d) TN, (e) TX and
(f) RR and the corresponding monthly means of the total CGF occurrences for each of the six subsectors (S1-6).

Although these results support previous considerations baseithe 700 hPa level is considered (Riesco-Ma#t al., 2013).
on Fig. 4, they also hint at the relevance of the troposphericCGF occurrences may also be anomalously large in some
buoyancy in triggering summertime lightning activity over rare mesoscale convective systems (as squall lines and super-
western-central and northern Iberia. cells). If these systems appear, the statistical results may be
In September—October in S6, both CAPE arid are neg-  altered, especially during autumn in the Mediterranean areas,
atively correlated with CGFs (Fig. 6b—c). Despite the coher-where intense convective systems are more frequent (Gaya et
ence found between these two indices obtained from two inal., 2001).
dependent data sources, this unexpected result can be par-The near-surface thermal contrasts (TN and TX) are im-
tially explained by the coarse grids (1.5 1.5 in CAPE or  portant from October to February over all of Iberia (Fig. 6d—
1.0 x 1.° grid in LI) that are only able to capture large- €), whereas in the period from May to September the cor-
scale features, while subgrid-scale mechanisms are not propelations are predominantly negative, which are a reflection
erly resolved. In this specific case, the maxima of both CAPEof the leading role played by orography. In this latter pe-
and—LI are located south-eastwards of the maxima CGF oc-riod, TN and TX are negatively correlated with lightning
currences (not shown), which explains the spatial negativébecause flashes tend to occur over mountains at higher alti-
correlations. Furthermore, heavy precipitation events withtudes, where temperatures are commonly lower. In addition,
lightning activity in the Mediterranean areas of Iberia have CGF occurrences are not always well correlated with low-
been attributed to low-level instability. In these episodes,level temperatures, as moisture is also a key factor. Some
instability was not captured by instability indices with up- studies indeed suggest that lightning activity is best related
per limits above 500 hPa (as usual), but it emerges whero the wet-bulb temperature (e.g. Reeve and Toumi, 1999),
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which is a proxy for the CAPE (Williams and Renno, 1993). the other subsectors, in view of its maritime climatic charac-
Lastly, the correlations with RR (Fig. 6f) suggest that precip- teristics: a predominant peak is identified in September, be-
itation is largely related to thunderstorms over central (S4)tween 01:00 and 05:00 UTC, and very low activity is found
and eastern lberia (S5) in May—September, and over northin the afternoon. The influence of the Azores anticyclone in
ern Iberia (S1) in November—February. While the former re- suppressing mid-summer (July) convection is obvious over
lationship is mostly produced by orography and tropospherianost of the peninsula. There is no such evidence for the
buoyancy, the latter can be attributed to cold and unsettledBalearic Islands, where spring activity is indeed very low.
maritime polar air masses that are frequently advected to Regarding the spatial variability, the seasonal mean dis-
northern lberia in winter. tributions of CGFs in the IS and for each subsector sepa-
With respect to peak current and multiplicity, their mean rately suggest they are mainly driven by orographic features
patterns are shown in the Supplement. Although the numbein the summer half of the year (May—September), by tropo-
of positive CGFs is significantly lower than negative CGFs, spheric buoyancy in summer (western-central and northern
the seasonal patterns of the mean positive and negative pedkeria) and autumn (eastern Iberia), and by near-surface ther-
currents show that positive are generally higher than negativenal contrasts from October to February. More specifically in
peak currents for all seasons in the IS (Figs. S1 and S2). Thevinter, the occurrence of lightning activity is comparatively
maximum positive and negative peak currents are observedeak over the entire peninsula and mostly located over the
over the peninsula in summer and over nearby water surfaceldlediterranean Sea, which is supported by the negative cor-
and coastal areas in winter and autumn, being rather scatteradlations with elevation. The near-surface thermal contrasts
in spring. Lastly, the multiplicity patterns show mean valuesseem to play a key role in triggering winter lightning. In
ranging from 1 to slightly more than 3 (Figs. S3 and S4). spring, there is significant but rather scattered lightning ac-
Positive CGFs are mainly of unit multiplicity, whilst nega- tivity over the peninsula. However, there is a decrease in the
tive CGFs often show higher multiplicities. This is partic- near-surface thermal-contrast forcing and an enhancement of
ularly clear in summer over the peninsula and the adjacenthe orographic forcing. In summer, lightning activity is sig-
Mediterranean Sea and over the Mediterranean in autumn. nificantly strengthened, with the highest CGF occurrences
found over mountainous areas, such as over the Pyrenees
and the Iberian mountain range. Secondary peaks are also
4 Summary and conclusions detected over the Cantabrian and Central mountain ranges.
For summer, the orographic and tropospheric buoyancy forc-
The CGF characteristics within an Iberian sector (IS: 36-ings are clearly prevalent, the latter being particularly clear
44° N, 10° W-5° E) are analysed using a lightning dataset in over western-central and northern Iberia. A weakening of the
the period from 2003 to 2009 (7 yr), based on an Iberian LDNIightning activity in July is related to the influence of the
composed of 18 sensors. This innovative dataset allows aAzores anticyclone. Finally, in autumn, a shift in the location
integration of the features of lightning activity in Spain and of the maximum activity area is found, with maxima CGF
Portugal. Hourly, daily and monthly data of cloud-to-ground occurrences over the Mediterranean Sea and the Balearic Is-
flashes, peak current, polarity and multiplicity are analysedlands. For this season, both the near-surface thermal condi-
on a 0.2 x 0.1° grid (grid spacing of about 10 km) over the tions, with high SST in the Mediterranean, and the thermo-
IS. The analysis of the temporal variability of CGFs is un- dynamic vertical instability play a crucial role in triggering
dertaken for the whole 1S and for six non-overlapping sub-lightning activity over the Mediterranean regions of Iberia,
sectors. The 7yr mean monthly patterns of the number ofwhile the orographically forced lightning is of minor impor-
CGFs are related to five forcing factors (elevation, lifted in- tance for the sector as a whole (negative correlations with
dex, convective available potential energy, and maximum anctlevation). There is also a clear correspondence between the
minimum 2 m air temperature) and to precipitation. precipitation patterns and the CGF distributions from May to
Regarding the temporal variability, strong seasonal and di-September, mainly in central-eastern Iberia. This result sug-
urnal cycles are identified, with two maxima in September, gests that precipitation in these regions is mostly convective
peaking at 02:00 and 17:00 UTC, and a secondary maximunin this period of strong lightning activity.
in June, in the afternoon. For both the northern sector and The spatial distributions of positive-polarity CGFs are
the Pyrenees, the analysis shows a preference for CGF osimilar to the corresponding patterns for total CGFs, but with
currences in the warm months (JJA) and in the afternoonmuch lower values. Although the correlations with the forc-
For the western subsector, the strongest activity is found iring factors present quite similar seasonal variability, they
September, from 16:00 to 18:00 UTC. In central Iberia, two are slightly lower than for total CGFs. The patterns of the
clear maxima are identified (June and September), with maxpositive-polarity CGFs are very similar to those obtained for
imum CGF occurrences in the afternoon. In eastern Iberiathe negative-polarity CGFs (not shown), and there is no clear
the lightning activity is mainly in August—September, with evidence for differences in their forcing mechanisms. The
strongest incidence during the afternoon. The Balearic Isseasonal patterns of the mean positive and negative peak cur-
lands sector presents a different pattern when compared toents over the IS show that positive peak currents are higher
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than negative peak currents for all seasons. This result is itonnections between lightning, thunderstorms and extreme
agreement with previous studies (e.g. Orville and Huffines,precipitation events over the Iberian Peninsula will also be
2001; Schulz et al., 2005; Rakov and Uman, 2003). Theinvestigated, mainly the dynamical mechanisms underlying
maximum positive and negative peak currents tend to be obtheir occurrence, in line with previous studies (Santos et al.,
served over the peninsula in summer, and over the neigh2005, 2007, 2009; Woollings et al., 2011). Due to the still
bouring water bodies in winter and autumn, being largely existing difficulties in simulating lightning parameters in re-
scattered in spring. Similar results were found by Kumar andgional weather forecasting models (e.g. McCaul et al., 2009;
Kamra (2012) for South/Southeast Asia. Strong similaritiesBarthe et al., 2010; Zepka et al., 2013), this analysis could be
can be found between the multiplicity patterns for positive of utmost relevance to improve our understanding of light-
and negative CGFs with those attained for the peak currenting activity over Iberia and, as a result, the skill of future
The negative-polarity CGFs tend to present higher multiplic-lightning forecasts.
ities than the positive-polarity CGFs, which is in agreement . ) o
with previous studies (e.g. Schulz et al., 2005). Therefore SUPPlementary material related to this article is
both peak currents and multiplicity seem to increase wherfvailable online at: _
cloud-to-ground (CG) lightning activity and deep convection http://www.nat-hazards-earth-syst-sci.net/13/1745/2013/
are at their maxima. nhess-13-1745-2013-supplement.pdf
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