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Abstract. This work constitutes the first climatological study =~ The surrounding oceanic regions were subdivided into
of lightning over Mexico and adjacent oceanic areas for thefour distinct sectors: Gulf of Mexico, Caribbean, Sub-
period 2005-2009. Spatial and temporal distributions oftropical Pacific and Tropical Pacific. The Gulf of Mexico has
cloud to ground lightning are presented and the processethe broadest seasonal distribution, since during winter light-
that contribute to the lightning variability are analysed. ning associated with mid-latitude systems also affects the re-

The data are retrieved from the World Wide Lightning Lo- gion. The diurnal distribution of lightning for the Gulf of
cation Network (WWLLN) dataset. The current WWLL net- Mexico exhibits the highest number of strokes at 9 a.m. The
work includes 40 stations which cover much of the globe andCaribbean seasonal distribution is slightly biased towards
detect very low frequency radiation (“spherics”) associatedearly fall, with a clear maximum observed during October.
with lightning. The diurnal distribution of lightning over the Caribbean is

The spatial distribution of the average yearly lightning quite uniform with a slight increase near midnight. The Sub-
over the continental region of Mexico shows the influence Oftropical Pacific has the narrowest seasonal distribution, asso-

orographic forcing in producing convective clouds with high ,C'ated with the conyectlon obsgrved during the “No_rth Amer-
ican Monsoon”, with the maximum number of strikes dur-

lightning activity. However, a very high number of strikes is . A ds ber. | he Tropical Pacifi

also observed in the States of Tabasco and Campeche, whi(lh'ﬂg ugust;m epteml er. | n contra_st, tde ) LOp'Ca acttic

are low-lying areas. This maximum is related to the climato-"2S & droader seasonal cycle, associated with convection in
the Inter-Tropical Convergence Zone (ITCZ), starting in May

logical maximum of precipitation for the country and it may N . . -
be associated with a region of persistent low-level conver-and lasting till October. In both adjacent Pacific regions, the

gence and convection in the southern portion of the Gulf ofsmke,S present a maximum in the early morning, the time of
Mexico. the highest frequency of land breeze.

The maps of correlation between rainfall and lightning Keywords. Meteorology and atmospheric dynamics (Atmo-
provide insight into the microphysical processes occurringspheric electricity; Climatology; Lightning)
within the clouds. The maritime clouds close to the coast-
line exhibit similar properties to continental clouds as they
produce very high lightning activity. )
1 Introduction

The seasonal cycle of lightning registered by WWLLN is
consistent with the LIS/OTD dataset for the selected regions
In terms of the annual distribution of cloud-to-ground strikes,
July, August and September exhibit the highest number o
strikes over continental Mexico. The diurnal cycle indicates
that the maximum number of strikes over the continent is
observed between 6 and 9 p.m. LT.

Convective clouds of large vertical extent very often develop
Ta strong electric field through interactions between differ-
ent types of hydrometeors. The charge is exchanged dur-
ing the interaction of actively growing graupel (in the pres-
ence of supercooled water) and cloud ice crystals (Saunders,
2008). For convective updrafts, the basic charge structure
is comprised of four charge regions: relatively weak posi-
tive charge in the lowest part of the cloud, main negative

Correspondence td5. B. Raga and upper positive charge regions historically described as
BY (raga@servidor.unam.mx) the “main dipole”, and a shallow uppermost region with a
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Deaths by lightning in Mexico ington. The study attempts to produce the first preliminary
250 climatology of the spatial and temporal distribution of cloud
00— to ground lightning over continental Mexico and surround-

ing oceanic areas. This information can be used to derive
maps of lightning probabilities, which can allow authorities
to plan ahead, for example the deployment of high voltage
distribution lines. For civil defence planning purposes it is
important to know at what time the lightning is more likely
to occur. The fine scale diurnal pattern of convection close
ven # temen to the land is of great interest to the population that lives in

Fig. 1. Deaths by lightning occurred in Mexico between 1998 and coastal regions anq works offshore in the fishery and the ol
2007, exploration industries.
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negative charge. Outside the updrafts, but still within a con-2 Database
vective region of the storm, there are at least six charge re-
gions (Stolzenburg et al., 2009). The World Wide Lightning Location Networkh{tp://www.
Most of the lightning occurs within the cloud (Macker- wwlin.nef) provides real time lightning locations around the
ras et al., 1998). A fraction of lightning can also occur be- globe by measuring the very low frequency radiation (VLF,
tween different clouds and about a third of the total light- 3-30kHz, also called “atmospherics” or simply “spherics”)
ning flashes strike the ground (Boccippio et al., 2001). Theseoroduced during a lightning bolt (Rodger et al., 2004). The
are the ones that constitute a hazard to the population. Dufocation algorithm takes into account the events recorded by
ing the 10-year period, from 1998 to 2007, an average ofat least 5 receiving stations around the world. Each receiving
155 people died per year in Mexico from lightning strokes station in the network is similar and consists of an antenna
(as shown in Fig. 1), with men accounting for 81% of the to measure the VLF electric field, a global positioning sys-
victims. Most of those casualties occur during July, Augusttem antenna to accurately time each event, an amplifier and a
and September when people are working in the fields (onlinecomputer connected to the Internet. When a spherics signal
database DGISttp://www.sinais.salud.gob.fixMoreover, ~ reaches a station, the information of the time of group arrival
lightning is the most frequent cause of natural forest fires,(TOGA) is then sent to the central processing computer. The
which pose threats to nearby populations and ecosystemglgorithm then combines the information from at least 5 sta-
and can provoke major disruption in the distribution of elec- tions to determine the latitude and longitude of the lightning
trical power, when high voltage towers are struck by it. Most strike (Dowden et al., 2002). The accuracy and detection
of the electrical power in Mexico is obtained from hydro- efficiency of the network have been estimated for a few re-
electric plants in the Southern states of Oaxaca and Chiapagjons, by comparing with regional surface networks (Lay et
where most of the precipitation falls. This electricity is then al., 2004, 2007; Jacobson et al., 2006; Ramachandran et al.,
transported through high voltage lines in towers towards the2007). The accuracy was found to be location-dependent and
regions where the demand is highest and most of the populavary between 4 and 14km. Recently, the location accuracy
tion lives. The maps presented in this study provide informa-0f WWLLN was shown to have a northward and westward
tion on the regions that would be most vulnerable to towerbias, with average location errors of 4.03km in the north-
damage due to lightning strokes. The data analysed will besouth and 4.98 km in the east-west directions (Abarca et al.,
incorporated into a national natural hazard atlas to highlight2010).
those regions. The World Wide Lightning Location Network is under
The lightning sensor mounted on the TRMM satellite, canthe process of constant development and its detection ef-
only detect lightning during about 90s over each individ- ficiency increases every year. Abarca et al. (2010) evalu-
ual pixel across the swath, which does not allow the studyated the WWLLN by using the National Lightning Detec-
of the evolution within convective systems but only gives ation Network as ground truth, and they found that the over-
snapshot of the convective activity (Cecil et al., 2005). It is, all detection efficiency of cloud-to-ground flashes increased
however, very useful to determine climatological mean con-from 3.88% in 2006—-2007 to 10.30% in 2008—2009. They
ditions and the data are freely available from websites. also found that the cloud-to-ground detection efficiency is
In this paper we use the dataset derived from the Worldstrongly dependent on peak current and polarity, attaining
Wide Lightning Location Network (WWLLN), which is cur- values larger than 10% (35%) for currents stronger than
rently the only real-time network that covers the entire globe+35kA (—130kA) and smaller than 2% for currents be-
(Rodger et al., 2005). The stations of this network are pri-tween 0 and-10 KA.
marily located at academic institutions distributed around the The study also presents results from the Lightning Imag-
world. The network is managed at the University of Wash- ing Sensor (LIS), Optical Transient Detector (OTD) and the
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3B42 TRMM precipitation product. LIS is an instrument on Study Regions

board the Tropical Rainfall Measuring Mission (TRMM) Ob- _,

servatory used to detect the distribution and variability of .. [ saic ins
total lightning (Kummerow and Barnes, 1998). The Op- = I ot egn

tical Transient Detector (OTD) was developed as an in- ™
house project at NASA's Marshall Space Flight Center in ™
Huntsville, Alabama. It was a scientific payload on the _,
MicroLab-1 satellite that was launched in April 1995 (Chris- .
tian et al., 2003) and recorded the occurrence and worldwide:
distribution of lightning until April 2005. The TRMM 3B42 ™
product (Kummerow et al., 2000) uses an optimal combina- ™
tion of other products and precipitation estimates to produce
merged high quality infrared precipitation. The gridded es-Fig. 2. Map delimiting the 5 different sub-regions considered:
timates are on a three-hour temporal resolution and a 0.2%1) continental Mexico, (2) Caribbean, (3) Gulf of Mexico, (4) Sub-
degree by 0.25 degree spatial resolution in a global belt exTropical Pacific and (5) Tropical Pacific.

tending from 50 degrees South to 50 degrees North latitude.
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lightning strokes over the coastal oceanic zone of the Tropi-
3 Results cal Pacific, as the Inter-tropical Convergence Zone becomes

established in this region and the effects of thermal convec-
In this study we analyse the lightning activity averaged overjgn pecome stronger. From May to July the signal of high
the five year period: 2005-2009. The characteristics of conyightning activity moves northward along the Pacific coast of
vective activity over land and ocean vary significantly, both \pexico, finally reaching the northernmost regions of Mex-
in the forcing mechanisms and the concentrations and Siz€gq and the border with Arizona. This area of high lightning
of cloud condensation and ice nuclei that are crucial for C|0Uddensity is related to the development of convective clouds
droplet and ice crystal formation. Therefore, the region of jytensified by orographic forcing by the chain of moun-

study was divided into continental Mexico and 4 oceaniCtajns (Sierra Madre Occidental) which extends throughout
sectors: Gulf of Mexico, Caribbean, Subtropical Pacific andihe whole Pacific coast of Mexico.

Tropical Pacific. Figure 2 shows a map with the limits of

. During summer, a very high lightning activity is also ob-
each sector clearly indicated. g y high 19 g y

served in the states of Veracruz and Tabasco, and it spreads
along the southern coast of the Gulf of Mexico from June
to September, reaching the states of Campeche, Yucatan and

Figure 3 presents the spatial distribution of an average den_Qumtapa Roo. Summer mpnths correspond fo the season
of tropical storms and hurricanes over the Gulf of Mex-

sity of lightning strokes for each month of the year. The light- . . . o . .
ning density is expressed as a number of strokes per mont}L.’ with the maximum activity registered in September
g y P P auregui, 2003). In October the number of strokes over this

per kire. The maps are created on a grid with horizontal andarea decreases. The persistent region of high lightning den-
vertical resolution of 0.25 degree, which is more than 5 times ' P 9 gn g g

greater than the location accuracy of WWLLN evaluated bySlty over the Southgrn Gulf qf Mexmo_ (from Jgne to Octo-
Abarca et al. (2010). ber) is correlated with the climatological maximum of an-

: nual precipitation, shown he Mexican Weather Servi
The months of November till March roughly correspond ual precipitation, shown by the Mexican Weather Service

. . : _ .~ (http://smn.cna.gob.mx
to the dry season in Mexico and therefore very little activity (http gob.m) . . .
is seen over the continental Mexico for this period. How- SePtember and October show a decrease in the lightning

ever, the lightning associated with the mid-latitude systems@Ctivity in Northwest Mexico as the autumn progresses and
is noticeable in the northern part of the Gulf of Mexico dur- cOnvection becomes weaker. This spatial and temporal dis-
ing winter. Lightning activity over the continent becomes {ribution of lightning strokes is clearly related to the so-
stronger in April, particularly in the region corresponding to ‘?a”efj Monsoon of North America’, a mesoscalg circula-
the Sierra Madre Oriental (the mountainous range running{!on linked to '_[h_e s_ea-land contrast, which fes?'ts In convec-
roughly parallel to the coast of the Gulf of Mexico) and also ion and_ precipitation over land concentrated in the months
in the region of western Chiapas in southern Mexico, at the®f July till September.
Tropical Pacific coast.

By May lightning activity becomes more widespread over 3.2  Correlation between lightning and rainfall
continental Mexico, with only a few regions exhibiting rela-
tively small activity (e.g. the Yucatan peninsula, and north- The maps presented in Fig. 4 show spatial and temporal vari-
west continental Mexico). There is a high concentration ofations of the correlation coefficient between precipitation and

3.1 Average spatial distribution of lightning
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Fig. 3. Spatial distribution of cloud-to-ground strokes per month pe?,kmeraged over the five-year period (2005-2009).

lightning. The correlation coefficient., is defined at each clouds formed over land and ocean. Kutka and Raga
point of the grid as: (2010) analyzed vertical profiles of hydrometeors in precip-
(5 —X) (5 —Y) it{:\ting clouds over the Pacific coast of Southern Mexico, re-

(1) trieved from TRMM data, and found that from April to May

Fyy =
N N ; ; ; TR
there is a strong increase in the amount of precipitating ice,
\/%Zm—X)Z\/%Z(yi—Y)Z p e es four
1 1

especially over the land. Summer precipitation was found to

be almost entirely the result of melted ice, whereas during
wherex; andy; are precipitation and lightning densities at a yyinter there was a large contribution from warm precipita-
given pointi of the grid, andX andY are spatial monthly av- tjon to total rainfall. Montero et al. (2010) arrived to simi-
erages of precipitation and lightning calculated avepoints |51 conclusions for clouds over central Mexico, where Mex-
of the grid that covers the region under study. The grid hascg City is located. Moreover, Peterson et al. (2005) studied
zonal and meridional resolution of 0.250x; andy; repre-  the relation between ice content and lightning registered by
sent local averages for the individual grid cells. The precip-TRMM sensors and found that the amount of precipitating
itation values were retrieved from the 3B42 TRMM product jce js highly correlated to lightning flash density. This corre-
and averaged over the same period as the WWLLN lightningation is so robust that they suggested that the lightning data
dataset (2005-2009). can be used to retrieve the ice content. The spring and sum-

From December to April there is a strong correlation be- mer cumulonimbus clouds form over the Gulf of Mexico by

tween rainfall and lightning over the northern coast of the convection resulting from wind convergence due to the in-
Gulf of Mexico. Winter precipitation over this area is a result tensification of Azores-Bermuda high (Romero-Centeno et
of cold fronts that cause a rapid decrease in temperature ang 2007). Therefore the updrafts during spring and summer
development of cumulonimbus clouds with lightning activ- are expected to be stronger than those which result from the
ity. However, in May the correlation over this area becomespassage of cold fronts during winter at these low latitudes;
much smaller. The rainfall in May and June (not shown) stronger updrafts usually lead to higher ice amounts within
over the northern coast of the Gulf of Mexico decreases agjouds. The increase in the amount of ice from winter to sum-
compared to winter months but flash density increases (sefer is a likely explanation for the increase of lightning over
Fig. 3). The explanation for this phenomenon can be relatedhe northern Gulf of Mexico (Fig. 3) and the decrease in the

to the microphysical cloud properties and vertical hydrom-correlation between lightning and rainfall (Fig. 4), however
eteor profiles that change throughout the year and differ for
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Fig. 4. Annual distribution of the spatial correlation coefficient between rainfall and lightning. The correlation coefficient is defined in the
Eq. ().

the analysis of the vertical profiles of hydrometeors over thisThis topographic influence can be also observed in the corre-
region is necessary to confirm this hypothesis. Such an analation maps between lightning and rainfall, especially in July
ysis is beyond the scope of this paper which constitutes dFig. 4).

climatological study and it will be done in the companion
paper that focuses on the processes. From May to October an anti-correlation can be observed

. . . over the Tropical Pacific away from the coastline (white ar-
During the whole summer, the correlation between light- eas in the Fig. 4). This anti-correlation indicates the region

ning and precipitation over the Gulf the Mexico is relatively where rainfall is very high (not shown) and lightning density

low, with the exception of the coastal regions of the Mex- is low (Fig. 3). High precipitation results from strong wind

ican states (.)f Tapasco aqd souther.n veracruz. In these rec'onvergence over this area (Romero-Centeno et al., 2007)
gions both lightning density and rainfall have high values

and low lightning activity is a result of microphysical prop-

due to strong updrafts caused by wind convergence (Romero- .. . :
Centeno et al.. 2007). A significant lightning activity is erties of cloud condensation nuclei and droplets that develop

.__on them, as well as the evolution of ice crystals and graupel.
Zl:sig. %t))sgg\;)eedcic;\lllf/ritnhiqugggrRLf;l?ss'ct (l))futthri\iﬁflglfl 2‘:/2’:?;'; %The cI_ouds wh|c_h form over the oceanic areas close 'Fo the
areais ,much smaller than that over Tai)asco and therefore ﬂfoastlme have similar microphysical properties to continen-
correlation between them is not as high &l clouds. Bau.mgardner e_t al. (2006) studied the e_volutlon
' of anthropogenic aerosols in the coastal town of Salina Cruz
From June to September, there is a high correlation beand found that the maximum concentrations of condensa-
tween rainfall and lightning at the Pacific coast of Mexico. tion nuclei occur during land breeze periods. Moreover, Ku-
As already mentioned, the amount of precipitating ice is verycieiska and Raga (2010) showed that the maximum rainfall
high within the summer clouds over this region (Kuwka  and lightning activity over the seaside coastal region close to
and Raga, 2010) and so is lightning density. The mountairthe town of Salina Cruz also occur at the time of the high-
ranges located very close to the coastline enhance the precigst land breeze frequency (early morning). It is well known
itation over the coastal region and inhibit its inland propaga-that droplet spectra in continental clouds are dominated by
tion. The mountains of northern Mexico are located furthersmall and numerous droplets (e.g. Hudson and Yum, 2001).
from the Pacific coast than in the south, and therefore rainThis kind of spectrum causes a rapid ascent of air parcel due
and lightning activity can propagate further inland (Fig. 3). to a great release of latent heat (Kutwka et al., 2010). It
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Fig. 5. Average seasonal cycle of lightning strokes in percentagdapcontinental Mexico,(b) Caribbean Sea(c) Gulf of Mexico,
(d) Subtropical Pacific an¢e) Tropical Pacific. Bars in black represent the 5-year average obtained from the WWLLN dataset during the
period 2005-2009. Bars in white indicate the total lightning recorded by OTD and LIS from 1995 to 2005.

is very difficult for a spectrum composed of small and nu- the TRMM Precipitation Radar (PR) and LIS data, are much
merous droplets to generate precipitation through collisiondarger over oceans than over continents and this difference
and coalescence (warm precipitation). Instead of precipitatis due to the reduced lightning activity over oceans. Weaker
ing, the droplets are carried by the updrafts above th€& 0 updrafts over the oceans can make cloud lifetime insufficient
isotherm and participate in mixed-phase processes, which arer the development of the electrical field close to the break-
also involved in charge separation within a cloud (Avila et down point. Moreover, smaller amounts of ice that result
al., 1999). Cloud droplets over oceanic zones away from thdrom weaker updrafts imply lower efficiency of the processes
coast form on cloud condensation nuclei with larger sizes andf charge separation.

smaller concentrations (Twomey and Wojciechowski, 1969). Note that in January there is a high correlation between
This kind of spectrum favours the fast growth of droplets lightning and rainfall over the same area where the correla-
that initiate the process of collision-coalescence; therefordion is negative in summer, and it is difficult to explain. Win-
the formation of raindrops below the°Q isotherm is more ter rainfall over this area (120V-120 W, 10° N-15N) is
common in maritime clouds than in continental clouds. If much smaller than during summer but lightning activity reg-
most of the precipitation is a result of warm rain processes inistered by WWLLN is greatest in January. Moreover, the
clouds of moderate vertical extent (5—6 km in height), thennumber of flashes in January over this part of the ocean is
very little electrical activity would be observed. Figure 4 il- greater than in December and February (Fig. 3) and so is
lustrates very well the different nature of clouds that form rainfall (not shown). Also the LIS dataset, discussed in the
close to the coastline and those away from the coast. SumSect. 3.3, shows more flashes over this region of the Tropical
mer clouds over the Tropical Pacific region away from the Pacific in January than in December or February (Fig. 5e).
Mexican coastline (white areas in the Fig. 4) have low light- The increase in rainfall and lightning activity indicates the
ning activity in spite of the very high rainfall, while those existence of stronger updrafts which would lead to higher
that form close to the coastline (red areas in the Fig. 4) proice amounts; however the mechanism responsible for the
duce high rainfall and high lightning densities. This result strengthening of the updrafts over this area in January is un-
is consistent with the conclusions of Takayabu (2006) whoknown.

found that rain-yields per flash in the tropics, calculated from
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Table 1. Average number of flashes per kiper year detected by the WWLLN for each region considered in this study.

Region Continental Mexico  Caribbean Sea  Gulf of Mexico  Subtropical Pacific  Tropical Pacific
Flashes/krflyear 0.68 0.56 0.78 0.13 0.55
The above results show that the combined information of 40 . . . . . ==
lightning and precipitation provides insight into the type of e Cont. Mex,
microphysical processes that occur within the clouds over *  Carbb. Sea
different regions analysed in this study. - * Gulf of Mex. |
33 A | | . o B Subtrop, Pac.
: verage seasonal cycle per region o Trop. Pac.
O %

Figure 5 presents the seasonal variability of lightning for the
five regions considered in this study. The WWLLN data
are here compared with the lightning climatology registered -
by Lightning Imaging Sensor (LIS) and the Optical Tran-
sient Detector (OTD). The LIS/OTD data shown in the Fig. 5
are retrieved from the High Resolution Monthly Climatology
(HRMC) product which includes the climatologies from the
5-year OTD (4/95-3/00) and 8-year LIS (1/98-12/05) mis- 0 : : : ! : : '
sions, as well as a combined OTD/LIS climatology and sup- 0 0 10 15WWL2L?\J 5 2 9 B A
porting base data (flash counts and viewing times). HRMC [l

is a 0.5 degree by 0.5 degree gridded monthly average 0If:ig. 6. Dispersion diagram between the monthly percentages of

total lightning bulk production, expressed as a flash densityjashes registered by WWLLN and LIS/OTD sensors for each re-
(flashes/kri/day) and centred on the 15th day of each month.gjon.

The monthly variability in the Fig. 5 is expressed as a per-
centage of the monthly number of flashes with respect to the
annual number of flashes for a given region. The absolutder of years of WWLLN data. The fact that the satellite sen-
number of flashes per knper year, averaged over 5 years, is sors detect total lightning while WWLLN registers mainly
given for each region in Table 1. cloud-to-ground lightning can also be important, as the ra-
Due to the low detection efficiency of the WWLLN, the tio between cloud-to-ground strokes and total lightning can
difference between absolute values of flashes detected byary throughout the year. Taking into account the above dif-
WWLLN and LIS/OTD is about one order of magnitude. ferences, both datasets are very consistent when representing
A similar difference was also observed, when lightning reg-the seasonal cycle of lightning in terms of percentage. Fig-
istered by the WWLLN was compared with the National ure 6 shows the dispersion between monthly percentages of
Lightning Detection Network data (Abarca et al., 2010). flashes registered by WWLLN and LIS/OTD sensors, which
Even though the WWLLN data used in this study and theis smaller than 10% for all the regions.
LIS/OTD HRMC product do not cover the same time period, Lightning variability is clearly related to the type of con-
it is remarkable that the relative monthly variability of light- vective activity that occurs in each region. The highest an-
ning is very similar for both datasets. Both WWLLN and nual flash densities were registered over Gulf of Mexico and
LIS/OTD data exhibit maximum lightning density in August continental Mexico and the lowest flash activity occurs over
over the Tropical Pacific and the Subtropical Pacific regions.Subtropical Pacific, as shown in the Table 1.
Over the continent, the maxima detected by WWLLN occur Over continental Mexico (Fig. 5a), 91% of lightning
in August and September and LIS/OTD maximum is clearly strokes are registered by WWLLN between May and Octo-
defined for August. Over the Gulf of Mexico, a maximum ber, months that correspond to the rainy season. A broad
number of flashes was registered by LIS/OTD in August, maximum occurs in July, August and September, the three
while the WWLLN data indicate the maximum in September. months exhibiting very similar number of flashes. There is
In the case of the Caribbean Sea, LIS/OTD registered a maxa continuous decrease of flash density from September to
imum number of flashes in September, while the WWLLN January and an increase from January to August. The spa-
highest lightning activity occurs in October. The discrepan-tial variability of precipitation and lightning over continental
cies between both datasets can be caused by different timlexico is very high, as shown in the Figs. 3 and 4, but the
periods of WWLLN and LIS/OTD records and small num- seasonal cycle of the spatial average of lightning is consistent

ISIOTD [%]
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with the seasonal variability of rainfall averaged over the explanation for the observed discrepancy between rain and
Mexican Republic. lightning seasonal cycles over the Tropical Pacific remains

Lighting activity over the Caribbean Sea (Fig. 5b) starts an open issue.
in May and ends in December, the period that corresponds
to the rainy season for this area. Annual rainfall over the3.4 Average diurnal cycle per region
Caribbean exhibits a bimodal structure with two rainfall
maxima (May—June and September—October) separated byhe diurnal cycle of lightning is in general consistent with
what was termed a mid-summer drought, occurring in Julythat of convective rainfall (Tapia et al., 1998; Kutéka and
and August (Gamble et al., 2008; Mdgeet al., 1999). The Raga, 2010). Kikuchi and Wang (2008) studied diurnal pre-
seasonal cycle of lightning, showed in the Fig. 5b, is consis-Cipitation regimes in the global tropics with TRMM data
tent with the cycle of rainfall: the early rainfall season mode and identified three tropical diurnal cycle regimes (oceanic,
occurs in June and the late rainfall season mode is clearlgontinental, and coastal) according to the amplitude, peak
defined for October. There is a relative minimum in flash time, and phase propagation characteristics of the diurnal
density in July and August. precipitation. They found that the oceanic regime is char-

The Gulf of Mexico (Fig. 5c) has the broadest and mostacterized by moderate amplitude and an early morning peak
uniform lightning distribution. Lightning activity is signif- [06:00-09:00 Local Solar Time (LST)] and the continental
icant throughout all the year due to the presence of mid-regime has large amplitude and an afternoon peak (15:00-
latitude systems during winter. From September to Decem-18:00LST). The coastal regime shows large amplitude and
ber the WWLLN lightning density is higher than that of phase propagation, and is characterized by two subregimes,
LIS/OTD and the opposite situation occurs from January tooften concurring along the same land-sea boundary. The
May. In general, lightning activity over the Gulf of Mexico Seaside coastal regime is characterized by an offshore phase
is only slightly lower during winter than that during summer, propagation, with peaks occurring from late evening to noon
which can also be noted in the maps of spatial distribution ofof the next day (21:00-12:00LST), whereas the landside
lightning (Fig. 3). coastal regime has landward phase propagation with peaks

The Subtropical Pacific region (Fig. 5d) exhibits the nar- occurring from noon to evening (12:00-21:00 LST).
rowest seasonal distribution. Maximum lightning density Lay et al. (2007) argued that the WWLLN local time vari-
was registered by WWLLN in August and September, andations of flash density, averaged over one year are consis-
the flashes occurring from July to October represent 95% otent with satellite and regional ground-based studies, and can
the annual average. This high lightning activity during the be used to study the land/ocean diurnal cycle of lightning.
summer months over the Subtropical Pacific is associated he diurnal cycle analysed in this paper is averaged over five
with strong convection observed during the “North Ameri- years and the spatial averages are considered for the conti-
can Monsoon”. nental Mexico and the four adjacent oceanic regions.

Spatial averages of lightning over the Tropical Pacific pre- The diurnal variation of lightning strokes to ground over
sented in Fig. 5e include a coastal region with high light- continental Mexico is presented in the Fig. 7a. It exhibits
ning density (see Fig. 3) and the areas located away fronmaximum activity between 6 p.m. and 9 p.m. of local time
the coast where the lightning activity is much weaker; there-and a minimum between 9 a.m. and midday. As shown in
fore the main contribution to the lightning variability pre- Fig. 3, there is a very high contribution from lightning over
sented in this figure comes from the flashes registered closeoastal areas to total number of flashes over continental Mex-
to the coastline. The Tropical Pacific presents significantico and this contribution is reflected in the diurnal cycle of
lightning activity between May and October. The flash den-lightning averaged for the Mexican Republic, as the maxi-
sity decreases from May to June, increases from June tonum occurs later than expected for the typical continental
August and again decreases from August to October. Kuvegime studied by Kikuchi and Wang (2008). The diurnal
cienska and Raga (2010) analysed the monthly variability ofevolution of lightning over continental Mexico reflects varia-
precipitation and lightning over the Pacific coast of southerntion in land heating by solar radiation together with sea-land
Mexico (12 N-15° N, 93° W-101 W) and found that sum- and valley-mountain breeze cycles at the coastal areas.
mer months with maximum precipitation (June and Septem- The diurnal lightning patterns are very similar over the
ber) exhibited lower lightning density than the months corre-Subtropical and Tropical Pacific regions (Fig. 7d and e) with
sponding to the so-called mid-summer drought (July and Au-the minimum activity occurring between 3 p.m. and 6 p.m.,
gust). The seasonal cycle of lightning was the same as thaand maximum activity between midnight and 9 a.m. The di-
in Fig. 5e, although the Tropical Pacific region analysed inurnal evolution of precipitation and lightning over the Pacific
the present paper is larger than that in the study of Kaglie  coast of southern Mexico follows the land-sea breeze circu-
and Raga (2010). The hydrometeor profiles retrieved fromlation measured by Baumgardner et al. (2006) in the coastal
the TRMM dataset for the area located close to the coastlingdown of Salina Cruz: the maximum lightning and rainfall co-
did not show significant differences in the amounts of precip-incide with the maximum frequency of land breeze, observed
itating ice for the summer months (May to October) and theat about 6 a.m. The diurnal cycles of lightning over both

Ann. Geophys., 28, 2042057, 2010 www.ann-geophys.net/28/2047/2010/



B. Kucienska et al.: Cloud-to-ground lightning over Mexico and adjacent oceanic regions 2055
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Fig. 7. Average diurnal cycle for the total number of cloud-to-ground strokes in percentafg famtinental Mexico(b) Caribbean Sea,
(c) Gulf of Mexico, (d) Subtropical Pacific and e) Tropical Pacific. The three-hour lightning accumulates are centred at the hours indicated
in the figure.

Pacific regions studied in this paper are also in agreementonsidered: continental Mexico, Gulf of Mexico, Caribbean,
with the analysis of Kikuchi and Wang (2008) who found Sub-Tropical Pacific and Tropical Pacific. These sub-regions
that maximum rainfall over seaside coastal regime occurs bewere selected to evaluate spatial and temporal distributions
tween 9 p.m. and noon. of lightning, since different meteorological phenomena have
The diurnal cycle over the Gulf of Mexico (Fig. 7c) is de- different relative importance for each of them.
layed by about three hours, when compared to that of the Pa- 11,0 spatial distribution is clearly linked to the presence
cific. Its maximum lightning activity occurs between 9 a.m. ot mountainous regions over the continental area. The high-
{:md noo_n, but_|t is still within the seaside coastal regime stud-est lightning densities are observed along the Mexican coast
ied by Kikuchi and Wang (2008). - ~ of Pacific covered by mountain ranges and in the states of
The Caribbean region (Fig. 7b) exhibits very small light- tapa5c0 and Campeche, at the southern coast of the Gulf of
hing variations throughout the day, with a slight increasejexico. The Guilf of Mexico has the highest annual number
near midnight. The geographical location of the region (se€yf fiashes per kfbecause of the presence of mid-latitude
Fig. 2) makes it less influenced by land breeze than the Pagystems in winter. It is followed by continental Mexico,

cific regions or the Gulf of Mexico, therefore the distribution c4ripbbean Sea Tropical Pacific and Subtropical Pacific.
of lightning over the Caribbean Sea is quite uniform through- '

out the day. The maps of correlation between rainfall and lightning

provide information about vertical cloud development and

microphysical processes within the clouds. Maritime clouds
4 Summary and conclusions that develop close to the coast have microphysical proper-

ties similar to continental clouds. High rainfall accompa-
We carried out a preliminary characterization of the spatialnied by high lightning activity in these clouds implies high
and temporal distribution of lightning strokes to ground over ice amounts and strong vertical development due to the pres-
Mexico and adjacent oceanic areas, using the 5-year periodnce of continental cloud condensation nuclei (CCN). Small
from 2005 to 2009. In the study, five spatial sub-regions wereand numerous CCN of continental origin lead to a greater
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release of latent heat, stronger updrafts and longer cloud lifepassive and active sensors in order to offer possible explana-
time. In contrast, the clouds that develop farther to the southions.

from the Pacific coast of Mexico exhibit negative correlation
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The seasonal cycles are calculated for every region from
the WWLLN and LIS/OTD datasets. The lightning densities
detected by WWLLN are about one order of magnitude lower
thap those.re.gistered by LIS/QTD, however both datasets ®Xabarca, S. F., Corbosiero, K. L., and Galamneau Jr., T. J.:
hibit very similar seasonal variation of flashes. Over the con- - an evaluation of the Worldwide Lightning Location Network
tinental Mexico the highest number of flashes is observed (wWwLLN) using the National Lightning Detection Network
from July to September and 91% of flashes occur during the (NLDN) as ground truth, J. Geophys. Res., 115, D18206,
rainy season (May to October). The Gulf of Mexico has the doi:10.1029/2009JD013411, 2010.
broadest and the most uniform seasonal distribution. TheAvila, E. E., Pereyra, R. G., Aguirre Varela, G. G., and Caranti, G.
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The lightning over the Subtropical Pacific is significant only Bagmgardner, D.,Raga, G. B., Grutter, M,, and Lammel, G Evolu-

from July to October due to the convection associated with 1o ©f @nthropogenic aerosols in the coastal town of Salina Cruz,
. . Mexico: Part | particle dynamics and land-sea interactions, Sci.

the North Amerlca.n Monsgpn. The seasc_)na_l cyc[e of light- ¢ Env., 367, 288-301, 2006.

ning over the Tropical Pacific does not coincide with that of Boccippio, D. J., Cummins, K. L, Christian, H. J., and Goodman,

rainfall: the highest number of flashes is observed during the 's_ j.: Combined satellite and surface-based estimation of the
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hibits maximum activity between 6 p.m. and 9 p.m. This rel- Cecil, D. J., Goodman, S. J., Boccippio, D. J., Zipser, E. J., and
atively late peak reflects the high contribution from flashes Nesbitt, S. W.: Three Years of TRMM Precipitation Features.
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