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Abstract. Lightning activity detected by the World Wide 1 Introduction

Lightning Location Network (WWLLN) over oceanic re-

gions adjacent to Mexico is often as high as that observed . . L L .

over the continent. In order to explore the possible cause&i9Ntning activity in the tropics is usually much higher over
of the observed high flash density over those regions, thd@nd than over the ocean. The contrast between land and
relationships between lightning, rainfall, vertical hydrome- ¢€2an lightning density is so significant that it can be used
teor profiles, latent heating, wind variability and aerosol op-to identify precipitation regimes. Takayabu (2006) evalu-

tical depth are analyzed. The characteristics of lightning ancfited rain-yields per flash (RPF) over the entire tropics and

precipitation over four oceanic zones adjacent to Mexicanfound that the difference in the RPF values between land

coastlines are contrasted against those over the continert’d 0cean was about one order of magnitude. Even though

The number of flashes per rainfall over some coastal marfainfall amounts over tropical oceanic zones are similar to

itime regions is found to be higher than over the continent.[NSe over land, lightning activity is much weaker in the mar-

The largest number of flashes per rainfall is observed durltime regime, which results in a higher RPF. Petersen and

ing the biomass burning season. In addition, we Comloaré?utledge (1998) calculated RPF values based on cloud-to-

two smaller areas of the Tropical Pacific Ocean: one located"ound lightning data and found that the difference between

within the Inter-Tropical Convergence Zone and character-foPical 1and and ocean RPF can reach two orders of mag-
nitude. Zipser (1994) defined a similar index to RPF, a rain-

ized by high rainfall and weak lightning activity and the other ; ) e
one influenced by a continental wind jet and characterized byjhunderstormratio, and proposed it as an indicator o¢ dre

high rainfall and strong lightning activity. During the rainy tnentalityof convective rainfall. S

season, the monthly distribution of lightning within the re-  1he reasons for the different rates of lightning flashes over
gion influenced by the continental wind jet is contrary to that SONtinents and oceans are quite complex. The electric field
of rainfall. Moreover, the monthly variability of lightning is " Cloud_s develops as a result of the interaction between dif-
very similar to the variability of the meridional wind compo- ferént kinds of hydrometeors (Saunders, 2008). Among the
nent and it is also related to the variability of aerosol optical factors that influence the processes of cloud electrification

depth. The analysis suggests that the high lightning activity2'® Precipitation ice content (Petersen et al., 2005) and up-

observed over coastal Pacific region is linked to the continendraft velocity (Zipser and Lutz, 1994). The aforementioned

tal cloud condensation nuclei advected over the ocean. Analf2ctors are related, as strong updrafts lead to greater vertical

ysis of daily observations indicates that the greatest lightning-/0Ud development and higher ice concentrations. Takayabu

density is observed for moderate values of the aerosol opticai2006) showed that large amounts of tall convective rainfall
depth, between 0.2 and 0.35. with precipitation top height above20°C are associated

with intense updrafts and strong lightning activity. Zipser
and Lutz (1994) argued that updraft velocities over tropical
oceans are weaker than those over land, which implies that
oceanic convective cells can hardly lift large raindrops above
the freezing level or allow the formation of large particles of
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solid phase. Smaller concentrations of ice particles in mar2 Database
itime clouds lead to reduced lightning activity. Petersen et
al. (2005) found that there is a very high correlation between
precipitation ice and lightning flash density in cumulonim- The lightning activity studied in this paper was recorded
bus clouds and that this correlation is so similar for maritime, by the World Wide Lightning Location Network (WWLLN)
coastal and continental regimes, that it can be considered aduring the period 2005-2009. The WWLLN has been de-
regime independent. veloped through collaborations between research institutions
However, not only the amount of ice is highly correlated across the globe to provide global real-time locations of
with lightning, also the size distribution of ice particles plays lightning discharges. The lightning is located by using the
an important role. Sherwood et al. (2006) showed that cli-time of group arrival of the VLF (3—-30 kHz) radiation from
matological maxima in lightning activity are associated with a lightning stroke (Rodger et al., 2005). The dispersed wave-
small effective diameter of ice crystals near the tops of cu-form of the lightning impulse is processed at each receiv-
mulonimbus clouds and that the relationship is consistening site. Each lightning stroke location requires the time of
over land and ocean. This finding points toward the role ofgroup arrival from at least five WWLLN sensors. The current
aerosols in cloud electrification, since high concentrationsnetwork includes 40 stations which cover much of the globe
of atmospheric aerosols may reduce the effective diameteand detect strokes with an efficiency larger than 10 % (35 %)
of ice particles generated by the freezing of supercooledor currents stronger than £35kA-(30 kA) and smaller
droplets. Recently, direct and indirect evidences on the inthan 2% for currents between 0 ard.0 kA. The location
fluence of aerosol particles on lightning activity have beenaccuracy of WWLLN has average errors of 4.03km in the
reported in the scientific literature (e.g. Yuan et al., 2011;north-south direction and 4.98 km in the east—west direction
Altaratz et al., 2010; Bell et al., 2009; Khain et al., 2008). (Abarca et al., 2010). The resolution of the results presented
It is widely agreed that the mechanisms of charge separain this study is 0.25 degrees, which is more than five times
tion involve the participation of graupel, ice crystals and su-greater than the average location errors of WWLLN. The
percooled droplets (e.g. Takahashi, 1978; Avila et al., 1999detection efficiency of WWLLN is biased toward stronger
Saunders, 2008); therefore the impact of aerosol particles oourrents, which implies that the results based on WWLLN
lightning would be a consequence of their role in the forma-data are valid for intense lightning flashes and not necessar-
tion of hydrometeors that participate in cloud electrification. ily for the total number of cloud-to-ground lightning flashes.
Avila et al. (1999) proved that the sign of charged graupelAlso, Abarca et al. (2011) showed that the WWLLN repro-
depends on the size distribution of supercooled droplets, sduces quite well the spatial patterns of lightning activity and
it can be expected that charge separation depends not onkucienska et al. (2010b) compared the monthly variability
on the concentration but also on the size distributions of at-of WWLLN data and Lightning Imaging Sensor (LIS) on
mospheric particles that serve as cloud condensation nuclehe Tropical Rainfall Measuring Mission (TRMM) satellite
(CCN) and that determine the cloud droplet spectra. In addi+tecords, and found that although the detection efficiency of
tion to their role in the nucleation of cloud droplets and ice WWLLN is much lower than that of LIS, the monthly dis-
crystals, high concentrations of atmospheric particles couldributions of lightning retrieved from both datasets are very
influence lightning through a greater release of latent heasimilar for continental Mexico and adjacent oceanic regions.
that increases updraft velocities (Kutgka et al., 2010a; The surface precipitation and the profiles of hydromete-
Rosenfeld et al., 2008). ors and latent heating are obtained from the products of the
The factors responsible for the contrast in lightning ac- TRMM, which is a joint mission between the National Aero-
tivity between land and ocean are not completely understooahautics and Space Administration of the United States and
butitis clear that, on a global scale, lightning over the oceanghe National Space Development Agency of Japan. The ob-
is much less frequent than over land (Williams and Stan-jectives of the TRMM are to measure rainfall and energy
fill, 2002). However, there are maritime regions where light- exchange of tropical and subtropical regions of the world
ning activity seems to be of continental type. Kuska et  (Kummerow and Barnes, 1998; Tao and Adler, 2003).
al. (2010b) presented very high number of flashes in mar- The rainfall climatology is derived from the 3B42 TRMM
itime clouds that develop relatively close to the Mexican product based on the Adjusted Geostationary Operational
coast (up to 800-1000 km). The main objective of the presenEnvironmental Satellite Precipitation Index technique (Adler
paper is to study the precipitating maritime clouds that ex-et al., 1994; Kummerow et al., 2000). It uses an optimal com-
hibit continental characteristics and propose possible reasontgnation of other products and precipitation estimates to pro-
for their high lightning activity. duce merged high quality infrared precipitation. The gridded
estimates are on a three-hour temporal resolution and & 0.25
by 0.25 spatial resolution in a global belt extending from
50° South to 50 North. The vertical profiles of hydromete-
ors and latent heating are retrieved from the 2A12 TRMM
algorithm which relates observed multichannel brightness
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temperatures to the hydrometeor profiles computed by cloud ‘ ‘ —

resolving models (Kummerow et al., 1996). S0p = ‘y”\\, \ 7
The aerosol data are retrieved from the Moderate Resolu- N =

tion Imaging Spectroradiometer (MODIS), which is a key in- **| e o T

strument onboard the sun-synchronous Terra and Aqua satel | b & *T 0w i;\ i

lites that overpass at about 10:00 a.m. (Terra) and 01:30 p.m R =

(Aqua) of local time. The Level-3 MODIS Atmosphere i:| c TNC Ty e

Monthly Global Product, with a resolution of one degree, |_...___.____ ST | —

V,ITCZ  fmeeees \ i i(k\ —

was used to evaluate monthly variability of average aerosol 10— o 5 00 o 55 5 oo —ee
optical depth (AOD) at 550 nm, over the study region. Daily _ _ _ _
product MYD08D3 was used to evaluate the impact of dif- Fig. 1. Study regions: (a) Continental Mexico, (b) Subtropical Pa-
ferent ranges of AOD on lightning. cific, (c) Tropical Pacific, (d) Gulf of Mexico, (e) Caribbean Sea.
Near-surface wind speed and direction data from the Sea‘_rhe areas indicated py dashed I|ne§ correspc_md to the Tehuantepec
Winds microwave radar on the QUIkSCAT (QSCAT) satel- Jet and ITCZ sub-regions that are discussed in Sect. 3.3.
lite are used for the analysis. The QSCAT mission collected
data for a decade (1999-2009) in a continuous 1800-km . . . .
wide swath, covering around 93 % of the ice free global pact of d'ﬁere.”t ranges of aeroso! optical depth on lightning
oceanic surface in one day, providing high spatial and tem-> presented in the fourth subsection.
pO(aI resolutlon.wmd measurem.ents. over global oceansg ¢ Relationship between lightning flashes and
Daily data of wind speed and direction, referenced to a
height of 10 m, were downloaded from the Center for Ocean-

Atmospheric Prediction Studies websithttp://coaps.fsu.

edu), from which wind components and convergence wereTakayabu (2006) used TRMM databases to calculate rain-
calculated and averaged within 0.5 0.5” latitude-longitude  yjelds per flash (RPF) over the entire tropics. Her results
boxes. In this study, wind variability within the region influ- - confirmed that the RPF is a reliable indicator of precipitation
enced by the Tehuantepec Jet (see Fig. 1) is analyzed througRgimes, with a marked land-ocean contrast and intermediate
the long-term monthly means of the meridional wind com-,3yes over monsoonal regions and intra-continental seas. In
ponent and wind convergence for the period 2000-2009. Allhe present study, the number of flashes per rainfall (FPR,
available data for the region in the daily swaths were aver\yhich is the inverse of RPF) for the four oceanic regions ad-
aged, so the resulting values do not represent a specific timj%lcent to Mexico (shown in Fig. 1) is analyzed. The monthly
of the day. The QSCAT satellite passes covered the analyzeghatial variability of the number of flashes per rainfall [fl
region between 00:00 and 01:00 UTC (descending pass) anggfl] shows the highest values during the spring (Fig. 2).
between 12:00 and 13:00 UTC (ascending pass). Although the maximum lightning activity occurs during the
summer months (Kucfeska et al., 2010b), the FPR is higher
during spring, before the onset of the rainy season (Fig. 3),
when very high temperatures and moderate humidity may
cause evaporation of raindrops before they reach the surface.
Also, during spring there is an increased emission of particles
In order to better present our results, this section is dividedq the atmosphere originated by biomass burning. Altaratz
into four subsections. First, the observed relationship begt ). (2010) showed that smoke aerosols from Amazonian
tween lightning activity and rainfall for the four oceanic re- fjres have a significant influence on lightning. The results dis-
gions shown in Fig. 1 is described, and the properties of maryyssed in Sect. 3.3 of the present paper indicate that smoke
itime precipitating clouds are compared against those of conpaticles increase lightning activity over the Pacific during
tinental clouds over Mexico. In the second subsection, thespring.

characteristics of the vertical profiles of hydrometeors and ' Notein Fig. 2 that there are several regions where the value
latent heating for the four oceanic regions and continentalyf EPR over the ocean is similar or even higher than over the

Mexico are presented. The third subsection is focused oRontinent. Next, each region is discussed separately.
the cloud characteristics in two maritime sub-regions of the

Tropical Pacific: an area influenced by the Tehuantepec Je3.1.1  Gulf of Mexico (area d in Fig. 1)

(locally intense offshore winds in the lee of the low-elevation

gap through the Sierra Madre mountain range in the Isthmu§he FPR over the Gulf of Mexico presents very high values
of Tehuantepec), that exhibits high values of both rainfall andduring April, May and June (Fig. 2). The spring precipita-
lightning flashes, and an area within the Inter-Tropical Con-tion over this area is smaller than during summer (Fig. 3),
vergence Zone (ITCZ), in which clouds exhibit high rainfall but the lightning density is quite significant (Kubska et
and low lightning activity. And finally, the analysis of the im- al., 2010b). Note that the FPR does not exhibit a land-ocean

rainfall in clouds over continental Mexico and
adjacent oceanic regions

3 Results
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Fig. 2. Monthly distribution of flashes per rainfall [fl Ktt] over Mexico and adjacent oceanic regions, averaged over the years 2005-2009.
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Fig. 3. Monthly distribution of rainfall [mm daVl] over Mexico and adjacent oceanic regions, averaged over the years 2005—-2009.
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contrast over the Gulf of Mexico. In fact, if the FPR is withinarea cin Fig. 1), exhibits very high values of precipita-
used as an indicator of precipitation regimes, as suggestetion (Fig. 3) and very low values of FPR (Fig. 2). Strong low-
by Takayabu (2006), then the precipitation over the Gulf oflevel wind convergence over this zone (Fig. 6 in Romero-
Mexico would be interpreted as continental. Centeno et al., 2007) enhances convection and precipitation
The northern part of the Gulf of Mexico exhibits the high- but seems to have no influence on lightning activity. In con-
est values of FPR. An exceptionally strong lightning activity trast, the wind convergence over the areas of Tropical Pacific
registered by the WWLLN over this area was already high-located close to the coast is weaker, but the lightning activ-
lighted by Abarca et al. (2010), who suggested that it couldity is very strong. Kuci@ska et al. (2010b) suggested that
be attributed to the bias of the WWLLN toward stronger the lightning activity over the Tropical Pacific areas closer
flashes. Kucigska et al. (2010b) evaluated the annual vari- to the coast is not primarily influenced by low-level conver-
ability of the flash density [flashes krf] and showed that, gence, but could instead be related to the continental CCN
in the northern region of the Gulf of Mexico, more flashes transported by the land breeze. This hypothesis is explored
are recorded over the ocean than over the land during Julurther in this paper.
and August. Note that the rainfall over this part of the Gulf
of Mexico is largest from July to September (Fig. 3), but the 3.1.3  Subtropical Pacific (area b in Fig. 1)
FPR decreases in September (Fig. 2). This indicates the ex- o ) ) )
istence of a factor which has a monthly variability that im- 1€ convection in this oceanic region, located North of
pacts lightning differently than precipitation. The monthly 19° N, is modulated by the North American Monsoon (Hig-
variability in lightning activity could be related to the wind 9inS etal., 2006), with precipitation observed only very close
variability. Over this particular area, during the rainy season,C the coastand in the Sea of Cortez during summer. The di-
the onshore winds are weakest in July and August (Fig. 2 ipirnal cycle of precipitation (Nesbitt et al., 2008) is related to

Romero-Centeno et al., 2007), corresponding to the monthf1€ combination of upslope flows and sea breeze during the
that exhibit the highest lightning density (Kubigka et al., daytime and land breeze during the night, that results in pre-

2010b). The decrease in the intensity of onshore winds encipitation close to the coast. The Subtropical Pacific presents

hances the role of land breezes in the transport of continentd['¢ narrowest seasonal distribution of lightning among the
CCN toward the sea. During summer, high values of ppRrfour oceanic regions adjacent to Mexico: 95% of all the

are also observed at the southern part of the Gulf of Mex f1ashes occur between July and October, with the maximum

ico, close to the coast of the states of Veracruz, Tabasco an@PServed in August (Kucieska et al., 2010b). This seasonal

Campeche. This area is characterized by a persistent loweycle of lightning is clearly tied to the convection observed

level convergence and convection, which leads to high rainduring the North American Monsoon. Lightning activity is

fall amounts, as shown in Fig. 3. In fact, over continental confined very close to the coastline, with rainfall exhibiting
Mexico, these coastal zones present the maximum climalle Same spatial pattern (Fig. 3).
tological precipitation. The high lightning activity observed

over this region is probably related to dynamical factors. 3.1.4  Caribbean Sea (region e in Fig. 1)

i -~ o Lightning activity over the Caribbean Sea is strongest over

3.1.2 Tropical Pacific (area c in Fig. 1) coastal regions and the highest lightning density is observed
) ) ) ] in October (Kuciéska et al., 2010b), corresponding to the
This region comprises the oceanic area between®and 5y imum precipitation (Fig. 3). However, the highest num-

117 W in longitude and in latitude from TN up to anar-  per of flashes per rainfall occurs in September (Fig. 2), when

bitrary limit at 19 N. Figure 2 shows that during spring the {he precipitation in the coastal regions is less than 50 % of

FPR values for the Tropical Pacific area close to the Mexicanhe october rainfall. This suggests that the conditions that

coast are similar to the continental FPR values. In summer,f ence lightning activity over this region are not necessar-

the FPR values over the ocean are even larger than over thg, the same that influence rainfall, at least not in the same
land. The monthly signal of high precipitation along the Pa- yegree. Note that the maritime regions located immediately
cific coast propagates northward (Fig. 3) following the mi- , the south of the island of Cuba exhibit FPR values similar
gration of the ITCZ. The mountains of the Sierra Madre del ¢, ,qse observed over land. The high lightning activity in
Sur are located fairly close to the coast and cause orographig,« coastal regions could again be possibly related to the ad-

forcing and locally enhanced precipitation. The complex t0-yection of continental aerosol particles from the surrounding
pography prevents the high rainfall signal, that is clearly 0b-i|5nds.

served over the ocean, from migrating inland; therefore, the

highest precipitation is observed over the coastal region. Th@.2  Vertical hydrometeor profiles and latent heating

spatial distribution of FPR (Fig. 2) is also clearly related to

the topography. The vertical profiles of hydrometeors and latent heating pre-
Note that the area of the Tropical Pacific located farthestsented in this section are obtained from the 2A12 TRMM

from the coast, within the main ITCZ (ITCZ sub-region product, version 6, retrieved from the TRMM Microwave
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Imager (TMI) records. TMI is a 9-channel passive mi- over land, PWP values retrieved from TMI match very well
crowave radiometer that measures brightness temperature #tose of the PR product (Masunaga et al., 2002). However,
the frequencies 10.65, 19.35, 37, 85.5 (there is a pair of chandirect comparison of PWC retrieved from both instruments
nels with vertical and horizontal polarization for each fre- can only be performed below the freezing level, since the
quency) and 21.3 GHz (one channel with vertical polariza-precipitation radar is insensitive to ice particles (unless they
tion). Its characteristics are described in detail in Kummeroware large enough to be detected by 2.2 cm wavelength mi-
et al. (1998). crowaves).

The 2A12 TRMM algorithm is based on a Bayesian ap- The vertical profiles of hydrometeors and latent heating
proach and calculates the probability of observing a particpresented in this subsection provide additional information
ular rainfall profile at a given brightness temperature vector.on the microphysical processes that take place in the pre-
The probabilities are evaluated using cloud-resolving modelgipitating clouds over oceanic regions adjacent to Mexico.
(Kummerow et al., 2001). The algorithm was originally de- The profiles of the hydrometeors (Fig. 4) are averages over
signed for oceanic retrievals, since ocean surface is stronglyhe pixels with non-zero surface precipitation detected dur-
polarized at microwave frequencies, allowing a distinctioning summer months (June to September) for the five years
between surface and rainfall emissions. In the current verincluded in the study (2005-2009). The number of aver-
sion, separate algorithms for land, ocean and coastal regiorsged profiles is shown in Table 1. Given the short observ-
are applied. The distinction between land surface and raining time of individual clouds by TRMMsnapshotsre cap-
fall emissions for low frequency channels is a very difficult tured at different phases of their development and the re-
task, since the emissivities of many land characteristics arsults must be interpreted with caution. The curves represent
unknown. Therefore, the estimation of rainfall over land is average profiles of water content in the different hydrome-
based on the depression in the 85-GHz brightness tempeteor categories of precipitating clouds and do not correspond
ature, primarily responsive to vertically-integrated ice con-to the total amount of rainfall. Each panel in Fig. 4 (one
tent. The algorithm over land assigns the 85-GHz channefor each of the 5 areas indicated in Fig. 1) contains several
signatures to rain rates and hydrometeor profiles provided irvertical profiles, corresponding to cloud water, precipitation
a pre-existing database. The above relationships depend amater, cloud ice and precipitation ice concentrations. Ver-
a storm type (convective or stratiform) probability estimatedtical profiles of each hydrometeor were estimated for day-
by using brightness temperatures from the 10 GHz, 37 GHzime (06:00 a.m.—06:00 p.m. LT) and nighttime (06:00 p.m.—
and 85 GHz channels (Golapan et al., 2010). 06:00a.m. LT) and are depicted by solid and broken lines,

The 2A12 land algorithm leads to high uncertainties in rain respectively.
rates over regions with significant contribution of warm pre-  The vertical profiles of cloud ice and cloud water concen-
cipitation. The algorithm also reveals regional and seasonatrations (blue and red curves in Fig. 4) are fairly similar for all
biases when compared to the TRMM 2A25 product which isthe regions; the main differences can be noticed between the
based on precipitation radar data (Wang et al., 2009). It wasmounts of precipitation ice (black curve) and precipitation
found that TMI tends to overestimate rainfall in the tropics water (green curve). Some regions show a clear difference
(Kummerow et al., 2001; Nesbitt et al., 2004). between day and night, such as the precipitation ice over the

In this subsection, the profiles of hydrometeors and la-Subtropical Pacific (Fig. 4b) and Caribbean (Fig. 4e) regions.
tent heating over continental Mexico and adjacent oceanic The profiles averaged over continental Mexico (Fig. 4a)
regions are presented. Since TRMM 2A12 land retrievals areare shown for the purpose of comparison with maritime
basically empirical, the results over continent should be in-profiles. The information with a strong physical basis for
terpreted with caution. The retrievals over ocean, which arethis region is total ice amount, since it produces a clear re-
the main focus of this study, have a much stronger physicakponse over land in the 85 GHz channel. Vertical distribu-
basis. tion of water content is based on a limited number of pro-

In spite of the weaknesses of the 2A12 algorithm, the zonafiles which were carefully selected so that the rain rate re-
means of precipitation water path (PWP) and near-surfacérieved from TMI should be consistent with ground mea-
precipitation water content (PWC) retrieved from the TMI surements. Among the analyzed regions, continental Mexico
are quite similar to the estimates of the TRMM 2A25 pre- (Fig. 4a) exhibits the greatest amounts of precipitation ice
cipitation radar (PR) product (Masunaga et al., 2002), es<{black curve), with a maximum located 6 km above the sur-
pecially for the latitudes analyzed in the present study (beface, and the largest height range of coexistence of precipita-
tween 10N and 33 N). According to the results of Ma- tion ice and cloud water content, relevant for charge separa-
sunaga et al. (2002), near-surface PWC in July is in ex-tion and lightning production. There is slightly more precip-
cellent agreement with the precipitation radar product overitation ice during nighttime (06:00 p.m.—06:00 a.m. LT) than
tropical oceans and in a very good agreement over tropicatiuring the day. This is in agreement with the diurnal cycle
land. The PWP retrieved from TMI data is 20 % higher than of lightning flash density over continental Mexico, since the
PR estimates for latitudes betweehNband 10 N; outside  maximum lightning activity is observed between 06:00 p.m.
of this region both datasets show excellent agreement. Alsand 09:00 p.m. (Kucigska et al., 2010b). The corresponding
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a) Continental Mexico

—Cloud Water
Precipitation Water

—Cloud Ice

—Precipitation Ice

0 50 100 150 200 250 300
d) Gulf of Mexico

0 50 100 150 200 250 300 i 50 100 150 200 250 300

c) Tropical Pacific e) Caribbean Sea

0 i i i i i o i i i i 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Water content [mg;‘ms] Water content [mg,f‘ms]

Fig. 4. Vertical profiles of hydrometeors in precipitating clouds averaged over four summer months (June to September) for the period 2005—
2009, and spatially averaged over the regions shown in Fig. 1. Solid lines correspond to daytime profiles (06:00 a.m.—06:00 p.m.) and dashec
lines correspond to nighttime profiles (06:00 p.m.—06:00 a.m.).

Table 1. Number of hydrometeor profiles registered during day precipitation ice and supercooled cloud water, indicate that
(06:00a.m.—06:00 p.m.) and night (06:00p.m.—06:00a.m.) thatthe processes involved in charge separation in these clouds
were averaged over five study regions. Only the pixels with non-could be similar to those that occur in continental clouds. The

zero surface precipitation were taken into account. highest lightning activity over this region occurs at night and

- - _ during the early morning; it is associated with land breeze
Region Cont.  Caribbean  Gulfof ~ Subtrop.  Tropical  harigds (Nesbitt et al., 2008; Kudiska et al., 2010b) and
Mexico Sea Mexico Pacific Pacific . . . .

corresponds to the maximum in the concentration of precip-

Day 615134 232799 558908 158431 1912844 jiation jce at night (Fig. 4b). The shape of the latent heating

Night 1202671 147558 349204 147120 1574607 profile, shown in Fig. 5b, is also similar to that of continental

Mexico, although the absolute values are much smaller.
The Tropical Pacific zone covers the areas located both

. , . . - close and far away from the coast (see Fig. 1) and proba-
vertical profile of the latent heating (Fig. 5a) exhibits a clea_r bly this is the reason for the absence of diurnal cycle in ice

maximum at abgut 7 km, corresponding to theolevel of rnaXl'amount, shown in Fig. 4c. However, Kubika et al. (2010b)
mum ice formation at a temperature of abetit2°C. . . . . .
showed that lightning over this region has a diurnal cycle,

The maritime regions adjacent to Mexico represent pri-~ . . T L7
. - so identical profiles of precipitation ice for day and night in
marily the characteristics of areas located far from the coast:. ' N !
) . : . Fig. 4c may be due to algorithm deficiencies. The profile of
lines, but also include the coastal areas (see Fig. 1), which

should be taken into account when interpreting the verticallatent heating (Fig. 5¢) is similar to that of the Subtropical

profiles of hydrometeors. The largest concentrations of pre—PaC'fIC’ but the peak corresponding to condensation is larger,

cipitation ice are observed over the Subtropical Pacific and” hich could mean greater participation of warm-rain pro
X . . ; cesses occurring in the clouds that form far from the coast
the Gulf of Mexico. Recall that rainfall and lightning over ) :
. - nd are less influenced by continental CCN.
the Subtropical Pacific occur only very close to the coast an

, . Vertical hydrometeor profiles over the Gulf of Mexico
the profiles of the hydrometeors should be interpreted as pro-_.
. . . - "(Fig. 4d) are averaged over the areas close and away from
files representative of coastal regions. A large precipitation

. oo . ) the coast, but most of the rainfall occurs basically over the
ice amount and a significant interval of coexistence of the
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Fig. 5. Similar to Fig. 4 but for the latent heating.

coastal areas (see Fig. 3). The precipitation ice profile is veryconsidered. However, since the latent heat of condensation
similar to that of the Tropical Pacific and there is almost nois about seven times larger than that of freezing, most of the
difference between day and night. The latent heating pealprecipitation over this area forms by mixed-phase processes,
corresponding to condensation in Fig. 5d is quite significant,and the role of precipitation ice is clearly dominant, as shown

indicating that over the Gulf of Mexico warm rain processesin Fig. 4e.

could play a noteworthy role in the formation of precipita-

tion. 3.3 Lightning activity in clouds over the Gulf of

The hydrometeor profiles over the Caribbean Sea (Fig. 4e),  Tehuantepec and the ITCZ in the eastern Tropical
are averaged over areas mainly located away from the coast-  pacific

lines, or at least not in their immediate vicinity (see Fig. 1),

and probably this is the reason for less precipitation ice ovelkyciefska et al. (2010b) hypothesized that the high light-
this zone than over the other maritime regions analyzed imhing activity observed over the Mexican coastal areas over
this study. The concentrations of precipitating hydromete-the Pacific Ocean is linked to the advection of continental
ors are larger during daytime (06:00a.m.—06:00 p.m.) thargerosol particles over the ocean. This hypothesis will be ex-
during the night (06:00 p.m.—06:00 a.m.). Because of the lopjored by comparing two sub-regions over the Pacific Ocean:
cation of the Caribbean Sea, diurnal cycles of rainfall andg ¢coastal sub-region that presents high rainfall and high light-
lightning are not modulated by land and sea breezes, and Kihing density (hereafter referred as Tehuantepec sub-region)
Cieﬁska et al. (2010b) showed that the diurnal distribution Ofand a Sub_region W|th|n the ITCZ that exhibits h|gh rain_
lightning over the Caribbean Sea is quite uniform. The di- fa| but low lightning density. These two sub-regions are in-
urnal cycle of precipitation ice shown in Fig. 4e is not cor- gicated by dashed lines in Fig. 1 and are characterized by
related with the diurnal cycle of lightning (Kudieka et al.,  hjgh sea-surface temperatures throughout the year (Fig. 7 in
2010b) and it could be a result of TRMM 2A12 algorithm Romero-Centeno et al., 2007).

uncertainties. Note in Fig. 5e that the latent heating maxima The wind and precipitation patterns in the Tehuantepec
corresponding to the formation of liquid and solid phases aresyb-region are influenced by the complex topography and
comparable in magnitude. The role of warm rain processegre determined by meso- and synoptic-scale systems re-
in the development of precipitation at the surface seems tQated to the latitudinal shift of the ITCZ, the presence of
be greatest over the Caribbean Sea among all the regionsasterly waves and other tropical waves (such as mixed
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Rossby-gravity and Kelvin waves), the intrusion of mid- The Jet of Tehuantepec advects aerosol particles from the
latitude dry and cool continental air masses, the occurrenceontinent to the ocean. The concentration of particles of an-
of tropical cyclones, the seasonal variability of the high pres-thropogenic origin is very high over this region, as one of
sure systems over the North Pacific and Atlantic basins, andexico’s largest oil refineries is located on the coast of the
the land-sea breezes, among other processes. The region e3ulf of Tehuantepec, in the town of Salina Cruz. The Jet of
hibits low variability in terms of temperature (less than 1 K Tehuantepec is responsible for the advection and dispersion
between ridges and troughs of easterly waves in the mid-toef particles over very large oceanic areas. Baumgardner et
lower troposphere, Petersen et al., 2003) and humidity (lessl. (2005) found that the concentration of condensation nu-
than 10 % difference) during the rainy months. clei over the ocean, about 700 km south from the coastline,
Most of the precipitation and lightning observed in the was four to five times higher when winds were from the con-
region is associated with deep convection, with cloud topstinent than when winds were from the Central Pacific. More-
much higher than the freezing level, located on averageover, Kucigiska et al. (2010b) showed that during summer
around 4.7 km (Short and Nakamura, 2000), and presentinghe signal of high lightning density over the Gulf of Tehuan-
very little variability throughout the year. Chui and Chang tepec extends more to the south than over other zones along
(2000) present cloud-top heights above 6 km in our regionthe Pacific coastline. Changes in the intensity of the Jet of
of study, for the average of June-July-August, with less thanTehuantepec modulate monthly rainfall variability near the
10% of the clouds showing tops below 3 km. Nesbhitt et coast. Kuci@ska et al. (2012) noticed that the monthly vari-
al. (2000) evaluated the precipitation features in several reability of lightning over the coastal area close to the town
gions of the globe based on TRMM data and, relevant toof Salina Cruz is related to the wind variability: the mid-
our study, show results for the eastern North Pacific. Precipsummer months, when the Jet of Tehuantepec strengthens,
itation features with ice scattering showed a 5.5 km mediancorrespond to those with highest lightning density. An in-
value of the maximum height of the 30-dBz reflectivity and teresting feature of this region is that when the Tehuante-
231 K median polarization corrected temperature (related tgpec Jet of northerly flow strengthens during July and Au-
the size of the ice hydrometeors). Petersen et al. (2003) anayust, it inhibits the moisture advection from the Pacific re-
lyzed radar observations in a ship located in the region dursulting in a decrease in rainfall over the coastal zones, the
ing the EPIC project in September—October 2001 and the reso-calledmid-summer droughthat is also observed further
sults indicated that the tail in the 30-dBZ frequency extendsinland (Magda et al., 1999; Curtis, 2004; Romero-Centeno
to heights exceeding 11 km, coinciding with the passage oft al., 2007). Therefore, the region under study may be one
the northerly phase of easterly waves. of a few regions in the world where the changes in wind in-
The Tehuantepec sub-region is under the influence of théensity have opposite effects on rainfall and lightning.
Tehuantepec Jet: northerly winds funneled through the nar- The ITCZ sub-region (see Fig. 1) is an area with very high
row mountain pass across the Isthmus of Tehuantepec thaainfall and very low lightning activity (compare Figs. 2 and
can reach galex{ 34 kt), storm & 48 kt) or even hurricane 3) and itis reasonable to expect that the clouds that form over
(= 64 kt) force (Brennan et al., 2010), and have a large im-this sub-region must be quite different than those developing
pact on cooling the sea surface temperature of the Gulf ofn the Tehuantepec sub-region.
Tehuantepec (e.g. Barton et al., 1993). The jetis clearly iden- The profiles of hydrometeors over the Tropical Pacific,
tifiable by satellite remote observations, in particular from shown in Fig. 4c and discussed in the previous section, were
the NASA scatterometers NSCAT and QSCAT (Chelton etaveraged over a very large area where coastal clouds and typ-
al., 2000, 2004). ical maritime clouds are present. The hydrometeor profiles of
Tehuantepec wind jets can last from several hours to a fewthe Tehuantepec (Fig. 6a) and ITCZ (Fig. 6b) sub-regions are
days; they are more frequent and intense during fall-winterpresented separately for comparison, since they can be con-
associated with cold fronts of mid-latitude origin that move sidered as two different regimes.
southward and penetrate into the Gulf of Mexico (Schultz et The basic difference between the two regimes is the
al., 1997), and they decrease in number and intensity towardamount of precipitation ice: Tehuantepec clouds exhibit more
the summer season in response to a weaker pressure gradigmecipitation ice than ITCZ clouds. Note also that the amount
across the Isthmus of Tehuantepec. However, due to the inef precipitation water is greater for the Tehuantepec clouds
tensification and westward elongation of the North Atlantic (Fig. 6). This does not mean that the total rainfall over the
Subtropical High by mid-summer, there is a slight increase ofTehuantepec sub-region is greater than that over the ITCZ; it
these events during this time of the year (Romero-Centeno etnly means that an average instantaneous profile of the ITCZ
al., 2003). A bimodal behavior is also observed in the annuakub-region exhibits less precipitating water, which implies
cycle of precipitation in southern Mexico, showing minimum smaller precipitation rates.
precipitation rates in winter, maximum in June and Septem- The profile of precipitation ice over the Tehuantepec
ber, and a rainfall decrease in July—August, when a reductiorsub-region indicates larger concentrations during the day
in the number of tropical cyclones generated in the easter§06:00 a.m.—06:00 p.m., solid curve in Fig. 6a), whereas over
North Pacific also occurs (Maia et al., 1999). the ITCZ sub-region there is more ice at night (06:00 p.m.—
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Fig. 6. Hydrometeor vertical profiles of precipitating clouds av-
eraged over four summer months (June to September)(&)r:
Tehuantepec Jet ar{td) ITCZ sub-regions over the Pacific Ocean. Fig. 7. Diurnal cycles of flashes in th@) Tehuantepec Jet arft)

Solid lines correspond to daytime profiles (06:002.m.—06:00 p.Mm.}7cz sub-regions over the Pacific Ocean. The three-hour averages
and dashed lines correspond to nighttime profiles (06:00 p.M.— e centered at the indicated hours.

06:00a.m.).

more liquid phase forms at night, while solid phase forma-

06:00a.m., dashed curve in Fig. 6b). The precipitation icetion is greater during daytime. The opposite situation occurs
is believed to be proportional to the lightning density (Pe- over the ITCZ sub-region (Fig. 8).
tersen et al., 2005); therefore, different diurnal distributions  kyciefiska et al. (2012) noticed that the monthly variabil-
of lightning are to be expected for the two sub-regions. Theijty of lightning at the coast of Oaxaca state is similar to that
diurnal cycles of lightning densities for both sub-regions of the Jet of Tehuantepec. Here, this relation is explored by
are presented in Fig. 7 in terms of the percentage of dailycomparing monthly distributions of lightning, precipitation,
flashes observed during three-hour intervals. The highesfyinds and AOD. We focus on monthly distributions of these
lightning activity over the Tehuantepec sub-region (Fig. 7a)variables over the Gulf of Tehuantepec for a very specific
is observed between 03:00a.m. and 09:00 a.m. and the IOV\“eason. We hypothesize that the increase of ||ghtn|ng dur_
est one between 03:00 p.m. and 06:00 p.m. Baumgardner ghg mid-summer is related to the intensification of the Jet of
al. (2006) measured the highest frequency of land breeze berehyantepec during July and August. The variability of the
tween 05:00a.m. and 09:00a.m. and the minimum betweenet of Tehuantepec exhibits a clear monthly pattern which has
02:00 p.m. and 06:00 p.m.. The diurnal distribution of light- an impact on the monthly variability of precipitation. The de-
ning over the Tehuantepec sub-region is clearly related to th@rease of precipitation during July and August over this re-
cycle of the land breeze that increases convergence over th@on (so-callednid-summer droughts related to the intensi-
ocean and advects aerosol particles from the continent. Ification of the Jet of Tehuantepec which causes a reduction in
contrast, the diurnal cycle of lightning over the ITCZ sub- moisture over coastal areas and displaces convergence areas
region (Fig. 7b) is much more uniform, although a bimodal away from the coast (Romero-Centeno et al., 2007). Anticor-
distribution with maxima at 09:00 a.m. and 09:00 p.m. is no- related month|y patterns of both wind Ve|0city and precipi_
ticeable. tation repeat yearly, although there are some years when the

The profiles of latent heating for the Tehuantepec andinfluence of other phenomena (e.g. ENSO) somewhat mod-
ITCZ regimes also exhibit significant differences (Fig. 8). ify this pattern. In this study we hypothesize that the monthly
Latent heating corresponding to the level of maximum iceyariapility of the Jet of Tehuantepec has an influence not only

formation is about 20% larger for the Tehuantepec sub-on the monthly pattern of precipitation but also on that of
region than for the ITCZ one. Also note that the latent heatingjightning.

associated with the formation of cloud droplets is larger for
the Tehuantepec regime. Over the Tehuantepec sub-region,

Atmos. Chem. Phys., 12, 8058072 2012 www.atmos-chem-phys.net/12/8055/2012/



B. Kucienska et al.: High lightning activity in maritime clouds near Mexico 8065

a) Tehuantepec Jet sub-region a) Tehuantepec Jet sub-region

025 ' ' ‘ : .

— 0.2 20
& —
E )
_ Rl

= 015} 15
= 015 £
G E
& (] 5
3 o . x SN o B
: - ~m | T g
T 1 - “m b

005 o7 “ys

-”
0 s s s \ s N
] 6 7 8 9 10
Month

b) ITCZ sub-region

0.25F 25
o 0.2r 1o
22 0.‘1 0.‘4 0.‘7 1 13 £ 7
Latent heating [K/hour] f} (i | b /._____.\‘ T ‘é
Fig. 8. Vertical profiles of the latent heating averaged over four sum- 5 I T ...’..ff. ISR TURN ..‘.“!r-.-.m_‘.... Js u%
mer months (June to September) for the period 2005-2009, and & " ~N s
. . © v o
spatially averaged over the sub-regio(s) Tehuantepec Jet and & . .|f e s
(b) ITCZ. Solid lines correspond to daytime profiles (06:00 a.m.— '
06:00p.m.) and dashed lines correspond to nighttime profiles 5 . . [l — . ——1l,
(06:00 p.m.—06:00 a.m.). 5 5 7 8 9 10
Month

Fig. 9. Monthly variability of lightning flash density (bars) and pre-

A deep analysis of the influence of the mid-summer’ ®: .
strengthepning 012/ the Jet of Tehuantepec on the low-level cirPitation (bluefine) over thea) Tehuantepec Jet aifd) ITCZ sub-

culation over the northeastern Tropical Pacific is included' 2" during rainy season.

in Romero-Centeno et al. (2007). During the seven-year pe-

riod (1999-2005), the percentage of occurrence of northerly

winds over the Gulf of Tehuantepec always increased incorrelation between zonal winds over the northeastern Trop-
July or (and) August. Also, the wind velocity increased dur- ical Pacific and precipitation over the mid-summer drought
ing the mid-summer period. Furthermore, Romero-Centenaegion is 0.84.

et al. (2007) analyzed the relationship between the Jet of Monthly variability of lightning densities for the Tehuan-
Tehuantepec and the moisture fluxes, horizontal divergencéepec and ITCZ regions during the rainy season, and the
and precipitation over the zone where the mid-summervariability of rainfall, averaged over the years 1998-2009,
drought occurs, as well as the influence of the jet on zonakre shown in Fig. 9. Lightning density over the ITCZ sub-
winds over the northeastern Tropical Pacific (10H45115—  region (Fig. 9b) is about one order of magnitude smaller than
95° W). They found that along with the mid-summer inten- that over the Tehuantepec sub-region (Fig. 9a). Note that the
sification of the Jet of Tehuantepec, there is a shift in themonthly distribution of lightning in the ITCZ regime exhibits
low-level wind circulation over the northeastern Tropical Pa- a maximum in May, which is the month with lowest rainfall
cific, which shows an eastward (toward the coast) orientatiorwithin the rainy season.

in June and September and a westward (off the coast) orien- The monthly distribution of lightning over the region in-
tation in July and August. This reversal of zonal winds dur- fluenced by the Jet of Tehuantepec is remarkable since the
ing mid-summer changes the direction of the moisture fluxesvariability of lightning is contrary to that of rainfall. There
(off the coast during July and August) and shifts convergencas a dramatic increase in rainfall from May to June over the
areas away from the coast. These changes in circulation confFehuantepec regime; however, note that lightning flash den-
tribute to the decrease of precipitation. Using daily observa-sity decreases from May to June (Fig. 9a). Rainfall over the
tions, Romero-Centeno et al. (2007) evaluated the synoptidehuantepec sub-region decreases from June to July due to
scale variability of wind speed and direction with precipita- the onset of the mid-summer drought, but the lightning den-
tion and found a significant correlation at this time-scale. Thesity increases for the same period (Fig. 9a). Note that the
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Meridional northern wind velocity [m/s]
Gonvergence [9'1]

Month

Maonth

Fig. 10. Monthly variability of meridional northern wind velocity
averaged over the Tehuantepec Jet sub-region during the rainy seg—lg_ 11. Monthly variability of convergence averaged over the

sons of years 2000-2009. Tehuantepec Jet sub-region during the rainy seasons of years 2000—
2009.

. ) ] o ) ponents coincides with the variability of monthly lightning
highest lightning density is observed during July and Au-f55h density described above.
gust, months corresponding to the mid-summer drought. In - The influence of the Jet of Tehuantepec on lightning ac-
September, rainfall increases, but lightning density decreasegity could be related to the dynamic conditions that the
(F|g. 9a), Wh_|le_|n Ogtober t_h_ere is a decrease in rainfall andigt creates in the region and/or to the microphysical prop-
an increase in lightning activity. erties of aerosol particles advected from the continent to

The region studied is unique because of the presence Ghe gcean. In order to determine the role of dynamics, the
a phenomenon which seems to have opposite effects on preponthly variability of horizontal convergence was calculated
cipitation and lightning. The influence of the Jet of Tehuante-5, 3 0.8 x 0.5 grid and averaged over the Tehuantepec sub-
pec on lightning is quite complex, since the same factors thaegion (Fig. 11). This resolution represents large mesoscale
have a negative effect on precipitation (reduged moisture _a”% synoptic scale convergence, so the results presented in
convergence) are supposed to have a negative effect on lighiig 11 reflect basically the signal of the Jet of Tehuantepec.
hing (reduced moisture may lead to lower ice content andyote that the monthly distribution of convergence is oppo-
less convergence would result in lower updrafts). Howeverite to that of lightning density. Low values of convergence
the increase of lightning during the mid-summer indicatesjn jyly and August are related to the mid-summer decrease
the existence of another factor which seems to have a differi, rainfall but not to lightning. Therefore wind convergence

entimpact on lightning than on precipitation. We hypothesizejs not the factor that determines the variability of lightning
that this factor is the presence of continental aerosols transyctivity over this area.
ported by the Jet of Tehuantepec over the maritime regions. - The diurnal variation of the winds in the Tehuantepec
The r_nonthly_ variability qf the meridional wind compo- region can be analyzed only partially using QSCAT data,
nent (Fig. 10) is analyzed in order to explore the hypothe-gince the satellite passes covered this region generally within
sis that the Jet of Tehuantepec influences monthly variabily, hour, twice per day. At 00:00-01:00 UTC (18:00-19:00
ity of lightning activity over the Tehuantepec sub-region by | 5T) when the sea breeze acts in the opposite direction to
advection and dispersion qf continental, anthropogenic partiyhe prevailing offshore winds, weak and divergent winds are
cles. Because of the location and the shape of the Tehuani@egistered (not shown). Stronger and convergent winds are
pec sub-region (see Fig. 1), the meridional wind componenppserved at 12:00-13:00 UTC (06:00-07:00 LST), when the
of the Jet of Tehuantepec would have a critical impact ONjang preeze coincides with the direction of the prevailing
aerosol particle dispersion and advection and resulting amgings. This is consistent with the observed diurnal cycle of
bient concentration in this region. Note that the meridionalf|zshes in the Tehuantepec Jet sub-region which shows maxi-
wind component decreases from May to June, increases fror,ym values at night and early morning and minimum values

June to July, doesn’t change from July to August, decreaseg, the afternoon and early evening (see Fig. 7).
from August to September, and increases from September to

October. This monthly variability in meridional wind com-
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In order to evaluate the effect of aerosols on lightning,
measurements of particle concentrations are needed. At the
moment, only satellite measurements of AOD are available 04
for the areas and months of interest. During the rainy season
the aerosol data are scarce because of extended cloud coy
erage and particle scavenging by raindrops; therefore, 10 yt 0.3
of Terra satellite and 7 yr of Aqua satellite records were aver-
aged in order to obtain a climatological product. The monthly o
distributions of AOD for Tehuantepec and ITCZ sub-regions S o2
are shown in Fig. 12a and b, respectively.

Over both sub-regions, there is a pronounced maximum
of AOD in May (Fig. 12a and b). This maximum is clearly 0.1
related to the May AOD peak over continental Mexico (not 5
shown) caused by biomass burning, which is most intense
in the Yucatan Peninsula and on the Pacific coast (Yokelson B
et al., 2011). Note that the ITCZ sub-region is located more Month
than a thousand kilometers away from the coastlines (see
Fig. 1) and it is still affected by continental aerosol particles.

The AOD peak in May over the ITCZ sub-region (Fig. 12b) b) ITCZ subregion
is probably linked to the maximum in lightning activity in ' ' ' '
this month, shown in Fig. 9b. Also, the AOD maximum over
the Tehuantepec sub-region in May (Flg 12a) is probably re- L _
lated to the lightning activity peak observed at the beginning
of the rainy season, which is unusually high when one takes
into account the |OW Value Of rainfall (Flg ga) l\/loreovel’, - e A A R D I S D s o
the monthly variability of flash density over the Tehuante- Q
pec sub-region (Fig. 9a) is similar to that of AOD (Fig. 12a);
there is an AOD minimum in June and September, although
the variability is much less pronounced.

The hypothesis that offshore winds influence lightning ac-
tivity through the transport of aerosol particles from the con-
tinent seems to be a consistent explanation for the results
presented here. Baumgardner et al. (2005) concluded tha
the concentrations of condensation nuclei measured over the

Gulf of Tehuantepec are highly dependent on wind dIreC'[IonFig. 12. Monthly variability of aerosol optical depth during rainy

and magnitude and itis also 'known'that'condensation nLICIe‘éeason averaged over the Tehuantepec Jet and the ITCZ sub-regions
have a strong effect on electrical activity in clouds. For exam-for years from 2000 to 2009 (Terra satellite) and from 2003 to 2009
ple, Altaratz et al. (2010) analyzed the relationship betweenaqua satellite).

lightning strokes registered by the WWLLN and the AOD

in the Amazonian region influenced by smoke from biomass

burning. They showed that there is a range in the values of

AOD where a small increase in particle loading results in asmall water droplets that result from large CCN concentra-

very strong enhancement of electrical activity. In a more re-tions. The continental CCN spectra generate cloud droplet

cent study, Yuan et al. (2011) estimated that, over the Wesspectra composed of many small particles which are not able

Pacific Ocean, a 60 % increase in aerosol loading leads tto grow to precipitation size by the process of collision-

more than 150 % increase in lightning flashes. coalescence. Moreover, if a cloud forms in a polluted envi-
In the present study we also find that the Tehuantepeconment, there is a great release of latent heat which results in

sub-region of the Tropical Pacific exhibits more precipitation very strong updrafts (Van den Heever et al, 2006; Koska

ice that the ITCZ sub-region, indicative of a larger role of et al., 2010a). Therefore, the clouds composed of small and

cold-rain processes in the development of precipitation. Thenumerous droplets do not generate warm precipitation; in-

amount of precipitation ice is highly correlated with light- stead, the droplets are carried by the updrafts above ¥Ge 0

ning flash density (Petersen et al., 2005). Continental cloudésotherm and participate in mixed-phase processes involved

exhibit very large concentrations of ice particles, which canin charge separation. Hence, the high amounts of precipita-

develop from ice nuclei (IN) or from other mixed-phase col- tion ice observed over coastal regions could be the result of

lision processes in the presence of large concentrations ahe presence of CCN spectra of continental type.

a) Tehuantepec Jet sub-region

0.35

0.25

0.15

B S S R R R D R 4

[ T R R P T -

Month

www.atmos-chem-phys.net/12/8055/2012/ Atmos. Chem. Phys., 12, 82 2012



8068 B. Kucienska et al.: High lightning activity in maritime clouds near Mexico

If the IntenSIflcatIOI’] Of the Jet Of Tehuantepec dl.ll’lng m|d' Table 2. Prec|p|tat|0n ice water path [gTﬁ] in Tehuantepec re-
summer has an impact on electrical activity through the in-gion during summer for day (06:00a.m.—06:00p.m.) and night
crease of precipitation ice, then this increase is expected t¢06:00 p.m.—06:00 a.m.).
be observed in the profiles of hydrometeors over the Tehuan-

tepec sub-region. However, neither the precipitation ice pro- June July August September
files, nor (';he cloug.épp .he|$hts, rgf[fr;eved front;n the TR'k\)/IMh Day 594 515 5 68 481
2A12 product, exhibit significant differences between bot Night 4.88 5.33 5.34 4.96

periods (June and September compared to July—August). The
differences in precipitation ice water path are shown in Ta-
ble 2. During night there is about 9% more precipitation
ice in July and August than in June and September, how-
ever during daytime the precipitation ice is highest in Junening maximum registered in May over the ITCZ region lo-
and lowest in September. The differences between both pericated further away from the coast points toward the role of
ods are too small to draw conclusions, especially when oneerosols.
takes into account the deficiencies of the TRMM 2A12 algo- In addition to monthly variability of lightning and AOD,
rithm described in Sect. 3.2. However, the influence of CCNdaily data were analyzed. However, daily series of AOD
on lightning can be much more complex than only throughand lightning do not show a correlation between the mag-
its impact on ice amounts. Many other factors related to con-nitudes of both variables. An analysis of the impact of differ-
densation nuclei could be involved. For example, the effectent ranges of AOD values on lightning density showed that
of CCN concentrations on updraft velocities could be a verythe highest values of lightning were observed on days with
important mechanism of influence on lightning activity, as moderate values of AOD (0.2-0.35). In Fig. 13, the differ-
it is known that flash densities are related to updraft speedsence between the average value of lightning observed on days
Zipser and Lutz (1994) concluded that a necessary condiwith moderate AOD (0.2-0.35) and low AOD (0.05-0.15) is
tion for rapid cloud electrification is that the updraft speed presented. The AOD values were derived from the MODIS
of a convective cell must exceed a threshold value. They esinstrument located on the sun-synchronous Aqua satellite,
timated this threshold value as 67 mtsfor mean speed with overpasses at about 01:30 p.m. local time. The light-
and 10-12 ms! for peak speed. Another possible factor of ning flashes used to generate the figure were summed be-
influence of CCN concentration on lightning is through its tween 08:00 a.m. and 05:00 p.m. local time. The calculations
impact on the supercooled liquid water content and size diswere done for the year 2009, when the detection efficiency of
tribution of cloud droplets, as it was proven that these factorsWWLLN was the highest (within the analyzed period: 2005—
have an important role in the process of charge separatio2009) and the amount of data samples in each AOD range
(e.g. Avila et al., 1999). The amount of supercooled water,was sufficient to calculate lightning difference for most of
retrieved from the TRMM 2A12 product, is almost the same the grid squares. White squares represent regions where the
for the four months, but unfortunately there are no availablenumber of data samples was less than 8 for either one or two
data on droplet size distribution for this region during this of the AOD ranges. The results presented in Fig. 13 show that
period. there are more lightning flashes recorded on days with mod-
The results presented in this section indicate that continenerate AOD than on days with low AOD over the Tehuante-
tal aerosol particles advected by the Jet of Tehuantepec ovgrec sub-region, the Gulf of Mexico, continental Mexico and
Pacific areas could modulate electrical activity in addition to some areas of the ITCZ. However, the results change drasti-
other factors that influence the development of thunderstormsally when the difference between lightning recorded on days

over this region. with high AOD (0.4-1.5) and moderate AOD (0.2-0.35) is
calculated.
3.4 Relation between daily data of aerosol optical depth In contrast with the results in Fig. 13, the differences be-
and lightning tween lightning flashes on days with high and moderate AOD

(Fig. 14) are negative for the Gulf of Tehuantepec, most of
Recent studies indicate that there is certain range in the AORhe Gulf of Mexico and regions of the Sierra Madre Occiden-
values for which a very strong positive impact of aerosol tal, close to the Pacific coast. These results indicate that very
particles on lightning can be observed (Altaratz et al., 2010;high values of AOD may decrease lightning and even inhibit
Yuan et al., 2011). Continental aerosol particles transportedt. The results presented in Figs. 13 and 14 show that the ef-
by the Jet of Tehuantepec are expected to influence both rairfect of AOD on lightning depends on the range of AOD and
fall (Koren et al., 2012) and lightning; however, high val- this fact is the reason why there is no direct correlation be-
ues of lightning registered during May (biomass burning pe-tween the magnitudes of AOD and lightning in daily time se-
riod) and during midsummer (northern wind intensification) ries. Our results are in agreement with the results of Altaratz
indicate that over this region the effect of aerosol particleset al. (2010), who observed that in the regions affected by
on lightning could be larger than on rainfall. Also, light- Amazonian fires, the lightning density increases when AOD
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Fig. 13. Differences between average numbers of lightning flashesrig. 14. Differences between average numbers of lightning flashes

registered during days with moderate AOD (0.2-0.35) and lowregjstered during days with high AOD (0.4-1.5) and moderate AOD
AOD (0.05-0.015). (0.2-0.35).

) night and early morning over the sea, when a large gradient
increases for AOD values smaller than 0.35 and decreases fqlr| both variables is observed across the coastline

AOD larger than 0.4. The highest lightning density over land occurs near the
Among the analyzed years, 2007 was the only one that.,astiine due to the topography; however, over the sea, very

did not show a lightning peak in May. During most of the pjah |ightning density is recorded hundreds of kilometers
days of May 2007, the AOD was much higher than 0.4, andy, 4y, from the coast, especially in the Jet of Tehuantepec

the average monthly value (0.48) was the highest one a"nonﬁegion (Kuciéhska et al., 2010b). The lightning distribution

the analyzed years. These results suggest that the very Nigly o 1his region could be influenced by aerosol particles ad-
aerosol loading may have suppressed convection and lighte teq 1y the Jet of Tehuantepec. It is also noteworthy that,
ning in May 2007. although the lightning density changes significantly across

Moreover, the results shown in Figs. 13 and 14 indicatey,e csastiine, the number of flashes per rainfall does not (see
that the increase of both lightning and AOD is not likely Fig. 2).

driven by the meteorological conditions, as the relation of

proportionality between these two variables is only valid for

alimited range of AOD. These results rather point toward the4  Summary and conclusions
effect of aerosol particles on lightning density.

Although the above results indicate that there is a link be-The relationships between lightning, rainfall, vertical profiles
tween aerosols and electrical activity, the spatial distributionof hydrometeors and latent heating over oceanic regions ad-
of lightning over the analyzed regions cannot be explainedacent to Mexican coastlines were analyzed in order to ex-
only by aerosol particles. For example, during summer thereplore possible reasons for the very high lightning activity reg-
is a pronounced contrast between electrical activity over landstered by the WWLLN. For certain coastal areas, the num-
and sea along the Pacific coast, with the highest flash densitlger of flashes per rainfall (FPR) over the seaside is found to
recorded over the sea (Kuéigka et al., 2010b), whereas the be as high as or even higher than the FPR over land. Verti-
AOD values do not show such a contrast. The spatial distri-cal hydrometeor profiles over the coastal oceanic areas with
bution of lightning over this region is related to the topogra- high lightning density exhibit characteristics similar to those
phy of the mountain ranges that are located less than 100 krof continental clouds: large precipitation ice content and an
from the coast and reach 3000 m above mean sea level. Thacreased height range of coexistence of precipitation ice and
signals of highest rainfall and lightning over land occur very cloud water.
close to the coastline and are clearly related to the orographic The coastal area of the Tropical Pacific influenced by the
forcing. Jet of Tehuantepec was analyzed in detail and it was found

The contrast between land and sea in both precipitatiorthat the monthly variability of lightning over this sub-region
and lightning is observed in their diurnal cycles, driven is similar to the monthly variability of the meridional com-
by land-sea and mountain-valley breezes (Kosia et al., ponent of the wind, but it is not related to the variability of
2012). The highest rainfall and electrical activity occur at the wind convergence. An interesting characteristic of this
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sub-region is that the intensification of the Jet of Tehuan-These three variables exhibit very similar monthly distribu-
tepec has opposite effects on rainfall and lightning: it de-tions.
creases the former and increases the latter. The influence of The phenomenon of lightning is very complex since it is
the Jet of Tehuantepec on rainfall is associated with largeelated to many physical processes occurring within spatial
scale dynamic conditions and local thermodynamic condi-scales that range from micrometers to thousands of kilome-
tions (Mag#a et al., 1999; Romero-Centeno et al., 2007).ters. This paper is aimed at indicating the possible reasons
We explore here the hypothesis that the impact of the windfor exceptionally high lightning activity observed over cer-
jeton lightning is related to the advection of aerosol particlestain oceanic areas and the analysis presented here are mainly
from the continent. qualitative. The relationships between variables analyzed in
The analysis of the characteristics of clouds, precipita-this study point toward the possible lines of further research
tion and lightning over the oceanic regions adjacent to Mex-that will contribute to deepen our understanding of lightning.
ican coastlines indicates that the continental cloud conden-
sation nuclei, and possibly also the ice nuclei, transported
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