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Abstract: Lightning activity has been recognized to have, historically, social and environmental
consequences around the globe. This work analyzes the space-time distribution of lightning-densities
(D) in an extended Central America region (ECA). World Wide Lightning Location Network data
was analyzed to link D with dominant climate patterns over the ECA for 2012–2020. D associated
with cold surges entering the tropics dominate during boreal winter. The highest D (hot-spots) was
found to agree well with previously known sites, such as the “Catatumbo” in Venezuela; however,
D was lower here due to different detection efficiencies. Previously reported hot-spots showed
strong continental signals in CA; however, in this work, they were over the oceans near to coastlines,
especially in the eastern tropical Pacific (ETP). Most cold-spots, implying a minimum of vulnerability
to human impacts and to some industries, were situated in the Caribbean Sea side of Central America.
The Mid-Summer-Drought and the Caribbean-Low-Level-Jet (CLLJ) markedly reduced the D during
July-August. The CLLJ in the central CS and across the Yucatan and the southern Gulf of Mexico
acts as a lid inhibiting convection due to its strong vertical shear during the boreal summer. The
CLLJ vertical wind-shear and its extension to the Gulf of Papagayo also diminished convection and
considerably decreased the D over a region extending westward into the ETP for at least 400–450 km.
A simple physical mechanism to account for the coupling between the CLLJ, the MSD, and lightning
activity is proposed for the latter region.
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The importance of ambient conditions for biocultural activities is well recognized
by society as a way to protect lives and improve welfare. All indigenous cultures of
Mesoamerica had, and still have, strong connections with sacred nature, fearing and using
its signals as part of their lives. In their cosmological vision, different manifestations of
the power of nature were represented by gods or goddesses [1]. In the Mayan culture
(northern Central America and southern Mexico), Chaac was the God of Rain, Lightning,
and Storms, all in one deity. In the Bribri-Cabécar culture (Talamanca Mountains in
Costa Rica), Talayékela represented the God of Lightning [2]. These ancient cultures,
most probably, considered lightning events as manifestations of the underworld in their
cosmological view. Up to our times, fear of these atmospheric phenomena still prevails;
however, current knowledge permits the scientific community to monitor and study these
observable representations of unstable atmospheric conditions in order to mitigate their
impacts on humans and industries.
Lightning activity has been recognized to have, historically, social and environmental
consequences around the globe. This electrical weather phenomenon is the cause of many
deaths and injuries worldwide. Approximately 2400 human casualties and 240,000 injuries
occur globally every year [3]. These authors also revealed that in Mexico, the spatial
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distribution of deaths is connected to exposure to thunderstorms, agricultural activities
and to low-educational levels. According to the United States of America (USA) Natural
Hazard Statistics (https://www.weather.gov/hazstat/, accessed on 12 May 2021), lightning
is amongst the major weather killers in the USA with an annual average of 39 deaths for
the period 1991–2020. That number is slightly greater than those killed by other weather
events such as winter and cold surges and, it is just below the average (46) killed directly
by hurricanes in that country. A recent work reports that lightning is an even major threat
in the USA, being responsible for about 100 deaths per year, mainly in coastal zones [4]. In
Central America alone, a total of 49 casualties and 68 injuries were reported by regional
weather services during the period 2018–2019 [5–7]. As it is known, lightning strokes are
forest fire starters, and they have also been shown to strongly influence pollutant levels [8].
Lightning flashes also produce disturbances in power and communication systems [9].
Recent work has stressed the value of the seasonal variability of lighting distribution in
Chile, reporting that a maximum of thunderstorm days was found precisely in regions of
extensive mining and where major electrical facilities for this country are built [10]. Shock
waves generated by thunders in strong convective systems can often produce powerful
emotions in people and collateral diseases such as Thunderstorms Asthma [11]. Electrical
discharges in northern Venezuela occasionally impact human and animal zlives (e.g., cattle)
and frequently affect economic activities like oil and natural gas exploitation [12]. This work
reports that this activity is common in that region and that it has been named “Catatumbo
Lightning” (plural), after the river of the same name.
Lightning is an intense transient electrical current that occurs in the atmosphere, mostly
in a convective cloud environment. Electrical discharges may include electric currents
from cloud-to-cloud, cloud to air, and cloud to the ground; however, the most frequent
electrical atmospheric activity around the globe is intra-cloud release and transmission
of energy. Lightning, as a chaotic system, can have different manifestations in regard
to travel distances, polarity, and even in its start with a bidirectional initiation [13]. All
these features, besides the lightning direction of movement and the number of branches,
among others, allow various types of lightning to be identified. A complete guide to
these types of lightning can be found on the Royal Meteorological Society website (https:
//www.rmets.org/metmatters/types-lightning, accessed on 12 May 2021).
Lightning is commonly caused by charged thunderclouds with an arrangement of
positive charges above and negative charges below, like in a positive dipole configuration.
The dipole structure depends on the convective activity and on the magnitude of the vertical
and horizontal winds [14]. The greatest density of electrical discharges was associated
with very-low cloud top temperatures in Hurricane Otto in 2016, as indicated by recent
work [15]. Lightning produces whistlers, a type of very low-frequency (1 kHz to 30 kHz)
electromagnetic waves that travel along the Earth’s atmosphere. The ionosphere is partially
permeable to these waves, and a radio atmospheric signal or “spheric” energy associated
with the waves may pass through this layer all the way to the magnetosphere [16].
In this work, World Wide Lightning Location Network (WWLLN) data are used to
study the spatial and temporal characteristics of lightning discharges over a prolonged
extended Central America region. This territory includes parts of southwestern Mexico,
the Caribbean, and a small region of northwestern South America (from here on, this
region is referred to as Extended Central America (ECA). Figure 1 (inserted top left panel
displays the ECA region. The spatial and temporal lightning densities (LD) were calculated,
analyzed, and linked with dominant climate patterns over the ECA region. One of the
aims of this paper is to identify the areas of maximum-minimum lightning densities within
the ECA that have not been directly reported before in the scientific literature. Another
objective of this research is to point out the regions where the lightning density is relatively
low, implying a minimum of vulnerability to lightning impacts, since they represent one
of the most dangerous causes of faults in the transmission lines due to electromagnetic
transients [17,18], and risk the operation of electrical and electronic devices [19], and to
some extent can help to diminish the investments of lightning protection systems [20].
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systems with the vast convective potential to turn on and off the lightning activity in this
region. Some of the prominent geographical features of the ECA that can potentially drive
convection are described in [23,34,35].
The ITCZ presents a broad band of convection modulated by the moisture convergence
flux driven by the trades coming from both sides of the Equator. This climatic component
shows a meridional migration in phase with the mean sun relative position in the Northern
Hemisphere [32,42]. Following [25], precipitation over southwestern Mexico and the Pacific
slope of Central America is described by a bimodal distribution; the maxima of precipitation
occurring during June and September–October with a minimum of convective activity and
precipitation (MSD), during July–August. In contrast, over the western Caribbean side, a
minimum of precipitation is observed during April and October, with a maximum during
July–August in its southwestern part (approximately). A secondary rainfall peak is also
detected in the latter region associated with the intrusion of cold fronts during the winter
months [38–41,43].
A dominant climate feature of the ECA is a strong easterly low-level wind current
that extends from the easternmost part of the Caribbean Sea (CS) to the eastern tropical
Pacific (ETP) [23]. The MSD over Mexico and Central America has been associated with
the intensity and role of the CLLJ [23,44]. Changes in wind strength are associated with the
annual precipitation distribution over Central America. When the MSD takes place along
the Pacific coast showing stronger than normal winds during a warm El Niño Southern
Oscillation phase, the Caribbean slope shows a maximum of precipitation [23,25]. The
CLLJ also presents a notable region of strong moisture flux convergence (divergence) that
is associated with the exit (entrance) of the jet at low-levels [22,23]. The former territory is
near Central America between Costa Rica and Nicaragua, and the latter is in the central CS.
The CLLJ shows wind maxima in July and January-February near 925 hPa with values in
excess of 13 m/s [23,34,35]. In the above two seasons, the CLLJ presents regions of low-level
converge-divergence (discussed above), except that the former is more intense than the
latter. This current presents relatively weak intensity (4–5 m/s) during September–October
to early November. As a consequence of this seasonal decrease in the CLLJ low-level
strength, the vertical wind shear is reduced over the CS, hurricane activity peaks [34,35,45],
and rainfall spreads regionally as a result of tropical cyclone activity, the ITCZ northward
migration and traveling easterly waves, among other systems. During late November and
early December, the trades increase again, and the CLLJ winter component reaches the
other intensity peak. The CLLJ transports large amounts of humidity from the CS to Central
America, to southeastern Mexico and across the Gulf of Mexico to the southern USA [26].
The ECA is characterized, besides the CLLJ, by other low-level wind streams: the
Chocó jet (CJ) [24] in the ETP, the jet over the Venezuelan Llanos [46], and the so-called gap
winds along Central America [23,34,35]. These strong currents have significant relevance
to local circulations such as sea breezes [47], intense convective activity, and regional
precipitation distribution. The CJ located near Colombia, is composed of winds that are
colder and moister than continental air. The season of strongest winds is October-November,
being February-March their weakest period. This jet is an extension of the southeasterly
trade winds of the Southern Hemisphere that is generated by the ocean-land temperature
contrast, by a shallow baroclinic layer over the Pacific Ocean and the Coriolis force, the last
two, acting to turn the circulation towards the land [24]. This current is associated with
strong convection and moisture transport interacting with the ITCZ, and the topography
gap in the western branch of the Andes [24].
Tropical cyclones are also prominent systems in the production of convection and
lightning activity, however, very few studies have been published in this regard for the
ECA region accounting for their contribution to lightning strokes. A recent study reported
the case of Hurricane Otto, which reached category three (Saffir-Simpson Scale) to the east
of Costa Rica and Nicaragua, breaking several historical records in 2016 [15]. This cyclone
was the strongest hurricane on record so late in that year, the latest hurricane on record
to be located in the Caribbean Sea, and the only known hurricane to move over Costa
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Rica [48]. A significant amount of lightning activity (a known proxy for convection), was
for the first time documented for a hurricane near Central America [49]. A more detailed
study about the distribution of lightning activity associated with the evolution of Otto can
be found in [15].
Gap jets are also observed in the ECA, being the most important, and also the Panama,
the Papagayo, the Gulf of Fonseca, and the Tehuantepec jets. There are different physical
mechanisms explaining these features. Southward-moving cold fronts produce strong
pressure gradients between the Caribbean region and the eastern Pacific [38,41], so the
wind is channeled through topographic gaps in those sectors [23,34,35]. The winds can be
very strong as reported by [50]: “during a northern wind associated with the Tehuantepec
Jet, one ship 3 km offshore in the Gulf recorded a sustained wind of 50 m/s with gusts
up to 60 m s−1 .” In the case of the Papagayo Jet, [23] showed that winds associated with
this jet can reach values in excess of 22 m s−1 for Managua (Nicaragua) and Liberia (Costa
Rica) at levels near 1500 meters above sea level, using data from the Pan American Climate
Studies/Sounding Network [51]. Note the strength of the vertical wind shear over that
region. The winter feature of the latter jet has been proposed as the forcing mechanism for
the Costa Rica Thermal Dome [52–54]. The Gulf of Fonseca jet (barely known or studied)
has been described by [34,35] as having potential to maintain a gap flow during boreal
summer and winter months. The importance of the gap winds within the frame of this work
resides in the fact that strong low-level currents tend to inhibit convection and associated
thunderstorms and lightning activity on the Pacific hillsides of Central America related to
the strength of the vertical wind shear.
In regard to the role of sea surface temperature (SST) to regional convection, it is
relevant to name the Western Hemisphere Warm Pool (WHWP) system [36,37]. The two
components of the WHWP develop, one in the Gulf of Mexico and the Caribbean, and
the other in the ETP. Regional convection and the rainy season are influenced by the
two components of the WHWP, which are out of phase, migrating, and changes in size
depending on small temperature variations [34,35]. In regard to the structure and multiscale
interaction amongst some of these systems, ref. [34,35] offered a review of their basic
dynamics and the associated modes of variability, including those of systems in the ETP.
Diurnal land-sea breezes are also relevant modes of mesoscale circulation in this
region, however, convective activity and potential lightning variability depend on the
interaction of local winds with the trade wind system, especially with the seasonal strength
of the Caribbean Low-Level Jet. A recent study of sea breeze (SB), using observations
in the Pacific coast of Costa Rica, showed that observed precipitation was a maximum
between 14:00–17:00 LST, in agreement with local diurnal heating and the development of
convection [47]. Data comprised the period of 1 July to 16 September 2004 from TicosondeNorth American Monsoon Experiment, and a local University of Costa Rica-National
Meteorological Institute field campaign. That was the first study in which observations
and numerical modeling were used to analyze the dynamics and mechanisms of SB in
the climate of Costa Rica. The analysis of two particular periods during a strong (weak)
flow of the CLLJ exhibited a less SB development during the former, which suggested the
strong influence of the CLLJ on local rainfall regimes and local processes such as the SB
and potential lightning. These results also apply in general for the Caribbean coast of Costa
Rica [43].
3. Data and Procedures
The ECA region is an atmospheric system showing a complex dynamical multiscale
interaction between atmospheric modes, and it is worth investigating, especially since
most of them are far from being completely understood. However, there are limitations in
observed data for accomplishing that target. For instance, sound data for a more realistic
atmospheric analysis has fallen in frequency and in quality during the past 3–4 decades.
Besides that, the meteorological surface observation network is far from being uniform,
both in space and time, especially near coastal areas, and the Caribbean slope of Central
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America [44], outlined some of these limitations in data availability and data processing).
Here we see WWLLN data as an opportunity to study some of the ECA atmospheric climate
signals using remote sensing information that reanalysis data does not usually provide.
In this respect the findings of [55] are very suggestive and allow researchers the use of
WWLLN information as a basis to construct climatologies to resolve diurnal and seasonal
variations of atmospheric fields.
The WWLLN started circa 2004 with 18 stations globally, grew up to 20 stations in
2005 [56], and to nearly 60 stations by 2012 [57]. According to the last authors, the more
stations were in place, the better the WWLLN’s ability to detect even weaker strokes. We
are aware that the detection efficiency of the network also varies due to the non-uniform
sensor spacing over the world. However, [57] also pointed out that the network improved
in accuracy and detection efficiency with an increase in the number of stations (i.e., the
increase from 11 stations in 2003 to 30 in 2007 led to a rise of 165% in the number of
lightning strokes detected). In their work they used about 14 stations in the Americas, in
contrast to the current 25 active sensors for the same región, an increment of about 30% in
the number of stations in the last 9 years, approximately. Moreover, detection of strokes
does not depend exclusively on nearby sensors. According to [56] “the propagation of
sferics (very long electromagnetic wavelengths up to 100 km), allows lightning strokes
to be located in real time at up to 10,000 km from the receivers with a location accuracy
that is estimated to be a few km”. Regarding the location accuracy [58] estimated to be in
the order of 10 km. In our paper, we have assumed, following the 10,000 km argument,
that the data we used for the ECA region depends on sensors as far as North America,
South America and some parts of Europe. In the Americas there were only 4 stations in
place in 2006 [58], by 2012 the number had increased to 13 sensors (including our station at
the University of Costa Rica) [57], and by 2021, the WWLLN reports nearly 25 stations in
operation (https://wwlln.net/ accessed on 28 December 2021). Based on the above data
we considered that the best record to use here was that of 2012–2020, with the detection
efficiency varying little from year to year since the number of stations (25), in general,
remained operationally for most of that period over ECA (Figure 1).
The WWLLN detection efficiency has been a concern since the early days of this
network [58]. At that time WWLLN had about 25 stations globally. Although the relatively
small number of sensors across the world, [58] analysis showed that when compared with a
lightning location network operating in New Zealand, discharges with larger currents were
observed by more stations across the global network. The detection efficiency, however,
presented strong spatial variations depending on the station density. In [58] the authors calculated the relative detection efficiency for a network having uniform detection sensitivity
to correct for regions with less sensors and variations in atmospheric very low frequency
wave propagation. One of their results was that WWLLN has a bias toward detecting
low-energy strokes over oceans rather than over land. In their work differences in the
intensity of convective activity were not considered, a factor that plays a relevant role since
it depends on topography and location, especially in tropical areas such as the one studied
here. According to [55] the global detection efficiency of WWLLN is ~10% for all strokes,
supplying basic lightning information for diurnal and seasonal climatologies. WWLLN
reports that “recent research indicates our detection efficiency for strokes about 30 kA is
approximately 30% globally”. More recently, [59] stressed the fact that in the early stages
of the network (before 2008), the detection efficiency was low because there were only a
relatively small number of sensors. Lightning efficiency has been monotonically increasing
since the early days of the network [58], by a factor of about 1.25 (60 in 2012, [58]; to over 70
in recent years, http://wwlln.net/ accessed on 28 Decmber 2021). Studies have also used
some sort of adjustment factors for WWLLN D based on the LIS/OTD (Lightning Imaging
Sensor, LIS, and Optical Transient Detector, OTD) climatology [59], although LIS/OTD has
a quite different detector sensor detecting pulses of illumination (produced by lightning)
above background levels.
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Estimates of precipitation have been possible due to satellite monitoring programs
such as the Tropical Rainfall Measuring Mission (TRMM, https://gpm.nasa.gov/missions/
trmm, accessed on 28 December 2021), the Global Precipitation Measurement (GPM) mission https://gpm.nasa.gov/missions/GPM, accessed on 28 December 2021), and CHIRPS
(https://www.chc.ucsb.edu/data/chirps, accessed on 28 December 2021), a project using
rain gauge and satellite observations. As mentioned before, precipitation in CA is mostly
of convective character, so its prediction, both qualitative and quantitative, is a crucial
element to diminish socioeconomic impacts in a region with a weak economy. Besides
TRMM, GPM and CHIRPS data, the question whether other global networks such as the
WWLLN can provide multiscale information for convection and precipitation esti mates
is yet to be investigated. As reported by [55], “though no single lightning climatology
can be said to be definitive, the WWLLN lightning climatology appears to be consistent
with in situ rainfall observations and with the TRMM rainfall climatology”. Following [59]
when discussing TRMM satellite studies, we considered that by estimating monthly or
annual lightning averages for the period 2012–2020, the gross statistical characteristics of
the lightning-precipitation patterns will emerge.
On diurnal scales, several works have indicated that the evening maximum lightning
over the continent (i.e., South America) and oceanic basins are consistent with those of
precipitation in regard to phase propagations [60]. As also reported by [61], lightning–lead
precipitation relationship is also seen between TRMM3G68 precipitation and WWLLN
lightning around Central America. Other results [61] indicate that WWLLN amplitudes
are large over the oceans and around Central America. The above two outcomes provide
reliability to our research and results. The authors realize that although the availability
of TRMM, GPM, CHIRPS, satellite and lightning network data, estimates of the phase
relationship between convection, precipitation and lightning is not an error-free problem.
All the above data sets have shown biases with respect to observations when available.
This issue is also present in numerical models [62], when they argue that in their work’s
context: “errors are often the result of a number of interacting biases”. We think that this is
the case for the relationship between convection whether natural or forced, precipitation,
and lightning data, especially with the known location uncertainties and relatively low
detection efficiencies in some parts of the world. One additional point worth raising here is
the difficulty to deal with short time and space scales (i.e., sea breeze) versus longer time
and space scales (for instance, seasonal climate signals). The lightning area average appears
to be a good proxy to represent precipitation on seasonal and longer time scales. These
authors were in favour of investigating that relationship here, since the MSD, the CLLJ, the
ITCZ, and other tropical systems in this region, have clear climate signals on precipitation
that “lose” their identity for short time scales.
The lightning data used in this study is a subset of the daily information gathered
and run by the WWLLN (http://wwlln.net/, accessed on 28 December 2021). The Center
for Geophysical Research (CIGEFI, in Spanish) at the University of Costa Rica has been
one of the WWLLN monitoring stations since 2008. This study analyzed daily data to
produce monthly and annual averaged information in order to investigate the time and
space structure of lightning in the ECA from January 2012 to December 2020. Although the
WWLLN has data from 2006 to present (approximately), the average number of sensors at
the beginning of the network was relatively low (Figure 1), so data had more uncertainty in
the location of discharges than that of the period P used here (2012–2020). The WWLLN
provides mainly cloud to ground continuous lightning detection coverage over the entire
globe, though the dataset considered here was delimited to the ECA, the region of study
shown in Figure 1 (inserted panel). The process to identify the hot and cold-spots of
lightning activity (both defined in next section) in the ECA region is as follows. A variable
containing information on spatial and temporal lightning density over the ECA was defined.
Lightning data for each daily window were compiled into gridded areas with a fixed
resolution of 15 km by 15 km. For this, it was assumed that the uncertainty area in the
lightning location was of the order of 5 km by 5 km [13,56,58], so the total number of
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lightning strokes within a given area of 225 km2 was assigned to the central grid point
designed here, in general, as an (i, j) point. No intersection of areas was allowed, so
a lightning stroke is only counted once in a given grid area. The total area of analysis
(Figure 1) has an approximate dimension of 3850 by 2770 km, so, the number of points in
the grid data are, in the “x” (eastwards, with index “i”), and in the “y” direction (northerly
with index “j”), 257 × 185 grid points, respectively.
The daily lightning number of strokes in every grid box [ ni j ] for all days of a particular
month m was aggregated to obtain the total number of strokes [ ni j ] m k for every month
(m = 1, . . . ,12), of every year k (k = 1, ...9) of the period P. A simple averaging process was
applied to get the monthly mean values, and the yearly mean values, as appropiate. The
lightning density D variable at position (i, j) was defined as,
[ Di j ] = [ ni j ] [ a ]−1
In the above expression, i = 1, . . . , 257; j = 1, . . . , 185; and “a” is the fixed grid area of
analysis (225 km2 ). The lightning density D units are then, the number of lightning strokes
N km−2 month−1 or N km−2 year−1 , depending on the variable to be estimated.
Figure 1 (bars) shows important differences in the total yearly number of WWLLN
sensors, and as a consequence, in the total number of strokes from year to year in the ECA,
for the period 2006–2020, so a climatology based on all available data would most probably
be very biased, as discussed before. For that reason, the period of analysis was shortened
to 2012–2020, where variations from year to year were a minimum and the number of
sensors remained nearly constant. When the climatology was obtained for 2006–2011,
the D were significantly smaller than those of the period 2012–2020 considered here (not
shown). To complement the analysis of lightning data with other atmospheric variables,
such as precipitation, ERA5 data was used. ERA5 is a product of the European Centre for
Medium-Range Weather Forecasts that provides global, hourly estimates of atmospheric
variables, at a horizontal resolution of ~30 km, with 137 vertical levels from the surface
to 0.01 hPa, from 1979 to present (https://climatedataguide.ucar.edu/climate-data/era5
-atmospheric-reanalysis, accessed on 12 May 2021).
4. Results
WWLLN detected a total number of 5 × 108 lightning strokes, approximately, during
the 2006–2020 period over the ECA (Figure 1). The annual count of electrical discharges
varied significantly from year to year, especially during the period 2006–2011 due, as
explained above, to the relatively small number of WWLLN sensors, both globally and
within the ECA region during those years.
It can be seen from Figure 1, that the network increase in lightning detection in the
ECA region is coherent with the WWLLN number of sensor growth, globally. Nowadays,
WWLLN has over 70 sensors worldwide. The seasonal distribution of the lightning strokes
shown in Figure 1 by month and for all years, indicates that the number of flashes during the
most widespread wet season (September–October) is about one order of magnitude greater
than that during the regional (mostly) dry season (January–February–March). During the
latter months most of the share in lightning activity comes from cold surges entering the
tropical regions [39,40,42].
The overall regional effect of the MSD, being a reduction of convective activity and
precipitation in the Pacific side of the region [23], is visible only in some years of the
2012–2020 period during July–August, assuming lightning means are a proxy, especially
for the climate distribution of precipitation. In Figure 1 that characteristic is shown as a
reduction of the total number of lightning strokes, especially during the above two months.
Discussion on this feature is retaken below where D are separated for the Caribbean and
Pacific basins using a subjective criteria involving the highest mountain peaks in the region
analyzed. The inserted panel in Figure 1 gives an idea of this natural separation. The work
of [9], also used WWLLN data and separated the information in Chile regionally to study
its seasonal variability.
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July (and to a lesser extent August) shows a marked decrease in lightning activity
associated with the MSD, especially over parts of the Pacific slopes of Central America
and southern Mexico (Figure 4g,h). According to [57], the start, minimum, end, intensity
and magnitude of the MSD is quite variable. These authors also report the need to create
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5. Discussion
5. Discussion
According to [23], the seasonal precipitation distribution along the Pacific slope of
Central America and southern Mexico shows a reduction during July–August (the MSD),
with peaks in June and September-October. Since lightning is a proxy for convection
and precipitation, regions with minimum D values could be associated with the MSD
signal in the above region. During its development and duration, other atmospheric
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parameters such as, radiation, wind, moisture content, and ground and ocean surface
temperature must be coupled with their covariability, the precipitation field. In order to
offer a plausible explanation on the observed seasonal lightning distribution obtained
here and its association with the MSD in some regions (see Figure 4g,h, where this a
predominant feature; e.g., northern Costa Rica and southern Nicaragua), the following
physical mechanisms are proposed to couple land-ocean-atmosphere processes. During
July-August strong winds associated with the CLLJ cross Central America between Costa
Rica and Nicaragua reaching the ETP (Figure 5 in this paper, and Figure 8a in [23]). A
consequence of this process is to reduce the SST over that region by means of surface drag
and eddy-like features of wavelength 600 km propagating southwestward [66]). Besides
this, the CLLJ is characterized over that region just westward of Costa Rica and Nicaragua,
by a strong vertical shear (see Figures 6a and 7b in [23]), a factor also reducing convection.
These two physical processes are consistent with the findings of this work for a minimum
of D during July-August in that region. Following that reasoning, on average, during the
previous period to the onset of the MSD (June), the short wave radiation (SWR) reaching
the ground should be a relative minimum, since there is a deep convective cloud coverage
accounting for the maximum rainfall during that month. This is a pattern that can also be
invoked for September-October. During the MSD, a minimum of convective cloud coverage
may explain the precipitation reduction from June to July-August, and the SWR must be
a sub-seasonal relative maximum. According to this basic idea, the surface temperature
may have a distinct diurnal range depending on the seasonal evolution of precipitation. So,
during June, maximum temperature (Tmax) over the continental area should be smaller
than during the MSD just due to less incoming SWR, while the minimum temperature
(Tmin) should be greater than that of the MSD due to a relative maximum of cloud coverage.
On the contrary, the MSD should show a larger diurnal range than that of June, since more
SWR is reaching the ground, and with less convective cloud coverage in the mean and, the
outgoing long wave radiation (OLR) must be greater than that of June.
To simply test the above relationships between Tmax, Tmin, convective precipitation,
and lightning in that region, Figure 7 was generated. This figure shows ERA5 data for the
period June–July–August (2012–2020) for a single grid point near 11◦ N, 86◦ W located
between La Cruz (Costa Rica), and San Juan del Sur (Nicaragua), assuming that it is
representative of mean conditions for the near a land-continental area. Anomalies were
estimated following the standard procedure and pentad values (5-day periods) begin in
June (pentad 30), and end in August (pentad 48). All pentad averages for all variables
were estimated using ERA5 and WWLLN data at the 15 × 15 grid-box area defined above
for the period 2021–2020. As can be observed in that figure, the precipitation anomalies
are positive during pentads 30 to 33–34 corresponding approximately to the third week of
June and to the first peak of the rainy season. During this period D is a relative maximum.
Negative precipitation anomalies are present from pentads 34–35 to 45 approximately,
corresponding to the interval from late June to mid-August approximately, when D is
a minimum. This phase of the precipitation pattern has been associated with the MSD.
After pentad 46, Figure 7 shows the beginning of the second rainy period in that region,
so lightning increases. With respect to extreme temperatures, Tmax and Tmin behave in
agreement with a relatively long interval of negative precipitation anomalies (pentads 34
to 42), after which on average, Tmax raises and Tmin diminishes for at least 3–4 pentads.
Although this is not conclusive, it brings attention to test the proposed mechanisms with
observed data for a larger area in the future.
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The CLLJ acts as a lid inhibiting convection due to its strong vertical wind shear
during the boreal summer months [23]. The convective inhibition is mainly due to the
climatology wind shear distribution. This shear as pointed out by [67] is not explained by
the observed meridional sea surface temperature gradient, so baroclinicity can be ruled out
as opposed to the African Easterly Jet [68] showed that the CLLJ is barotropically unstable
in that region [22], so energy could be exchanged between mean flow and disturbances.
The CLLJ entrance is observed in the easternmost part of the CS, where descending motion
dominates and precipitation is a regional minimum [23,44]. (2014). The jet exit is found near
the Costa Rica-Nicaragua border, a place of strong convection and a regional maximum of
precipitation [22,44], and some references therein) that coincides coherently with lightning
densities over that region. The CLLJ has a long term maximum of over 12–14 m/s near 925
mb showing a strong vertical wind shear that inhibits convection during summer [23] This
feature is also observed in Figure 5. In situ sounding observations taken just north of the
mean CLLJ core position at 15◦ N during a field experiment named “Experimento Climático
en las Albercas de Agua Cálida (ECAC Phase 3) campaign in July 2001 confirmed such a
strong wind shear and a poor convective regional activity associated with the strength of
the CLLJ [23].
Another interesting result of this work is the negative influence of the CLLJ to lightning
activity, both in the region where is observed to have a maximum in the central CS during
the boreal summer months, and in the region to the northwest of it, across the Yucatan and
the Gulf of Mexico (Figures 4f–k and 5). Figure 4g shows the effect of the CLLJ vertical windshear and its extension to the Gulf of Papagayo, diminishing convection and considerably
decreasing the D over a region extending westward into the ETP for at least 400–450 km.
The proposed simple physical mechanism to account for the coupling between the CLLJ and
the MSD needs to be tested in more depth by including observed data for a wider region.
Based on previous work, we consider that our results very likely also have information on
the influence of the diurnal cycle of atmospheric modes on lightning, unfortunately, such a
topic was not touched in this paper and needs further consideration. A study including
the relationship of land-sea-breeze circulation with convection, precipitation and lightning,
would be very valuable to gain insight into these processes at low-latitudes. Although the
WWLLN data record is relatively short to study other regional atmospheric signals in the
region, it would also be interesting to investigate the interannual variability of lightning
associated with El Niño-Southern Oscillation phases in the near future. Last but not least,
our results on the regional distribution of hot and cold-spots of lightning activity in the
ECA, have notable implications for safer touristic activities, better agricultural and fishery
practices, and suggest that WWLLN data could also serve as a proxy for precipitation
distribution at different time scales, just to mention a few of them.
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