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Abstract This study examines the temporal (monthly) and spatial climatology (2004–2010) of the
first return stroke of the cloud-to-ground (CG) lightning flash peak current (Ip) across various land/water
boundaries over the contiguous United States. Four regions are examined: the Gulf of Mexico (region 1), the
Florida peninsula (region 2), Lake Michigan (region 3), and part of the U.S. Mid-Atlantic (region 4). The
cross sections across the coastlines of regions 1, 2, and 4 show a gradual oceanward increase in the mean
negative polarity CG peak current values (�Ip). This transition along the respective land/ocean boundaries is
not sharp but gradual. In direct contrast with ocean, there is no consistent behavior in�Ip values as we move
from land out across the fresh water of Lake Michigan (region 3). Meanwhile, the positive CG flash peak
current (+Ip) values do not exhibit a consistent variation across any coastal boundary. For region 1, the �Ip
values increase as we move toward the coast (southwards) especially during the wet season (June–October).
This finding is in direct contrast with studies that documented winter as the season of maximum �Ip values.
The zonal and seasonal variations of �Ip values across region 4 are not quite as pronounced, but the
oceanic �Ip values are still larger than over the adjoining landmass. We explore in turn which up to date
hypotheses pertinent to the oceanic �Ip enhancement are supported or refuted by our findings. It is
concluded that the oceanic�Ip enhancement is not an artifact related to CG detection or Ip retrieval methods,
nor is it likely related to the cloud top heights or CG activity. The study cannot refute the role of electrical
conductivity and its contribution to CG leader attachment processes. However, given the observed
“blurred transition” of the Ip values across the coastlines this paper suggests that likely the main physical
mechanism is acting on the thundercloud potential. The recently suggested role of sodium chloride (NaCl)
but also the role of ice crystal size (implicated herein), as possible modulators of the thundercloud potential,
exhibit distinct pros and cons. Their candidacy is supported by their strong physical links to the electrostatic
charging and thundercloud electric potential buildup but also by the exhibited blurred�Ip transition across the
coastlines. In contrast, the suggested mechanisms cannot individually explain the observed �Ip enhancement
in terms of season, NaCl concentrations, and absence of similar behavior in the respective +Ip values.

1. Introduction

The differences between oceanic and continental lightning flash properties have been the focal point for
studies that appeared during the late 1970s [Turman, 1977; Toland and Vonnegut, 1977]. Ground-based
[e.g., see Lyons et al., 1998a; Hutchins et al., 2013] and space-based observations [e.g., see Mach et al., 2011;
Beirle et al., 2014] indicate that lightning flash energetic proxies exhibit larger values over the oceans than
over land. In recent years, the advancements in ground-based lightning locating systems have provided
information beyond the lightning flash timing and location. Studies by Lyons et al. [1998a], Huffines and
Orville [1999], Orville and Huffines [2001], and others have convincingly documented larger values for the
oceanic negative cloud-to-ground (CG) first return stroke peak current (Ip), but these observations are exclu-
sively related to the negative polarity CG (�CG) [Cummins et al., 2005; Orville et al., 2011; Cooray et al., 2014].
This finding has received additional support from regional observations worldwide [Füllekrug et al., 2002;
Rivas Soriano et al., 2005; Mach et al., 2011; Rudlosky and Fuelberg, 2011; Chronis, 2012; Said et al., 2013;
Nastos et al., 2013; Villarini and Smith, 2013; Hutchins et al., 2013; Blakeslee et al., 2014 and references therein].

Interestingly, the enhancement of Ip over the oceans is notably absent for positive polarity CG (+CG) lightning
and despite the consistency of this behavior only a handful of studies have tried to determine the physical
mechanism responsible [Cooray et al., 2014]. One could categorize the hypotheses addressing the oceanic
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�Ip dominance into three groups: The first group involves hypotheses discussing whether the �Ip oceanic
enhancement is a mere artifact [Lyons et al., 1998a; Orville and Huffines, 2001; Said et al., 2013; Zoghzoghy
et al., 2015]. The second group’s focus is on the so-called “attachment process,” i.e., the segment within a
few meters from the ground where the descending leader and ascending streamer meet [Williams and
Heckman, 1993;Williams and Stanfill, 2002;Williams and Heckman, 2011;Williams et al., 2012]. Finally, the third
group implicates factors possibly contributing to the thundercloud electric potential [Cooray et al., 2014].
These hypotheses are summarized below.

1.1. Range Effects

The range over which the lightning radio signal propagates can affect the retrieved Ip value. Lyons et al.
[1998a] suggested that the larger oceanic �Ip values could be attributed to National Lightning Detection
Network (NLDN) detection efficiency issues such as the selective detection of CG lying outside the sensor
domain (i.e., the ocean), hence of larger �Ip values.

1.2. Propagation Effects

Hypotheses explaining the larger oceanic�Ip values based on the higher electrical conductivity of the (saline)
oceanic water have also been discussed [Orville and Huffines, 2001], in the context that this would reduce the
propagation attenuation of the lightning-radiated signal, leading to the inference of larger Ip values [Rachidi
et al., 2004]. However, this hypothesis has been refuted since it fails to explain the different responses
between the CG polarities [Orville and Huffines, 2001; Said et al., 2013].

1.3. CG Attachment Processes

Recent studies have provided ample documentation that the oceanic�CGs not only exhibit larger�Ip values
but they are also short-pulsed [Williams, 2006]. The faster abridging between a negative descending CG lea-
der with the upward positive streamer, over a relatively smoother oceanic surface (i.e., as opposed to a
rougher land), is suggested to be one of the driving mechanisms explaining the larger oceanic �Ip values
[Williams and Heckman, 2011;Williams et al., 2012]. In this context, the dielectric relaxation time of themedium
that connects the tip of the �CG leader and terminal point (e.g., land/ocean) has also been brought up as a
potential contributor to the observed oceanic �Ip enhancement [Williams and Heckman, 1993; Williams and
Stanfill, 2002]. For a rapidly descending leader, the relaxation time over the ocean is much shorter than over
land due to electrical conductivity. Hence, it would be reasonable to assume that this shorter/faster electric
field response over oceanic water, combined with a smoother oceanic surface and the absence of coronae,
would further facilitate a faster downward leader and upward streamer attachment process (i.e., the “final
jump” as described in Williams [2006]), a faster return stroke hence larger �Ip values [Williams et al., 2012].
Whether spatial variations in salinity (i.e., hence electrical conductivity and relaxation times) might be further
contributing to the oceanic �Ip variations is discussed in Cummins et al. [2005], Chronis [2012], and later in
this paper.

1.4. Thundercloud Potential Enhancement

Processes that enhance the thundercloud electric potential are also expected to produce �CG of larger �Ip
values [Cooray and Becerra, 2012]. Orville [1990] contextualized the later by documenting that over the con-
tiguous U.S. (CONUS) the �Ip values increase southwards. That author attributed this to the southward
increase of cloud top heights, in the pretext that taller clouds allow more charge storage, thundercloud
potential hence larger Ip values. Chauzy and Soula [1999] suggested that in the presence of electric fields,
the ground coronae, initiated from tall objects such as trees and buildings, favor the upward transport of
positive charge into the lower parts of the cloud, thereby partially contributing to the formation of the lower
positive charge center (LPCC). This hypothesis speculates that the limited presence of LPCC suppresses the
electrical discharges between the main negative charge in the middle and lower thundercloud levels
[Williams, 1989], leading to larger thundercloud potential and larger �Ip values [Cooray and Becerra, 2012;
Cooray et al., 2014; Chronis et al., 2015a]. Given the limited presence of coronae over the ocean, the
LPCC-related hypothesis is a good fit in explaining corresponding �Ip oceanic enhancement [Williams and
Heckman, 1993].
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Jayaratne et al. [1983] demonstrated experimentally that in the presence of sodium chloride (NaCl) the ice
particles deviate from the typical “charge polarity versus temperature” functions originally shown in
Takahashi [1978], where in a relatively NaCl-free environment, the heavier precipitating graupel reverses its
polarity from negative to positive at higher temperatures. Interestingly, the laboratory experiments by
Jayaratne et al. [1983] demonstrated that for NaCl concentrations of ~10�5 normality units or higher and
temperatures higher than about�10°C, the graupel does not acquire positive charge but maintains its nega-
tive surplus. The NaCl concentrations similar to the ones used in the laboratory experiments by Jayaratne
et al. [1983] have not only been found in marine clouds by Miller [1974], Khemani et al. [1981], and Möller
[1990]( e.g., ~1–2mg/L) but also in rainwater over the continental and coastal U.S. (>2mg/L or ~10�5 N
[Junge and Werby, 1958]).

Based on the findings by Jayaratne et al. [1983], Cooray et al. [2014] argued that the presence of NaCl would
tend to suppress the LPCC in the storm’s vertical charge distribution (i.e., falling graupel not reversing its sign
from negative to positive), effectively reducing the number of�CG thereby leading to larger�Ip values (e.g.,
see above discussion). In this hypothesis, the expected impact of NaCl on the thunderstorm’s vertical charge
structure pertains only to the lower cloud levels and respective charge polarity, thus is not likely to impact the
+Ip values [Cooray et al., 2014].

1.5. Role of Aerosols and Condensation Nuclei

Aerosols have been frequently linked to CG activity [Lyons et al., 1998b; Orville et al., 2001; Williams and
Stanfill, 2002; Williams et al., 2002; Steiger et al., 2002; Yuan et al., 2011; Kucienska et al., 2012; Fuchs et al.,
2015], but an explanation pertinent to the�Ip variation has yet to appear. In a similar context, the relation-
ship between lightning and the presence of ice crystals has been rigorously established [Saunders et al.,
2006; Sherwood et al., 2006, and references therein]. Brook [1992, 1995] attributed the larger �Ip values
in winter �CG over the U.S. to the increased amounts of solid (i.e., ice) hydrometeors that lead to higher
dielectric breakdown thundercloud potential (i.e., larger �Ip values). It has been acknowledged for at least
five decades that ice particles over the oceans are larger (by ~8–10%) than over the continents [Wexler,
1960]. The latter fact has recently received ample corroboration from space-based observations by the
Moderate Resolution Imaging Spectroradiometer (MODIS) [Platnick et al., 2003]. Along these lines, studies
by Avila et al. [2002, and references therein] documented something rather intuitive: that larger ice
particles transfer more charge during the respective particle collisions in the mixed phase (i.e., in the pre-
sence of supercooled water). It could be further assumed that a larger charge transfer effectively increases
both the total cloud charge and cloud potential, thereby Ip values [Cooray and Becerra, 2012]. Despite the
abovementioned links between lightning flash and ice particle size, a relevant explanation for the �Ip
oceanic-continental contrast has not been pursued by the recent literature. This study will explore a multi-
tude of data sets, and to the extent possible, test the previously mentioned hypotheses. To this end, in
addition to the CG information, NASA’s MODIS/Terra (for cloud top height and ice crystal size) and
Aquarius (for salinity) remote-sensing retrievals are employed in this study, encompassing the CONUS
and surrounding oceans.

2. Data and Methodology
2.1. CG Lightning

The National Lightning Detection Network (NLDN) [Cummins et al., 1998] consists of sensors that detect
lightning discharges using direction-finding and time-of-arrival techniques. The CG detection efficiency
ranges between 90 and 95% over the CONUS, with a median location error less than 500m [Cummins and
Murphy, 2009]. For the Ip retrieval, the NLDN sensors account for groundwave propagation of the radiated
electromagnetic field [Cummins and Murphy, 2009; Said et al., 2010;Mallick et al., 2014]. Although these Ip esti-
mates (~13%mean error) have been demonstrated for only negative subsequent strokes [Mallick et al., 2014],
we assume here that the peak radiation fields are also positively correlated with the actual Ip values. The tem-
poral and spatial Ip integrations computed throughout the analysis depend on the size of the CG population.
For example, a population of ~104 CG has an Ip standard deviation of 25 kA [Anderson and Eriksson, 1980] and
Ip RMS error of ~0.25 kA [see Chronis et al., 2015a]. Whenever the results of this analysis are deemed to be
sensitive to RMS, the discussion will be qualified appropriately. The analysis is limited to the NLDN
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postupgrade period (2004–2010 [Rudlosky and Fuelberg, 2010; Koshak et al., 2015]). The CG polarity identifica-
tion constraints Ip<�10 kA for �CG [Biagi et al., 2007] and Ip>+15 kA for +CG [Cummins and Murphy, 2009]
are applied. Figures 1a and 1b illustrate the total CG counts for both polarities, and Figures 2a and 2b
exemplify the arguments made in the Introduction, by portraying the �Ip transition over the Gulf of
Mexico and U.S. East coast, at a spatial resolution of 1° × 1° (Figure 2a). In contrast, the maps for +Ip show
no consistent behavior (Figure 2b). Note that the 1° × 1° employed in Figures 1 and 2 is intended only for
visualization purposes and the following sections implement a much finer spatial resolution.
2.1.1. Geographical Region Averaging
We compute the total CG counts and respective Ip geometrical means (2004–2010) for four U.S. regions
(Figure 3) in 0.25° meridional or zonal increments. These regions encompass (1) 28.75°N to 38.5°N, over the
longitudes 90°W to 85°W (Gulf Coast, region 1); (2) 83.5°W to 79.5°W, over the latitudes 27°N to 30°N
(Florida peninsula, region 2); (3) 40.0°N to 45.0°N, over the longitudes 88°W to 86°W (Lake Michigan, region 3);
and (4) 90.0°W to 74.5°W, over the latitudes 35°N to 38°N (Mid-Atlantic Coast, region 4). The use of zonal and
meridional averaging relates to the orientation of the coastline of each respective region. For instance, region
1’s coastline is oriented W-E, so that we study the meridional variation of the zonally averaged quantities. The
choice of the geometric mean for Ip is deemed appropriate given the lognormal nature of the respective
distribution [Rachidi and Thottapillil, 1993; Said et al., 2013; Chronis et al., 2015a].

Figure 1. Total (2004–2010) NLDN annual (a) �CG counts and (b) +CG counts at 1° × 1° spatial resolution.
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Figure 3. The four regions straddling the CONUS and relate to the latitudinal and longitudinal CG total counts and Ip
averages (2004–2010).

Figure 2. NLDN annual (a) �Ip and (b) +Ip averages (2004–2010) at 1° × 1° spatial resolution.
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For each region we assign a land mask of the same spatial resolution (0.25° × 0.25°) and calculate the
land fraction R = AL/(AL + AW), where AL and AW are the areas of land and water within the grid cells com-
prising each region. Indicatively, the R values for grid cells encompassing only oceanic CG are equal to 0,
whereas R values for continental CG are equal to 1. Intermediate R values (i.e., 0< R< 1) represent grid

Figure 4. The�CG count (2004–2010) cross sections for regions 1 through 4. Solid line represents R (values range from 0 to
1, with R = 1 indicating that all included pixels are continental, left y axis, unitless). Dashed line represents the �CG
counts (right y axis). X axis is in degrees (north or west). Cross sections are at 0.25° step (meridional or zonal).

Figure 5. Same as Figure 4, for +CG.
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cells containing a mix of both environments. This part of the analysis allows the study of the spatially
integrated total CG counts and Ip averages for both polarities as a function of the respective R values,
for each of the four regions. The results from this analysis are discussed in section 3.1 and illustrated in
Figures 4–7.

Figure 6. The�Ip average (2004–2010) cross sections for regions 1 through 4. Solid line represents R (values range from 0
to 1, with R = 1, indicating that all included pixels are continental, left y axis, unitless). Dashed line represents the �Ip
averages (right y axis, kA). X axis is in degrees (North or West). Cross sections are at 0.25° step (meridional or zonal).

Figure 7. Same as Figure 6, for +Ip.
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2.1.2. Seasonal Ip Variation Across the Oceanic-Continental Boundary
The analysis described in section 2.1.1 is performed for each monthly average (2004–2010) to examine sea-
sonality. Given the additional dimension (i.e., time), we simplify the analysis by emphasizing on the seasonal
CG counts and Ip averages for regions 1 and 4 and omitting the R values, since their respective coastlines are
approximately parallel to ~30°N and 76°W, respectively. The results from this analysis are discussed in
section 3.2 and illustrated in Figures 8 and 9.

2.2. MODIS Ice-Cloud Effective Radius and Cloud-Top Pressure

The Level-3 monthly MODIS products (abbreviated as MOD08_M3, for Terra) are acquired from NASA’s
Giovanni (version 3.X) online portal, from which we construct time (monthly)-space (Hovmoller) climatologi-
cal averages (2004–2010) for the ice particle effective radius (Rice in micrometer) and cloud top pressure
(Cpr in pascal, day and night product) at their nominal spatial resolution (1° × 1°) for regions 1 and 4. Both
Cpr and Rice are products based on the combination of visible and infrared radiation intercepted by the
MODIS channels [Menzel et al., 2008], and they represent adequate proxies for the actual ice crystal size
and cloud top heights (i.e., higher (lower) Cpr, lower (higher) cloud top height given a standard atmosphere
[Platnick et al., 2003; King et al., 2004]). All visible/infrared remote-sensing cloud retrievals are not representa-
tive of the entire atmospheric column but rather the cloud tops. Despite this inherited uncertainty it would be
reasonable to assume that if the average Rice in region A (cloud top) is greater than Rice in region B (cloud top),
then sedimentation processes (i.e., finer (coarser) particles at higher (lower) altitudes) enforce the same rela-
tionship at altitudes below the cloud top. This assumption pertains to the discussion in section 4.6.

Figure 8. Seasonal (2004–2010) Hovmoller (time-space) plots for�CG counts for regions (a) 1 and (b) 4 and +CG counts for
regions (c) 1 and (d) 4. Dashed white line represents the approximate location of the respective coastline for regions 1
and 4. Spatial cross sections are at 0.25° step (meridional or zonal).
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2.3. Aquarius Sea Surface Salinity

NASA’s Earth System Science Pathfinder Aquarius mission offers the first space-based global observations of
sea surface salinity (SSS, in practical salinity unit (psu) dimensionless, i.e., g/kg), from a synchronous polar
Earth orbit. The SSS retrievals (accuracy ~0.2 psu) are based on the principle that emission in the microwave
spectrum decreases as SSS increases, but additional corrections are applied in the basic radiometric observa-
tions during postprocessing [Meissner and Wentz, 2004]. Aquarius maps the global ocean surface salinity with
a spatial resolution of ~100–150 km. We obtained the Level-3 monthly SSS data from NASA’s Jet Propulsion
Laboratory and constructed time-space averages for 2013–2014 given that Aquarius is a relatively newer
mission thus it encompasses a shorter period than Terra/MODIS.

3. Results
3.1. Cross Sections for CG and Ip

Figures 4a–4d illustrate the cross sections of the total�CG counts for regions 1–4. Figures 4a and 4b demon-
strate a clear maximum for the�CG counts near the respective coastlines, Figure 4d demonstrates an overall
increase in �CG counts as we move inland, whereas Figure 4c demonstrates a rather invariant �CG count
behavior across the land-fresh water interface. This dominance in continental lightning activity is well docu-
mented in numerous studies [see Changnon, 1988; Pinto et al., 1996; Orville and Huffines, 2001; Christian et al.,
2003; Rivas Soriano et al., 2005; Chronis et al., 2006; Chronis, 2012; Nastos et al., 2013; Holle, 2014, and refer-
ences therein]. The localized CG count maximum found along the coastlines likely relates to the convective
processes driven by the land-sea breeze circulation [Arritt, 1993] (e.g., see Figures 4a and 4d). The absence

Figure 9. Same as Figure 8, for �Ip and +Ip.
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of similar behavior over region 3 (Figure 4c) is likely due to the limited size of the water body encompassed
(Lake Michigan) and the dominance of the zonally propagating migratory storm systems during the warm
season. Figures 5a–5d illustrate the cross sections of the total +CG counts for regions 1–4. Considerable
consistency is apparent between the CG counts for both polarities, if one accounts for the well-established
fact that the +CG counts are ~1 order of magnitude less than the respective �CG counts [e.g., see Orville
and Huffines, 2001; Koshak et al., 2015].

Figures 6a–6d illustrate the cross sections of the �Ip spatial averages for regions 1–4. Figure 6a reveals a
northward gradual�Ip reduction (i.e., in absolute values) that closely mirrors the increasing R values in region
1. This inverse relationship is most evident across the main coastline of region 1, where there is an Ip gradient
of ~2–2.5 kA between ~29.5°N and 30.5°N that gradually disappears further inland (e.g., north of ~31.5°N).
The highlighted �Ip and R spatial co-variation is even more pronounced in region 2 (Figure 6b), where the
cross section traverses the Florida peninsula from west-to-east, encompassing successive water-land-water
environments. Across region 2’s western coast (i.e., between ~82.8°W and 82.2°W) the �Ip values reduce
by ~2–2.5 kA. Similarly, across the eastern coast of region 2 (81.5°W to 80.5°W) the �Ip values increase by
approximately the same amount (Figure 6b). The overall �Ip reduction for regions 1 and 2 along the respec-
tive cross sections ranges between ~6 and 7 kA (Figures 6a and 6b). Interestingly, the �Ip values exhibit no
such gradients across the continental-fresh water coast (region 3; Figure 6c), while any changes in�Ip values
within region 3 appear to be statistically insignificant (see section 2.1). This is an important finding in our
study and stands in agreement with Lyons et al. [1998a] and Cummins et al. [2005]. The relationship between
R and �Ip for region 4 (Figure 6d) falls into the same category as regions 1 and 2.

Figures 7a–7d illustrate the cross sections of the +Ip spatial averages for regions 1–4. In sharp contrast with
the�Ip (Figures 6a, 6b, and 6d), the +Ip cross sections for all regions fail to exhibit any clear relationships with
the respective R values (Figures 7a–7d).

3.2. CG and Ip Hovmoller Analysis

The time-space (Hovmoller) plots of the total monthly �CG counts for regions 1 and 4 are illustrated in
Figures 8a and 8b, findings that highlight the well-documented seasonal surplus of lightning activity over
the continents during warmer months. The summertime �CG count maximization is observed within ~±1°
of the main coastline of regions 1 and 4 (represented by the white dashed line, see Figures 8a and 8b.
Note that the abovementioned ~±1° might be an overestimate caused by the applied spatial resolution).
This feature likely pertains to the enhanced land-sea breeze circulation, especially during the typical warm-
season months [Arritt, 1993]. For regions 1 and 4 the seasonal +CG count variation (Figures 8c and 8d) is
somewhat similar to the �CG (see Rudlosky and Fuelberg [2011] for similarities with regions 1 and 4), but
further highlights a relative +CG enhancement during the months of March–May across the eastern U.S.
Great Plains (Figures 8c and 8d; see Figure 12 in Zajac and Rutledge [2001]).

Figure 10. Climatological average (2004–2010) for MODIS Rice at 1° × 1° spatial resolution.
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Figures 9a–9d are similar to Figures 8a–8d, but for the�Ip and +Ip time-space averages for regions 1 and 4. For
region 1, as one moves southwards from latitude ~31.5°N, we observe that the �Ip values gradually increase
however, this meridional enhancement is more prominent from June through October (Figure 9a). For region
4, we still observe larger �Ip values over the ocean but the respective variation does not exhibit as clear a
temporal-spatial clustering as in region 1 (Figure 9b). The temporal-spatial +Ip variation for regions 1 and 4
(Figures 9c and 9d) is vastly different from the respective �Ip (Figures 9a and 9b). In particular, the +Ip values
do not demonstrate any oceanic enhancement however, they clearly exhibit larger (lower) smaller during the
winter (summer) months with no consistent spatial (meridional or zonal) dependence.

3.3. {Ice Crystal Size, Cloud Top Pressure, and Salinity} Versus Ip Temporal-Spatial Analysis

Figure 10 illustrates the averaged Rice for the period 2004–2010 (same as in Figures 2a and 2b). Besides, the
fact that Rice oceanic values are larger than the respective continental (by ~10% on average), a key observa-
tion is gleaned from the well-defined contrast along the U.S. coastline. In general, the larger Rice values in
Figure 10 reflect the seasonal precipitation patterns (e.g., such as the monsoons over Baja California [see
King et al., 2004]). For consistency with the previous Hovmoller analysis, we repeat the computations that
resulted in Figure 9, this time accounting for Rice. Figures 11a and 11b illustrate the monthly time-space
averages for Rice for regions 1 and 4, while Figures 11c and 11d are the same as Figures 9a and 9b (at the initial
0.25° resolution applied to NLDN). In region 1, we observe a temporal-spatial coherence between the rela-
tively larger Rice values and the respective �Ip enhancement (Figures 11a and 11c). More importantly, we

Figure 11. Seasonal (2004–2010) Hovmoller (time-space) plots for MODIS Rice for regions (a) 1 and (b) 4 and �Ip averages
for regions (c) 1 and (d) 4. Dashed white line represents the approximate location of the respective coastline for regions 1
and 4. Spatial averaging for MODIS is 1° × 1° and for Ip is 0.25° × 0.25°.
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observe that the Rice temporal-spatial variations capture part of region 1’s (Figure 11a)�Ip latitudinal depen-
dence from June to October (Figure 11c). For region 4, some additional temporal-spatial agreement is
demonstrated between the two variables in that, the lower�Ip values (Figure 11d) are accompanied by rela-
tively lower Rice values (Figure 11b).

The Hovmoller plots for Cpr reveal known climatological cloud top height properties of the oceanic and
continental environments (Figures 12a and 12b). As we move closer to region 1’s coastline we observe the
transition from the winter lower cloud top s (i.e., higher Cpr) to the higher cloud tops of the main convective
(summer) season (i.e., lower Cpr), reverting back to the lower cloud top s in the fall season (Figure 12a). A simi-
lar behavior is noted for region 4, although given the Cpr meridional averaging, the seasonal variation is
somewhat damped (Figure 12b). The comparison between Cpr and�Ip Hovmollers (Figures 12c and 12d) fails
to exhibit any coherency in the context that the prominent �Ip temporal-spatial variation clearly encom-
passes both summer and fall seasons (i.e., both low and high cloud top heights).

Figure 13 illustrates the SSS Hovmoller plot for region 1 (at 1° × 1° spatial resolution. Also, note that the aver-
aged latitudes extend from 17°N to ~30°N, i.e., the location of the region 1’s coastline). The main observation
to be gleaned from Figure 13 is the SSS reduction over southern latitudes from June to October. This coastal
SSS reduction is likely driven by the increased discharge of the Mississippi River due to precipitation input
from the typically wet season of region 1 (i.e., the convective summer season from June through August,
followed by the more stratiform season from September through October). Further comparison with the

Figure 12. Seasonal (2004–2010) Hovmoller (months-latitude) plots for MODIS Cpr for regions (a) 1 and (b) 4 and �Ip
averages for regions (c) 1 and (d) 4. Dashed white line represents the approximate location of the respective coastline
for regions 1 and 4. Spatial averaging for MODIS is 1° × 1° and for Ip is 0.25° × 0.25°.
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respective �Ip Hovmoller for region 1 suggests that as SSS decreases, the �Ip values increase (e.g., see
Figure 11c). More detailed discussion on the implications of this finding, in relation to the Ip temporal-spatial
variation, is extended in section 4.3.

4. Discussion

The findings of the analysis pertaining to lightning flashes (i.e., CG and Ip) can be summarized as follows:

1. A robust inverse relationship is observed between the �Ip and R across only the oceanic-continental
boundaries (regions 1, 2, and 4) but is absent across the continental-fresh water boundary (region 3).
This is demonstrated by the gradual �Ip decrease as one approaches the respective coastlines from the
ocean.

2. The +Ip spatial variation across all boundaries is unrelated to R.
3. Region 1 reveals a strong seasonal and latitudinal dependence of �Ip, with the maximum �Ip values

clustered around the summer-early fall months over the southernmost latitudes. This �Ip latitudinal
dependence becomes diluted as one moves inland (i.e., northward), with a weaker winter maximum
and a less evident minimum in �Ip values for regions 1 and 4.

4. Compared to region 1, region 4 exhibits a less robust �Ip temporal-spatial variation, although it still exhi-
bits larger �Ip values over the ocean during the summer-early fall months.

5. As highlighted in finding 2, no oceanic influence on the +Ip is observed and the temporal-spatial variation
for +Ip is similar for both regions 1 and 4. Wintertime +Ip are also dominant across continental environ-
ments for both regions (also see finding 3).

The findings of the analysis pertaining to ice effective radius, cloud top pressure and salinity (i.e., Rice, Cpr, and
SSS) as functions of �Ip values can be summarized as follows:

Figure 13. Seasonal (2013–2014) Hovmoller (time-space) plots for SSS for region 1.
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6. As the�Ip in finding 3, Rice also shows a strong latitudinal dependence with its maximum values clustered
around the summer through early fall months over the southernmost latitudes. Across this time-space
window, one can argue that the two parameters { Rice,�Ip} exhibit a noteworthy degree of coherence.

7. No consistent temporal-spatial coherence is observed between {Cpr,�Ip} in either region.
8. The lowest SSS values are in phase with the highest �Ip values over the coastal part of region 1.

The novelty of finding 3 stems from the fact that it revisits the argument according to which “the �Ip values
are larger over the ocean than the continent.” Instead, the Hovmoller analysis concludes that this argument
should be framed as “the �Ip values are larger over the ocean than the continent, a contrast that is blurred
across the coastline but also depends on latitude and season.” More importantly, finding 3 is only in partial
agreement with the earlier study by Orville and Huffines [2001], where these authors documented a clear
preponderance of larger �Ip values during the winter months and a minimum over the CONUS during
March–April (see Figure 16 in Orville and Huffines [2001]). In line with Orville and Huffines [2001], region 1
indeed exhibits larger �Ip values during the winter only across the northern CONUS latitudes, but as one
moves closer to the region 1’s coastline, it is the summer-early fall months that exhibit themaximum seasonal
�Ip values. This apparent contradiction to the reports by Orville and Huffines [2001] could be ascribed to the
fact that those authors did not explicitly examine latitudinal �Ip averages. The �Ip latitudinal dependence
established herein was originally implied in Orville [1990] however, that analysis did not report any
temporal-spatial averages. In the context of finding 3, the �Ip latitudinal dependence partially supports
the observations in Orville [1990], according to which larger �Ip values are observed as latitudes decrease,
but only when one considers the typical (northern hemisphere) warmer months.

Findings 3 and 4 are also in accordance with the �Ip continental dominance during winter months reported
in Brook [1992, 1995], Orville and Huffines [2001], and others [e.g., Rivas Soriano et al., 2005; Rudlosky and
Fuelberg, 2011; Chronis, 2012; Nastos et al., 2013; Villarini and Smith, 2013; Hutchins et al., 2013, and references
therein]. Finally, in terms of finding 5 we observe consistently larger +Ip values during the typical winter
months, in agreement with previous studies over the CONUS [e.g., see Orville and Huffines, 2001] and
worldwide [Rivas Soriano et al., 2005; Chronis, 2012; Nastos et al., 2013].

One could further make a simplistic argument according to which, a controlling factor of Ip is the CG counts.
From this viewpoint, a reduced frequency of the CG discharges should further increase the electrostatic
charge accumulation, which would lead to larger Ip values (also discussed in Cooray et al. [2014]). This inverse
relationship has been shown to partially exist on a diurnal (local time) scale across CONUS and Brazil [Chronis
et al., 2015a, 2015b]. Therein, the authors suggest that the weaker, less turbulent morning updrafts promote
larger distances between opposite charge centers leading to larger�Ip values [Chronis et al., 2015a], which in
this context it could be argued that higher (lower) CG counts relate to increased (decreased) turbulent
regimes. However, the temporal and spatial scales implicated herein do not support such dependence. For
instance, region 1 demonstrates maximum �CG counts just on the land-side of the oceanic-continental
boundary (Figure 4a), including part of the�Ip enhancement near the coastline (Figure 6a). In addition, while
the +CG counts follow the same spatial trend as the �CG, the corresponding +Ip values remain practically
unchanged across the coastal boundary. More importantly, any�CG count versus�Ip dependence is further
disputed if one considers that the larger �Ip values encompass the entire wet season of region 1 but in con-
trast the maximum �CG counts encompass from June to August (see Figures 8a and 9a).

Next we discuss how the aforementioned findings could be further considered as supporting or refuting
evidence for the various hypotheses discussed in the previous sections.

4.1. Assessing the Range Effect

Because several of the preceded computations include CG detected ~75–100 km from the respective coast-
line (especially in regions 1, 2, and 4), it could be questioned if NLDN is prone to selectively detect the CG
farther from the network’s sensors hence of larger Ip values [see Mallick et al., 2014]. For instance, the �Ip
reduction observed in region 1 (Figure 6a) along ~28.75°N to 30.25°N could be partly attributed to the
distance of these flashes from the NLDN sensors that are lined up along the coast of Louisiana, Mississippi,
Alabama, and Florida (not shown). Beyond ~200 km, NLDN fails to detect low Ip discharges [Mallick et al.,
2014]. The methods employed in this study cannot fully decouple the �Ip reduction solely associated with
variations in theNLDNdetection efficiency. Nevertheless, the fact that the +Ip exhibit no trend similar to the�Ip
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(e.g., Figures 7a and 7b), in combinationwith the gradual transition of�Ip values across the respective coastlines
(e.g., Figure 6), supports the notion that the oceanic-continental �Ip contrast is cannot be attributed to detec-
tion efficiency. This result is also supported by recent studies [Said et al., 2013; Zoghzoghy et al., 2015].

4.2. Assessing Effects Related to Signal Propagation

Finding 2 (see Figure 5) shows that the coastal �Ip transitions are less abrupt than R, so any hypothesis
relating the electrical conductivity and signal propagation processes (e.g., signal attenuation/gain) also can-
not explain this observation [Said et al., 2013; Cooray et al., 2014]. Furthermore, if surface electrical
conductivity/signal propagation artifacts were at play, then these would also affect the associated +Ip values
(Figure 7), contrary to finding 2. Similar discussion is extended in Orville and Huffines [2001] and Cooray and
Rakov [2011].

4.3. Assessing Effects Related to Attachment Processes

Findings 1 and 3 document a gradual transition to larger (smaller) �Ip values on the ocean (land) side of the
oceanic-continental boundary but no change across the continental-fresh water boundary. Williams [2006]
and Williams et al. [2012] discuss that the faster propagating negative leaders are more likely to close the
gap quickly in the final jump connecting with the upward propagating streamer, especially over a relatively
smoother oceanic surface, consequently leading to more charge being deposited along the leader and
neutralized by the return stroke. Moreover, given the documented “slower final jump” of positive leaders
[Williams, 2006], the role of attachment process could also be supportive of the fact that +Ip do not exhibit
oceanic enhancement, in line with finding 2. This is also in agreement with field observations by
Zoghzoghy et al. [2015], who suggest that attachment processes and the differences in electrical properties
between land and ocean might be contributing to the observed oceanic �Ip enhancement. However, if
attachment processes were the dominant mechanism then this assumption should have been accompanied
by a more abrupt�Ip change (e.g., similar to a step-function) across the ocean-continent boundary. The latter
is not corroborated by the observations herein. Nevertheless given the fundamental differences of electrical
properties between the two media (e.g., conductivity and relaxation times) and in conjunction with the
different temporal/spatial scales implicated in this study, it would be reasonable to suggest that these
processes might partially contribute to the observed �Ip contrast.

4.4. Assessing Coronae Effects

The reported findings might raise questions as to whether the corona mechanism could be a primary contri-
butor to the �Ip oceanic enhancement. As previously discussed, the gradual �Ip enhancement versus the
more abrupt R values changes (see Figure 6) provides clues that the dominant mechanism might lie beyond
a strict environmental boundary (also discussed in section 4.3). Moreover, on the premise that fresh water
and oceanic surfaces should both suppress the coronae generation, the �Ip enhancement ought to be
present over both surfaces, in direct contrast with finding 1. More complex candidate mechanisms could
also be speculated from the perspective that the wind-induced sea-spray generation [see Reiter, 1994] or
precipitation splashing on the ocean surface could effectively generate space charge especially during the
wet season (e.g., Worthington jets [Gathman and Trent, 1968; Muir, 1977; Rein, 1996]).

4.5. Assessing the NaCl Effect

Findings 1 and 3 strongly suggest that the �Ip might depend on some property that is ubiquitous over the
oceanic environment but is unrelated to the Ip retrieval/signal propagation (see sections 4.1 and 4.2). More
importantly, findings 1 and 3 also depict a blurred spatial Ip transition, but a transition that additionally
exhibits a pronounced temporal variation. This evidence suggests that a possible controlling factor pertains
to a larger-scale process, without denying the possible simultaneous contribution of smaller-scale mechan-
isms such as the attachment processes discussed in Williams et al. [2012] (see section 4.3). The postulation
in Cooray et al. [2014] is consistent with the fact that the anticipated NaCl impact should be effective over
oceanic but not fresh water environments, exclusively for the �CG, in line with our findings (e.g., finding
2). Moreover, Cooray et al. [2014] is in further agreement with the latitudinal �Ip distribution (see Figure 9
a), if one considers that processes such as the land-sea breeze enable the NaCl transport inland [e.g., see
Arritt, 1993; Lewandowska and Falkowska, 2013].
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However, the demonstrated temporal-spatial �Ip variation (see Figure 9a) raises a few interesting questions
in regard to whether the NaCl mechanism can be identified as the sole controlling factor of the oceanic �Ip
enhancement. These are as follows: (1) If NaCl is overall reducing the number of�CG counts (due to the pos-
tulated reduction of LPCC [see Cooray et al., 2014]) then why do Figures 8a and 9a indicate that there is a
temporal-spatial overlap between the larger �Ip values and higher �CG counts? (2) How can the NaCl
mechanism explain the temporal-spatial variation exhibited by the �Ip values? Besides, the fact that the
implemented laboratory and thundercloud NaCl concentrations are similar (see section 1.4), we do not have
explicit knowledge of how these vary on a seasonal basis. Yet it would be reasonable to expect that higher
NaCl concentrations in the thundercloud are temporally coincident with the stronger updrafts during the
typical summertime convection (see maximum CG counts; Figure 8a) and transported via processes such as
surface-layer entrainment of wind-induced sea-spray [Blanchard, 1989; Rosenfeld et al., 2002]. Conversely, our
evidence (finding 3; Figure 9a) demonstrates a clear �Ip enhancement that extends beyond the typical
summer season (i.e., ending in approximately October), which begs the question “how can the NaCl mechan-
ism explain the larger�Ip values beyond the summertime convection?” At this point we explore the scenario
where higher sea surface NaCl concentrations (i.e., higher SSS), which under the assumption of e.g., raindrop
splashing or transport of salt particles aloft [Rein, 1996], would also promote higher NaCl concentrations aloft.
Again in this case, additional problems arise in the context that the period of enhanced�Ip values in region 1
coincides with the lowest SSS values (finding 8; Figure 13), hence presumably lower NaCl concentrations aloft.
Based on the discussion extended in section 1.3, this finding might present itself as counterintuitive, but also
contradictive to the findings in Chronis [2012]. Nonetheless, it is important to emphasize that this finding
casts doubt on the role of salinity variations in regulating the oceanic �Ip variations and not the role of
the electrical conductivity differences between land and ocean in regulating the respective�Ip contrast (see
section 1.3).

Interestingly, the apparent discrepancy between SSS and�Ip has provided the analysis with further impor-
tant clues. First and foremost, this seasonal SSS coastal decrease likely relates to the “wet” season of region
1, where the surplus of precipitation increases the fresh water discharge from the Mississippi River and
other streams entering the Gulf of Mexico. It is important to underscore that this SSS decrease is a strictly
local/costal effect and does not imply that, in general, global SSS variations are simply regulated by the pre-
cipitation input. Moreover, the wet season also hints for increased availability of atmospheric moisture,
which also strongly regulates ice properties in thunderclouds. In retrospect, it has been the SSS-Ip-related
finding (finding 8) that led the analysis in hand to the inclusion of the MODIS data. This is what we
discuss next.

4.6. Assessing Rice and Cpr Effects

Studies confirm that the growth of larger ice crystals is favored in environments with higher mixing ratios of
atmospheric water vapor [Duda et al., 2002; Rädel et al., 2003]. In this context, the observed Rice seasonal
enhancement during the months of June through October likely relates to the increased atmospheric water
vapor availability promoted by the higher sea surface temperatures during the typical wet season of region 1.
The temporal-spatial coherence between Rice and SSS (see Figures 11a and 13), at least over the coastal
region 1, supports this argument. More importantly, finding 6 highlights an additional temporal-spatial
coherence, namely that between Rice and �Ip (also shown in Figures 11a and 11c), which constitutes an
important clue in the effort to understand at least part of the observed �Ip land/ocean contrast. Although
the demonstrated temporal-spatial coherence between Figures 11a and 11c does not establish causality,
the strong physical links between ice particle size and lightning occurrence suggest that a possible mechan-
ism controlling part of the�Ip temporal-spatial variations observed across the oceanic-continental boundary
might be ascribed to the variations in Rice.

While the strongest advocates for the Rice candidacy are the robust physical linkages to lightning physics and
the observed temporal-spatial coherence with�Ip, this hypothesis is also not invincible. We observe that the
overall Rice difference across the land/water interface ranges by about ~10%, whereas the respective �Ip
differences are higher (~25–30%; see Figure 11), suggesting that Rice cannot be considered as the exclusive
contributor to the observed �Ip land-ocean contrast. In addition, the Rice spatial-temporal variation cannot
explain the absence of +Ip enhancement across the ocean/land boundary nor account for the �Ip spatial
variations exclusively over land. For instance, the visual comparison between Figures 2a and 10 reveals an
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imperfect spatial relationship between Rice and �Ip. The latter is exemplified by e.g., the relatively higher
continental Rice values over the northern U.S. High Plains (Figure 10) coinciding with the smallest �Ip, values
across the entire CONUS (Figure 2a).

As for the {Cpr, �Ip} temporal-spatial patterns, these do not exhibit any consistent behavior (finding 7 and
Figures 12a–12d). For example, the temporal-spatial Cpr variation in region 1 mainly reveals the transition
from the summer convective activity (June–August, with higher cloud tops hence lower Cpr; Figures 12a
and 12b) to a more stratiform precipitation regime (September to October, with lower cloud tops hence
higher Cpr; Figures 12a and 12b). In contrast, the �Ip temporal-spatial variation (Figures 12c and 12d) is
consistent across both precipitation regimes. As a result, the claims in Orville [1990], according to which
the thundercloud vertical development controls the observed latitudinal �Ip dependence, do not likely
reflect the full story regarding the underlying physical mechanism. While this mechanism may still remain
somewhat elusive and incompletely revealed in the discussions above, it is important to note that the
pioneering observations made by Orville [1990] (i.e., early stages of lightning detection over the U.S.) are still
partially supported by finding 3. Discussion on the possible latitudinal effects is provided next.

4.7. Additional Commentary Regarding Latitude/Longitude Averaging Effects

The implementation of the temporal-spatial Ip analysis herein allows for a closer examination of one major
difference between regions 1 and 4. The findings of Figure 9a show that the �Ip values exhibit a smooth
monotonic transition along the continental-oceanic boundary as we move southwards in region 1. In
contrast, the respective findings for region 4 (Figure 9b) indicate the absence of a similar spatial�Ip gradient.
Arguably, the temperature gradient across region 1 (i.e., meridional, not shown) is expected to be more
prominent than region 4 (i.e., zonal, not shown), therefore enhancing the effects driven by the land-sea
circulation [e.g., see Arritt, 1993; Lewandowska and Falkowska, 2013]. Although the NaCl presence in the
atmosphere is fundamentally associated with the oceanic environment, the low-level sea-breeze induced
circulation across the coastlines, especially during the typically warmer months, is expected to further
promote the NaCl presence just inland over the adjacent continent. The same expectation is valid for the
ice crystals, an argument further supported by the spatial distribution of Rice (Figure 11a). Regardless of which
of the postulated forcing factors is in fact controlling the �Ip oceanic-continental contrast, we speculate that
the temporal-spatial gradients exhibited by the �Ip, over region 1, and their absence over region 4, could be
partially attributed to the effects induced by the land-sea circulation.

5. Conclusions

This study examined several different types of datasets to address why oceanic �Ip values are typically
larger than those over continents. We have provided evidence that the oceanic�Ip enhancement is likely
related to a real physical phenomenon, thereby not associated to retrieval artifacts, in line with Said et al.
[2013] and Zoghzoghy et al. [2015]. Attachment processes concerning the �CG leader propagation could
play a role given the substantial differences in the respective electrical conductivities and the observed
�CG leader propagating speeds [Williams et al., 2012; Zoghzoghy et al., 2015]. However, it is
still uncertain whether such processes can play a leading role, at least on the temporal-spatial scales
studied herein. Given the differences between space charge generation from aqueous and land surfaces,
the effect of coronae [e.g., Williams and Heckman, 1993; Chauzy and Soula, 1999] could also be partially
contributing nonetheless, in light of the absence of �Ip enhancement over fresh water a principal role
to this mechanism cannot be granted. In addition, the �Ip values are clearly independent of cloud top
heights as argued in Orville [1990], although our findings partially support the latitudinal dependence
found by the same author. Temporal-spatial variations in SSS cannot likely contribute to respective �Ip
variations, further contradicting the findings in Chronis [2012]. To fully ascertain the latter, �Ip variations
(or other lightning flash proxies) over pristine oceans should be compared to additional Aquarius SSS
retrievals.

This study also revisited the argument according to which “on average, the oceanic�Ip values are larger than
the continental ones” [e.g., see Orville and Huffines, 2001; Orville et al., 2011]. Our findings show that this argu-
ment requires refinement in that the oceanic�Ip enhancement is most prominent (1) during the wet season
and (2) when the respective averaging is meridional. In contrast, when the �Ip values are zonally averaged,
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despite that the�Ip oceanic-continental contrast is still evident, the seasonal preference shown in region 1 is
nearly absent.

Our findings support the notion that the oceanic �Ip enhancement likely relates to a physical mechanism
that modulates the thundercloud potential (and possibly the breakdown voltage), in partial agreement with
earlier arguments made by Brook [1992, 1995] from observations of larger �Ip values in winter storms. The
strongest evidence in favor of this hypothesis is the gradual/blurred �Ip variation across the land/ocean
boundary. The latter situation has shown distinct preference over a region and during a season, where dyna-
mical mass transfer is expected to be more pronounced. Conversely, our findings also suggest that neither
NaCl or Rice alone can universally explain the observed ocean/land �Ip contrast. For instance, if we argued
that, e.g., Rice drives the contrast between oceanic and continental �Ip, then why not expect the same
mechanism to also drive the continental�Ip variation? The results indicate that this is not the case, but rather
each of the proposed candidates has unique pros and cons, effectively highlighting the apparently complex
nature of the problem. In the same context, if we argued that, e.g., NaCl drives the ocean/land contrast then
problems arise from the highlighted seasonal �Ip variation. One could further speculate that more complex
mechanisms involving both variables, such as the affinity of NaCl for ice nucleation [Wise et al., 2012;Wagner
and Mohler, 2013], might also be important but establishing this argument would require more dedicated
research. Along these lines, emphasis in future studies could be given in the explicit role of the highlighted
wet season and its possible links to other cloud characteristics such as, e.g., cloud horizontal extent as an
effective property for charge storage (i.e., as in electrical capacitors).

Despite that the physical mechanism in question remains elusive and more complicated than previously
suggested, the findings herein are interesting on their own merits. This is because they underline the need
for more in-depth exploration of flash properties other than “counts” but they also contextualize our
knowledge gap in terms of the lightning’s linkages to atmospheric processes other than the systematically
studied severe weather. In the context that the majority of experiments on hydrometeor electrostatic
charging are based on distilled or de-ionized water, it is easily understood that the quantification of the role
of soluble constituents (e.g., such as NaCl) in the thunderstorm charging processes is of critical importance for
furthering our understanding of lightning and thunderstorm electrification [Jayaratne, 2003].

The upcoming Geosynchronous Lightning Mapper (GLM) [Goodman et al., 2013] mission is expected to shed
more light in several questions raised in this paper. For example, the GLM observational continuum of
oceanic flash properties such as, e.g., flash radiances, which have also revealed larger values than the respec-
tive continental [Beirle et al., 2014], might further contribute in identifying the physical mechanism responsi-
ble for this particular oceanic lightning flash superiority.
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