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Observational evidence of reduced Bay of
Bengal lightning since 2020 linked to
cloud responses to shipping emission
regulations
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Lightning plays a crucial role in the Earth’s biogeochemical cycle. Frequent lightning activity over the
Bay of Bengal (BoB) has been attributed to shipping emissions through aerosol-cloud interactions in
modeling studies but lacks observational confirmation. Here, we present observational evidence
linking frequent lightning to the response of deep clouds to ship-emitted sulfate aerosols. These
aerosols cause higher cloud tops in mid-to-high clouds, smaller cloud droplet sizes at the bases of low
clouds, and increased ice water content with smaller ice particles in deep clouds along shipping lanes,
resulting in more lightning strikes than in surrounding areas. The 2020 fuel regulation, which reduced
SO, emissions by 66% over the BoB, led to lower cloud tops, reduced ice water content, larger cloud
droplets, and consequently an 11% decline in lightning frequency during the period of 2020-2023
relative to its climatology. Our findings indicate that shipping emissions contribute at least 17% to the

lightning frequency in the BoB region. This study provides observational evidence that changes in
shipping emissions —particularly those driven by recent regulations —can significantly influence
lightning frequency by altering the microphysical properties of deep clouds. It underscores the broader
atmospheric impact of maritime policies, extending beyond local radiative effects to influence

convective processes and natural hazards.

Atmospheric aerosols have a profound effect on Earth’s radiation budget,
influencing both regional and global climate. They interact with solar and
terrestrial radiation directly by scattering and absorbing radiation' and
indirectly by perturbing cloud micro- and macro-physical properties, such
as cloud condensation nuclei (CCN) and ice nucleating particles (INP)™.
Among various aerosol species, sulfate aerosols have the strongest cooling
effect on the climate system; however, current estimates of this effect remain
highly uncertain’. Human-emitted sulfur dioxide (SO,) is a key source of
sulfate aerosols, and its global emissions have significantly decreased over
the past several decades due to the implementation of air quality regulations,
such as the Clean Air Act in the U.S.". This reduction in SO, emissions may
contribute to the recent acceleration of global warming™™.

Although accounting for only ~10% of global total anthropogenic
SO, emissions’, international shipping emissions play a critical role in
the formation and development of marine clouds through aerosol-cloud

interactions, largely owing to the low background concentration of
sulfate aerosols from natural sources over the open ocean. Ship-emitted
SO, can affect shallow clouds over the Pacific and Atlantic Oceans and
deep clouds in strong convection systems'’. The “anomalous cloud
lines”, i.e., long strings of bright low-marine clouds around ship exhaust,
were first observed in 1965 by satellite and later known as ship tracks''.
Since then, numerous studies have investigated the formation
mechanism of ship tracks through both observations and numerical
simulations. It is found that sulfate aerosols from shipping emissions act
as CCN and promote the formation of marine low clouds'>"". On the
other hand, the impacts of ship-emitted sulfate aerosols on deep clouds
are reflected by the enhanced lightning frequency over two major
shipping lanes in the Bay of Bengal (BoB) and South China Sea com-
pared to its surrounding regions [e.g., ref. 16], as shown in Fig. I.
Nevertheless, the mechanisms of the enhanced lightning remain
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Fig. 1 | Climatology and changes of SO, emissions and lightning density.
aTopography (m) and climatology (2012-2022) of sea surface temperature (SST; K)
and circulations (m s™') at 850 hPa. b, d SO, emission rate (tons km ? yr ") from
international shipping and lightning density (strokes km™* yr™) averaged over
2012-2019. ¢, e Differences in SO, emission rates and lightning density during
2020-2022 vs. 2012-2019. The percents in panels (c) and (e) indicate the area-
averaged changes of SO2 emissions and lightning density within the shipping lane
(i.e., black polygon). Circles in panel e indicate grid cells with statistically significant

differences at 95% confidence level. The SST and circulation data are from ERAS5;
SO, emission and lightning data are from CEDS and WWLLN. The blue box
represents the domain of interest. The grid cells enclosed by the black polygon are
defined as the shipping lane and the remaining grid cells within the blue box are
defined as the reference lane. The red box in the inset map shows the location of the
study domain over the Bay of Bengal. For more details, please refer to the Methods
section. The figure was created using Matplotlib Python package.

disputed despite extensive research efforts, mainly due to alack of robust
observational evidence of aerosol-induced changes in cloud micro-
physical properties. Modeling studies hypothesize that shipping aerosols
enhance deep convection (i.e., strengthening updraft, increasing con-
vective cloud top height, and causing larger ice particles) and thus storm
electrification in the shipping lanes'®™", but observational studies based
on the close relationship between the locations of ship transponder
events and lightning strokes suggest that tall ships extending up into a
high electric field environment could facilitate lightning discharges and
thus enhance lightning activity, namely the direct ship interactions™.
In January 2020, the International Maritime Organization (IMO)
imposed a new regulation to reduce sulfur emissions from ships. The
new regulation (hereafter IMO 2020) mandates a maximum sulfur mass
content of 0.5% (versus 3.5% previously) in marine fuel globally. Con-
sequently, global SO, emissions from international shipping decreased
from 10.4 Tgin 2019 to 3.0 Tg in 2020 (i.e., a 71% reduction)”'. This new
regulation provides a unique opportunity to study the influences of
shipping emissions on cloud formation and lightning intensification in
observations. A satellite-based study has already found a reduction of
50% in ship tracks since 2020 compared to the climatological mean over
the North Pacific and North Atlantic Oceans™. The decreasing ship
tracks and consequently the reduction in cloudiness have generated a
positive radiative effect at top of the atmosphere in the order of

0.1 W m ™ at the global scale®***** that could contribute to the record-
breaking global temperatures in 2023 and 2024"".

However, how deep convective clouds respond to the decrease in sulfur
emissions from ships due to IMO 2020 remains an open question. A recent
study” demonstrated a decline in warm liquid cloud-base drop number
along the shipping lane over the BoB during the period of 2020-2023
compared to 2010-2019, which may be partially responsible for a 40% drop
in lightning density. Although lightning is a complicated process and a
significant knowledge gap still exists regarding the exact details of its for-
mation mechanism, it is widely accepted that the occurrence of lightning
involves two key processes: separation of electric charge and generation of
an electric field above some threshold within a thunderstorm™”. The
dominant process of deep convective cloud electrification is the non-
inductive charging mechanism where charge separation is achieved through
rebounding collisions between larger and denser graupel or hail particles in
downdrafts and smaller ice crystals in strong updrafts in the presence of
supercooled liquid water™. Since graupel and hail particles develop from ice
crystals, the latter play a vital role in lightning occurrence—storms that
produce large quantities of ice crystals produce lightning with a high
chance””. Ice crystals form through heterogeneous or homogeneous ice
nucleation processes, depending on temperature and the availability of
INP’"*. Both ice nucleation processes require temperatures below freezing
and supercooled water, implying that clouds must develop at high altitude.
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Fig. 2 | Kriging analysis of lightning density. Maps of factual (observed; first row)
and counterfactual (second row) values for annual lightning density (strokes km ™
yr ') over the Bay of Bengal for the pre-regulation climatology 2012-2019 (a) and
(d), and the immediate pre-regulation 4-year period 2016-2019 (b) and (e), and the
post-regulation 4-year period 2000-2023 (c) and (f). The grid cells outlined by black

lines are the shipping lane area and the other grid cells are the reference lane area.
The number in each panel is the area-averaged lightning density within the shipping
lane area. Data are from WWLLN. The figure was created using Matplotlib Python
package.

Therefore, examining changes in deep cloud properties, such as cloud top
height, sizes of water droplets and ice particles, and ice water path that can
influence the formation and abundance of ice crystals and thus graupel and
hail, can provide direct and compelling evidence for how changes in ship-
ping emissions influence lightning activity. It is worth mentioning that this
study does not aim to investigate the details of charge separation mechan-
isms; instead, by examining changes in cloud properties that are closely
linked to ice crystal formation and abundance, it provides observational
evidence that a reduction in ship-emitted SO, can decrease lightning
activities by modulating ice crystal formation processes.

Specifically, by analyzing cloud properties, especially deep cloud
microphysics from multiple satellite products and surface lightning obser-
vations, we have proposed a physical mechanism that is responsible for the
frequent lightning activity along the major shipping lane over the BoB and
further attributed the weakened lightning after 2020 to the IMO 2020. The
BoB is selected because the lightning density demonstrates a vivid contrast
between the enhanced values along a narrow shipping corridor in the east-
west direction versus reduced values surrounding the major shipping lane
over the BoB (Fig. 1). The meridional contrast in lightning density makes
this region ideal for examining the effects of ship-emitted aerosols. The
effects of shipping activity on lightning are quantified by examining the
differences between the factual (observed) and counterfactual values of
cloud micro- and macro-physical properties. The counterfactual values are
estimated using the regression kriging method and represent the values the
variables would have if the impacts of shipping emissions were largely
removed or minimized, i.e., only the impacts of meteorological factors are
considered. The random forest regression model was used and trained at the
grid cells over the reference lane where the least shipping impact was
expected. The well-trained regression model was then applied within the
shipping lane to estimate the counterfactual values of a variable assumed to
be unaffected by the shipping impact. For details of the regression kriging
method, please refer to the Methods section. Our analyses showed that i)
shipping emissions are linked to higher mid-to-high cloud tops, smaller
radius of low cloud droplets, smaller cloud ice particles (4-20 km), and
greater ice water path, which promotes the formation of strong convection

and thus lightning; ii) the impacts of shipping emissions on cloud properties
have been significantly reduced since the implementation of the IMO 2020;
and iii) the IMO2020 weakened the lightning activity over the BoB by at least
11% after 2020 and shipping emissions contributed at least 17% to clima-
tological lightning activity over the BoB. Our results provide multiple
observational evidence that ship emissions significantly strengthened
lightning activity and were responsible for the weakened lightning over the
BoB after 2020, underscoring the important impacts of human activity on
cloud properties and natural hazards.

Results

Enhanced lightning resulted from shipping emissions and their
reduction after IMO 2020

Enhanced lightning activities over the major shipping lane with refer-
ence to its surrounding regions over the BoB are detected in the recent
decade. Here, the lightning activity is characterized by lightning density,
which is defined as the number of lightning strokes per unit area over a
specified period. Annual lightning density is calculated with units of
strokes km™ year™'. Figure 2a-c demonstrates the observed lightning
densities for three periods: 2012-2019 (climatology), 2016-2019
immediately before the IMO 2020 regulation (pre-regulation), and
2020-2023 immediately after the regulation (post-regulation). The
enhanced lightning density was observed in an east-west-oriented area
along the major shipping lanes over the BoB (black box in Fig. 2a) from
2012 to 2019. Along the shipping lanes, a maximum lightning density of
~2 strokes km™* year ' was observed in latitudes from 5°N to 6°N.
During the pre-regulation period of 2016-2019, although the enhanced
lightning densities were obvious along the shipping lane, the magnitudes
were close to the climatological level: with an area-average value of 0.86
for 2016-2019 vs. 0.98 strokes km ™ year ™" for the climatology. However,
during the post-regulation period of 2020-2023, the lightning densities
within the shipping lane area decreased to 0.63 strokes km * year (i.e.,a
36% decrease from the climatology). The coincidence of reductions in
shipping emissions and lightning frequency over BoB after the imple-
mentation of IMO 2020 suggests a potential link between the two.
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Fig. 3 | Maps of differences between the observed vs. counterfactual values.
Observed minus counterfactual differences are shown for a—c lightning density p
(strokes km* yr™'), d—f height h of mid-to-high cloud top (km), and g-i radius r
(um) of low cloud droplet. Circles indicate grid cells with statistically significant

differences at 95% confidence level. The number in each panel is the area-averaged
values within the shipping lane area. Data are from WWLLN and CERES. The figure
was created using Matplotlib Python package.

We quantify the effects of shipping emissions on lightning by exam-
ining the difference between the factual (observed) and counterfactual
values of the lightning density. Figure 2d—f shows that the enhanced light-
ning density along the major shipping lanes is almost absent in the coun-
terfactual values, implying a significant positive impact of sulfate aerosols
emitted from ships on the lightning density. Figure 3a—c shows the differ-
ences between the factual vs. counterfactual values of lightning density.
Increases in lightning density due to shipping activity are most evident along
the major shipping lane around 5.5°N. The area-averaged increases within
the shipping lane area are 0.17 (17%), 0.11 (13%), and 0.06 (10%) strokes
km? year " for the climatology, pre-regulation (2016-2019), and post-
regulation (2020-2023), respectively. The increase in lightning activity
along the shipping lanes over the BoB in the climatology supports the
findings of previous studies [e.g., ref. 17]. In the post-regulation period, the
number of grid cells with a statistically significant increase (above the 95%
confidence level) in lightning density has decreased to 11 (~50%) vs. 25 and
19 for the climatology and pre-regulation periods, respectively.

To assess how different the shipping perturbed lightning activity and
cloud properties (i.e., observed minus counterfactual values) are during the
post-regulation period 2020-2023 versus prior 4-year periods (2012-2015
and 2016-2019) and their climatological values, we estimated and com-
pared the probability distribution functions (PDF) of the area-averaged
shipping perturbation values within the shipping lane using the Bootstrap
method, as shown in Fig. 4a. The PDF for the post-regulation period
(2020-2023) is statistically significantly different at the 95% confidence level
from that for the climatology (2012-2019): the 95% confidence intervals of
the two PDFs have no overlap. This indicates that the IMO 2020 regulation
has significantly weakened the lightning activity in the shipping lane area
over the BoB. Note that the PDFs for the periods of 2012-2015, 2016-2019,
and 2020-2023 demonstrate a shift toward zero difference, but the first two
PDFs before the IMO 2020 regulation overlap with the PDF for the cli-
matological period. The above results demonstrate that the IMO 2020
regulation has resulted in a weakened impact of shipping emissions on the
lightning density over the BoB.

Response of cloud top height and droplet size to shipping
emissions

The physical mechanism of the enhanced lightning density over the ship-
ping lane area and its weakened magnitude after the IMO 2020 regulation
can be understood by examining cloud responses to shipping emissions.
Two cloud properties are analyzed: the height of the mid-to-high cloud top
and the radius of the cloud droplet of low water cloud. The former is closely
linked to the strength of deep convection where lightning occurs, and the
latter is highly susceptible to aerosol concentrations since i) cloud droplets
generally tend to be smaller in environments with higher aerosol con-
centrations and constant water vapor supply, and ii) the low cloud is usually
the place where aerosols enter the clouds and get activated to form CCN and
INP. Here, we argue that although low clouds are generally considered to
have little contribution to lightning occurrence, in strong convective regions
like the BoB, low clouds such as small cumulus clouds can develop into
cumulonimbus clouds™ and thus can be linked to lightning activity.

The observed and counterfactual heights of the mid-to-high cloud top
are shown in Supplementary Fig. S1. For the climatology and pre-regulation
periods, the observed heights illustrate greater values of up to 9.6 km along
the major shipping lane around 6°N than those in the reference lane area.
However, the contrast of the heights between the shipping and reference
lanes becomes weaker for the post-regulation period of 2020-2023. The
differences between the observed and counterfactual heights are 50 and
40 m for the climatology and pre-regulation periods, respectively, which are
much greater than the post-regulation value of 20 m, as shown in Fig. 3d-f.
These differences have the same order of magnitude as the standard
deviation (56 m) of the heights between 2012 and 2023, suggesting that the
differences are quite large despite their magnitudes being 2-3 orders smaller
than the absolute values of the cloud height. Note that the above analysis of
CERES mid-to-high cloud top height bears poorly quantified uncertainty
since the uncertainty of CERES cloud top height retrievals varies, depending
on cloud types and atmospheric conditions™. Moreover, the areas with
statistically significant differences are larger in the climatology (14 grid cells)
and pre-regulation period (12 grid cells) than in the post-regulation period
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Fig. 4 | Probability density for the Ship minus NoShip difference. The probability
densities are estimated over the shipping lane grid cells for the annual a lightning
density (strokes km 2 yr '), b altitude (km) of the mid-to-high cloud top, and

c radius (um) of the low cloud droplets. They are calculated through the Gaussian
Kernel Density Estimation method. The gray, red, blue, and green curves are the

differences for the pre-regulation climatology (2012-2019), 2012-2015, 2016-2019,
and 2020-2023, respectively. The solid, dashed, dotted, and dash-dotted lines

represent various p-values. Shadings and filled circles indicate the 95% confidence
intervals of the distributions. The three legends across the three panels are applicable
to each of the three panels. The figure was created using Matplotlib Python package.

(3 grid cells). The area-averaged heights within the shippinglane area during
the post-regulation period are statistically significantly lower than those
during the periods before the IMO 2020 regulation: no overlap between the
PDF during the post-regulation vs. the PDFs for other periods, as shown in
Fig. 4b. These results indicate that higher mid-to-high cloud top is associated
with the enhanced lightning density, and this association has been weakened
after the IMO 2020 regulation. The elevated height of the mid-to-high cloud
top along the major shipping lane is further verified by the relatively low
cloud top temperature and pressure (Supplementary Figs. S2, S3). Further
analysis shows that shipping-induced impacts on cloud top temperature
and pressure of mid-to-high clouds have been reduced during the post-
regulation period (Supplementary Fig. S4). Although CERES retrievals of
cloud top properties have considerable uncertainties, the consistent changes
in height, temperature, and pressure of the mid-to-high cloud top indicate
strong robustness of the above analysis.

The elevated height of the mid-to-high cloud top along the major
shipping lane is consistent with previous findings that smaller cloud
droplets in polluted regions due to high aerosol concentrations lead to
longer cloud lifetime and taller cloud top®. Supplementary Fig. S5
shows a mean radius as low as 13.5 um along the major shipping lane

around 6°N during all periods vs. a greater mean radius up to 15 um
within the reference lane area. The radius during the post-regulation
period has increased compared with that during the pre-regulation
period, which is associated with the emission reduction of sulfur oxides
from ships after the IMO 2020 regulation. Figure 3g-i shows that the
differences of the radius between the observed and counterfactual values
are negative and have greater magnitudes of 0.15 and 0.13 um for the
climatological and pre-regulation periods, respectively, than that for the
post-regulation period with a value of 0.08 um. The area with statistically
significant negative differences is also larger during the first two periods
(24 and 13 grid cells) than during the post-regulation period (6 grid
cells). These results suggest that the impacts of shipping emissions on
cloud droplet size have been reduced after 2020. The PDFs of the area-
averaged radius within the shipping lane during various periods are
shown in Fig. 4c. Although the 95% confidence intervals of all PDFs are
far from zero, they overlap with each other due to their large variations.
The increase in cloud droplet radius of low cloud during the post-
regulation period is consistent with the results of a recent study that
demonstrates a decrease in cloud droplet number concentrations at
warm cloud-base along the shipping lane over the Indian Ocean™. The
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Fig. 5 | Vertical distribution of ice water content. Vertical distribution (shading)
and column-integrated (line) values of the zonal (85-90 °E) mean of the meridional
annual ice water content (g m°) for a pre-regulation climatology (June
2006-December 2019), b post-regulation (January 2020-June 2023), and ¢ their
difference. Ice water path (IWP) is integrated from 3 to 15 km, beyond which altitude

range ice water content is close to zero. Error bars indicate the 95% confidence
interval. Open and filled circles in panel (c) represent differences with p > 0.1 and
P <0.1, respectively. The bootstrap method was used to estimate the p values. Data
are from CALIPSO/CALIOP. The figure was created using Matplotlib Python
package.

larger but fewer cloud droplets could enhance the downdraft yet weaken
the updraft, which constrains the cloud top to a relatively low altitude
and in turn reduces the production of ice crystals and thus graupels,
ultimately lowering the chance of rebounding collisions, charge
separation, and lightning occurrence in a thunderstorm®.

Variations in deep cloud properties due to shipping emissions

Since lightning activity is closely associated with deep cloud formation™*,
the vertical profiles of deep cloud ice properties are further analyzed in this
section. The above analyses show that both shipping emissions and light-
ning density demonstrate strong meridional variations from 1° to 11° N,
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Fig. 6 | Vertical distribution of ice particle radius.
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with the peak values at ~5.5°N, so similar meridional variations in deep
cloud ice properties are also expected around this latitude. Here, vertical
profiles of ice water content and ice particle radius from CALIPSO and
CloudSat retrievals, as well as their changes after the IMO 2020 regulation,
are examined (Figs. 5 and 6). Elevated ice water content over 20 g m > was
observed between the altitudes of 8 and 13 km (Fig. 5a). As expected, a peak
of ice water path integrated between 3 and 15 km was observed at 5.5°N
during the period of 2006-2019. However, such a peak disappeared during
the post-regulation period of 2020-2023 (Fig. 5b). The changes in the ice
water content and ice water path from 2006-2019 to 2020-2023 were
dominated by negative values and showed maximum magnitudes at 5.5°N
(Fig. 5¢). Note that the decrease in ice water path was statistically significant
at the 90% confidence level only at 5.5°N with a value of —500 gm™ vs.
—200gm™ at other latitudes, which highlights the impact of shipping
emissions on the ice water path.

The higher ice water content along the shipping lane versus in the
reference lane is consistent with the meridional variability of the sizes of ice
particles. Figure 6. illustrates that the column mean radius is ~13 pm
between 4 and 20 km. In the vertical direction, ice particles are larger
between 6 and 10 km and generally decrease with altitude above 10 km. In
the meridional direction, ice particles are relatively smaller at latitudes from
4.5 t0 6.5°N with a minimum radius of 10.5 pm at 5.5°N, which is consistent
with the elevated shipping emissions along the shipping lane that tend to
result in smaller ice particles. Note that we did not show the difference in ice
particle radius before and after the IMO 2020 regulation due to a lack of
CloudSat data after August 2020. Our results show that although the ice
water path is enhanced along the major shipping lane, the ice particles are
smaller than those in the reference lane, implying that the shipping
emission-induced increase in ice particle number concentration may have
dominated the increase in the ice water path.

Meanwhile, it is worth noting that 1) the meridional ice properties in
Figs. 5 and 6 are averaged over the zonal range of 85°E-90°E instead of the
full zonal width of the shipping lane because the enhanced lightning den-
sities due to shipping emissions are most obvious in this zonal range (Fig.
la—c); 2) the 95% confidence intervals of ice water path is larger in the post-
regulation period (Fig. 5b) than in the pre-regulation period (Fig. 5a), which
is due to a shorter period of observations since 2020 and could reduce the
statistical robustness of the changes in ice water path since 2020 (Fig. 5¢). We
believe that the statistical robustness will be improved when more obser-
vations are available; and 3) ice water content retrieved by CALIPSO lidar
only represents ice in the very tops of deep convective clouds given the large
opacity of such clouds. Thus, Fig. 5 may also indicate another possibility that
deep cloud top shifts toward a lower height vs. the changes in the deep cloud
microphysics analyzed above. Anyway, both possibilities suggest reduced
convection activities and thus less lightning activities due to the reduction in
shipping emissions.

Potential impacts of direct ship interactions and meteorological
conditions on lightning frequency

The above analyses support the previous hypothesis that the ship-
emitted SO, can modify the lightning activity over the BoB through
the aerosol-cloud interactions, but they do not rule out the potential
importance of the direct ship interactions in the lightning enhance-
ment. Ships emit both SO, and nitrogen dioxide (NO,), but no new
regulation on NO, emissions from ships has been implemented since
2020. Therefore, shipping activities after 2020 can be approximated
by the column density of NO, remotely sensed from space, as shown
in Fig. 7a. Enhanced NO, density is observed along the major ship-
ping lane over the BoB compared to the surrounding oceanic regions,
indicating that NO, density can be safely used to represent shipping
activities. Note that the enhanced NO, density could also be partially
attributed to the enhanced lightning, given thatlightning can produce
nitric oxide (NO) that can be further oxidized into NO,***. While
NO, density showed positive changes over the South China Sea from
2019 to the post-regulation period (2020-2023), no spatially homo-
geneous changes were observed over the BoB. Therefore, we argue
that i) the enhanced NO, is dominated by direct shipping emissions
rather than enhanced lightning-produced NO,; and more impor-
tantly, ii) the direct ship interactions alone can hardly explain the
lightning enhancement; and in addition, iii) the 36% reduction in
the lightning density during the post-regulation period can be
attributed to both the IMO 2020 regulation and changes in the
meteorological conditions because shipping activities showed little
changes after 2020.

The contribution of the changes in meteorological conditions to the
reduced lightning density after 2020 within the shipping lane area can be
estimated using the counterfactual values in Fig. 2d, f as —0.24 (0.57 minus
0.81) strokes km > year™' (—24%). Then the contribution of the shipping
emissions is —0.11 (—0.35 in total variations minus —0.24) strokes km™>
year ' (—11%). Ideally, the counterfactual values should represent the
impacts of meteorological conditions alone. However, because small but
nonzero shipping emissions are present in the reference lanes, the coun-
terfactual values contain the impacts of both meteorological conditions and
shipping emissions on the lightning density. Therefore, the estimated
impact of the meteorological conditions here represents its upper bound
value, yet the estimated impact of the shipping emissions represents its lower
bound value.

The Community Emissions Data System (CEDS) demonstrates that
SO, emissions from international shipping over the shipping lane in the
BoB decreased by 66% from the period of 2012-2019 to 2020-2022. By
assuming a linear relationship between SO, emissions and lightning
density, a zero SO, emission from shipping would result in a reduction of
at least 17% (11%/66%) in lightning density.
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Discussion

In this study, we use data from a global lightning location network and
satellite-retrieved cloud products to investigate the physical mechanisms
behind frequent lightning activity along the major shipping lane over the Bay
of Bengal (BoB). Additionally, we examine the reduction in lightning density
and changes in cloud properties resulting from the IMO 2020 regulation.
Our findings show that the enhanced lightning density along the shipping
lane, centered at ~5.5°N, compared to surrounding regions, is closely linked
to changes in cloud properties, including higher tops of mid-to-high clouds,
smaller cloud droplets in low clouds, greater ice water paths between 3 and
15km, and smaller ice particles between 4 and 20 km. These changes in
cloud properties are attributed to sulfate aerosols from shipping emissions.
Further analysis reveals that the contrasts in all these cloud properties except
ice particle radius between the shipping lane vs. surrounding regions have
significantly decreased after the implementation of stricter sulfur emissions
regulations by the IMO in 2020. Given that satellite data shows no significant
change in shipping activity, we conclude that the reduction in shipping
emissions is the main driver of the 11% decline in lightning activity since

2020. The interactions between ship-derived sulfate aerosols and clouds
likely play a more important role than direct shipping interactions in this
reduction in lightning occurrence. Our results provide robust observational
evidence of the impact of anthropogenic sulfate aerosols on deep convection
by modulating both micro- and macro-properties of clouds. More specifi-
cally, reduced sulfate aerosols can result in less but larger cloud droplets,
which could cause stronger downdraft and thus weaken the updraft in a
thunderstorm, consistent with the observed lower cloud top. A lower cloud
top could constrain the supercooled water at a relatively warm temperature,
which in combination with less INP due to reduced sulfate aerosols can
reduce the production of ice crystals through the heterogeneous ice
nucleation process, as indicated by observed less ice water path. A less ice
water path implies less latent heat released within the thunderstorm which
can inhibit further development of the thunderstorm into a higher altitude,
forming a positive feedback loop. The above discussed changes in shallow
and deep cloud properties initialized by the ship-induced reduction in sulfate
aerosols could ultimately reduce the rebounding collisions between graupels
and ice crystals, charge separation, and lightning activities.
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Three key caveats should be considered in this study. First, the
assumed linear relationship between the reductions in sulfur emissions
due to the shipping regulations and changes in lightning density may
introduce uncertainties, particularly when estimating the relative
importance of aerosol-cloud interactions versus direct shipping
interactions on lightning enhancement over the BoB. Future studies
should address this uncertainty by using numerical models that well
capture the non-linearity in aerosol-cloud interactions™*’. This
uncertainty may also be addressed based on future observations if the
IMO implements even stricter sulfur content regulations (e.g., redu-
cing sulfur from 0.5% to 0.1%). The second caveat concerns the
counterfactual values derived using the kriging method. While these
values help isolate the impacts of shipping emissions, they may still
underestimate their full effects on clouds and lightning. Quantifying
the extent to which this underestimation could bias the attribution of
the lightning changes to the shipping emission regulation is challen-
ging based on observations but could be well addressed through model
simulations in future research. The third caveat relates to the season-
ality of lightning activities and its decline since 2020. Preliminary
analysis (Supplementary Fig. S6) shows more frequent lightning and
greater declines during convectively active seasons (boreal winter and
spring) compared to other seasons. This study focuses on annual rather
than seasonal changes due to the limited data (only four years since
2020), which makes robust statistical analysis of seasonal changes
challenging. As the first attempt to demonstrate the statistical
robustness of the lightning density changes during the climatology and
post-regulation periods, we calculated standard errors of the monthly
means based on the interannual variability. As shown in Supplemen-
tary Fig. S6, no overlap was seen between the monthly mean lightning
densities + one standard error during the two periods in all months
except for July, August, and March, indicating the monthly changes are
robust based on the applied statistical method. The annual means of
lightning densities are 0.98 + 0.06 vs. 0.63 + 0.03 (one standard error)
strokes km™? yr™' for the climatology and post-regulation periods,
respectively. The two numbers are far part by more than 3 standard
errors, indicating the decrease in annual lightning density is very
robust. As more data becomes available, more sophisticated and
powerful statistical methods can be used to estimate the confidence
intervals of the changes in the lightning activities.

Previous studies have highlighted that the enhanced lightning activity
along the shipping lane, compared to surrounding regions, is most evident
over the BoB and South China Sea'”*’. However, a question remains: Why is
lightning enhancement not observed over other busy shipping lanes, such as
the Gulf of Mexico, which are far from continental influence and possess
convective environment? One possible reason is that ship-derived sulfate
aerosols may not lead to a significant increase in ice cloud particles along
these shipping lanes, possibly due to differences in atmospheric dynamics or
thermodynamical conditions. Future research contrasting environments
over shipping lanes with versus without lightning enhancement could
provide insights into aerosol activation conditions in deep convective
storms, where observing cloud properties remains challenging from both
satellites and aircraft.

Although this study focuses on a regional domain, its findings have
significant implications for the global climate. As more countries
implement stricter air pollution standards to improve air quality, sulfate
aerosols and other hygroscopic aerosol species—-key CCN and INP-are
showing decreasing trends across continents, particularly in North
America, Europe, and East Asia**. The decline in these aerosol con-
centrations may reduce lightning activities on a global scale, potentially
leading to fewer lightning-ignited wildfires”™ and a decrease in
lightning-produced nitrogen oxides™*, which could disrupt Earth’s
biogeochemical cycles. Moreover, a better understanding of meteor-
ological conditions for aerosol activation could reduce uncertainties in
the estimates of global aerosol forcing and climate sensitivity, ultimately
improving the accuracy of future climate projections.

Methods

WWLLN

(The World Wide Lightning Location Network) observes global lightning
strokes from 2004 to the present’. WWLLN operates over 70 sensors
around the world, each of which monitors very low-frequency radiation and
detects lightning strokes”. Each lightning stroke is recorded with latitude,
longitude, and time stamp when at least five sensors detect the stroke. The
location and time accuracy are 3.4 km and 1 microsecond, respectively*. In
this study, the raw data are re-gridded into a regular latitude-longitude grid
map of 1° x 1°. The annual lightning density is calculated by aggregating the
counts of lightning strokes within each grid cell over a year and then dividing
the total number of lightning strokes by the area of each grid cell, resulting in
a unit of strokes km > year™". Here, only data from 2012 to 2023 are used
because the number of sensors has continued to increase before 2012%,
which could introduce uncertainty in our analysis and thus be neglected.

CEDS

(The Community Emissions Data System) estimates anthropogenic emis-
sions by country, sector, and fuel*’. The emissions are estimated based on 1)
energy production and consumption data compiled by the International
Energy Agency, 2) population data from the United Nations and World
Bank, and 3) emission factors for combustion and non-combustion emis-
sions. The data have an annual temporal resolution and two spatial reso-
lutions at 0.5° x 0.5° and 0.1° x 0.1°, covering a period from 1750 to 2022.
The data are interpolated to 1° resolution to keep consistency with other
datasets. Here, SO, emissions from the sector of international shipping
(1A3di-International-shipping) are used to find the shipping lanes over the
Bay of Bengal. The data are available at https://github.com/JGCRI/CEDS.

CERES

(The Clouds and the Earth’s Radiant Energy System) instrument onboard
the Terra satellite measures the Earth’s energy budget and cloud
properties’. Cloud properties are extracted from the level 3 gridded 1° x 1°
monthly averages of the Single Scanner Footprint product (SSF1deg)™.
These properties include cloud top height for mid-to-high clouds and water
particle radius at 3.7 pm for low clouds. The low and mid-to-high clouds are
defined as clouds between surface and 700 hPa (~3 km) and between
500 hPa (~5 km) and 300 hPa (~9 km), respectively. The monthly data from
January 2012 to December 2023 are used.

CALIOP

(The Cloud-Aerosol Lidar with Orthogonal Polarization) instrument
onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vations (CALIPSO) satellite is used to obtain the vertical profiles of ice cloud
microphysical properties™*. The properties of the ice cloud are derived
from the extinction profiles of the clouds at 532 nm. Here, the level 2 cloud
profile product (CAL_LID_L2_05kmCPro-Standard-V4-51) of ice water
content was analyzed. The cloud profiles have 399 layers that extend from
the surface to an altitude of 29.8 km, with vertical resolutions of 60 and
180 m below and above 20.2 km, respectively, and a horizontal resolution of
5 km. In total, there are 488,349 profiles selected within a rectangular area of
1-11 °N and 80-98 °E from June 2006 to June 2023. The spatial distribution
of these profiles is shown in Supplementary Fig. S7.

2C-ICE

(The CloudSat and CALIPSO Ice Cloud Property Product) provides profiles
of effective radius and other properties of ice clouds. The 2C-ICE product
was produced by combing the measured radar reflectivity factor by
CloudSat and measured attenuated backscattering coefficients at 532 nm by
CALIOP to reduce the biases of ice cloud retrieval’>*. The profiles have 125
layers that extend from the surface to 24.9 km, with a vertical and horizontal
resolutions of 240 m and 1.1 km, respectively. There is a total of 1,184,075
profiles within the area of 1-11 °N and 80-98 °E from June 2006 to
December 2019. Note that following the re-gridding method used in the
WWLLN dataset, both the profiles of CALIOP and 2C-ICE are re-gridded
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into a regular latitude-longitude grid map of 1° x 1° to keep consistency with
CERES data resolution.

ERA5

(The European Centre for Medium-Range Weather Forecasts (ECMWEF)
Reanalysis v5) is the atmospheric reanalysis of global climate”. It has a
spatial resolution of 31 km, covering a period from January 1940 to present.
Here, monthly horizontal wind fields at 850 hPa from 1940 to 2023 are
averaged to achieve the climatology.

TROPOMI

(The TROPOspheric Monitoring Instrument) onboard the European Space
Agency Copernicus Sentinel-5 Precursor satellite monitors trace gases and
aerosols for air quality and climate research™. It is a low Earth orbit polar
satellite with a swath width of 2600 km, which makes it have a daily near-
global coverage. Based on radiance measured in the ultraviolet-visible-near
infrared-shortwave infrared spectrum, TROPOMI retrieves aerosol prop-
erties and atmospheric densities of trace gases including NO,, SO,, O3, CO,
CH,, and CH,O with a spatial resolution of 5.5 km x 3.5 km. Here, NO, and
SO, data of version 2 from 2019 to 2023 are used. NO, and SO, retrievals are
based on the radiance in the visible (400-496 nm) and ultraviolet-visible
channels, respectively” ™. Not that the retrieval accuracy of SO, con-
centration in the troposphere from space is intrinsically limited by the
Rayleigh and Mie scattering and ozone absorption of ultraviolet radiation,
which hampers the penetration of ultraviolet radiation to the lowest
atmospheric layer”. Consequently, SO, concentration does not show a clear
footprint along major shipping lanes, as shown in Supplementary Fig. S8.

Identification of shipping and reference lanes

The shipping lane is identified based on CEDS SO, emissions of one-degree
spatial resolution following the method of Diamond™. For each longitude
between 82 °E and 94 °E, the shipping lane grid cells are identified as those
with annual maximum SO, emission rates between 1 °N and 11 °N as well as
two grid cells to the south and two to the north. This results in 55 shipping
lane grid cells as shown in Fig. 1, with the coordinates of 11 grid cells at the
center of the ship lanes (longitude: increasing from 83.5 to 93.5 °E by every
degree; latitude: 5.5, 5.5, 5.5, 5.5, 5.5, 5.5, 6.5, 6.5, 6.5, 6.5, and 6.5 °N). The
reference lane grid cells are defined as those within a box area of 80-98 °E
and 1-11 °N excluding the shipping lane grid cells. The strong seasonality of
wind direction (i.e., from northerly to southerly shifts in winter and sum-
mer) over the Bay of Bengal can disperse the shipping emissions to the
adjacent regions of the east-west oriented ship track. Therefore, including
two degrees to the south and two degrees to the north in the definition of the
shipping lane can largely reduce the impacts of emission dispersion on the
robustness of the Kriging method.

Regression kriging
Kriging is a geostatistical interpolation algorithm to estimate a field at
locations without observations by using nearby observations based on the
assumed spatial covariance in the field”. Regression kriging is employed
here that combines regression of the dependent variable in auxiliary
information with interpolation of the residuals of the regression model®.
Unlike universal kriging, which directly uses the auxiliary information to
solve kriging weights, regression kriging explicitly separates trend/drift
estimation from the residual interpolation, allowing the use of complex
regression models rather than the simple linear regression method. Using
the method similar to Diamond™, the random forest regression model is
selected as the mean function with regressors taking the form of various
combinations of SSF1deg auxiliary data (i.e., surface skin temperature (SST),
wind speed (WS), estimated inversion strength (EIS)) and coordinate data
(i.e., longitude (lon), latitude (lat), lon?, lat?, and product of lat and lon), as
determined by the combination that maximizes the coefficient of determi-
nation associated with the regression model.

In this study, the effects of shipping activity on lightning density and
cloud properties are quantified by examining the difference between the

factual (observed) and counterfactual values of cloud micro- and macro-
physical properties. The counterfactual values are estimated in the absence
of shipping activity by applying the regression kriging method. First, the
random forest regression model is fitted based on the SSF1deg auxiliary data
and coordinate data in the grid cells within the reference lane. Second the
fitted regression model is used to predict the counterfactual values using the
data in the grid cells within the shipping lane. The factual (observed) and
counterfactual values of a variable, X, are referred to as “Xgp;;,” and “Xnoship »
respectively; the difference is denoted as AXgp,ip—noship and attributed to the
presence of shipping activity. Note that the kriging method is not perfect,
because the counterfactual values cannot completely rule out the impacts of
shipping emissions. This imperfection would cause underestimations of the
impacts of the shipping emissions on the lightning frequency and cloud
properties. The kriging analysis is performed by using the kriging toolkit for
Python—PyKrige (https://geostat-framework.readthedocs.io/projects/
pykrige/en/stable/).

Statistically significant testing

Two-tailed 95% confidence intervals and p-value are used in this study to
assess the statistical significance of the differences between factual and the
counterfactual values derived from the kriging method. The two parameters
are calculated through the nonparametric bootstrap hypothesis. The con-
fidence intervals are calculated as the 2.5" and 97.5™ percentiles of the
distribution of the differences that are produced by resampling the differ-
ences with replacement by 10,000 times. Statistical significance for each
shipping lane grid cell is evaluated as whether the 95% confidence intervals
of the difference between the observed and counterfactual values encom-
passes zero. The p-value associated with the difference is estimated in the
following 5 steps: 1) calculate the absolute value of the difference between the
means of m observational values and n counterfactual values; 2) randomly
select t (t =m + n) values from the combined observational and counter-
factual values; 3) calculate the absolute value of the difference between the
means of the first 1 and last # values in the randomly select values in step 2);
4) repeat steps 2) and 3) for 10,000 times and count the number of the
occurrence where the absolute value of the difference in step 3) is greater
than that in step 1); 5) the p-value is estimated as the ratio of the count in step
4) to 10,000. Note that the mean of the absolute values of the difference in
step 3 should be close to zero because the two groups of values are randomly
selected from the same data series.

Data availability

All data and materials used in the analyses are freely available. The infor-
mation of the WWLLN data can be found at https://wwlln.net/ and
downloaded at https://zenodo.org/records/10725446. The CEDS data are
available at https://github.com/JGCRI/CEDS/. The satellite datasets and
their download links are listed here: CERES (https://ceres.larc.nasa.gov/
data/), CALIPSO (https://asdclarc.nasa.gov/), 2C-ICE (https://www.
cloudsat.cira.colostate.edu/), and TROPOMI (https://disc.gsfc.nasa.gov/).
The ERA5 data can be found at https://doi.org/10.24381/cds.6860a573.

Code availability

The underlying code for this study is not publicly available but may be made
available to qualified researchers on reasonable request from the corre-
sponding author.
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