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Enhanced Positive
Cloud-to-Ground Lightning in
Thunderstorms Ingesting Smoke
from Fires

Walter A. Lyons,* Thomas E. Nelson, Earle R. Williams,
John A. Cramer, Tommy R. Turner

Smoke from forest fires in southern Mexico was advected into the U.S. southern
plains from April to June 1998. Cloud-to-ground lightning (CG) flash data from
the National Lightning Detection Network matched against satellite-mapped
aerosol plumes imply that thunderstorms forming in smoke-contaminated air
masses generated large amounts of lightning with positive polarity (+CGs).
During 2 months, nearly half a million flashes in the southern plains exhibited
+CG percentages that were triple the climatological norm. The peak currents
in these +CGs were double the expected value. These thunderstorms also
produced abnormally high numbers of mesospheric optical sprites.

Smoke transported from massive fires in
Mexico during spring 1998 (/) appeared to
have a substantial influence on the electrical
characteristics of thunderstorms over the cen-
tral United States. Specifically, major depar-
tures from typical climatology were observed
in +CGs. The U.S. National Lightning De-
tection Network (NLDN) routinely reports
the time, position, polarity, and peak current
of the first stroke in each detected CG flash
(2). Once considered rare, +CGs have been
found to make up about 10% of all NLDN
flashes, though there is considerable seasonal
and geographical variability. The understand-
ing of cloud electrification in general and the
production of +CGs in particular is limited.
Higher +CG percentages occur during the
cool season along the West Coast and in New
England and southern Canada (3). Some
types of summer storms in the central United
States, including certain supercell hail and
tornadic storms, can exhibit elevated +CG
percentages (>50%) over areas of <10,000
km? for several hours. However, widespread
episodes of high +CG percentages lasting 6
hours or more are extremely rare (4-8).
Larger regions of elevated +CG percentages
and peak currents can also be found within
the stratiform precipitation region of large
mesoscale convective systems (MCSs). These
+CGs are frequently associated with meso-
spheric red sprites, transient (<100 ms) lu-
minous glows occurring between 30 and 90
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km altitude (8). The 1996—1997 nationwide
annual average CG peak current was about 27
kA for both polarities. Those +CGs with
higher peak currents are more likely to gen-
erate sprites (9, /0). Climatologically, the
+CGs with the highest peak currents (>75
kA) during summer (locally <2 to 3% of the
total CG flashes) occur in a band stretching
from Colorado into Minnesota (/).

A growing body of evidence suggests that
natural lightning production may be per-
turbed by changes in contaminants, aerosols,
and possibly the space charge characteristics
of the air ingested by the storm. Responses
include the nearly total cessation of lightning
within a severe storm that ingested military
aluminum chaff (12). Increases of 40 to 85%
in the CG flash rates (undifferentiated by
polarity) downwind of many midwestern
U.S. urban areas have been reported, al-
though the causal mechanisms were not de-
termined (/3). Areas of Sweden contaminat-
ed by Chernobyl radioactive fallout had in-
creased lightning rates (/4). In a deliberate

attempt to modify storm electrical character-
istics, researchers released negative electrical
space charge into the base of orogenic con-
vective clouds and reported subsequent anom-
alous electric fields and ground flashes (/5).
Electric charge generated by small forest fires
has been implicated in the production of
thunderstorms producing exclusively +CG
flashes (/6). High +CG flash percentages
(25 to 50%) have been reported in fire-in-
duced storms, including one within the
smoke plume of the 1988 Yellowstone Na-
tional Park forest fires (/7).

El Niflo—related drought conditions in
southern Mexico and Central America result-
ed in widespread fires in the tropical rain
forests during the spring of 1998. More than
10,000 fires consumed more than 4000 km?
during 3 months in southern Mexico alone
(18). During most of April, May, and early
June, circulation patterns advected much of
the dense smoke pall northward into the
southern High Plains and states surrounding
the Gulf of Mexico, and on occasion into
southern Canada (/9). There were additional
excursions eastward into the southeastern
United States. The particulate content of the
air mass reached >550 wg/m> for PM10
aerosols along the Texas-Mexico border (20),
and visibilities locally reduced to <5 km
caused sporadic air traffic delays. The smoke
intrusion was halted on 7 June with the pas-
sage of a powerful cold front, which brought
polar air to the region east of the Rockies.
Previously, abnormally warm, summer-like
weather had dominated the southern plains.
Numerous daily record high temperatures
were above 40°C. May temperatures in the
southern plains ranked in the 90th percentile
of warmth over the past century (21).

Throughout our study period (8 April to 7
June 1998), various types of convective sys-
tems developing within or on the boundary of
the smoke-laden air mass repeatedly pro-
duced abnormally high percentages of +CGs
(often in excess of 50% throughout their life-
times). Large convective storm systems can
and do ingest substantial amounts of bound-
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43,798 +CG flashes detected by the
NLDN from 0700 UTC 15 May to
0200 UTC 16 May 1998 for a series of
thunderstorms forming within the
smoky air mass extending from Texas
to western Ontario.
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ary layer aerosols on a regional scale (22).
The most spectacular intrusion of Mexican
smoke into the United States occurred from
14 to 18 May 1998 in advance of an eastward
sweeping Pacific frontal system (23). On 15
May, satellite images showed a 1000-km-
wide plume of smoke stretching from Mexico
into western Ontario, spiraling back into a
deep low-pressure system in Minnesota (24).
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Aerosol concentrations (PM10) were >150
pg/m> in St. Louis, Missouri (20). Late on
the afternoon of 14 May, a family of intense
convective storms formed from Texas to
North Dakota near the frontal boundary
marking the western edge of the smoke. Con-
vective storms swept east and north over the
next 36 hours. During the peak lightning
activity, 59% of the 43,798 CG flashes re-
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Fig. 2. (Top) Percentage of +CGs measured by the NLDN from 14 to 18 May 1998. Grid cells are
100 by 100 km. (Middle) Percentage of +CGs measured by the NLDN during the study period 8
April to 7 June 1998. (Bottom) Percentage of +CGs measured by the NLDN averaged for the
period 8 April to 7 June 1996 and 1997. Many cells in the western United States and Canada have

relatively few flashes.

corded between 0700 UTC 15 May and 0200
UTC 16 May 1998 had positive polarity.
Flash polarity averaged 77% positive from
Kansas southward. The enhanced +CG epi-
sode was long-lasting and widespread (Fig.
1). The frontal system continued moving east,
causing lesser amounts of convection over
the next 48 hours. By 18 May, storms over
New England and eastern Ontario commin-
gled with the smoke were still producing high
+CG percentages.

A map of the percentages of +CGs for 14
to 18 May 1998 reveals that large sections of
a swath from Mexico to Ontario experienced
values in excess of 40%, with some areas
above 80% (Fig. 2A). Over the 2-month pe-
riod of smoke intrusion during spring 1998, a
distinct corridor of greatly enhanced +CG
percentages (Fig. 2B) differed markedly from
the average values for the previous 2 years
(Fig. 2C). In the 1996-1997 composite, the
higher +CG percentages were confined, as
expected, to the storms of the West Coast,
upper Midwest, New England, and southern
Canada, which have relatively low flash
rates. The 1998 season had approximately the
same number of flashes as the average for the
prior 2 years (4.4 versus 4.9 million) (Table
1), but the percentage of positive flashes was
48% higher (20.1% versus 13.7%). The av-
erage +CG peak current was also 12% larger
(30 kA versus 27 kA). In 1998 there were 14
days when the network-wide +CG percent-
age was =25% (days with >10,000 flashes),
versus an average of 0.5 days over the prior
two seasons. Much more acute enhance-
ments, however, were noted during the period
14 to 18 May when the nationwide +CG
percentage reached 40%, the +CGs with
large peak current (=76 kA) rose to 11% of
all +CGs, and the average +CG peak current
jumped to 42 kA. These values are 2.9, 2.3,
and 1.5 times the longer term (1996-1997)
levels, respectively.

The 2-month departures are even more
pronounced within a smaller southern plains
(SP) region (25° to 40°N, 107° to 94°N)
(Table 1). The 1996-1997 regional average
was 1,401,229 flashes. Developing drought
conditions in 1998 suppressed the number of
thunderstorms that formed, yet the 424,343
reported flashes in the SP still represented a
substantial number. The 1998 SP regional
percentage of +CGs jumped to 37%, versus
13% in 1996-1997. There were 15 days
when the area-wide +CG percentage was
=25% (days with >1000 flashes), versus an
average of 1 for the prior 2 years. Only 11 of
the analysis grid cells (100 km by 100 km)
had +CG percentages above 20% (none
above 40%) in 1996-1997, whereas 85 cells
were above 20% (and 77 above 40%) during
1998.

More striking is that in 1998, the average
+CG peak current in the SP region doubled
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from 22 to 45 kA while the -CG average peak
current fell slightly, from 26 to 22 kA. The
median and mode of the —CG peak currents
remained largely unchanged, while the median
of +CGs jumped from 16 to 36 kA and the
percentage with large peak currents (=76 kA)
increased to three times the regional long-term
value (/0). The distribution of the +CG peak
currents became clearly bimodal. Although the
mode of +CGs occurred in the 10 to 12 kA
range all 3 years, during 1998 a second maxi-
mum developed at 28 to 30 kA. A plot of the
cumulative distribution of +CG peak currents
in the SP region shows that the 1996 and 1997
distributions were neatly identical, whereas the
1998 distribution skewed toward much higher
peak currents (Fig. 3). The percentage of +CGs
that had low peak currents (=10 kA) dropped
to 33% of the normal level. The +CG increase
appears not to have resulted from greater num-
bers of +CG flashes with peak currents of <10
kA. This is notable because some of the report-
ed sub—10 kA +CGs result from misclassifica-
tion of powerful intracloud flashes by the
NLDN (25). One interpretation of the origin of
these differences we have observed is that
charge that normally participates in intracloud
flashes somehow was reapportioned into the
+CG formation process (26). The very warm
weather during most of this period precludes
this being an artifact of the well-known cold
weather bias for +CG flashes. The anomaly
was most pronounced in northeast Mexico,
closest to the smoke source.
Smoke-influenced storms also produced
more sprites, according to optical surveil-
lance during the Sprites *98 Campaign from
the Yucca Ridge Field Station (9). An MCS
formed within a smoky air mass over Ne-
braska on 20 May 1998. It produced a
modest 4250 CGs in 208 min, but 62% of
these were positive and the average +CG
peak current was 40 kA. This storm pro-
duced 380 sprites, the highest single-storm
total recorded in more than 100 storms in 6
years of observations. The 1.8 sprites per
minute rate is double that of the storm with

Table 1. NLDN CG flash statistics.
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the previous highest sprite rate. There was
1 sprite for every 11 CGs, compared to
previous extreme ratios of 1 sprite per 25 to
100 CGs (8, 9).

It is clear that in some way the smoke
from these fires substantially altered the
electrical characteristics of a wide variety
of storm types during all phases of their life
cycle (27). It seems unlikely that any
meaningful quantity of electrical space
charge could have been advected thousands
of kilometers from the fire source. Alter-
ations in cloud microphysical processes by
the aerosols is more plausible. Smoke is
usually a prominent source of cloud con-
densation nuclei (CCN). Elevated CCN
concentrations affect the droplet size spec-
trum (28), which in turn can affect various
aspects of the charge separation mecha-
nisms (29). Whether these fires might also
have been a source of ice nuclei is still
unknown (30). Some of the anomalous
storms developed in regions where the
smoke was not dense enough to be detected
by satellite sensors. Inspection of air mass
source regions found in these cases, how-
ever, shows that boundary layer trajectories
most likely passed through the smoke
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Fig. 3. Cumulative distribution of +CG peak
currents in the U.S. southern plains (SP) region
for the 8 April to 7 June period of 1996, 1997,
and 1998. (The first 2 years are so similar that
the curves overplot.)

1996-97 1998 1998 1996-97 1998

Entire NLDN  Entire NLDN  Entire NLDN SP region SP region

8 April-7 June 8 April-7 June 14-18 May 8 April-7 June 8 April-7 june
No. CG flashes 4,809,921 4,401,008 190,990 1,401,229 424,343
No. days =25% +CG 0.5 14 5 1 15
% +CGs 13.7 20.1 39.5 12.9 37.3
% +CGs =10 kA 21.3 24.7 5.6 15.1 5.1
% +CGs =76 kA 4.8 6.9 11.0 4.0 13.1
Mode of +CGs (kA) 11 9 13 11 11 and 29
Mode of —CGs (kA) 17 13 13 17 15
Median of +CGs (kA) 18 19 32 16 36
Median of —CGs (kA) 21 18 17 21 18
Avg. +CG current (kA) 27 30 42 22 45
Avg. —CG current (kA) 27 24 23 26 22
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source region (37). This suggests that the
active agent(s) for these changes may be
effective at relatively low concentrations.
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Triploblastic Animals More
Than 1 Billion Years Ago: Trace

Fossil Evidence from India
Adolf Seilacher, Pradip K. Bose, Friedrich Pfliiger

" Some intriguing bedding plane features that were observed in the Meso-
proterozoic Chorhat Sandstone are biological and can be interpreted as the
burrows of wormlike undermat miners (that is, infaunal animals that ex-
cavated tunnels underneath microbial mats). These burrows suggest that
triploblastic animals existed more than a billion years ago. They also suggest
that the diversification of animal designs proceeded very slowly before the
appearance of organisms with hard skeletons, which was probably the key
event in the Cambrian evolutionary explosion, and before the ecological

changes that accompanied that event.

There are two seemingly contradictory views
about the early history of metazoans. The
“Cambrian explosion” scenario is based on
Cambrian shelly fossils and Burgess-type la-
gerstétten. This scenario suggests that animal
phyla originated rather suddenly ~540 mil-
lion years ago (Ma) during the Proterozoic-
Phanerozoic transition. This view was first
modified by the discovery of Ediacaran fos-
sils of late Proterozoic (Vendian) age in many
parts of the world. Although most of these
fossils are nonmetazoan [according to the
Vendobionta hypothesis (/)], the presence of
true, but soft-bodied, triploblasts in Ediacaran
biota is now documented by worm burrows,
by radular markings and body impressions
(2) of early mollusks, and by phosphatized
embryos (3). These discoveries lengthened
the paleontological record of animals to
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~580 Ma. The alternative “slow burn” sce-
nario suggests that animals developed more
slowly (4)—according to some molecular
analyses (5), beginning more than 1 billion
years ago (6).

These two scenarios are not incompatible,
because they are based on different concepts.
In paleontology, phyla are defined as bau-
plans that are typified by modern representa-
tives. Because hard skeletons are an essential
element of construction in many of these
bauplans, it is reasonable to assume that
many of them had their origin in the Cam-
brian skeletonization event. Molecular analy-
ses, in contrast, include any ancestor in the
lineage, irrespective of its morphology. Also,
the calculated age of the last common ances-
tor is highly model dependent.

Paleontologists can document the hypoth-
esized pre-Ediacaran animals in the following
ways. (i) If it is true that early metazoans
were minute larviform planktics (7), their
remains could be preserved in cherts; so far,
however, these cherts have yielded only uni-
cellular organisms. (ii) Larger, but soft-bod-
ied, forms can be expected in black shales, in
which only macroalgae have been found so
far. (iii) Clastic sediments should preserve

from biomass fires, but this dearth may reflect a lack
of measurements. Increased ice nuclei concentrations
in the smoke plume from a coniferous and fir forest
blaze were noted by P. V. Hobbs and J. D. Locatelli
[J. Appl. Meteorol. 8, 833 (1969)], and smoke from
burning Hawaiian sugar cane was found to have
enhanced ice nuclei concentrations by R. F. Pueschel
and G. Langer [ibid. 12, 549 (1973)].

31. Boundary-layer forward trajectories from the fire
regions were operationally produced by the Air Re-
sources Laboratory of the National Oceanic and At-
mospheric Administration (http://www.arl.noaa.gov/
ready/aq.html).

32. Supported in part by NSF, NASA, and the U.S. De-
partment of Energy. Special thanks are extended to
Global Atmospherics Inc. and K. Cummins in partic-
ular for facilitating the analyses of the NLDN data.
We also thank G. Vali and A. Detwiler for suggesting
several valuable literature citations.

8 July 1998; accepted 1 September 1998

the trails and burrows of benthic animals.
Pre-Ediacaran trace fossils [summarized in
(8)], however, are scarce and have not been
very convincing. The worm burrows de-
scribed here suggest that a preservational bias
may also be involved in the Precambrian
trace fossil record.

Trace fossils are best preserved in sedi-
mentary rocks that have not been metamor-
phosed. One suitable site for trace fossils is
the Vindhyan Supergroup in the Son valley,
central India, where continuous sequences of
nonmetamorphosed Proterozoic sandstones,
shales, and algal limestones can be studied in
continuous outcrops (Fig. 1). The Chorhat
Sandstone, from which our trace fossils orig-
inate, appears to have been deposited in a
shallow marine setting. It mainly consists of
centimetric storm sands that are topped by
oscillation ripples. However, unlike in
younger tempestites, event layers have not
become cannibalistically amalgamated but
remain separated even when there are no mud
drapings between them. The reason for this
strange behavior is the presence of microbial
mats (9). These mats transformed the upper
millimeters of the sand into a leathery, ero-
sion-resistant coating, so that the next storm
sand could, on its sole, form a direct replica
of the previous ripples. If the second storm
bed was no thicker than the preexisting ripple
relief, it filled only the former troughs with
starved ripples of a different direction [pal-
impsest ripples (10)].

The matground state of Proterozoic sea
bottoms (as opposed to the bioturbational
mixground state of later times) has not only
been responsible for strange sedimentary
structures but may also have led to the
strange life-styles (//) and preservation (/2)
of Ediacaran organisms and the scarcity of
trace fossils in the Proterozoic rocks.

When studying pre-Phanerozoic trace fos-
sils, it is crucial to distinguish true biogenic
sedimentary structures from pseudotraces
whose shapes are purely (or mainly) formed
from physical processes. Among these struc-
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