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Abstract

Sprites, elves and other transient luminous events (TLEs) are known to exist
only above thunderstorms. It is therefore important to know where these thun-
derstorms occur around the globe, and how their distribution varies temporally
and spatially. The majority of thunderstorms on Earth occur within the trop-
ical regions between £30° latitude of the equator (~50% of the surface area
of the globe). This is due to the maximum solar heating in the tropics, and
the atmospheric general circulation patterns between the tropics and the sub-
tropics (Hadley Circulation). Along the thermal equator, which migrates with
the seasons, air masses from the northern and southern hemispheres converge
along the intertropical convergence zone (ITCZ). This is the latitudinal position
of the majority of the globe’s rainfall and thunderstorm activity. However, in the
tropics these thunderstorms are concentrated mainly over the continental regions
(Americas, Africa and southeast Asia) with little thunderstorm activity observed
over the oceans. The reason for the preference of thunderstorms to continental
regions is likely related to the larger daily surface heating over land as compared
with the oceans. In the extra-tropical regions thunderstorms form along the polar
front, the boundary between warm moist air from the tropics, and cool dry air
from polar regions. Recent satellite measurements of lightning indicate a mean
global rate of ~45 flashes/second. In fair weather regions the integrated effect
of global thunderstorms and other electrified clouds can be observed via the at-
mospheric global electric circuit. The global thunderstorms charge the Earth’s
surface negatively with a mean charge of 500,000 Coulombs, and a mean poten-
tial between the ionosphere (~80 km) and the Earth’s surface of 250 kV. The
diurnal variation of the atmospheric electric circuit (and global thunderstorms)
has a maximum around 18 UT and a minimum around 03 UT known as the
Carnegie Curve.

4.1 The Earth’s Energy Balance

The Earth is located at a mean distance of 150 million km from our Sun, and
at this distance we receive on average 1367 W/m? of energy, known as the so-
lar constant (S, ). However, since we live on a sphere, the solar radiation does
not intersect with the surface at the same angle at all latitudes. When the solar
rays are perpendicular (90°) to the equator (at noon), the rays are tangential
(0° or just above the horizon) at the north and south poles (Figure 1a). Hence
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as we move to higher latitudes, the same energy from the sun is spread over
larger areas, resulting in less energy absorbed per unit area. This is the prime
reason why the tropics are warmer than the higher latitudes (Figure 1b). When
we compare the incoming absorption of energy from the sun (short wave ra-
diation) relative to the outgoing terrestrial radiation (long wave radiation) we
notice a latitudinal imbalance (Figure 1c). The latitudinal gradient of incoming
energy (black curve) is much larger than the latitudinal gradient in the outgo-
ing energy (grey curve). The climate system tries to adjust for this imbalance
by transporting excess heat from the tropics to high latitudes. This transport is
done via the atmosphere and the oceans. Ocean currents transport warm waters
away from the equator, while bringing cooler waters equatorward, helping to
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Figure 1. (a) The dependence of absorbed solar radiation on latitude; (b) The

annual mean surface temperatures showing the warmest areas in the tropics
(http://www.cdc.noaa.gov/cdc/reanalysis/reanalysis.shtml); c¢) Latitudinal energy balance
of the Earth showing the incoming energy from the sun (black curve) relative to the outgoing
radiation from the Earth (grey curve). The surplus of energy in the tropics results in large
poleward transports of heat via the atmosphere and oceans.
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reduce this imbalance. In the atmosphere, the transfer of heat poleward occurs
primarily through the meridional general circulation of the atmosphere, where
thunderstorms have a major role in the transport of this energy both away form
the warm surface, and then away from the warm tropics.

4.2 The General Circulation of the Atmosphere

The maximum heating at the surface in the tropics results in rising ther-
mals and convection in the atmosphere. The resulting region of rising air along
the thermal equator is know as the intertropical convergence zone (ITCZ) due
to the convergence of air masses from the northern and southern hemispheres
along this boundary. The thermal equator migrates north and south of the geo-
graphic equator according to the seasons, where the thermal equator is furthest
north in June-August during the northern hemisphere summer, and furthest
south in December-February during the southern hemisphere summer.

Although the region of maximum heating by the sun covers a broad region
of thousands of kilometers, the ITCZ is actually very narrow and compact
(~100 km over the oceans). This narrow region of convergence is due to the
extra driving force of the convection along the ITCZ resulting from the release
of latent heat as water vapor is condensed to form cloud droplets as the air rises
and cools in the atmosphere. The release of latent heat adds additional heat to
the cloud parcel and enhances the buoyancy in the deep convective clouds,
increasing the vertical updrafts.

In general, a significant difference in updraft intensity is observed between
oceanic and continental convection in the tropics (Lemone and Zipser, 1980;
Jorgenson and Lemone, 1989). The reason for this difference is still a topic
of research, but updraft velocities in oceanic thunderstorms may reach 10 m/s,
while over continental regions the updrafts may reach 50 m/s (Price and Rind,
1992; Williams and Stanfill, 2002; Williams et al., 2004). Since updraft inten-
sity plays a major role in thunderstorm electrification and lightning frequencies
(Baker et al., 1995, 1999), this dramatic difference in thunderstorm dynamics
results in the lightning activity over the oceans being an order of magnitude
less than over the continents. In fact the boundary between land and ocean is
very clearly seen in satellite images of tropical lightning activity, for example
in Figure 2 (Christian et al., 2003). However, not all tropical continental thun-
derstorms are intense lightning generators. The tropical monsoon periods are
characterized by the seasonal onshore flow of moist oceanic air, resulting in
heavy rainfall in continental thunderstorms, however with low lightning rates
(Petersen et al., 2002; Williams et al., 2002). This occurs in the Indian Mon-
soon, the African Monsoon, the Brazilian Monsoon and the Australian Mon-
soon. Intense lightning activity prefers a somewhat dry environment, which
may explain the difference between African and South American lightning ac-
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Figure 2. Global lightning activity for 1999 from the satellite OTD sensor showing lightning
activity over the tropical land areas (http://thunder.msfc.nasa.gov/otd).

tivity (Williams and Satori, 2004). A field campaign to observe sprites during
the monsoon season is not recommended.

The air that rises within the tropical convective storms eventually reaches
the tropopause and the stable stratosphere between 15-20 km altitude, and then
is forced to flow north and south away from the equator. Large amounts of
water vapor are deposited in the upper troposphere resulting in the moistening
of the upper tropospheric environment (Price, 2000). This poleward moving
air is influenced by the Coriolis force, resulting in a deviation of the winds
towards the east in both hemispheres. This air continues to radiate heat to
space and hence cools and sinks as it is transported northeast/southeast away
from the tropics (Figure 3). The air continues to subside up until 30° north
and south, heating adiabatically as it sinks. These regions of subsidence in the
sub-tropics define the regions of our planet where deserts are found. Both the
subsidence (resulting in high pressure at the surface) and the heating of the
air as it sinks (resulting in low relative humidity) result in minimal precipita-
tion in these regions. This meridional circulation pattern, with rising motion
along the ITCZ and sinking motion in the subtopics, is know as the Hadley
circulation (Figure 4), and is extremely important in the redistribution of heat,
moisture and momentum on the planet. Near the surface, the sub-tropical re-
gions and the ITCZ are connected via the north-easterly (northern hemisphere)
and south-easterly (southern hemisphere) trade winds that blow between +30°
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Figure 3. Schematic description of the Hadley circulation between the continental tropics and
subtropics in the northern hemisphere.
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Figure 4. Schematic representation of the general circulation of the atmosphere showing 3
cells in each hemisphere, with 2 regions of convective activity in each hemisphere along the
ITCZ and the polar front.

latitude. In addition to the return flow towards the equator at the surface in
the Hadley circulation, part of the tropical air reaching the surface around 30°
moves poleward, where it meets cold dry air arriving from the Arctic (northern
hemisphere) and Antarctic (southern hemisphere) (Figure 4). This additional
region of convergence, known as the polar front, is another region of forced
uplift and hence the development of thunderstorms, lightning, and transient
luminous events (TLEs). The polar front also migrates with the seasons from
around 50-60° latitude in the summer, to 30-40° in the winter. These are the
latitude bands of the midlatitude synoptic storm systems, associated with cold
and warm fronts. These regions are associated primarily with summer thunder-
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storm activity over the mid-latitude continents, although oceanic winter thun-
derstorm activity and sprite formation also occurs in these regions. Sprites have
been observed above winter thunderstorms in Japan and the former Yugoslavia
(Takahashi et al., 2003; Jenniskens et al., 2000). As we move further poleward
we encounter another region of subsidence in the polar regions, where again
few thunderstorms are observed. Regions of surface convergence are normally
associated with low surface pressure (L) while surface subsidence results in
high atmospheric pressure at the surface (H).

4.3 Frontal Thunderstorms in Mid-Latitude Regions

Frontal thunderstorms occur at the boundary (front) between different air
masses, normally cold-dry polar air meeting warm-moist tropical air. The
greater the differences between the air masses (temperature and humidity) the
greater the atmospheric instabilities that develop, and the greater the intensity
of these storms. The intensity appears visibly as frequent lightning discharges,
and sometimes sprite activity. Mid-latitude storms generally rotate around a
region of low pressure (anti-clockwise in the northern hemisphere (cyclonic
rotation) and clockwise (anti-cyclonic) in the southern hemisphere), while si-
multaneously propagating eastward around the globe with the general westerly
flow in midlatitudes (30-60° latitude). Each storm has two fronts that separate
the cold polar air from the warm tropical air (Figure 5a). The warm front (rep-
resented by red semi-circles) is defined by the forward motion of warm air
over colder air, while the cold front (represented by blue triangles) is defined
by the forward motion of cold air into regions of warm air (Figure 5a). The
symbols point in the direction of frontal motion. Since cold-dry air is denser
than warm-moist air, the cold air behind the cold front digs under the warm
moist air, forcing it upward over a short distance (Figure 5b). The rapid uplift
of air results in strong convective storms often associated with intense light-
ning activity. The line of thunderstorms that often form along the cold front
is called a squall line (Figure 5¢). On the other hand, along the warm front
the warm air slowly rises over the colder denser air, resulting in a broad re-
gion of weak rainfall and showers and weak electrical activity. Therefore, for
sprite observations in regions of mid-latitude storms, the cold front regions
would provide the best conditions for intense lightning activity, and perhaps
TLE observations. Large instabilities in the atmosphere can also occur along
frontal zones that divide warm-moist air from cold-dry air around high pres-
sure cells (e.g. The Bermuda High). The flow around a High Pressure Cell is
clockwise in the northern hemisphere, opposite to the direction of flow around
a low pressure system (Figure 5a). The air is stable at the center of the high
pressure resulting in clear, hot and humid weather in the summer months. At
the edges of the high pressure region, the mixing of cool dry air and warm
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moist air along the polar front allows afternoon convection to be initiated. This
afternoon convection often produces a ring of thunderstorms around the high
pressure center which will also rotate in a clockwise manner around the high
pressure cell. This often produces the common “ring of fire” thunderstorm pat-
tern which often develop into mesoscale convective systems (MCSs) which can
produce complexes of thunderstorms called mesoscale convective complexes
(MCCs). These huge thunderstorm complexes are prolific lightning producers,
with many of the U.S. sprite observations occurring above these storms (Lyons
et al., 2003).
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Figure 5.  (a) Schematic representation of a midlatitude low pressure system with the cold and
warm fronts shown with triangles and semi-circles respectively. In the northern hemisphere the
rotation is anticlockwise around the low pressure center; (b) a cross section through a cold front
showing the thunderstorm development along the cold front; and (c) a satellite image showing
the cloud formation along the cold front.
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Global thunderstorms can therefore occur in two very different environ-
ments. First, the tropical airmass type thunderstorms resulting from the di-
urnal heating of the surface of the Earth. These late afternoon thunderstorms
occur mainly in the tropics but can also occur during summer months in mid-
latitudes where instabilities (static instabilities) can develop in the afternoons
on hot summer days. Second, the frontal thunderstorms occur primarily in mid-
to high latitudes where different types of air masses interact and result in insta-
bilities (baroclinic instabilities) along cold, warm and stationary fronts. Frontal
thunderstorms can occur at any hour of the day, over continent and ocean, and
during summer and winter. What is needed for these thunderstorms to develop
is a strong density gradient between adjacent air masses. These density gradi-
ents can be caused either by temperature differences, humidity differences, or
a combination of both. In general these instabilities are largest in the summer
months in mid latitudes, however over the relatively warm oceans the instabil-
ities can also be large in the winter months.

It should be noted that in addition to the above ways of producing thunder-
storms we also observe thunderstorms due to orographic forcing (uplift over
topography). Mountain ranges and islands force air to flow upwards and can
initiate instabilities that trigger the formation of thunderstorms. Hence loca-
tions to the south of the Himalayas have very intense lightning activity due to
the forced uplift of moist air penetrating inland from the Indian Ocean.

44 Global Observations of Lightning

In the last decade we have acquired a great deal of knowledge about global
lightning and thunderstorms from satellite observations. The two primary
sensors used were the Optical Transient Detector (OTD) and the Lightning
Imaging Sensor (LIS) (Christian et al., 2003; Williams, 2005). The OTD sen-
sor obtained data over a 5-year period from 1995-2000, while the LIS sensor
was launched in December 1997 aboard the Tropical Rain Measuring Mission
(TRMM) satellite, and is still working to this day (http://thunder.msfc.nasa.gov).

The satellite data show the annual migration of global lightning into the
northern hemisphere during the northern hemisphere summer, and then south-
ward into the southern hemisphere during their summer, in agreement with the
seasonal migration of the ITCZ and the atmospheric circulation patterns. Dur-
ing spring and fall the distribution of lightning is fairly symmetric about the
equator. Approximately 90% of the global lightning observed from space is
over the continental regions, while located in the summer hemisphere. The
oceanic lightning that does exists is primarily over the relatively warm oceans
in the winter hemispheres along the polar front (southeast of South America,
Africa and Australia during JJA and north Atlantic, Mediterranean Sea and
Japan Sea during DJF). Since lightning is mainly a continental phenomenon,
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which occurs more often in the summer hemisphere, the northern hemisphere
has more lightning activity than the southern hemisphere summer. Hence
on a global basis, the Earth’s lightning activity peaks in July-August, with a
minimum activity in January- February (Figure 6). This asymmetry in mid-
latitude land area between the hemispheres, which affects the global lightning,
is not seen in the tropical lightning activity. In fact, in the tropics there is
slightly more lightning in January than in June (Figure 6). This could be
due to the eccentricity of the Earth’s orbit around the Sun, resulting in the
maximum/minimum solar radiation in the tropics in January/July. Although
the satellite detectors sample only a fraction of the global lightning, being
in a polar orbit, it is estimated that the global flash rate is approximately
45 flashes/second (Christian et al., 2003). This is less than 50% of the long
standing estimate of 100 flashes/second (Brooks, 1925).

On a diurnal basis, tropical thunderstorms are generally active in the late
afternoons, and into the evening hours as a result of the solar forcing as the
sun heats up the surface during the day (Figure 7). The satellite data show
that the continental thunderstorms peak between 1600-1700 local time (dom-
inated by the tropical thunderstorms), with a minimum activity in the early
morning hours (06:00-10:00 local time). Over the oceans the thunderstorms
are equally distributed during the day, since the ocean temperatures are fairly
constant throughout the day. While solar radiation is absorbed only within a
few millimeters of the land surface during the day, the same radiation over the
oceans is absorbed within 10-100 meters of the ocean surface. Hence the diur-
nal temperature range over the continents is much greater than over the oceans,
with direct impacts on the instabilities that develop on a daily basis, influenc-
ing the diurnal thunderstorm activity. Due to the large diurnal variability, the
global mean of 45 flashes/second can vary from less than 10 flashes/second, to
more than 80 flashes/second. It should be noted that only part of the globe is
found at local afternoon at any one time.

4.5 The Global Atmospheric Electric Circuit

If we consider the universal time variations of thunderstorm activity, we
find three maxima during each 24 hour period, displayed in Figure 8a (Whip-
ple, 1929). These three maxima correspond to the three tropical thunderstorm
regions (Figure 2) that each peak in the late afternoon hours (Figure 7) as a
result of solar heating of the surface during the day. The first peak at 09 UT
is due to thunderstorm activity in southeast Asia, the second peak at 14 UT
is due to lightning activity in Africa, while the third peak at 20 UT is a result
of thunderstorm activity in South America. Plotting the global thunderstorm
activity as a function of universal time (Figure 8a “world”) shows a minimum
in thunderstorm activity near 03 UT, when the sun is over the Pacific Ocean,
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Latitudinal Distribution of the Global Flash Rate
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Figure 6. The monthly variations of lightning flash rate for different latitude bands (http://
thunder.msfc.nasa.gov)
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Figure 7. Local hour variations of global lightning activity over land and ocean (http://thun-
der.msfc.nasa.gov)

and a maximum in thunderstorm activity between 14 UT and 19 UT. Over
many years researchers have measured the electrical potential gradient close
to the Earth’s surface in fair weather regions (no clouds, rain or precipitation
nearby, and low pollution levels) and have noticed that often the electric field
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(mean value of 100 V/m) shows a similar diurnal variation as described above
(Mauchly, 1923; Hoffman, 1923). Measurements aboard the Carnegie research
vessel in the 1920s showed that the mean electric potential at the surface in
clear-sky conditions varies in a way very similar to global thunderstorm ac-
tivity (Figure 8b). Furthermore, integrating the vertical electric potential with
height (using balloons or aircraft) gives the potential difference between the
ionosphere and the Earth, know as the ionospheric potential, that has a mean
value of 250 kV (Markson, 1985). Since the electric field drops rapidly with al-
titude, a good estimate of the ionospheric potential can be obtained by integrat-
ing the field within the troposphere (up to altitudes of 20 km). The ionospheric
potential has also been shown to exhibit a diurnal cycle similar to the Carnegie
Curve with a maximum near 18 UT and a minimum around 03 UT displayed in
Figure 8b (Markson, 1986). It is therefore believed that the Earth-atmosphere
system acts like a global electric circuit (Bering et al., 1998; Rycroft et al.,
2000). The thunderstorms and regions of electrified storms act as the gen-
erators (batteries) of the circuit. Conduction currents flow upward above the
storms to the ionosphere. The ionosphere is close to an equipotential surface
and therefore the currents flow horizontally around the globe, and return to the
Earth’s surface in the fair weather regions. These currents can be measured
at the surface and are of the magnitude of 2 pA/m? (1 pA = 10~2 Amperes).
The Earth is also highly conductive and hence the currents flow back within
the Earth to the regions of thunderstorm activity to close the electric circuit.
The currents observed in the atmosphere are due to the finite conductivity of
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Figure 8. (a) The diurnal variations of thunderstorm area in the three tropical continental re-
gions (adapted from Whipple, 1929), and (b) The diurnal variations of the fair weather potential
gradient PG about the mean value of 1, together with measurements of the ionospheric potential
(Markson, 1986).
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the atmospheric dielectric. It is easy to show that if all thunderstorm activity
were to cease, the global electric circuit currents, fields, and charges would de-
cay and disappear within 10 minutes (Bering et al., 1998). Hence the constant
charge on the Earth (500,000 Coulombs), the fair weather fields and currents
are maintained by the never ending thunderstorm activity around the globe.

4.6 Future Directions

As has been described above, there are different types of thunderstorms
around the globe, however, the global studies of sprites are limited to a small
number of locations. Only now are we starting to use space platforms to in-
vestigate global sprite distributions (Yair et al., 2004; Chern et al., 2003). One
recommendation would be to expand field experiments to additional regions
of the globe (Lyons, Chapter 2). Most research has actually focused in mid-
latitude thunderstorms, while the large majority of thunderstorms occur in the
tropics. How does tropical sprite activity differ from mid-latitude sprite ac-
tivity above thunderstorms (Mende, Chapter 6)? How do the parent lightning
flashes that trigger sprites differ (if at all) between regions. Winter thunder-
storms are generally much smaller physically than summer thunderstorms, yet
still produce sprites. What is special about the winter storms that produce
sprites? Most sprites are produced by positive polarity lightning. Is this true in
all sprite-producing thunderstorms? Are sprites over the oceans also produced
by positive lightning? Studies show many large (charge moment) negative dis-
charges over the oceans (Fiillekrug et al., 2002; Greenberg and Price, 2004),
although few sprite observations have been targeted above oceanic thunder-
storms. Do the physical characteristics of sprites differ according to the type
of thunderstorm, region, season and lightning type? And finally, how impor-
tant are sprites and their associated lightning to the global atmospheric electric
circuit ? Are sprite-producing storms the main contributors to the global atmo-
spheric electric circuit ?
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