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Severe thunderstorms comprise an extreme class of deep convec-
tive clouds and produce high-impact weather such as destructive
surface winds, hail, and tornadoes. This study addresses the
question of how severe thunderstorm frequency in the United
States might change because of enhanced global radiative forcing
associated with elevated greenhouse gas concentrations. We use
global climate models and a high-resolution regional climate model
to examine the larger-scale (or ““environmental’’) meteorological
conditions that foster severe thunderstorm formation. Across this
model suite, we find a net increase during the late 21st century in
the number of days in which these severe thunderstorm environ-
mental conditions (NDSEV) occur. Attributed primarily to increases
in atmospheric water vapor within the planetary boundary layer,
the largest increases in NDSEV are shown during the summer
season, in proximity to the Gulf of Mexico and Atlantic coastal
regions. For example, this analysis suggests a future increase in
NDSEV of 100% or more in locations such as Atlanta, GA, and New
York, NY. Any direct application of these results to the frequency
of actual storms also must consider the storm initiation.
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Severe thunderstorms comprise an extreme class of deep
convective clouds and produce high-impact weather, such as
destructive surface winds, hail, and/or tornadoes, in addition to
dangerous lightning and torrential rainfall. In the United States,
these phenomena (less flooding) contributed to an annual
averagell of 2.1 billion dollars in property and crop losses, 108
fatalities, and 1,463 injuries during 2000-2004. For perspective,
consider that tropical cyclones in the United States caused an
annual average®* of 5.5 billion dollars in property and crop
losses, 25 fatalities, and 285 injuries over the same period.

In this study, we are concerned with the possibility of changes
in severe thunderstorm frequency in response to greenhouse gas
(GHG)-induced enhancement of global radiative forcing. An-
thropogenic increases in GHG concentrations are expected to
raise global mean temperature 2°C to 6°C by the end of this
century, with greater warming at high latitudes than at low
latitudes (1). Coupled to this warming is an anticipated increase
in atmospheric water vapor, which may in turn lead to intensified
precipitation and a higher frequency of extreme precipitation
events (e.g., refs. 1-4). One may be tempted to immediately
extend this projection to severe thunderstorm frequency. How-
ever, given the unique set of atmospheric conditions that foster
severe storm development, it is not straightforward to assume
that the extreme precipitation will necessarily be realized as
locally damaging storms. The frequency, and regional variability,
with which these unique conditions will exist in association with
anthropogenic global warming has not yet been established,
thereby motivating this study.

Here we focus on the continental United States, a global
hotspot of severe thunderstorm occurrence (5). At present,
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severe thunderstorms are geographically distributed throughout
a region that originates in the southeastern and south-central
United States in early spring and then expands westward to the
southern plains and northward through the north-central United
States by early summer (6). An eastward branch of the distri-
bution extends to the Atlantic coast, yet the maximum in severe
thunderstorm occurrence is in the Great Plains. The specific
geographical distribution for tornadoes is similar, albeit shifted
slightly westward (7).

Individual thunderstorms have length scales of tens of kilo-
meters and time scales of several hours, and consequently they
are unresolved in typical climate models. Nevertheless, we can
use climate model data by exploiting the fact that the organi-
zation of cumulus clouds into severe convective storms is
strongly influenced by the larger-scale (or “environmental’)
distributions of temperature, moisture, and winds.

Two quantitative measures that characterize well the local
thunderstorm environments are the convective available poten-
tial energy (CAPE; Jkg™!), and the magnitude of the vector
difference between the horizontal wind at 6 km above ground
level (AGL) (V) and the wind at the lowest model level (V)
(S06; m's~1). CAPE is a parameterized measure of the vertically
integrated buoyant energy available to the storm. For an inviscid
atmosphere, and given other assumptions, it can be shown that
Wmax = V2 X CAPE, where wnay is the theoretical maximum
updraft speed (8). Hence, the strong updrafts in storms that
occur in environments of large CAPE are more likely to support
the growth of large hailstones and otherwise produce large
rainfall rates, which can lead to more intense downdrafts and
resultant outflow winds.

S06 quantifies the vertical change or “shear” of the environ-
mental horizontal wind vector (9}7/dz). The internal dynamics of
thunderstorms are changed dramatically by large environmental
vertical shear, because the shear promotes storm-scale rotation
about a vertical axis and also helps sustain a deep updraft in the

Author contributions: R.J.T. and H.E.B. designed research; R.J.T., N.S.D., and J.S.P. per-
formed research; R.J.T.,N.S.D., M.E.B., and E.D.R. analyzed data; and R.J.T.and N.S.D. wrote
the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

*To whom correspondence should be addressed. Department of Earth and Atmospheric
Sciences, Purdue University, 550 Stadium Mall Drive, West Lafayette, IN 47906. E-mail:
jtrapp@purdue.edu.

IBased on a compilation of data from the U.S. National Climatic Data Center and the U.S.
National Weather Service Office of Climate, Water, and Weather Services (www.nws.
noaa.gov/om/hazstats.shtml) from 2000 to 2004, these are 5-year, nonadjusted means that
include the fatalities, injuries, and damage inflicted by lightning, tornadoes, severe wind,
and hail.

**Based on the same U.S. data as above, these are 5-year, nonadjusted means that include
the fatalities, injuries, and damage inflicted by tropical cyclones. Note that this averaging
period excludes Hurricane Katrina and others during the 2005 season.
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