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Projected increase in lightning strikes in the United States due to
global warming
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Abstract

Lightning plays an important role in atmospheric chemistry and in the
initiation of wildfires, but the impact of global warming on lightning rates is
poorly constrained. Here we propose that the lightning flash rate is
proportional to the convective available potential energy (CAPE) times the
precipitation rate. Using observations, the product of CAPE and precipitation
explains 77% of the variance in the time series of total cloud-to-ground
lightning flashes over the contiguous United States (CONUS). Storms convert
CAPE times precipitated water mass to discharged lightning energy with an
efficiency of 1%. When this proxy is applied to 11 climate models, CONUS
lightning strikes are predicted to increase 12 = 5% per degree Celsius of
global warming and about 50% over this century.

Striking when hot, and more when hotter

Lightning occurs more frequently when it is hotter than when it is colder, but
how much more lightning should we expect as global temperatures increase?
Currently there are around 25 million lightning strikes per year. Romps et al.
constructed a proxy based on the energy available to make air rise in the
atmosphere and on precipitation rates to model the frequency of lightning
strikes across the continental United States. They predict that the number of
lightning strikes will increase by about 12% for every degree of rise in global
average air temperature.

Introduction

Lightning exerts xa powerful control on atmospheric chemistry through its
generation of nitrogen oxides, especially in the middle and upper
troposphere (1-3). As the primary trigger for wildfires, lightning also shapes
the evolution of species and ecosystems (4, 5). Despite its importance, the
future increase in lightning flash rates due to global warming remains poorly
constrained: Estimates range from 5% (6, 7) to over 100% (8) per degree
Celsius (°C) of global mean temperature increase. Here we show that a
simple proxy—the product of the convective instability and the precipitation
rate—explains most of the variance in lightning flashes over the contiguous
United States (CONUS). When applied to global climate models (GCMs), this
proxy predicts a mean increase in flash rate of 12% per global-mean °C over



the CONUS. This augurs significant changes in the future atmospheric
chemistry and wildfire frequency of North America.

Previous estimates of the sensitivity of lightning flash rates to global mean
temperature have relied on ad hoc proxies for use in GCMs or observed
correlations between temperature and lightning (or lighting proxies). One
GCM parameterization sets the total flash rate (in flashes per minute) equal
to a constant times the maximum cloud height to the fifth power (9), and
later papers extended this to cloud-to-ground (CG) lightning [e.qg., (10)].
Despite this proxy’s lack of dependence on area (making it sensitive to GCM
grid spacing) or on the amount of storm activity (making it insensitive to the
rain rate), it is the most widely used proxy for lightning (6, 7, 11, 12),
generating estimates for the increase in global flash rate ranging from 5%
per °C to 16% per °C. Observational estimates also predict a wide range, but
at much higher values. At some specific weather stations, flash rates
increase with wet-bulb temperature over the seasonal cycle at rates in the
range of 100 to 800% per °C (13). A similar analysis using satellite lightning
data gives interannual sensitivities for Northern Hemisphere land and the
globe of 56% per °C and 40% per °C, respectively (14). Using the
fundamental mode of the Schumann resonance as a proxy for flash rate, a
global sensitivity of 100% per °C is found (8). Although these estimates have
the advantage of being rooted in observations, it is unlikely that these
intraseasonal and interseasonal relationships are the same as those in a
global warming scenario. By developing a new proxy for lightning that is
physically motivated, testable with observations, and applicable to GCMs, a
more robust projection is sought here for the CONUS, which is a major
contributor to global lightning (15).

Here we propose that the lightning flash rate per area is proportional to the
precipitation rate times convective available potential energy (CAPE). This
proxy combines the observed linearity of flash rate on precipitation rate (16-
19) with suggestions that flashes are positively correlated with CAPE (20-23).
In mathematical form,
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where F is the lightning flash rate per area (m=2 s7!), P is the precipitation
rate (kg m=2 s71), and CAPE is in | kg™'. Using an adiabatic definition of CAPE,
the product of CAPE and P is the theoretical maximum rate at which kinetic
energy is imparted to ascending water condensates, in units of W m=2. The
constant of proportionality, n/E, contains the dimensionless conversion
efficiency n and the energy discharge per flash E (in joules). The efficiency n
is the ratio of power per area dissipated by lightning to the CAPE per area
per time available to condensates. We do not propose here a specific
charging mechanism, but we note that most charging mechanisms are
consistent with the notion that higher updraft speeds and water contents
should yield higher flash rates.



In this study, we focused on the CONUS because it is well instrumented.
Three sets of data were used, which overlap during the year 2011. CAPE is
calculated from SPARC (Stratosphere-troposphere Processes And their Role
in Climate) radiosonde data (24), P is taken from the National Oceanic and
Atmospheric Administration River Forecast Centers (25), and CG lightning
flashes are obtained from the National Lightning Detection Network [NLDN
(26, 27)]; for more details, see the supplementary materials. The means of
these quantities during 2011 are shown in Fig. 1.

Fig. 1. Mean maps of CAPE, precipitation, CAPE
times precipitation, and lightning flashes. For
the year 2011, maps are shown of mean (top left)
CAPE from the SPARC radiosonde data. (top right)
precipitation from the National Weather Service
River Forecast Center data. (bottom left) product
of the top two maps, and (bottom right) CG light-
ning from the NLDN data. For CAPE, means are
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Also shown in Fig. 1 is the pointwise product of the annual mean CAPE map
and the annual mean P map. This map of CAPE X P (lower left panel) bears a
close resemblance to the map of lightning flashes (lower right panel). In
particular, both CAPE x P and the flash rate maximize in Florida and in the
states adjacent to the Mississippi and Ohio rivers. This distribution of flashes
is similar to the long-term annual mean [see Fig. 1 of (28)], because we are
sampling lightning in the local morning and evening, which correspond to the
trough and peak of the CONUS mean diurnal cycle [see Fig. 2 of (28)].

To assess the performance of the CAPE x P proxy, we focus here on the time
series of CONUS mean CAPE, precipitation, and lightning. A spatially resolved
evaluation of Eq. 1 is not attempted here because of practical difficulties
stemming from the sparsity of CAPE measurements and the fact that
convection releases CAPE. The latter fact precludes using the product of
colocated precipitation and CAPE; instead, a CAPE value nearby, but upwind,
of a storm should be used. With the sparse network of noisy CAPE
measurements, this is a challenging task that is left to future work.

Figure 2 plots two time series for the entire year of 2011: the product of

CONUS mean CAPE and CONUS mean precipitation rate in blue (axes on the
left), and CONUS mean CG lightning flash rate in red (axes on the right). The
proxy varies in synchrony with the flash rate on a range of time scales, from



the diurnal [high at 0 Greenwich mean time (GMT), low at 12 GMT] to the
seasonal (high in spring and summer, low in fall and winter) and time scales
in between (high during periods of sustained storminess, low in the lulls
between). The proxy successfully captures the varying magnitude of the
flash rate, as well. In the fall and winter, both the proxy and the flash rate
have peak values about one order of magnitude smaller than their peak
values in the spring and summer.
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Fig. 2. Time series of the proxy and observed lightning flashes. For the year 2011, time series are
shown of O and 12 GMT (blue) CONUS mean precipitation times COMUS mean CAPE and (red)
CONUS mean CG lightning flash rate.

The lower right panel of Fig. 3 shows the scatter plot of the CAPE x P and
flash-rate time series. They are related to each other in a linear fashion, and
the proxy explains 77% of the variance in the lightning flash rate. This can



be compared with other candidates, such as P, the maximum height of
convection [level of neutral buoyancy (LNB)] to the fifth power, and CAPE,
which explain only 29, 39, and 52% of the variance, respectively. The CAPE
X P proxy also explains a substantial amount of the lightning variance within
a season: 69% for January, February, March; 65% for April, May, June; 75%
for July, August, September; and 40% for October, November, December.
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Fig. 3. Lightning versus various proposed proxies. For the year 2011, scatter plots are shown of
the time series of 0 and 12 GMT CONUS mean lightning against (top left) precipitation. (top right)
LMB to the fifth power. (bettom left) CAPE. and (bottom right) CAPE times precipitation.

Using the fact that 1 mm of precipitation equals 1 kg m= of liquid water, the
best-fit line in the lower right panel is described by Eq. 1 with n/E = 1.3 X
107! J71, A best estimate for the energy released by a midlatitude CG
lightning flash is about 1 GJ, although estimates range from a few tenths of a



GJ) to several GJ (1). Using E = 1 GJ, we obtain an efficiency of n = 0.01. In
other words, 1% of the CAPE that could be theoretically extracted by water
(i.e., CAPE times the processed water mass) is converted to electrical
potential energy that is then discharged by CG lightning.

Given the success of CAPE x P in replicating the time series of observed
lightning flashes, it is a natural candidate for assessing future changes in
flash rates due to global warming. Previous studies of GCM simulations have
found that global warming causes CAPE to increase over much of Earth (29,
30) and over the CONUS in particular (31-33). Similar results have been
found in much simpler cloud-resolving simulations, in which CAPE increases
with sea surface temperature (34-36). Recent work has provided insight into
why this increase in CAPE occurs (36). In addition, the global precipitation
rate is expected to increase with global temperature (37), although the
predicted changes in annual mean precipitation are of variable sign across
the United States.

To assess how these future changes will affect lightning, we analyzed output
from 11 GCMs in the Coupled Model Intercomparison Project Phase 5 [CMIP5
(38)]; see the supplementary materials for more details. Table 1 lists the
CONUS mean fractional changes in CAPE and precipitation for the GCMs in
our ensemble. To account for differences in climate sensitivity between the
models, we report these results as percent changes per °C of global
warming. All GCMs in our ensemble predict that CONUS mean CAPE will
increase over the 21st century, with a mean increase of 11.2% per °C of
global warming. There is a high level of agreement between the models on
the spatial pattern and magnitude of this CAPE increase (fig. S1). On the
other hand, there is significantly more variation in the GCMs’ predictions for
future precipitation; the mean response is a 1.5% increase per °C of global
warming, but some models predict decreased precipitation over the CONUS.



Table 1. Future changes predicted by GCMs. Predicted changes in global mean temperature (AT) and
percent per global mean °C changes in CONUS annual mean CAPE (ACAPE), precipitation (APr), and CG lightning
flash rate (ACG) are shown for 11 CMIP5 GCMs. Changes are calculated for the years 2079-2088 of the RCF&5
experiment relative to the years 1996-2005 of the historical experiment.

GCM AT (°C) ACAPE (%°C) APr (%°C) ACG (%°C)
BCC-CSM1.1 34 6.4 -0.6 34
BCC-CSM1.1({m) 31 8.8 -0.2 6.9
CanESM?2 4.7 129 4 2 17.3
CCSM4 39 7.3 2.0 9.1
CNRM-CM5 39 99 26 12.2
FGOALS-g2 31 11.5 -1.8 70
GFDL-CM3 5.0 16.5 2.6 176
GFDL-ESM2M 2.5 134 2.7 159
MIROCS 34 15.1 0.3 16.3
MRI-CGCM3 34 12.5 30 14.7
NorESM1-M 36 85 14 10.3
Mean: 36 112 1.5 11.9

The percent change in annual mean lightning flash rate can be estimated as
the mean percent change in the product of CAPE and precipitation time
series between the years 1996-2005 and 2079-2088. Using this method, all
GCMs in our ensemble predict annual mean lightning-strike frequency in the
United States to increase, with a mean increase of 12% per °C (column 5 of
Table 1). The standard deviation of the ensemble’s predictions is 5% per °C;
therefore, we can conclude that the rate of CG lightning strikes over the
CONUS is likely to increase as a function of global mean temperature at a
rate of 12 £ 5% per °C. Overall, the GCMs predict a ~50% increase in the
rate of lightning strikes in the CONUS over the 21st century.
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