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ABSTRACT

How will warming temperatures influence thunderstorm severity? This question can be explored by using

climate models to diagnose changes in large-scale convective instability (CAPE) and wind shear, conditions

that are known to be conducive to the formation of severe thunderstorms. First, an ensemble of climate

models from phase 5 of the Coupled Model Intercomparison Project (CMIP5) is evaluated on its ability to

reproduce a radiosonde climatology of such storm-favorable conditions in the current climate’s spring and

summer seasons, focusing on the contiguous United States (CONUS). Of the 11 climate models evaluated,

a high-performing subset of four (GFDL CM3, GFDL-ESM2M, MRI-CGCM3, and NorESM1-M) is iden-

tified. Second, the twenty-first-century changes in the frequency of environments favorable to severe thun-

derstorms are calculated in these high-performing models as they are forced by the RCP4.5 and RCP8.5

emissions pathways. For the RCP8.5 scenario, the models predict consistent CONUS-mean fractional

springtime increases in the range of 50%–180% by the end of the twenty-first century; for the summer, three

of the four models predict increases in the range of 40%–120% and one model predicts a small decrease. This

disagreement between the models is traced to divergent projections for future CAPE and boundary layer

humidity in the Great Plains. This paper also explores the sensitivity of the results to the relative weight given

to wind shear in determining how ‘‘favorable’’ a large-scale environment is for the development of severe

thunderstorms, and it is found that this weighting is not the dominant source of uncertainty in projections of

future thunderstorm severity.

1. Introduction

In the United States, a thunderstorm is classified as

‘‘severe’’ if it produces wind speeds above a damaging

threshold, hail exceeding a certain diameter, or a tor-

nado (National Weather Service 2014). These storms

down trees, loft roofs, flood roads, ignite fires with their

lightning, and damage cars and crops with large hail-

stones. They are a significant cause of property damage,

and are often deadly—in 2011 alone, over 500 people

were killed by tornadoes in the United States (NOAA

Storm Prediction Center 2012a). In spite of the cata-

strophic damage caused by severe thunderstorms in the

current climate, their response to enhanced greenhouse

forcing remains a poorly understood regional climate

change impact (Field 2012; Kunkel et al. 2013).

There are several reasons for this ongoing uncertainty.

Most importantly, inconsistent reporting practices have

obscured any storm trends that may have accompanied

twentieth-century anthropogenic global warming (Brooks

andDoswell 2001; Doswell et al. 2005; Verbout et al. 2006;

Brooks and Dotzek 2008; Diffenbaugh et al. 2008). As

a consequence, research has instead focused on identifying

the large-scale ‘‘ingredients’’ of severe convective storms

and evaluating how these ingredients will respond to in-

creasing atmospheric greenhouse gas concentrations.

It has been recognized for quite some time that con-

vective available potential energy (CAPE) and deep-layer

wind shear—as well as other measures of wind shear, such

as helicity—have skill in predicting the severity of thun-

derstorms in the case that such storms develop at all

(Brooks et al. 1994; Rasmussen and Blanchard 1998;

Rasmussen 2003). CAPE is a common measure of con-

vective instability and sets an upper bound on the speed of

updrafts, while ambient wind shear prolongs and in-

tensifies storms by physically displacing deep-convective
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updrafts from rain shafts and promoting storm-scale ro-

tation. It is not surprising, therefore, that operational

weather forecasters use combinations of CAPE and wind

shear (along with other information) to issue ‘‘watches’’

for severe thunderstorms, where a watch indicates that

meteorological conditions are favorable for the de-

velopment of severe weather within a few hours (Johns

and Doswell 1992). In particular, Brooks et al. (2003)

showed that a weighted product of CAPE and 0–6-km

wind shear in reanalysis is well correlated with the in-

tensity of nearby observed storms.

The challenge is to determine how CAPE and wind

shear—and specifically their regional and subdaily co-

variation—will change with warming temperatures. In-

creases in CAPE with global warming have been

documented in both climate models (e.g., Sobel and

Camargo 2011) and cloud-system-resolving models

(Romps 2011), and these increases were recently given

theoretical support by Singh and O’Gorman (2013). On

the other hand, a first-order prediction for future wind

shear calls for a reduced thermal wind gradient, and

hence mean shear, as a result of polar amplification of

warming (e.g., Trapp et al. 2007a, hereafter T07). These

qualitative predictions for how global warming should

affect CAPE and wind shear have opposing implications

for the severity of future thunderstorms.

In light of this opposition, several recent climate model

studies have attempted to quantitatively settle the com-

petition between increasing CAPE and decreasing shear.

T07 performed the first multimodel comparison of fu-

ture severe thunderstorms in the United States and

found significant divergence between a regional cli-

mate model and three general circulation models (e.g.,

their Fig. 3). Trapp et al. (2009) used NCAR’s CCSM3

to predict increases in CAPE that outpaced decreases

in wind shear, resulting in an increase in environments

favorable for severe thunderstorms; however, results

from a single GCM should not be given too much

weight, considering the disagreement between models

shown in T07. Most recently, Diffenbaugh et al. (2013,

hereafter D13) expanded on the results of T07 with an

enlarged ensemble of 10 GCMs from the archive of

phase 5 of the Coupled Model Intercomparison Project

(CMIP5) (Taylor et al. 2012). D13 found robust in-

creases in the frequency of severe-thunderstorm envi-

ronments in the spring and fall across most of the

United States, again as a result of increases in CAPE

that were large enough to overcome decreases in wind

shear. However, the ensemble of models used in D13

diverged significantly in its predictions for the summer

months of June–August (JJA), which constitute half of

the peak severe-thunderstorm season in the current

climate (Kelly et al. 1985). The lingering uncertainty

regarding these important months merits additional

study.

Furthermore, in the context of these studies, it is clear

that the relative weight given to CAPE and shear in de-

fining storm-favorable conditions is of central impor-

tance; depending on this weighting, the same fractional

changes in CAPE and shear derived from a climate

model’s global warming response could lead to quite

different conclusions about changes in the frequency of

severe thunderstorms. In fact, multiple studies have ar-

gued that the value of ambient wind shear is more

strongly tied to a given thunderstorm’s severity than the

background CAPE (Brooks et al. 2003; Allen et al. 2011;

Brooks 2013). However, previous climate model studies

of the effect of global warming on severe thunderstorms

in the United States have used a threshold for the un-

weighted product of CAPE and shear to define when

a GCM grid point is favorable for storms. This discrep-

ancy between observational severe-thunderstorm proxies

and the proxies that have been used in previousmodeling

studies is an unnecessary source of uncertainty in our

current understanding of the future of thunderstorms.

The present study puts this line of research on more

solid ground in two major ways. First, since the ensemble

of climate models in D13 was not selected based on

demonstrated skill at replicating the contemporary cli-

matology of severe-thunderstorm conditions, it is plausi-

ble that some of the divergence in their ensemble’s

predictions for the future, especially in the summer, can be

traced to differences between the models in their base

state of simulated severe-thunderstorm conditions. To test

this hypothesis, in section 2, we derive an observational

climatology of United States severe-thunderstorm envi-

ronments from a decade of radiosonde observations and

evaluate an ensemble of 11 CMIP5 climate models on

its ability to capture the spatial pattern of these obser-

vations throughout the principal severe-thunderstorm

season of March–August. Second, in section 3, we focus

on the changes in severe-thunderstorm conditions pre-

dicted by the high-performing subset of models identified

in section 2 as they respond to the range of greenhouse

forcing spanned by the RCP4.5 and RCP8.5 emissions

scenarios (van Vuuren et al. 2011). We explore the sen-

sitivity of our results to the relative weight given to CAPE

and shear in the definition of a severe-thunderstorm en-

vironment by repeating our analysis of future changes for

a plausible range of shear weightings. Some conclusions

and directions for future work are presented in section 4.

2. Evaluating the GCMs

The predictions of a global climatemodel (GCM) about

the future of severe thunderstorms are more trustworthy
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if the model demonstrates skill at simulating where and

how frequently these storms occur in the current climate.

Unfortunately, since the typical size of thunderstorms

(;25km in diameter) remains below the threshold of

resolution for current-climate models, evaluating models

requires identifying severe-thunderstorm-favorable en-

vironments (STEnvs) when the large-scale conditions of

CAPE and wind shear are simultaneously abundant at

the scale of a GCM grid cell. A loose analogy can be

drawn between STEnvs and the severe-thunderstorm

watches issued for the United States by the National

Weather Service’s Storm Prediction Center, although the

latter typically cover an area larger than a GCM grid cell

and are issued by meteorologists with access to more

detailed characterizations of the atmosphere (Johns and

Doswell 1992). Clearly the application of such individual

expertise is not feasible for the systematic analysis of

large quantities of GCM data. Nevertheless, the frame-

work of severe-thunderstorm watches is instructive in the

context of GCMs that do not resolve thunderstorms be-

cause a ‘‘watch’’ indicates only that atmospheric condi-

tions are primed for the development of a storm, not that

one has yet been observed. (This is in contrast to

‘‘warnings,’’ which are issued once a storm has been

confirmed.) Identifying storm-favorable environments

based on the ambient levels of CAPE and wind shear in

the weather of a climate model results in a picture of

where and when the simulated atmosphere could have

supported severe thunderstorms.

To benchmark GCMs against observations of severe-

thunderstorm conditions, we have derivedmaps of CAPE

and 0–6-km wind shear at 18 resolution over the conti-

nental United States (CONUS) at 0000 UTC—from

mid- to late afternoon local time, the peak hours of

severe-thunderstorm formation (Kelly et al. 1985)—

from a decade of radiosonde data as well as CMIP5

output for each of 11 GCMs. The radiosonde observa-

tions are provided by the Stratosphere–Troposphere

Processes and their Role in Climate (SPARC; World

Climate Research Programme 2014) high-vertical-

resolution radiosonde data (HVRRD); each 0000 UTC

sounding is filtered to detect instrument malfunction

and interpolated to a uniform 100-m vertical resolution.

The 11 CMIP5 GCMs we evaluate, listed in Table 1,

have a range of spatial resolutions and are drawn from

modeling agencies from around the world (Taylor et al.

2012). CAPE was calculated assuming the adiabatic,

undiluted ascent of a near-surface parcel of air; parcel

densities were computed using a root solver and an exact

expression for equivalent potential temperature derived

by Romps and Kuang (2010), which includes the effects

of latent heat of fusion and the different heat capacities

of the water phases. Wind shear was calculated as the

magnitude of the vector difference between the near-

surface winds and the winds at a pressure level with

a mean altitude of 6 km above the ground. For more

details about the radiosonde network, the ensemble of

GCMs, and the calculation of CAPE and wind shear, see

the appendix.

Throughout this work, we identify 18 cells in the

continental United States as STEnvs whenever the

weighted product of CAPE (J kg21) and shear (m s21) in

that cell at 0000 UTC exceeds a threshold. The criterion

for STEnvs can be generally expressed as

(CAPE)(shear)g $b , (1)

where g is the relative weight given to shear and b is

a threshold value [(m s21)21g]. There are numerous

precedents for using such a discriminator line in CAPE–

shear phase space to identify large-scale environments

that are conducive to the formation of severe thunder-

storms. Brooks et al. (2003) found that Eq. (1) with g 5
1.6 and b 5 46 800 (m s21)3.6 was most effective at de-

tecting reanalysis ‘‘pseudo soundings’’ associated with

significant severe thunderstorms in the United States,

TABLE 1. The GCMs included in this study. Resolution is indicated in terms of (lon points) 3 (lat points) 3 (levels in the vertical).

Expansion of GCM acronyms is available online at http://www.ametsoc.org/PubsAcronymList.

GCM Institute Resolution

BCC_CSM1.1 Beijing Climate Center 128 3 64 3 26

BCC_CSM1.1(m) Beijing Climate Center 320 3 160 3 26

CanESM2 Canadian Centre for Climate Modelling and Analysis 128 3 64 3 35

CCSM4 National Center for Atmospheric Research 288 3 192 3 26

CNRM-CM5 Centre National de Recherches Météorologiques 256 3 128 3 31

FGOALS-g2 Institute of Atmospheric Physics, Tsinghua University 128 3 60 3 26

GFDL CM3 Geophysical Fluid Dynamics Laboratory 144 3 90 3 48

GFDL-ESM2M Geophysical Fluid Dynamics Laboratory 144 3 90 3 24

MIROC5 Japan Agency for Marine-Earth Science and Technology 256 3 128 3 40

MRI-CGCM3 Meteorological Research Institute 320 3 160 3 48

NorESM1-M Norwegian Climate Centre 144 3 96 3 26
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while Allen et al. (2011) found that g 5 1.67 and b 5
115 000 (m s21)3.67 could do the same for short-term

forecasts from a numerical weather predictionmodel for

Australia. Both of these studies used databases of ob-

served thunderstorms and arrived at g . 1, reflecting

that the value of environmental shear is apparently of

greater importance than the local CAPE in determining

the severity of a given thunderstorm. Building on these

insights, Allen et al. (2014a,b) used a discriminator line

with g 5 1.67 in a detailed study of current and future

severe-thunderstorm environments in Australia. On

the other hand, climate model studies of severe-

thunderstorm environments in the United States have

almost exclusively used g 5 1 and b 5 10 000 (m s21)3

(Marsh et al. 2007; T07; Trapp et al. 2009; D13), with one

study using b 5 20 000 (m s21)3 (Gensini et al. 2014).

One purpose of the present study is to quantify the ex-

tent to which previous work may have reported inflated

increases in United States severe-thunderstorm envi-

ronments as a result of underweighting the effect of

future decreases in shear.

However, for the purpose of evaluating climate

models on their simulation of current-climate severe-

thunderstorm conditions, we take g 5 1 and b 5 36 300

(m s21)3. The choice of g5 1 in this section wasmade for

simplicity and in order to have the most contact with

previous multimodel studies of United States severe

thunderstorms; in any case, the value of g is much more

important when considering trends in STEnvs than it is

when seeking a general picture of GCM performance

in the current climate, and g will be allowed to vary

substantially in section 3 when we analyze trends in

STEnvs. The chosen value of b selects the upper 3% of

(CAPE)(shear) in the radiosonde data, and was found

to result in a mean annual number of STEnvs that com-

pares well with what was found in reanalysis by D13 and

others, building confidence that we are considering a simi-

larly extreme population of CAPE and shear combinations

despite potential differences in the calculation of CAPE.

NOAA climatologies of past severe-thunderstorm

watches indicate that the region of peak storm activity

in today’s climate is the central United States, beginning

east of the RockyMountains, extending from themiddle

of Texas north to the Dakotas, and tailing off toward the

East Coast (NOAA Storm Prediction Center 2012b).

This region of significant severe-thunderstorm activity

in the central United States is readily apparent in his-

torical reports of large hail and severe convective winds

(Fig. 1, left), and is the most salient feature of the current

climate’s pattern of severe-thunderstorm activity. Over-

all, Fig. 1 shows that the climatology of STEnvs derived

from radiosondes is well correlated with the region of

observed severe-thunderstorm damage in the central

United States.

An exception is the region of southern Texas, where

a large number of STEnvs occur but there have been few

reports of severe-thunderstorm damage. This feature

has been noted previously in United States reanalysis by

Gensini and Ashley (2011) and others, and highlights an

important point about what information can be gleaned

from STEnvs. STEnvs do not account for factors that are

known to be closely tied to storm initiation—from small-

scale outflow boundaries to large-scale inversions—and

are therefore agnostic about whether thunderstorms

actually occurred. It is well known that southern Texas is

frequently capped by an elevated mixed layer that is

FIG. 1. (left) Mean annual reports [(8)22] of hail greater than 1 in. in diameter or winds in excess of 50 knots [kt

(1 kt 5 0.51m s21)], from 1955 to 2012 (NOAA Storm Prediction Center 2012b). Reports are binned in 18 cells
based on the latitude and longitude coordinates recorded for the report by the Storm Prediction Center. (right)

Mean annual STEnvs [days per year with (CAPE)(shear)$ 36 300 (m s21)3 at 0000UTC] derived from the SPARC

radiosonde network for the years 1999–2008.
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advected eastward from the high desert terrain of the

Mexican Plateau (Carlson and Ludlam 1968). In the

absence of mechanisms to erode the inversion, this ‘‘lid’’

has such a strong inhibiting effect on thunderstorm

formation in southern Texas that, even though CAPE

and shear are abundant, severe thunderstorms are rare.

Clearly, this uncertainty regarding storm initiation

limits our ability to translate trends in STEnvs into

projections for future severe thunderstorms. Changes in

the processes that inhibit and promote storm initiation,

which cannot at present be resolved byGCMs, may have

an attenuating or amplifying effect on the way STEnv

trends will influence future thunderstorms. Van Klooster

and Roebber (2009) derived an index of convective ini-

tiation potential from the large-scale variables resolved

by climate models and found no change in this initiation

potential over the twenty-first century, but that study

only considered a single GCM. Another promising av-

enue for studying convective initiation is dynamically

downscaling GCM output with a high-resolution re-

gional climate model that can explicitly resolve con-

vective storms, although such results are still model

dependent and generating long integrations with this

technique is computationally intensive (Trapp et al. 2007b,

2011; Robinson et al. 2013). A self-contained multi-

model analysis of future changes in convective initiation

may become a tractable problem only once GCM res-

olutions have substantially improved. Therefore, for the

moment the best one can do is assume that the fraction

of STEnvs that develop severe storms will be the same in

the future as in the present, but there is not much to

justify this assumption besides necessity.

With these limitations in mind, it is encouraging that

the observational climatology of STEnvs does highlight

the region of maximum severe-thunderstorm damage

in the central United States. It is also worth noting the

similarity between the radiosonde observations in Fig. 1

(right) and the distribution of severe-thunderstorm en-

vironments found previously in reanalysis by, for ex-

ample, Brooks et al. (2003) and D13. Given the widely

recognized deficiencies in the ability of reanalysis fields

to represent sharp vertical gradients of thermodynamic

quantities (Gensini et al. 2014), it was not a foregone

conclusion that severe-thunderstorm conditions esti-

mated from high-vertical-resolution radiosonde data

would not appear substantially different from those

derived from reanalysis. The similarity of the radio-

sonde climatology of STEnvs presented here with re-

analysis data confirms that reanalysis is a suitable tool

for the study of large-scale environments associated with

severe thunderstorms.

But how well can CMIP5 GCMs reproduce the ob-

served pattern of storm activity? About 93% of STEnvs

in the radiosonde data occur between the months of

March and August, and it has been previously noted by

Kelly et al. (1985) that more than 80% of thunderstorms

producing damaging winds and large hail occur during

these months. Therefore, we focus our analysis on the

spring [March–May (MAM)] and summer (JJA) sea-

sons. Figures 2a–l and 3a–l show the climatologies of

STEnvs derived from the radiosonde data and 11

CMIP5 climate models for the current climate’s spring

and summer seasons, respectively. The differences in

model skill are most apparent during summer, when

there is significant spread in howwell the climatemodels

capture the radiosonde observations’ concentration of

STEnvs in the central United States. A majority of the

GCMs depicted in Fig. 3 predict that much of the East

Coast of the United States should be at least as fre-

quently favorable for the development of summertime

severe thunderstorms as the Great Plains, in stark con-

trast to the radiosonde observations, and some models

actually have local STEnv minima in the Great Plains

[e.g., BCC_CSM1.1(m) and CanESM2]. These differ-

ences between the models are not nearly as apparent for

the spring months shown in Fig. 2, when most models

qualitatively capture the concentration of STEnvs

creeping up from Texas into the southern Great Plains.

A likely explanation for the better performance of the

models in the spring is the predominance of synoptic

forcing, which is on a scale better resolved by GCMs, as

compared to the mesoscale-system-dominated summer

(Fritsch et al. 1986).

The GCM ensemble’s performance is summarized in

Figs. 2m and 3m, where we show pattern correlations

between the climatologies of STEnvs for the radiosonde

data and the GCMs. We also quantify the overall sea-

sonal bias in the number of STEnvs that occur in the

GCMs. The pattern correlations confirm that many of

the GCMs in our ensemble have very little predictive

power in the summer. In this work, we stipulate that

a GCM must have a pattern correlation of 0.5 for both

MAM and JJA current-climate STEnvs (R2 in Figs. 2m

and 3m) in order to be considered skillful at simulating

severe-thunderstorm conditions. According to this crite-

rion, the four high-performing models are GFDL CM3,

GFDL-ESM2M, MRI-CGCM3, and NorESM1-M. The

principal difference between high- and low-performing

GCMs is the zonal distribution of STEnvs in the sum-

mer: the high-performing group has its summertime

peak of STEnvs in the central United States, collocated

with the defining feature of the radiosonde observations.

On the other hand, the low-performing GCMs display

a much broader swath of STEnvs and/or significant

peaks in activity on the East Coast in the summer.When

we consider the effect of global warming on STEnvs in

15 MARCH 2015 S EELEY AND ROMPS 2447



section 3, we will focus our attention on this subset of

high-performing models to see if they display a more

consistent summertime response than was found for the

larger ensemble of D13. However, given the inherent

subjectivity in evaluating climate models to determine

which are ‘‘high performing’’ (Tebaldi and Knutti 2007),

we will also present a summary of results for all 11

GCMs in our ensemble.

3. Severe thunderstorms in a warm future United
States

The high-performing models identified in section 2 are

used here to predict changes in thunderstorm severity

approximately 75 years in the future. We use CMIP5 data

from the decade 2079–88 of the RCP4.5 and RCP8.5 ex-

periments to represent the future climate under medium

FIG. 2. Mean STEnvs per MAM for (a)–(k) the years 1996–2005 in 11 CMIP5 GCMs and (l) the years 1999–2008 in SPARC ra-

diosonde observations. (m) A summary of the ability of the 11 GCMs in our ensemble to simulate the radiosonde observations. The

ordinate of (m) is the spatial coefficient of determinationR2 and is a measure of how well a GCM’s geographical distribution of STEnvs

matches the distribution in the radiosonde data. The abscissa (‘‘Bias’’) is the ratio of a GCM’s CONUS-mean STEnvs (land grid points

only) to that of the radiosonde climatology, and thus is a measure of how well a GCM predicts the observed number of STEnvs per

season per year.
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and high levels of greenhouse forcing, respectively (van

Vuuren et al. 2011), and identify STEnvs in the simulated

weather of the GCMs for this decade using the same

method presented in section 1. Under the assumption that

the same fraction of STEnvs will be actualized into storms

in the future as at present, changes in STEnvs tell us about

howGCMs predict the frequency of severe thunderstorms

will change. In section 3a, we again use g 5 1 and b 5
36300 (ms21)3 as a (CAPE)(shear)g threshold, allowing us

to diagnose how often in each GCM’s simulated future the

subdaily product of CAPE and shear at local mid- to late

afternoon would cause the environment to be classified as

a STEnv. The sensitivity of changes in STEnvs to the

relative weight given to shear is explored in section 3b.

a. g 5 1 (CAPE and shear equally weighted)

The changes in annual-mean spring and summer STEnvs

due to global warming are shown for the high-performing

GCMs in Figs. 4 and 5, respectively. To probe the

models’ response to a range of radiative forcing, we

show results for both the RCP4.5 and RCP8.5 green-

house emissions scenarios, which respectively represent

medium-mitigation and high-carbon business-as-usual

pathways (van Vuuren et al. 2011). Figure 4 shows that

FIG. 3. As in Fig. 2, but for JJA.
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in the spring, the ensemble of high-performing models

predict a consistent response of increased STEnvs ex-

tending from Texas into the southern and central Great

Plains. This region of increase coincides with the current

climate’s spatial pattern of STEnvs—evident in both the

radiosonde and GCM data shown in Fig. 2—suggesting

a ‘‘stormy gets stormier’’ response for springtime severe

thunderstorms. These results agree with those ofD13, who

found consistent increases in severe-thunderstorm envi-

ronments during the spring for a 10-member ensemble of

CMIP5 models. The trends for this season are robust to

the range of greenhouse forcing spanned by the RCP4.5

and RCP8.5 scenarios, with the magnitude of predicted

CONUS-mean increases ranging from 30% to 150% for

the RCP4.5 scenario, and from 50% to 180% for the

RCP8.5 scenario. The fact that the increases for the

RCP4.5 scenario are smaller than the RCP8.5 increases

by 20%–50% suggests that the climate policies adopted

in the coming decades will affect the severity of the

spring thunderstorm season in the United States.

FIG. 4. Changes due to global warming in annual-mean STEnvs during MAM in the high-performing GFDL CM3, GFDL-ESM2M,

MRI-CGCM3, and NorESM1-M. Results for both the RCP4.5 and RCP8.5 greenhouse gas forcing scenarios are presented. Changes are

calculated as themean of the period 1996–2005 of the CMIP5 historical experiment subtracted from themean of the period 2079–88 of the

RCP experiment. A summary of the fractional CONUS-mean changes is given for each of the four models in the boxes at left.
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The summertime response of the high-performing

ensemble of models is considerably more diverse

(Fig. 5). For the RCP8.5 scenario, three of the four high-

performing models predict increases in the range of

40%–120%,while onemodel (NorESM1-M) predicts an

approximately 10% decrease. In all cases, these changes

are concentrated in the central and northern Great

Plains, around the climatological maximum of STEnvs

for the current-climate radiosonde data and four high-

performing GCMs shown in Fig. 3. In contrast to the

spring season, during the summer the RCP4.5 response

is qualitatively different from the RCP8.5 response for

two of the models, changing sign locally in the central

Great Plains for GFDL-ESM2M and in the CONUS

mean for NorESM1-M.

One source of motivation for the present study was

the hypothesis that a restricted ensemble of CMIP5

climate models, selected for its demonstrated skill at

matching a radiosonde climatology of STEnvs, might

display a more consistent response to greenhouse forc-

ing than the larger ensemble used byD13, particularly in

the summer. The results shown in Fig. 5 partially dis-

credit this hypothesis, because the four highest-

performing models identified in section 2 do not agree

on even the sign of CONUS-mean changes in the fre-

quency of summer STEnvs under the strong radiative

FIG. 5. As in Fig. 4, but for JJA.
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forcing of the RCP8.5 scenario, and there is no clear

distinction between the response of the ‘‘high perform-

ing’’ and ‘‘low performing’’ models in CONUS-mean

percent increases in STEnvs (Fig. 6).

However, there is a clear outlier among the high-

performing models: NorESM1-M predicts decreases in

summer STEnvs throughout the Great Plains—unlike

GFDL CM3, GFDL-ESM2M, and MRI-CGCM3,

which together show a consistent increase in this re-

gion when forced by RCP8.5-level emissions. Variations

in simulated future shear are not the source of the dif-

ference between NorESM1-M and the other three

models, as all four of these models predict decreasing

CONUS-wide wind shear in the range from 25% to

214% for this season under RCP8.5 forcing. However,

NorESM1-M is a significant outlier in this small en-

semble of high-performing models for its predicted

changes in CAPE and boundary layer humidity (Fig. 7).

While the GFDL models and MRI-CGCM3 predict in-

creases in CAPE on the order of 1 kJ kg21 throughout

the Great Plains, NorESM1-M predicts that mean

summertime CAPE will decrease by roughly 500 J kg21

in this region. The increases in CAPE in the first three

models appear to be driven by increases in boundary

layer specific humidity qy that roughly follow Clausius–

Clapeyron scaling, while NorESM1-M’s decreases in

FIG. 6. Changes in MAM and JJA CONUS-mean STEnvs in the 11 GCMs listed in Table 1, as a function of their

R2 ‘‘score’’ on their ability to match the spatial pattern of observed current-climate STEnvs. The letters a–k cor-

respond to the samemodels as in Figs. 2 and 3; the ‘‘high performing’’models are those that have anR2 above 0.5 for

both MAM and JJA.
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CAPE are driven by a widespread aridification of the

Great Plains. A time series of NorESM1-M’s boundary

layer humidity throughout the twenty-first century (not

shown) indicates that our chosen time period is not

simply anomalously dry for this model—the drying

trend emerges around the year 2050 and persists there-

after. Such a drying out in the twenty-first century, while

being opposite the observed twentieth-century trend

(Dai 2006), is not impossible.

In any case, the results of Figs. 5 and 7 show that

simulated future changes in thunderstorm severity are

closely tied to changes in boundary layer humidity, as

has been argued previously (T07; Trapp et al. 2009;

D13). This suggests that focusingmodel development on

the processes responsible for low-level humidification—

from the influence of soil moisture to advection from the

Gulf of Mexico into the Great Plains—is an important

step toward further constraining the severe thunderstorms–

global warming connection.

b. Sensitivity to g

In the analysis presented thus far, STEnvs were iden-

tified for radiosonde and GCM data when Eq. (1) with

g5 1 andb5 36300 (ms21)3 was satisfied. These choices

of parameters give equal weight to the value of CAPE

and the value of shear, and select the upper 3% of the

product of (CAPE)(shear) at 0000 UTC in the decade of

radiosonde data spanning 1999–2008. However, multiple

studies have argued that the value of ambient wind shear

has more influence on a given thunderstorm’s severity

than the local CAPE environment, suggesting that

Eq. (1) with a value of g closer to 1.6 or 1.7 is better at

identifying environments favorable for severe thunder-

storms (Brooks et al. 2003; Allen et al. 2011; Brooks

2013). In this section, we test the sensitivity of the results

presented in section 3a to the choice of g by repeating our

analysis of CONUS-mean fractional changes in STEnvs

while allowing g to range from 1 to 2.

As g is varied, the threshold b is varied as well to keep

constant the number of STEnvs occurring for the radio-

sonde data. [That is, b is adjusted to select the upper 3%

of (CAPE)(shear)g in the decade of observations, re-

gardless of g. This reflects the fact that the number of

severe thunderstorms that actually occurs does not de-

pend on the details of an empirical threshold.] Varying

b and g in this way does not qualitatively affect the ob-

servational climatology of STEnvs (the annual climatol-

ogies are correlated with one another with an R2 in the

range of 0.99–0.85 over the range of g), nor does it sig-

nificantly affect the separation of models into the high-

and low-performing groups presented in section 2. Table 2

gives the threshold b used for each value of g in this

analysis.

The sensitivity to g of the changes in CONUS-mean

STEnvs predicted by the high-performing models is

shown in Fig. 8. Given that the effect of climate change

FIG. 7. Changes in JJA (top) CAPE and (bottom) boundary layer qy in (left) the high-performing GFDL CM3,

GFDL-ESM2M, andMRI-CGCM3 (mean of these threemodels) and (right) NorESM1-M. Changes are calculated

as the mean of the period 1996–2005 of the CMIP5 historical experiment subtracted from the mean of the period

2079–88 of the RCP8.5 experiment.
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on severe thunderstorms has long been cast as a compe-

tition between increasing CAPE and decreasing shear,

one expects increasing g to generally suppress increases

in STEnvs. The sensitivity varies across models, seasons,

and RCP forcing pathways, but the negative slope of the

lines in Fig. 8 confirms this prediction. MRI-CGCM3

is the most sensitive to changes in g for all seasons and

forcing pathways, with its summertime increases in

RCP8.5 STEnvs reduced from roughly 60% to 30%.

Similarly, the small decreases predicted by NorESM1-M

in the summer when forced byRCP8.5 emissions become

more negative when g is increased from 1 to 2.

Overall, the relatively gentle slopes of the sensitivity

lines in Fig. 8, even up to values of g that exceed what

has been suggested before by Brooks (2013) and others,

imply that the qualitative results of GCM experiments

when using g 5 1 will not differ substantially from those

for g 5 1.6–1.7. Given the many other sources of un-

predictability inherent to modeling future large-scale

convective environments, Fig. 8 suggests that the rela-

tive weight given to shear and CAPE in the definition of

a severe-thunderstorm-favorable environment is not the

dominant source of uncertainty in this line of research.

This builds confidence in the picture of future severe-

thunderstorm increases given by our Figs. 4 and 5 and

puts previous work by D13 and others who used g5 1 to

predict increases in United States severe-thunderstorm

environments on more solid ground.

4. Conclusions

This studywasmotivated by two significant holes in our

current understanding of the influence of global warming

on severe thunderstorms in the United States. First, the

analysis of D13 did not find statistically robust changes

for summertime severe-thunderstorm environments in

their 10-member ensemble of CMIP5 climate models. To

test if some of the divergence in their ensemble’s pre-

dictions for the future could be traced to differences be-

tween models in their simulation of severe-thunderstorm

conditions in the current climate, we looked at changes

in STEnvs in a subset of four CMIP5 GCMs that were

best able to match a radiosonde climatology of STEnvs.

Our Fig. 5 shows that—even when focusing on high-

performing models—there is disagreement on the sign of

domain-mean summertime changes in future severe-

thunderstorm environments under RCP8.5 forcing. For

the months of June, July, and August, the outlier in the

high-performing group of models is NorESM1-M, which,

unlike GFDLCM3, GFDL-ESM2M, andMRI-CGCM3,

predicts a widespread aridification of the central United

States and a corresponding decrease in convective in-

stability in the twenty-first century. This suggests that

purely from the perspective of storm ingredients (i.e.,

neglecting changes in initiation), the future severity of

thunderstorms is closely tied to low-level humidification.

As such, further study of low-level humidification pro-

cesses seems to be a prerequisite for achieving some level

of consensus among climatemodels about future changes

in summertime severe thunderstorms.

The second nagging source of uncertainty in pro-

jections of future thunderstorm severity addressed by

this work is the fact that previous climate model studies

of United States storms have all given equal weight to

CAPE and wind shear in determining how ‘‘favorable’’

an environment is for severe thunderstorms (T07; Trapp

et al. 2009; D13; Gensini et al. 2014), despite the fact that

observational studies have argued that shear is more

important than CAPE in determining a given thunder-

storm’s severity (Brooks et al. 2003; Allen et al. 2011;

Brooks 2013). The results of our Fig. 8 suggest that the

relative weight given to shear is not the dominant source

of uncertainty in projections of future thunderstorm

severity (i.e., eachmodel’s changes due to a unit increase

in g are smaller than the intermodel spread, even among

just the high-performing models). This increases the

level of confidence onemay have in our results and those

of previous work by D13 and others.

Overall, this study adds to the growing consensus that

therewill bemore annual severe-thunderstorm-favorable

combinations of CAPE and wind shear in a warm future

United States, but there remain many unanswered

questions about the future of severe thunderstorms. A

largely unexplored subtlety in the use of CAPE–shear

discriminant lines is the fact that not all storm environ-

ments above the discriminant line have equal probability

of giving rise to severe thunderstorms, with environments

farther above the line more likely to do so than those just

barely exceeding the threshold. It should be possible to

glean some useful information from the mean ‘‘distance’’

TABLE 2. The value for b in Eq. (1), for each value of g used to

test the sensitivity of modeled changes in STEnvs. To always select

the top 3% of (CAPE)(shear)g in the decade 1999–2008 of radio-

sonde data, b is varied.

g b [(m s21)21g]

1.0 36 300

1.1 48 630

1.2 65 270

1.3 87 740

1.4 118 230

1.5 159 540

1.6 215 590

1.7 291 640

1.8 395 270

1.9 536 300

2.0 729 000
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of storm-favorable environments above any given dis-

criminant line and refine the picture that results from

only considering changes in the frequency of threshold

exceedance.

The chief remaining source of uncertainty is the fact

that, out of necessity, we have had to assume that the

fraction of severe-thunderstorm environments de-

veloping into actual storms will be constant in time. This

assumption is not well justified, and future changes in

convective inhibition, extratropical storm tracks, and

other processes known to be intimately related to storm

initiation would have amplifying or attenuating effects

on the trends in STEnvs identified here. These subjects

will be ripe for investigation as GCM resolutions con-

tinue to improve in coming years.
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APPENDIX

Data and Methods

Calculation of CAPE and shear

In this work, we diagnose convective instability using

convective available potential energy (CAPE), which is

the vertically integrated Archimedean buoyancy of

a parcel of air taken from near the surface and lifted

adiabatically through a column of the atmosphere. The

precise value of CAPE associated to a column of the

atmosphere depends on many assumptions about

the definition of a parcel, the role of entrainment, and

the treatment of fusion and condensate loading. These

varying conventions have quantitative, not qualitative,

effects on climatological CAPE values, and no one form

of CAPE has been shown to be best suited to diagnosing

severe-thunderstorm environments. In this work we

choose to use nondilute, near-surface-based, adiabatic

CAPE defined as follows:

CAPE5 max
p

ðp
s

p

 
1

rp
2

1

re

!
dp0 , (A1)

where re is the environmental air density and rp the

parcel density. In practice, the above integral was tra-

pezoidally approximated by calculating the buoyancy of

a near-surface parcel at a series of discrete pressure

levels in the radiosonde or GCM data. Parcel densities

were calculated by using a root solver to find the ther-

modynamic state consistent with the equivalent poten-

tial temperature of the near-surface air. For this

purpose, we use an exact expression for equivalent po-

tential temperature derived by Romps and Kuang

(2010), which includes the effects of latent heat of fusion

and the different heat capacities of the water phases.

A number ofmeasures of vertical wind shear have been

used in combination with some criterion of instability to

discriminate between severe and nonsevere convective

environments (Craven and Brooks 2004). The two pre-

vious multimodel studies of severe-thunderstorm forcing

in the United States have used the magnitude of the

difference between the horizontal wind vector near the

surface and 6km above the surface (T07; D13), and we

do the same here, with one small difference: we take the

upper-level winds from the pressure level equal to the

mean of the surface pressure and 100mbar. This ensures

that the upper-level height adjusts upward with topog-

raphy; with this definition, the mean height of over the

CONUS is about 6 km. This has very minor effects on

the sounding-by-sounding and climatological wind shear

values.

Calculating thesemetrics of storm potential for aGCM

column results in one value of CAPE and one value of

shear associated with an area that is ;100–200km on

a side, whereas when calculating from a radiosonde one

obtains values associated to a particular weather station

within a network of such stations spread hundreds of ki-

lometers apart (Fig. A1). To allow for comparison be-

tween the radiosonde network data and GCMs with

varying resolutions, we bicubically interpolate all CAPE

and shear values to a uniform 18 grid over the contiguous

United States. The bicubic interpolation method was

chosen for its speed, and negative values of CAPE that

are generated by this interpolation are set to zero.

1) RADIOSONDE DATA

To produce a benchmark climatology of CAPE that is

untainted by the parameterization of convection in re-

analysis models, one must appeal directly to radiosonde

data. For this work, we use the Stratosphere–Troposphere

Processes and their Role in Climate (SPARC) high-

vertical-resolution radiosonde data (HVRRD) record,

which includes daily radiosonde releases at 0000 and

1200 UTC from 68 stations spread across the contiguous

United States (Fig. A1) during the years 1999–2008

(World Climate Research Programme 2014). We use

only the 0000UTC radiosonde releases (from localmid- to

late afternoon) and disregard the 1200 UTC radiosondes,

which are released during local nighttime. Common-sense

FIG. A1. The locations of the 68 SPARC radiosonde stations in

CONUS.
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filtering was applied to every sounding to exclude faulty

data; a sounding was marked as ‘‘missing’’ due to any of

the following indications of instrument malfunction or

processing error:

d Malformed or corrupted data file
d Any pressure or elevation value missing
d Any air temperature value missing or outside the

range of 100–400 K
d Pressure values increasing with time below 100mbar
d Elevation values decreasing with time below 100mbar
d Lapse rate greater than 50Kkm21 for a 6-s interval at

an elevation below 5 km
d Change in relative humidity between the first and

second reports greater than 20%
d Wind speed greater than 100m s21

After filtering, each legitimate sounding was in-

terpolated to a uniform 100-m vertical resolution.

2) CLIMATE MODEL DATA

In this work, we use output from global climate

models archived in phase 5 of the Coupled Model In-

tercomparison Project (CMIP5; Taylor et al. 2012).

CMIP5 collects data frommodeling groups from around

the world who run a common set of experiments with the

same initial conditions and forcings. At the time of

writing, subdaily 3D fields of the variables required for

calculating CAPE and shear at 0000 UTC are available

for 11 global climate models in the CMIP5 archive. We

summarize the institutional affiliations and spatial res-

olution of the GCMs used in this work in Table 1.

To evaluate the ability of the GCMs in our ensemble

to simulate severe-thunderstorm activity in the current

climate, we use data from the ‘‘historical’’ experiments.

We take our control period to be the decade 1996–2005.

This choice of decade of GCM data is dictated by the

desire to match the decade covered by the radiosonde

data (1999–2008) as closely as possible; since the his-

torical experiments cover the period 1850–2005 before

serving as the launch point for the future climate ex-

periments (which run from 2006 through the end of the

twenty-first century), the decade 1996–2005 is the closest

match that does not begin to include the divergent

forcing scenarios that are used for the future climate

experiments. For future projections, we use the decade

2079–88 from the RCP4.5 and RCP8.5 scenarios, which

correspond to increases in global radiative forcing of

;4.5 and ;8.5Wm22 over preindustrial levels by the

late twenty-first century, respectively (van Vuuren

et al. 2011). This choice of decade is dictated by data

availability, as some of the models in our ensemble

have not submitted data to CMIP5 that extends to the

year 2100.
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