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ABSTRACT

The effect of anthropogenically enhanced greenhouse gas concentrations on the frequency and intensity of
hail depends on a range of physical processes and scales. These include the environmental support of the hail-
generating convective storms and the frequency of their initiation, the storm volume over which hail growth is
promoted, and the depth of the lower atmosphere conducive to melting. Here, we use high-resolution
(convection permitting) dynamical downscaling to simultaneously account for these effects. We bnd broad
geographical areas of increases in the frequency of large hail*( 35-mm diameter) over the United States,
during all four seasons. Increases in very large hail{ 50-mm diameter) are mostly conbned to the central
United States, during boreal spring and summer. And, although increases in moderate hail { 20-mm di-
ameter) are also found throughout the year, decreases occur over much of the eastern United States in
summer. Such decreases result from a projected decrease in convective-storm frequency. Overall, these re-
sults suggest that the annual U.S. hail season may begin earlier in the year, be lengthened by more than a
week, and exhibit more interannual variability in the future.

1. Introduction by ACC. This has been addressed most broadly by the
O0benvironmental®0 approd@itogks et al. 2003, which
exploits the fact that convective-storm organization and
intensity are strongly controlled by ambient (or envi-
ronmental) probles in temperature, humidity, and wind
within the troposphere. Specibc quantipcations of these
probles, namely, convective available potential energy
(CAPE), and bulk vertical wind shear over the 0D6-km
layer (S06), have been coevaluated using global and
@ supplemental information related to this paper is available at ~ fegional climate model (GCM and RCM) output.
the Journals Online website: https://doi.org/10.1175/JCLI-D-18-  Within the United States in particular, CAPE tends to
0740.s1 exhibit robust increases over most future time periods
and greenhouse gas (GHG) scenarios [e.g.Trapp et al.

2Current afbliation: Cooperative Institute for Mesoscale Mete- 2007 Del Genio et al. 2007, Trapp et al. 2009
orological Studies, University of Oklahoma, and NOAA/NWS/ Diffenbaugh et al. 2013, Gensini et al. 2014 see also the

Assessments of how anthropogenic climate change
(ACC) may affect the frequency and intensity of hailfall
in the future require a careful consideration of a range of
physical processes and scales. To begin, one must con-
front the question of how deep convective stormsN
which are the hail generatorsNare themselves impacted

Storm Prediction Center, Norman, Oklahoma. review by Allen (2018)]. This is compelling here because
per parcel theory, the theoretical maximum updraft
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and a basic premise in studies of hail formation is that
intense updrafts are required to support the growth of
large hailstones with large terminal velocities (Knight
and Knight 2001).

Hail formation also depends on vertical wind shear,
as has been emphasized recently byDennis and
Kumjian (2017) (but see also, e.g.Nelson 1983 Ziegler
et al. 1983 Nelson 1987. The effect of shear on an
updraft is to elongate and/or horizontally expand it,
thus providing a larger region for hail embryos to de-
velop, and also a larger volume for subsequent hail
growth (Dennis and Kumjian 2017). In more general
terms, shear also affects the convective morphology,
with large S06 (* 20m< %) favoring a supercellular
morphology; in the United States at least, the largest
hail is thought to be generated by supercellular thun-
derstorms (Smith et al. 2012 Blair et al. 2017). Hail
generated by less-organized morphologies, including
multicellular thunderstorms ( Ziegler et al. 1983; Nisi
et al. 2016, tends to be smaller (Blair et al. 2017), but
the hailstorm development still requires nonnegligible

S06. These effects are noteworthy because S06 is gen-

erally expected to decrease over most future time pe-
riods and GHG scenarios (e.g.,Trapp etal. 2007 Trapp
et al. 2009, albeit with the caveat that large decreases
in S06 tend to occur when CAPE is relatively low
(Diffenbaugh et al. 2013).

Surface hailfall ultimately depends on the tempera-
ture of the air through which the hailstones fall, as well
as the relative humidity of this air: the rate of melting is
slower in drier air (Rasmussen and Pruppacher 1982
There is evidence of increasing trends in the height of
the melting level (i.e., the height of the 08C isotherm) in
the tropics (Bradley et al. 2009, high-mountain Asia
(Wang et al. 2019, France (Dessens et al. 201) and
Peru (Schauwecker et al. 201y. GCM projections
evaluated at particular locations also suggest future
increases in the height of the melting level (Dessens
et al. 2015 Schauwecker et al. 201Y. It is unclear at
this time if compensating effects of lower relative hu-
midity in the boundary layer might offset this trend.
Given that projected future storm environments often
contain more convective inhibition ( Diffenbaugh et al.
2013, they may also contain regions of lower relative
humidity.

The environmental-parameter approach has been
applied to climate model simulations to make pro-
jections of the frequency and intensity of severe con-
vective storms in future climates (e.g.,Trapp et al. 2007,
Del Genio et al. 2007; Trapp et al. 2009 Diffenbaugh
et al. 2013. It is important to note, however, that
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O0severeO0 is a generic category that (in the United States)
includes storms that generate tornadoes, large hail, and/or
damaging nontornadic winds. In other words, these
projections are not specibcally for hail, in part because
this approach does not explicitly involve any of the mi-
crophysical processes responsible for hail formation
and growth.

Toward that end, Brimelow et al. (2017) developed a
novel method whereby environmental probles from
coarse (50-km grid lengths) RCMs [via the North
American Regional Climate Change Assessment Pro-
gram (NARCCAP)] were used to drive an off3ine hail
growth model (HAILCAST; Brimelow et al. 2002) and
thus predict maximum hail size at individual RCM grid
points. The 1D model simulates the growth of hail em-
bryos that are introduced at a thermodynamically de-
duced cloud base. The amount of growth (hail size)
depends on the temperature and supercooled cloud
water within each proble, as well as the strength and
duration of a steady, adiabatic 1D updraft; the updraft
properties are parameterized using CAPE and vertical
wind shear. Brimelow et al. (2017) concluded that the
frequency of hail, especially of relatively small diame-
ters (10 mm), will decrease in the late twenty-prst century
over most of North America. They further concluded that
when hail does occur, its maximum size will tend to be
larger, suggesting an increase in hail damage potential
under ACC.

Their method, and thus conclusions, are not without
limitations however. The assumption of updraft
steadiness in the HAILCAST model, over a duration
derived from a simple product between CAPE and
vertical wind shear, likely overestimates hail size. The
assumption of updraft existence itself given sufp-
ciently positive parcel buoyancy in a proble Brimelow
et al. 2002 likely overestimates hail frequency. This
is underscored by the recent pseudo-global warming
(PGW) simulations of Trapp and Hoogewind (2016),
who reafprm that positive buoyancy is necessary but
not sufpcient: Convection initiation is usually predi-
cated on the existence of sufbcient parcel lifting to
overcome layers of negative buoyancy [as quantiPed by
convective inhibition (CIN)], and this process is not
explicitly treated in HAILCAST.

Indeed, this convection-initiation issue has been a pri-
mary motivating factor for implementations of dynami-
cal downscaling at convection-permitting resolutions
(e.g., Trapp et al. 2011). The dynamical-downscaling
implementations of Leslie et al. (2008) and Mahoney
et al. (2012) were specibcally focused on hail occur-
rence. Both used horizontal grid lengths of ; 1km,
but over computational domains of limited ex-
tent:; 48 3 48domain over the Sydney basin in Australia
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