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Abstract Substantial progress has been made recently
relating the large-scale climate system and hazardous con-
vective weather (HCW; tornadoes, hail, and damaging
wind), particularly over the USA where there are large
societal impacts and a long observational record. Despite
observational data limitations, HCW has shown to be influ-
enced by the climate system and the tropical atmosphere via
the Madden-Julian Oscillation and El Nifo-Southern Oscil-
lation. Analysis of the atmospheric environments favorable
to HCW (e.g., convective available potential energy and
vertical wind shear) avoids observational and model limita-
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tions. While few robust trends are seen over recent decades,
future climate projections indicate increased frequency of
such environments over the USA, Europe, and Australia,
suggesting increased future HCW activity. A recent increase
in the year-to-year variability of US tornado occurrence
is striking, but not yet understood. Dynamical downscal-
ing to convection-permitting resolutions promises improved
understanding of the relationships between large-scale cli-
mate and HCW occurrence.

Keywords Severe thunderstorms - Climate variability -
Climate change - Tornadoes - Hail

Introduction

This paper reviews recent research on connections between
large-scale climate signals and severe convective activity
over land. By “climate signals,” we refer to variability in
the earth system characterized by time scales of weeks to
centuries and spatial scales of several hundreds of kilome-
ters or more. Notable climate signals include the Madden-
Julian Oscillation (MJO), the El Nifio-Southern Oscillation
(ENSO), and radiatively forced climate change. Doswell
[32] describes severe convection as “the variety of haz-
ardous events produced by deep, moist convection.” Here,
we focus on tornadoes, hail, and damaging winds, and
we refer to these events collectively as hazardous convec-
tive weather (HCW). Improved understanding of the role
that climate signals play in modulating the frequency and
intensity of HCW activity may lead to useful long-range
outlooks (weeks to months) and projections (years to
decades), which in turn may help society to better manage
the risks from HCW, including damage to property and loss
of life [33, 83].
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There are two outstanding difficulties in relating cli-
mate signals with HCW activity. The first is the lack of
“climate quality” (i.e., multi-decade and homogeneous in
time) HCW observational data sets comparable to those
used to study precipitation and temperature extremes [50].
This issue is important and unavoidable, and we review
the available observational data and their limitations in
“Observations of Hazardous Convective Weather”. Sec-
ond, no dynamical models are currently able to adequately
resolve both climate signals and severe convection, pri-
marily due to the computational cost of representing the
disparate spatial and time scales of HCW (minutes and
tens of meters) and climate (decades and thousands of
kilometers).

A substantial body of research directed at improving
short-term HCW forecasting (e.g., Brooks et al. [12]) has
led to a good understanding of the atmospheric environ-
ments (ingredients; Doswell et al. [34]) that are favorable
to HCW occurrence. Forecasters are able to identify in
advance broad regions where atmospheric conditions are
favorable for HCW, and today, most cases of severe weather
in the USA occur in regions that have been identified as
being at risk. For instance, 77 % of all tornadoes and
88 % of all significant tornadoes (EF2-EF5) in the USA
in 2010 occurred in areas under active National Oceanic
and Atmospheric Administration (NOAA) Storm Prediction
Center (SPC) convective watches (Greg Carbin, personal
communication). However, prediction of the intensity, type,
timing, and precise location of HCW remains highly chal-
lenging. HCW is rare, and most often does not occur even
when the atmospheric environment is favorable; this is
the so-called initiation problem. Despite these limitations,
the description of HCW favorable environments devel-
oped for short-term forecasting provides both a scientific
basis and a practical approach for relating climate signals
with severe convection. Rather than searching for climate
signals solely in reports of HCW occurrence, these cli-
mate signals are identified in the frequency of favorable
environments.

The structure of the paper is as follows: In “Observations
of Hazardous Convective Weather”, we discuss the available
HCW observational data, including reports and remotely
sensed data. Common characterizations of HCW favorable
environments are described in “Environments Favorable to
Hazardous Convective Weather”. Contributions from the
climate system to the seasonal variability are discussed,
including the relationship to the annual cycle and sources of
intraseasonal and intra-annual variability in “Annual Cycle”
and “Seasonal and Intraseasonal Climate Variability”.
In “Observed Trends and Long-Term Variability”, we con-
sider the observed changes to the occurrence of severe
thunderstorms in the late twentieth and early twenty-first
centuries. In “Climate Change Projections”, we examine the

projections of severe convection for the late twenty-first
century and describe the current understanding of how a
warming climate will impact HCW occurrence. Finally, we
discuss current limitations within the field and offer insight
into areas of future development in understanding the inter-
actions between the climate system and severe convection
over land.

Observations of Hazardous Convective Weather

The usual station-based approach used for observations
of temperature and precipitation is not useful for HCW
because the size of the typical event is small relative to
station density. The longest and most direct records of
severe convective activity are based on eyewitness reports of
HCW and subsequent assessment of damage. For instance,
the SPC Severe Weather Database (SWD) is the primary
source of the US severe weather occurrence information
and contains tornado (1950 to the present), hail (1955 to
the present), and wind (1955 to the present) reports updated
on a yearly basis with data provided by local NWS offices
[80]. Report data are dependent on observer availability and,
therefore, have nonstationary features that are difficult to
characterize. The number of US tornado reports more than
doubles over the lifetime of the SPC SWD (see Fig. la),
with most of this increase associated with weak tornadoes
and believed to be non-meteorological in origin [93]. Like-
wise, there is a remarkable unexplained spike in the number
of hail reports during the early 2000s (Fig. 1b). Changing
intensity estimation procedures introduce additional inho-
mogeneities in the record [36]; note the downward shift in
EF2+ values after the 1970s. The Fujita-Pearson scale (F
scale; introduced in the early 1970s and adopted into offi-
cial usage by the late 1970s) and its successor, the Enhanced
Fujita Scale (EF scale; in use since February 2007), rate
tornado intensity [(E)FO-(E)FS, weakest to strongest] based
on damage assessment [36, 40]. Tornadoes that occurred
prior to the adoption of the F scale were rated retrospec-
tively based on newspaper accounts [36, 65, 80]. Therefore,
while the length of the SWD is adequate for climate appli-
cations, non-meteorological variability tends to obscure any
climate-forced variability. In particular, the US database is
too flawed to provide direct information about trends in
HCW occurrence [55]. Some report statistics appear less
affected by non-meteorological trends, e.g., tornado days
(number of days with at least one tornado) and number of
intense tornadoes (e.g., rated (E)F1 or (E)F2 and greater).
HCW report databases exist outside the USA, but are
of insufficient length or quality for most climate anal-
yses. The European Severe Weather Database (ESWD)
includes reports of straight-line wind gusts, tornadoes
(including waterspouts), large hail, heavy precipitation,
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funnel clouds, gustnadoes, and lesser whirlwinds [37]. The
ESWD contains contributions from many counties and is
substantially less homogeneous in time and space than the
SPC SWD [49]. Other national observational records of
severe thunderstorms exist for Australia, China, and South
Africa.

Hail pad networks (consisting typically of a few hun-
dred hail pads arranged 1 per 15-25 km?) are a source of
HCW data that does not require an observer to be present.
However, these networks can be expensive and require labo-
rious maintenance [30, 98]. Hail pad networks are present in
a number of countries including Spain, France, Argentina,
Italy, Greece, and China [62, 77, 98]. Insurance loss data is
also typically used to determine hail occurrence, with dam-
age ranging from agricultural to structural. However, loss
data is sensitive to population density, temporal changes in
portfolios, and construction materials increasingly sensitive
to hail impact [22, 56, 78].

The limitations of in situ observations have prompted
exploration of remote sensing for detecting and produc-
ing climatologies of HCW, particularly over data-sparse
regions outside the USA. Remote sensing does not provide
direct measurements of HCW, and current remote sensing-
derived records are too short for many climate applications.
Nevertheless, remote sensing data sets show promise in pro-
viding spatially complete estimates of the area impacted by
HCW. Three of the more promising avenues include satellite
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detection of overshooting convective cloud tops associated
with severe hail [8, 21, 71], radar reflectivity determined
maximum expected size of hail [23], and ground-based
sensor networks for lightning detection of positive cloud-to-
ground strikes associated with HCW [54].

Environments Favorable to Hazardous Convective
Weather

An alternative to analyzing the impact of climate signals on
HCW events directly is to examine their impact on the fre-
quency of HCW favorable environments. This approach is
attractive since there are both representative long-term his-
torical estimates (reanalysis) and climate model projections
of these environments. A similar environment approach
has been applied to the study of tropical cyclones genesis
[42, 47, 48, 86] and used to study the impacts of ENSO,
MIJO, and climate change on tropical cyclone frequency
[17-19]. A weakness of this approach is that environ-
ments only partially explain HCW occurrence (the initia-
tion problem), and the fidelity of model environments is
limited.

The ingredients for HCW can be broken down into three
main types: vertical wind shear which contributes to the
organization and longevity of severe convection, thermody-
namic propensity for updraft development, and a process
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for convective initiation. The parameters most commonly
used to describe the first two aspects are the bulk vertical
wind shear between the surface and 6 km (S06) and convec-
tive available potential energy (CAPE). Other measures of
vertical shear include storm relative helicity (SRH) and ver-
tical shear between the surface and lower levels, e.g., SO1
used in the tornado environment frequency (Fig. 2). Other
thermodynamic parameters include convective inhibition,
lapse rate, lifted condensation level, and convective precip-
itation. These parameters are sometimes examined individ-
ually or in combinations, as in the product of SRH and
CAPE (the energy-helicity index, EHI; [26, 27]), the
weighted product of CAPE and S06 [2, 14], and the
weighted product of the monthly averaged SRH and con-
vective precipitation (tornado environment index, TEI,
Tippett et al. [87]). Convective initiation is more diffi-
cult to characterize and typically neglected. In a model
setting, Trapp et al. [90] used occurrence of convec-
tive precipitation as proxy for initiation. Although most
studies have used instantaneous or 6-h environmental
data, monthly averages have recently been shown to
capture shifts in the distribution of favorable environ-
ments [5, 85, 87]. For example, the TEI is calibrated

120°W 60°W

0° 60°E

to match the monthly climatology (1979-2010) of US
tornado occurrence and captures some interannual variabil-
ity of annual CONUS totals (see Fig. 1a), as well as monthly
and regional variability.

Annual Cycle

The annual cycle is arguably the largest forced signal in
the climate system, and its modulation of HCW activity
in the USA is exceptionally clear [13, 35]. The annual
cycle provides a useful opportunity to assess the degree to
which HCW favorable environments and models are able
to explain annual cycle variations in HCW reports. Brooks
et al. [15] computed the annual cycle of severe convection
parameters from global reanalysis in several locations in the
USA and Europe, finding regional variations in seasonality
generally consistent with that of HCW occurrence. Gensini
and Ashley [44] computed severe convection parameters for
the USA from a high-resolution regional reanalysis and pre-
sented the spatial variation of their annual cycle. Tippett et
al. [87] directly compared the TEI annual cycle with that
of CONUS tornado reports and found reasonable agreement

1 2 3 4
Tornado Environments (log)

7 10 15 >25

Fig. 2 Frequency of tornado environments as determined from the NCEP/NCAR reanalysis using a discriminator of O—1 km bulk vertical wind
shear, lifted condensation level and elevation for the period 1958-1999. Adapted from Brooks et al. [14]
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for monthly totals and for peak month. The TEI captures
the overall northwest migration of tornado activity through
the year (Fig. 3), but is slow to reach Kansas and Iowa
and misses the late summer/fall maximum in Florida. On
a regionally averaged basis, the Pearson (rank) correlation
between the tornado report and TEI annual cycles exceeded
0.85 (0.83) in all NOAA climate regions except for the
Northwest and West [88].

Trapp et al. [89] downscaled 10 years (1991-2000) of
NCEP/NCAR reanalysis data with resolution (4.25 km) ade-
quate for explicit representation of deep convective storms
and defined model HCW as those gridpoints where updraft
helicity and reflectivity exceeded specified thresholds. The
dynamically downscaled HCW captured some aspects of
the seasonality and spatial distribution of reports, with a
more pronounced northward migration during the April-
June period than is seen in reports. An extension of this
approach to the period 1990-2009 with a different proxy
method yielded comparable seasonality findings [73]. Using
a similar methodology, Gensini and Mote [45] found the
diurnal variability and spatial variability of HCW during
the peak of the annual cycle admirably captured via a
downscaled proxy (Fig. 4).

Long and Stoy [59] used the SPC tornado report data
ranging 1954-2009 to compute the climatological average
day of the tornado season (which they refer to as the “peak”)
in the Southern and Central Great Plains. They argue plau-
sibly that this quantity is less likely to be affected by
non-meteorological trends in the total number of tornado
reports and conclude that the average day of the tornado
season has moved 7 days earlier over the last 60 years
without a discernible change in the length of tornado sea-
son. Although no physical mechanism linking this change
in seasonality to climate factors has been given, seasonality
changes in some climate variables is expected with climate
change [38].

a Observed peak month 1979-2013
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Seasonal and Intraseasonal Climate Variability

Hemispheric circulations can force synoptic-scale regimes
that facilitate mesoscale processes which, in turn, can favor
the development and sustenance of severe convection [25,
29, 51, 53]. These circulation patterns can arise from trop-
ical forcing or internal variability. Robust relations with
HCW are generally hard to detect because the impacts of
circulation signals are relatively weak compared to the vari-
ability of HCW activity, but have the potential to expand
forecasts of HCW activity to extended range and seasonal
scales.

The Madden-Julian Oscillation

Anomalous convection in the Indian Ocean is associated
with the MJO (Madden and Julian [60]) and excites Rossby
waves which propagate northeastward and downstream
towards the USA. The dispersion of the MJO-modulated
wave train can project to synoptic-scale weather regimes
favorable for HCW. Recent research has related US tornado
and hail activity with MJO phase and strength, as character-
ized by the real-time multivariate MJO indices (RMM,; [6, 7,
84, 97]). However, a consistent and robust relation between
MIJO phase and US HCW is not completely established;
the results depend on the metric used for HCW activity as
well as calendar month. Specifically, Barrett and Gensini
[6] showed that phases 5/6 and 8 are associated with above
average tornado activity in the central USA during April and
May (Fig. 5). On the other hand, Thompson and Roundy
[84] found phase 2 to be associated with violent March—
May tornado outbreak days (24-h periods during which six
or more EF2+ tornadoes occur). While the predictability
of the MJO (2-3 weeks) suggests potential for extended
range predictability of HCW activity, further research is
required [95].

50N
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130W  115W  100W 85W 70W
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Fig. 3 Peak calendar month during the period 1979-2013 with the maximum number of tornadoes by color according to a reports and b TEI

values. Adapted from Tippett et al. [87]

@ Springer



Curr Clim Change Rep (2015) 1:60-73

65

=202

»nwwo

Frequency

Fig. 4 Frequency of 1980-1990 March-May HCW as depicted synthetically from a RCM using dynamical downscaling (fop row) and

observations (bottom row). Used with permission from [45]

ENSO

ENSO modulates US precipitation and temperature via per-
turbations of the jet stream [75, 76]. In winter months, El
Niflo conditions enhance the jet stream over the Gulf Coast,
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Fig. 5 Anomaly of a central US tornado day between 90 and 106 W
by MJO phase for the period 1990-2011 [6]

increasing regional tornado frequency and suppressing it
over the continent. In contrast, a northwardly displaced jet
during La Nifia conditions increases the likelihood of tor-
nado occurrence further north, along a band extending from
Louisiana to Michigan [25, 64]. A relationship between La
Nifa conditions and enhanced HCW has proven difficult to
demonstrate robustly for the spring season [25, 64]. While
limitations of the observational record and high variabil-
ity have made it difficult to demonstrate an unambiguous
relation between ENSO and springtime US HWC activity,
several lines of evidence are highly suggestive of enhanced
HWOC activity occurring during La Nifia conditions. Mufioz
and Enfield [67] found a rank correlation of —0.41 between
the Nifio 3.4 index and an index of spring (E)F2+ tornado
numbers in the region of the lower Mississippi, Tennessee
and Ohio River basins for the period 1950-2006. However,
this regional tornado activity index has long-term trends
similar to the US annual one in Fig. 1. Weaver et al. [96]
correlated global SST with regional (E)F2+ and detrended
(E)FO+ April-June values over the period 1950-2010. Neg-
ative SST correlations over much of the globe were found
with the North Great Plains (E)F2+ index. Using April and

@ Springer



66

Curr Clim Change Rep (2015) 1:60-73

May violent tornadoes (F3+), Lee et al. [57] argued that the
Trans-Nifio Index (TNI) was better suited to relate ENSO
variability and tornado activity than Nino 3.4. Model simu-
lations show that positive TNI conditions (characterized by
colder than normal SST in the Central Pacific) are associ-
ated with enhanced moisture transport and wind shear over
the southeast, conditions favorable for HCW activity. How-
ever, the relation between TNI and observed number of
violent tornadoes is sensitive to outliers; when the extreme
year of 1974 is removed, it is not statistically significant.

Climatologies of severe weather are relatively sparse for
other continents, and thus, there are few studies of the influ-
ence of ENSO. Allen and Karoly [1] showed that the ENSO
signal has a strong contribution to HCW over southeast-
ern Australia. The relationship is dependent on changes to
moisture over the continent, and thus during El Nifio (dry)
years, HCW frequency is reduced over the southeast, while
in La Nifa (wet) years, HWC frequency increases. Intrigu-
ingly, neutral years were found to have some of the highest
frequencies, suggesting that other climatic signals make sig-
nificant contributions. Over Brazil, no connection has yet
been made for severe convection; however, there is the sug-
gestion that that El Nifio conditions promote thunderstorm
occurrence [69].

Large-Scale Circulation Variability

Climate signals which modulate precipitation and drought
might also be expected to have an impact on the frequency
of HCW. Shepherd et al. [82] analyzed the relationship of
fall/winter drought with tornado days during the subsequent
spring over Northern Georgia and found that antecedent
drought is correlated with a reduction in tornado days. The
US drought of 2012 coincided with a low number of tor-
nadoes, as well as lightning strikes, particularly for the
positive cloud-to-ground strikes commonly associated with
HCW [54]. Moisture transport and precipitation in the Mis-
sissippi, Tennessee, and Ohio River basins in early spring
(March—April) are modulated by the variability of low-level
winds over the Gulf of Mexico and Caribbean Sea, which
are significantly correlated with the PNA and ENSO [67].
A regional index of smoothed tornado (F2+) counts exhibits
many of the same relations with circulation anomalies as
seen for the low-level winds, and the rank correlations of
the PNA and the regional tornado count index in March
and April are —0.46 and —0.43, respectively. Over the US
Great Plains, the North American low-level jet (NALLJ)
is associated with precipitation extremes through moisture
transport, convergence, and enhanced atmospheric instabil-
ity [96]. Seasonal (April-June) modes of low-level merid-
ional wind anomalies also correlate with detrended regional
tornado indices as well as CAPE, vertical wind shear,
and SRH.

@ Springer

Observed Trends and Long-Term Variability
HCW Favorable Environments

Brooks and Dotzek [11] found a decrease from the late
1950s into the early 1970s in the frequency of HCW favor-
able environments east of the Rocky Mountains in the
NCEP/NCAR reanalysis, followed by an increase through
the 1990s, with no significant trend for the 1958-1999
period overall. A substantial decrease in HCW favorable
environment frequency was seen in South America. Robin-
son et al. [73] also found no significant trend in the regional
frequency of HCW favorable environments over the USA
in the NCEP/NCAR reanalysis over the period 1950-2009,
consistent with the results of Gensini and Ashley [44]
based on higher resolution NARR data (1980-2009). In
contrast, Sander et al. [78] compared the frequency of
extreme environments and large loss events, finding upward
trends as well as increased variability post-1990. Recent
examinations of environments favorable to hail have sug-
gested no appreciable trends for the total frequency over
the entire US continent, but with regional variations [5].
Globally, Riemann-Campe et al. [72] looked at trends in
CAPE and CIN in the ERA-40 reanalysis over the period
1958-2001 and found few robust trends over the midlati-
tude continents relevant to HCW. No trend is identifiable for
Australia outside of the large degree of natural variability
for severe thunderstorm environments (1979-2011; Allen
and Karoly [1]). Dynamical downscaling to convection-
permitting resolutions where storm-scale features begin
to be resolved is a promising approach that attempts to
addresses the initiation problem directly. Trapp et al. [8§9]
and Robinson et al. [73] found no statistically significant
regional trends in US HCW frequency in high-resolution
(4.25 km) dynamical downscaling simulations for the period
1990-2009.

US Tornadoes

Although deficiencies of the report database do not allow
assessment of trends, increased variability in US tornado
reports over the last decade or two has recently been
noted [16, 41, 85]. This increased variability takes a num-
ber of forms: frequent monthly records (most and fewest
numbers), timing of the season (early and late starts), and
increasing year-to-year changes (volatility) in the number
of tornado reports. Brooks et al. [16] showed a decrease
in the days with one or more (E)F1 or greater tornadoes
and an increase in the days with 30 or more (E)F1 or
greater tornadoes (Fig. 6), suggesting increased clustering
of tornado activity. Elsner et al. [41] presented this increase
in variability as a trend, while Tippett [85] detects a shift
in volatility which is well captured by the TEI (Fig. 7),
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Fig. 6 Number of days per year
with at least one and more than
30 (E)F1+ tornadoes. Black
circles indicate one (E)F1+
tornado, and red triangles
indicate more than 30. Large
dots and lines are decadal
means. Taken with permission
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supporting the hypothesis that the changes in tor-
nado report statistics reflect physical changes in the
environment.

Hail

Analyses of trends in hail occurrence show regionally vary-
ing characteristics. US hail reports show increases associ-
ated with increasing observer density, with strong biases
towards areas of larger population and road networks [5,
35]. East of the Rocky Mountains, Brooks and Dotzek
[11] found strong variability in hail but no clear trend in
frequency from the past 50 years. More recently, Allen
et al. [5] identified a 10-fold increase in hail events for
the CONUS (1979-2012) that appears to have little physi-
cal basis. In contrast, Cao [20] identified a robust upward
trend in hail frequency over Ontario, Canada. Applying
China’s extensive hailpad network for the climate quality

period (1980-2005; [98]), Xie et al. [99] found statistically
significant regional decreases in observed hail frequency.
For southwest Germany, Kunz et al. [56] found signif-
icant increases in both losses and number of hail days
(1984-2003). This trend appears to contradict the relatively
unchanged occurrence of days with thunderstorms or in
losses related to flooding or wind hazard. Over the Italian
Alps, non-significant decreases in hail frequency have also
been observed [39]. Despite the uncertainty in a trend for
Europe, southwestern France hailpad data showed a 70 %
increase in hail intensity for the period 1989-2009, with no
significant changes to frequency [9].

Physical explanations for regional variations in hail
occurrence and intensity are not simple, owing to the rela-
tively complex microphysical processes and synoptic scale
conditions that produce hail. Arguably, the two most impor-
tant features are the height of the freezing level (FZL) and
CAPE. Numerous studies have identified increases in FZL

Fig. 7 The year-to-year 600 F T
differences of CONUS tornado
reports and the tornado 200 -
environment index (TEI) time
series. Adapted from [85]
200 -
O .
-200 |-
-400 [
-600 |-
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-800 .
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height [66, 98, 99], which is suggested to influence melt-
ing of smaller hailstones in the atmosphere, but is not as
important for stones of larger diameters for which melting
is negligible [30, 61]. Surface thermodynamic energy, in
contrast, has shown upward trends for China and Europe,
increasing the ability of storm updrafts to support larger
hailstones when combined with only small decreases in
wind shear [39, 56, 66, 98]. On the synoptic scale, condi-
tions in the past two to three decades show increases on
the regimes favorable to hail development [43, 53]. Ques-
tions remain regarding how hail will be influenced by the
introduction of atmospheric aerosols over China, changes to
available moisture sources, changes to storm organization
(e.g., will supercells be as common in decreased vertical

wind shear), and the regional sensitivity of hail to changes
in FZL and CAPE [30, 66, 99].

Lightning

Lightning often accompanies the storms that produce HCW,
though its absence does not preclude these events. How-
ever, unlike HCW, lightning can be directly detected by
remote sensing. Overall, lighting is expected to increase in
a warming climate [70, 74]. Villarini and Smith [94] used
data from the National Lightning Detection Network over
the USA to examine trends in cloud-to-ground lightning
(1995-2010) and found that days with the largest number
of lightning flashes are clustered at the end of the record,

Fig. 8 Response of severe
thunderstorm environments in
the late twenty-first century
period of RCP8.5 during the
winter (DJF), spring (MAM),
summer (JJA), and autumn
(SON) seasons. a—d Color
contours show the difference in
the number of days on which
severe thunderstorm

DJF

environments occur (NDSEV)

) ) )
1980 2040 2100

between the 2070-2099 period
of RCP8.5 and the 1970-1999
baseline calculated as
2070-2099 minus 1970-1999.
Black (gray) dots identify areas
where the ensemble signal
exceeds one (two) SD(s) of the
ensemble noise, which we refer
to as robust (highly robust). e-h
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each realization, the anomaly in
the regional average NDSEV
value over the eastern USA
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especially for positive strikes. Mostly increasing (decreas-
ing) trends were observed in spring—summer monthly light-
ning activity east (west) of the Rocky Mountains, though
changes in the observation system occurred during the
period. On the other hand, Koshak et al. [54] found a
negative trend in the total number cloud-to-ground strikes
(2003-2012).

Climate Change Projections

The Intergovernmental Panel on Climate Change (IPCC)
and the US Climate Change Science Program (CCSP) have
provided relatively little guidance as to potential changes
in the frequency and intensity of HCW in a future, anthro-
pogenically altered, climate [10, 52]. This uncertainty about
future HCW activity reflects the poor observational record
and the limited ability of climate models to resolve HCW or
its environments. Climate model studies of large-scale con-
vective environments have indicated that HCW activity is
likely to increase in the future based on increases in CAPE

Fig. 9 Changes to Australian 10°S
HCW environments determined

using the weighted product of

CAPE and S06 (SEV) for the 20°8
period 2079-2099 in a highly

warmed simulation (CMIP3 30°S
A2B) as compared to 1980-2000
from the CSIRO Mk3.6 GCM
(a, ¢, e) and the downscaled
output from a similar model

40°S

SON CSIRO Mk3.6

which offset decreases in wind shear [10, 28, 31, 46, 81, 90—
92]. Confidence in such projections is limited because the
environment approach does not explicitly consider factors
that influence storm initiation, and both GCMs and RCMs
struggle to simulate basic features such as the diurnal cycle
of convection [3].

Diffenbaugh et al. [31] computed the number of days
with favorable severe thunderstorm environments (NDSEV)
over the USA in 10 GCM CMIPS projections (RCP 8.5).
Increases in NDSEV by the end of the twenty-first century
are seen in Fig. 8 in all seasons, with the largest relative
increases (50 %) in winter (DJF) and the largest abso-
lute increases (2 days/grid point) in spring (MAM). Robust
increases in mean CAPE consistent with increases in low-
level moisture are seen in all seasons. Robust decreases in
the seasonal mean value of S06 are present in all seasons
except spring (MAM) when the model projection signals
show less consensus (not shown). Further confirming the
results of the relatively coarse CMIP5 models, Gensini et
al. [46] found severe convective environments increased
across portions of the Great Lakes, Northeast USA, and

SON CCAM

using the Cubic-Conformal
Atmospheric Model (CCAM)
(b, d, f) for three segements of
the Australian HCW season. 20°S A
Stippling is indicative of
significant increases to the

10°S
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the 97.5th percentile, while
hatching indicatessignificant 40°S A

decreases below the 2.5th

S
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season. Used with permission
from [4]
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Southeast Canada during the period 2041-2065 in regional
downscaling.

Over Europe, Marsh et al. [63] found that average warm
season CAPE values decreased while cool season values
increased in one climate change projection model. The joint
behavior of CAPE and vertical shear indicated a small
increase in the number of HCW favorable environments in
the warm season. For Australia, results have been somewhat
model dependent, particularly in their handling of inland
moisture (e.g., [4, 68]). Recent GCM and RCM projec-
tions suggest that HCW will increase, particularly over the
eastern third of the continent (Fig. 9), consistent with
increasing CAPE, which offsets any decreases in vertical
wind shear [3, 4].

Future projections of hail occurrence have been based
on empirical relations between hail and environment as
well as explicit modeling of cloud microphysics. Explicit
modeling for the Sydney, Australia, basin suggests that the
number of hail days will increase with increasing initiat-
ing factors though this may have some model dependen-
cies over southeast Australia [58, 68]. Hail size, however,
was projected to increase with larger CAPE [58]. Simula-
tions using a high-resolution regional model over Colorado
project a near elimination of surface hail related to the
increasing melting level height, despite more intense future
storms and greater in-cloud hail loading [61]. Over the
UK, an empirical hail model driven by regional climate
model projections has shown decreasing trends in the
occurrence of hail between 15 and 50 mm in diame-
ter related to decreasing CAPE and increasing freezing
level [79]. Using observed relations between hail pad
data and melting level, Dessens et al. [30] found that
increases in melting level are expected to decrease
the frequency of the smallest hailstones, but increase
the frequency of larger hail stones and overall inten-
sity by around 2040. Kapsch et al. [53] found a
modest increase (7—15 %) in the frequency of weather types
associated with hail over Germany by 2030-2045.

Discussion and Conclusions

The primary difficulty in relating hazardous convective
weather (HCW; tornadoes, hail, and damaging winds)
with large-scale climate signals is the lack of high-quality
observations of HCW. There is no foreseeable solution to
this problem, and current observation collection practices
remain inadequate. The US HCW report database contains
poorly characterized, non-physical variability in time and
space which is substantially greater than that expected from
climate sources. Other HCW databases have more serious
deficiencies. Despite these issues with the observational
record, progress has been made recently connecting HCW

@ Springer

occurrence with the Madden-Julian Oscillation (MJO; [6, 7,
84]), El Nino-Southern Oscillation (ENSO; [57, 67]), and
large-scale circulation variability [67, 96]. Recently, sev-
eral authors have noted an increase in the variability of US
tornado reports [16, 41, 85]. Despite indications that this
change in variability is related to the large-scale environ-
ment, there is no evidence connecting it to known climate
signals.

Analysis of environments favorable to HCW (e.g., CAPE
and vertical wind shear) provides another avenue for relat-
ing HCW activity and climate signals. This approach is
limited by the extent to which variability of environments
captures actual HCW variability, though recent comparisons
reveal that environments capture many aspects of the annual
cycle, interannual, and multidecadal variability of HCW
activity in the current climate [5, 85, 87, 88]. The question
of how the frequency of HCW has changed over the past
few decades can be addressed via environments, and Sander
et al. [78] found increasing trends in the frequency of the
most extreme US environments over the last three decades.
No trends are seen in the less extreme US environments
[11, 44, 73]. Climate change projections indicate an increase
in US environments over the next century favorable to
HCW [4, 31, 46, 81]. Understanding how environments con-
strain actual HCW occurrence remains a poorly answered
question.

As computing resources increase, dynamical downscal-
ing to convection-permitting resolution (< 4 km), like that
used for short-range forecasting [24], becomes feasible for
climate studies. This method has been used to simulate
storm-scale features and infer HCW activity in the current
climate [45, 73, 89] and will likely continue to improve our
understanding and confidence in projections of future HCW
activity.
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