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A Appendixc Task Force #Zonvective Weather

Note: This appendix is a consolidateersion of Appendix A from the report 2022 with additional results
from 2023. The main author of this appendix is Christiane Schmidt.

In this section of the appendix, we consider the effect of climate change on trends regarding convective
storms (i.e., thaderstorms) and one of the phenomena associated with convective storms, hail, in detail.
We start with a description of the development of these weather phenomena, we then discuss, both for
hail and convective storms, the existing observation data, theipsoused, and we give an overview on

the existing literature on future projections according to various greenhouse gas emission scenarios and
highlight knowledge gaps and sources of uncertainty. Because dynamical downscaling could alleviate
some of the poblems with current projections for severe convective storms, we additionally detail the
concept, existing research, and limitations. Finally, we give a preliminary review on results on the effect
of climate change on lightning.

The main interest o@wviation stakeholders in this topic are future projections for the middle of thé 21
century. However, only a very limited number of studies for that time range has been performed: climate
models give a clear picture for the end of the*'ZEntury, but 6r the midcentury this is less clear, and
researchers aim for statistically significant results. Thus, we do not only focus on projections for the
midcentury in this appendix.

C2NJ 6KS NBIRSNDa O2y @Sy ASsgdabonynsHi TANB A Sy i az2yYS FTNB

Table A.0 Frequenthlused acronyms in Appendix A

Acronym Meaning Definition
CAPE Convective available potenti§ Describes the instability of the atmosphere
energy
CIN Convective inhibition Amount of energy that will prevent an air parcelrise
from the surface level to the level of free convectior|
CMIP5/6 Coupled Mode| Global climate models from 20 research groups t
Intercomparison Project Phag are publically available
5/6
CONUS Contiguous US 48 adjoining US states and tBastrict of Columbia (U
minus Alaska and Hawaii, and US territories)
dBz Decibel relative to Z Dimensionless logarithmic technical unit used in ra(
ECMWEF European Centre for Mediu]
Range Weather Forecasts
ERA5 ECMWEF Reanalyis version 5| Fifthgeneration of the ECMWF atmospheric reanaly
of the global climate from January 940 to present
GCM General ciruclation modg Numerical climate model to simulate the response
(also global climate model) | the global climate system to increasing greenbegas
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concentrations; the horizontal resolution of their 3
grid is usually about 25600km

HALO Hail aloft
HCW Hazardous convective weathg
MLH Melting level height Altitude at which the temperature is 0°C and where
crystals andsnowflakes begin to melt as they desce
through the atmosphere
MCS Mesoscale convective systen Complex of storms
NDSEV Number of days in whic
severe thunderstorm
environmental conditiong
appear

NCEP/NCAI Reanalysis data from @int | Atmospheric reanalysis of the global climate from 1¢
Reanalysis | project between the National onwards

Centers for Environmentg
Prediction (NCEP) and tf

National Center for
Atmospheric Research (NCA
RCM Regional climate model Numerical climate model thatimulates atmospheric
and landsurface processes; covers only a limit
spatial domain
RCP Representative concentratio| Greenhousegas concentration trajectory, a method
pathway capture assumptions about the economic, social :
physical changes to ougnvironment with a set o
scenarios
S06 Deep tropsohperic wind shea Magnitude of vector difference of wind at the 6k
level to the wind above ground level
SCS Severe convective storms Minimum criteria defined in Section A.3
SigSCS Significant severe convectiyy Minimum criteria defined in Section A.3
storms

A.1 Development of Convective Activity and Associated Phenomena

In this subsection, we give a brief overview on the development of convective storms and their associated
phenomena. For a more detailed introduction to these processes, we refer to[18 [@] [3]. We refer to
Figure Al andFigureA.2 for illustrations of (some of) the described processes.

{2ftFNJ NI RAFTGAZ2Y KSFG& dzLJ GKS 9F NIKQ&A adzNFIF OS dzy S
orientation to solar irradiation and different thermal properties of thefsce (e.g., a large area of tarmac

will heat up more than surrounding grassland). Instability occurs when less dense air with higher
temperature than the surrounding parcels is lifted due to the net upward buoyancy force. Apart from local
heating, this fting of air parcels can be triggered by, for example, convergent winds, fronts and
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orographically driven circulations. The atmospheric conditions that allow the uplifting of air parcels are
generally called annstable atmospherdn the process of risinghe air expands and cools adiabatically
following the Dry Adiabatic Lapse Rate (DALR) of 9.8°C every kilometer. The air will continue to rise as
long as the temperature of the air parcel exceeds the temperature of the surrounding air (and starts to
sinkonce the temperature is below that of the surrounding air parcels), where the temperature of the
atmosphere decreases with height. These rising masses of air are called thermals, thermal columns, or
convective cells. If during the uplift the parcel becorsaturated (in the process of rising and cooling, the
FANJ LI NOSf Qa GSYLISNI G§dzNBE NBIFOKSa AG&a RSg LRAYyOH
released from the air parcel condenses into cloud droplets. Hence, a cloud starts to form at that heigh

that becomes the base of a cumulus cloud (lifting condensation level (LCL)). Starting at this point, the
rising still cools the air parcel whilst the condensation process releases latent heat and warms the air
parcel. Thus, the lapse rate is reduced ftisathe air still cools while rising, but in a lower rate) and the
FANJ LI NOSt Qa o6dzzeélyoeé AyONBlFraSaod 2A0K GKS NRaay3
upwards. Once the temperature of the air parcel drops below the temperaturesodtinrounding air, the

cloud formation stops, and the air starts to sink downward flow of air that surrounds the thermal

column (which will also happen if the dew point is not reached while rising). The warmer air column that
created and sustains the eld formation is called an updraft/updraught.
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AN

Warm, moist updraft

Figure A.1 Updraft, downdraft, and rain in a thunderstorm

If the convective cells grow tall enough (above the zgggree isotherm), ice crystals will form at the top
using ice nucleating particles (INPs), e.g., dust particles, as nuclei. The ice crystals coexist with supercooled
cloud droplets, which are very sth (with a size range of 1050 microns to 1 millimeter, typically about

0.02 millimeters). As opposed to larger bodies of liquid water that freeze at 0°C, these microscopical pure
water droplets can exist in the liquid state at temperatures dowrte°G so-called supercooled water
(because they do not have something to freeze onto). The melting level height (MLH) is the altitude at
which the temperature is 0°C and ice crystals and snowflakes begin to melt as they descent through the
atmosphere. A cumulombus cloud has three zones with ice at the top (cooler t##7C), a mixture of

ice and supercooled water below that, and, finally, at the bottom, below MLH, liquid water (warmer than
0°C). When ice crystals from the highest layer drift down (where we hasoexistence of water vapor,

liquid water droplets and ice crystals), they grow at the expense of the liquid droplets (Bergeron process
[4]). The crystals eventually grow heavy enough to fall to earth because of gravity. téefall, these

ice crystals will often pass the melting level, change phase to liquid, and fall as rain. Another process
creates the precipitation in the warmer parts of the cloud: the small cloud droplets bump into each other
and coalesce into largetroplets, when these become too large (max 5 millimeters), they break apart
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because of friction and air resistance into smaller, but still large, rain drops. The precipitation moving
downwards drags the air molecules it finds in its path and creates a wawmwhmoving draft, the
downdraft/downdraught, that comes out from the bottom of the cloud together with the precipitation.

As soon as the rain drops leave the cloud, they enter an area with relative humidity below 100%, and
evaporation takes place (remoygratent heat), and the column of air and rain gets colder and denser.
The drier the atmosphere below the base of the Cumulonimbus cloud is, the less precipitation is reaching
the ground and the stronger the downdraft is.

(Note: Convective storms can biggered by a different process in the tropics; this process is central for
tropical cyclones [69].)
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Figure A.2 Hail development and atmospheric phenomena relevant to hail. Expected future changes with climate change are
indicated in pink.

A.1.1 Hazardous Wids in Convective Storms

The evaporation of rain at the cloud base produces cool air, which sinks and then spreads out reinforcing
the downdraft; this is called a downburst, with the associated cold front referred to as a gust front. This
downburst is spreding out from the cloud and encapsulates and eventually disrupts the warm, moist

KRR TE.GEN.0030405 © European Union Aviation Safety Agency. All rights reserved. ISO9001 Certified Pageld/
2* *I Proprietary document. Copies are not controlled. Confirm revision status througBAR&internet/Intranet. 183

An agency of the European Union



RIEASA

European Union Aviation Safety Agency

EASA Scientific Committee ArmhiReport 203 - Appendices

inflow, by which airmass thunderstorm cells cease to exist. However, the outflow may trigger other
thunderstorms in the close vicinity of the storm.

The presence of wind shear the atmospheric profile of the convective environment usually increases
both the intensity and the lifespan of a stormalthough it in some cases delays or hinders the initial
development of the deep convection. Wind shear is the difference of the airfand vector to a wind
vector higher in the atmosphere (usually the 500hpa level), in magnitude or direction or both. The vertical

6AYR
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coexist but at tvo adjacent locations. This results in an organized storm structure and severkviethg
thunderstorms (associated with heavy rains, flooding, hail, lightning, tornadoesfrgnswinds).

A.1.2 Types of Convection
Depending on the strength of the vertical wirshear a spectrum of storm types can be distinguished

[66,79]:

1 In environments with weak wind shear, of less than 10'nsingle cells of convection form. This
is an isolated type of convection with a short live cycle e6@@ninutes.Singlecellular convection
is usually norsevere. The gust front is in this case unable to initiate new cells (at least in an
organized way).

1 In environments with a moderate vertical wind shear;20ms!, multicells are more likely to
form. These stormsften form as a complex of storms (a mesoscale convective system). The gust
front repeatedly intitiates new cells. Multicells have a live cycle of multiple hours and can produce
strong winds, flash floods and large hail.

1 In an environment with strong vedal wind shear of around 20 m®r higher, supercells can
form. These usually last multiple hours and are characterized by a single persistent rotating
updraft. Supercells are very rare, but responsible for many severe weather occurences as strong
downbursts, large and very large hail, heavy precipitation and tornadoes.

A.1.3 Formation of Hail (se¢5], [6])

The processes of initiation, growth and melting of hailstones are called microphysical processes.
Hailstones grow from hail embryos (ice particles), when these collide with supercooled liquid: the
adzLISND22f SR ¢ GSNI FNBST Sa
hail embryos growing from collisions with supested liquid have a higher surface temperature than the

surrounding air. The process of heating up is counterbalanced by cooling from heat transfer to the
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surrounding air by conduction (and possibly evaporation). There are two mechanisms for hailstone
growth: the dry and the wet growth.

Dry growth: the main requirement of dry growth is that all accreted mass is either frozen or freezes
completely after collection. No vapor diffusion and accretion of liquid (which subsequently freezes) result
in latent heat elease. For dry growth, the temperature of the ice particle must remain below the freezing
point of water so that the surface remains dry (solid ice). The density of the added mass may be at a
different density than that of the ice particle. For exampime density can be as low as 170 kg/m3 or as
high as 917 kg/m3 (solid ice).

Wet growth:during wet growth, large ice patrticles collect significant amounts of superctiqléd water,

some of which does not freeze because latent heat release warms thmitele to the freezing point.
Vapor diffusion and accretion of liquid (which subsequently freezes) result in latent heat release. For wet
growth, the latent heat release that results from vapor diffusion and freezing of collected supercooled

water is sig A FTAOI yi Sy2dAK a2 GKIFIGd GKS A0S LI NI AOft SQa

freezing point of water. The unfrozen water can remain on thepigsicle surface, soak porous ice {re
densification), or be shed as droplets. The wet ice surfaceng wet growth results in efficient iciee
sticking. This results in efficient mixptiase growth. Wet growth is most likely for large ice particles in
regions with larger liquid water contents (> 1 g/kg) and temperatures alZR*C.

While it is clear that large hailstones cause more hafor a (spherical) hailstone of diameterthe

kinetic energy is approximately proportionaldb[7]t the size of a hailstone depends on several factors

In the haitgrowth region, there must be enough supercooled water that the hailstone can collect for it to
be able to grow to a large hailstone. Moreover, if we have a high concentration of hail embryos, these
compete for the supercooled water and canrgrow into larger hailstones. Additionally, the hailstone
must have enough time to grow, and the time increases the stronger the updraught. In addition, the
SYoONE2Qa (N} 2SO02NR VYdzald aLISyR a YdzOK GAYS I a
supercooled watef8]. For this, the hailstones fall speed must be at most the speed of the updraught
suspending it (if it is above this limit, the hailstone is no longer supported by the storm), so, the updraught
speed limis the hailstone size. However, if the updraught is too strong, the embryo might get ejected
from the growth region, thus, large hailstones are associated with a broad, modgratagth rotating
updraught. Moreover, vertical wind shear influences both bzl embryo and the trajectory within the
ANRPGgGK NBIAZ2Y S6A0GK KAIK AYLIOG 2F (G(KS &aAl S 27
the hailstone size is reduced by the melting below the MLH: small hailstones melt more easily completely
until the surface than large hailstones, thus, hailstone sizes distributions (for hailstones reaching the

9F NIKQ& adzNFFOS0O NB AHAFISR G266l NRa fFNABSNI KIAf

If we have many hail embryos that compete for supercoolguidi, but lowstrength updraught and little
growth time, it is possible to have many small hailstones.
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A.2 Hail Trends

For hail, in contrast to many other weather phenomena, an overview article by Raupacfsgeatitled

G¢KS STFFSOGa 2F OfAYIGS OKFIy3aS 2y KIAfadz2Nyaeg o602
Earth & Environment in 2021. We had meetings with four authors of this $i@jy11], and the paper

plus these interviews/discussions build the major foundation for this section.

While several projections for hail in different parts of the world exist, and also some (more or less scarce)
observational records (see Section 1.2.1), thesally concern surface hail, that is, the hail that reaches

9 NI KQ& adaNFIOSod 1 Af SEOSSRAY3I F RAFYSGSNI 2F wO
severe hail. For a (spherical) hailstone of diameltthre kinetic energy is approximately progional to

d.

A.2.1 Past Trends

Hail is a local and rare event at any given point (in space andttilnappears during at most 18 days
during a year at any given locatifitD]. Consequently, any observational records are sparse.

Prein and Heymsfield 2], found that during 1972010, over land areas the MLH has increased by 32+14

m per decade. This yielded a pronounced melting area. This may explain the shift of the hailstone size
distribution towardslarger hailstones in China and Frarjt8, 12]and the almost complete elimination

of hail events with the concomitant increase in MLH in Colorado.

Pasttrend studies are based on observations, hailpads, reports, gsod.g., regional climate models,
reanalysis data), and indirect observations (e.g., radar, insurance data). Most of these measurements have
weaknesses: reports are biased towards population centers; many automatic stations tend to not have
any instrumens (hailpads etc.) for hail measurements.

Table Al Pasttrend studies

Geogra Geographical Measurement Trend
phical area | restriction

Africa Northern Algeria} Proxies Positive trend for severe hail Morthern Algeria
Northern Morocco negative trend for severe hail in Northern Morocco
Northern Arfica I Proxies Significant positive trends during spring and autumn

Decrease in summer

Asia China, South Kored Observations Negative trend for China, , South Korea, Mongo
Mongolia, Tibeta Tibetan Plateau, Northern Caucasus
Plateau, Norther Positive trend for Northern Caucasus
Caucasus
Xinjiang, Turkey | Reports Positive trend for Xinjiang, Turkey

Europe Romania, Croati1 Observations Increases in Romania and Croatia, a negative tren
Serbia, Bulgaria Serbia and Romania, and no trend in Serbia and Bulg
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UK, Finland, Spaifl Reports positive trend in the UK, Finland, and Europe in geng
Europe in general and no trend for Spain
Europe in generall Proxies Increase for Europe in general (also for severe hail),
Germany, Italy, Franc Germany, Italy, France, Switzerland, and Spain
Spain, Eastern Europ Decrease for Eastern Europe
No trend for Europe in general and for Germany
Europe, German;l Indirect observations | Positive trend fossevere hail for Europe and Germany
Greece Negative trend for Greece
Europe Proxies Strongest upward and significant trend for the Po Vall
in particular, in summer
Smaller significant increases: France, Benelux, north
Germany, Switzerland, Austriaorth-western Balkans
into southern Poland, across northeast Turkey &
Georgia
Negative signficant trends across Aegean Sea and pal
western Russia
North Alberta, Ontario,J] Observations Positive trend for Alberta, Ontario, the Central Rocki
America Central Rockieq the Eastern USA and the High Plains
Eastern USA, Hig No trend for Canada, the Eastern USA, and the North
Plains, Canadd Midwest USA
NorthernMidwest Negative trend for the complete USA
Central and Easter} Proxies Positive trend for the Central and Eastern USA
USA, Western North No trend for the complete USA
America Negative trend for Western North America for severe
Eastern Colorado Reports Positive trend for severe hail and no trend otherwise
the complete USA
Positive trend for severe hail for Eastern Colorado
Indirect observations | Negative trend for severe hail and a positive tre
otherwise for the complete USA
us Proxies Both hail larger than 2 and larger than 5cm more frequ
than inEurope, also frequently in spring
No large areas with positive significant trends
South Argentina,  Southerr§ Observations Positive trend for Northwestern and Northeaste
America Brazil, Cuyo, Patagoni Argentina
Negative trend for central angastern Argentina
No trend for Southern Brazil, Argentina, Cuyo, §
Patagoni
Oceania Sydney | Reports Negative trend for Sydney

For more details, we refer t§6]; with a list, Table Al, and Figure A3, we summarize theirfdings
presented by Raupach et al. For several world regions the studies are not consistent and hardly
comprehensive. The pa#tend studies (usually on hail frequency) show:

9 Africa: Proxies indicate a positive trend for the number of severechaits in Northern Algeria
and a negative trend for severe hail in Northern Morocco
M1 Asia:
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(0]

Observations indicate a negative trend for hail frequency for China (with a large network),
South Korea, Mongolia, the Tibetan Plateau, and the Northern Caucasullassva
positive trend for the Northern Caucasus.

Reports indicate a positive trend for Xinjiang and Turkey.

1 Europe:

(0]

Observations indicated increases in Romania and Croatia, a negative trend in Serbia and
Romania, and no trend in Serbia and Bulgaria.

Haipads indicate no trend in Italy and France, a positive trend for the Pyrenees, and a
negative trend for Greece.

Reports indicate a positive trend in the UK, Finland, and Europe in general; and no trend
for Spain.

Proxies indicate an increase fBurope in general (also for severe hail), for Germany, Italy,
France, Switzerland, and Spain; a decrease for Eastern Europe; and no trend for Europe
in general and for Germany.

Indirect observations indicate a positive trend for severe hail for EuropeGanchany,

and a negative trend for Greece.

M North America:

(0]

Observations indicate a positive trend for Alberta, Ontario, the Central Rockies, the
Eastern USA, and the High Plains; no trend for Canada, the Eastern USA, and the Northern
Midwest USA; and a nega¢ trend for the complete USA.

Proxies indicate a positive trend for the Central and Eastern USA, no trend for the
complete USA, and a negative trend for Western North America for severe halil.

Reports indicate a positive trend for severe hail and no trethérwise for the complete

USA, and a positive trend for severe hail for Eastern Colorado.

Indirect observations indicate a negative trend for severe hail and a positive trend
otherwise for the complete USA.

1 South America: Observations indicate a posittend for Northwestern and Northeastern
Argentina; a negative trend for central and eastern Argentina; and no trend for Southern Brazil,
Argentina, Cuyo, and Patagonia.

1 Oceania: Reports indicate a negative trend for Sydney.
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Figure A.3 Haifrequency pat trends, blue, red, and gray represent a negative trend, a positive trend, and no trend,
respectively. Some trends are for very large hail.

In a very recent study from November 2023, Battaglioli et al. [76] presented trends for lightning and (very)
largehail in both Europe and North America for the period 128@1. They extended a model developed

by Radler [66] (see details in Subsection A.3.2) and developedifinasional model for lightning and
four-dimensional models for hail larger than 2 cm aadyér than 5 cm (that is, the models use five and
four predictors, respectively). They conclude for hail:

o For Europe:
A {GNRYy3ISald dzLJ6I NR FYR AA3IYAFAOFIYG GNBYRY t2 =|
in summer
A Smaller significant increasesaRce, Benelux, northern Germany, Switzerland, Austria, rorth
western Balkans into southern Poland, across northeast Turkey and Georgia
A Negative significant trends: across Aegean Sea and parts of western Russia
o0 For Northern Africa:
A Significant positive tresls during spring and autumn
A Decrease in summer
o Forthe US:
A Both hail categories more frequent than in Europe, also frequently in spring

A No large areas with positive significant trends
A C2NJ KIFIAfxHOYY Y2RSald LJ2aAlAs@nBnerzadrdssi dodharh OF f £ &
Colorado southern Florida, southern Canada; decrease across the Southeast, the upper
Midwest, the Colorado Plateau, the Great Basin
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In an interview, Battaglioli and Groenemeijer [77] summarized that it is clear that Europe, eypmuiad!
areas of Europe, stand out with the increases in hail frequency.

In addition to these results, Battaglioli et al. investigated the evaluation of hail in twqgaié regions,
Northern Italy in Europe and Oklahoma in the US, they give a venjpteactime series of these in Figure
8 of their paper, seéttps://journals.ametsoc.org/view/journals/apme/62/11/JAMD-22-0195.1.xml
Battaglioli and Groenemeijer [77] concluded that very large hail is now {2022) three times more
likely than it was in the 1960s.

A.2.2 Proxies for Projections

Most projections are based on proxies, where researchers use:

1. Lowlevel moisture,convective instability, e.g., convective available potential energy (CAPE).
/1t9 +a | LINRPEeé YIlI& 0SS YAatSIRAy3I aayosS Al Aa
not released into the atmosphere since no initiation occurs. A future increa€APE may not
lead to subsequent change in the frequency and intensity of severe weather events.

2. Microphysics, mainly MLH.

3. Vertical wind shear (measured as the magnitude of vector difference between the horizontal wind
at surface with a certain atmosphie level. The deep tropospheric wind shear (S06) is defined as
the magnitude of the vector difference of the wind at 6km level and to the wind above ground
level.)

The National Weather Servif4A] RS FA Yy Sa [/ ! t 9nvdctie Awdildble Potedtidl Erfergy is the
amount of fuel available to a developing thunderstorm. More specifically, it describes the instability of
GKS FdY2aLKSNB YR LINPGARSE Iy FLILINRPEAYIFGAZ2Y 2F dz

A.2.3 Projections

The three components that impact hail formation (atmospheric phenomena relevant to hail), are
expected to change with climate chanfge 10}

1. An increase in temperature yields air that can hold more moisture, this inalelselevel
moisture yields increased convective instability and updraught strength. Per degree of global
warming, approximately 7% more tropospheric water vapor is expgdted The increased low
level moisture and higher temperatures yield more potential energy, this can be released through
condensation of water vapor in a rising air parcel. Hence, this results in increased convective
instability[16] [17].

2. For the microphysics, the largest impact is expected to be on the MLH: an increased MLH results
in warmer and moister clouds, and possibly more supercooled liquid water, which would yield
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wet growth of larger hail. Tdincreased MLH yields that more hail will melt into rain before
NBI OKAy3 (G4KS 9 NIKQA &adzaNFI OST 6KAOK gAff FdzNI
larger hailstones. However, for hail aloft, the MLH does not play a role.

3. Overall deegtropospheric vertical wind shear (S06) is expected to reduce with climate change
[18]. However, these changes in vertical wind shear are overshadowed by instability changes,
hence, the impact of these verticalind-shear changes arexpected to be negligible. Here, the
interest is not generally on vertical wind shear, but on the vertical wind shear at the time of
thunderstorms. Raupach et 46] & { | ThiS outcome is because changes to wind shear either
occur at times when hail is unlikely to form or are outweighed by the relatively greater effect of
changes to instability or MLH. Thus, decreases in wind shear generally do not inhibit expected
increases in the occurrence of thunderstorm environments ¢fived @ NA aAy 3 02y FSOG A

Apart from these proxies, there exist direct projections, an example is HAILCHA$Fased on20, 7,

21]): a onedimensional model used ia fine grid, where in each grid cell the growth of a hailstone is
projected on a vertical profile. Because these models are one dimensional, they cannot represent the
hailstone trajectory in the storm, including the width of the updraft, which play an mapbrole in the

growth of hailstones as detailed in Subsection A.1. Brimelow d7phévaluated the performance of

IV L[/!'{¢ FYR RSSYSR Al &l dzaS¥dzZ AR TFT2NJ 202S00Ac¢
distinguishing between nonseverand severeK A f S@Sy G a¢ o

In contrast to HAILCAST, the laggale proxies only predict favorable conditions, how hail is actually
initiated (see a more detailed discussion in Subsection A.3.2) is not clear and the problemdof go
predictors is highlighted also by prekased projections for hail.

Modeling the process of hail formation is computationally expensive, hence, at least until now, these are
not fully modelled in projections, and studies that investigate the clintdtange impact on these
microphysical processes are limitfs].

Many factors of uncertainty exist for the expected chang&s:

1 Trigger mechanisms/initiation not considered in maiydies and even if the atmosphere is
prone to produce hail, this still seldom happens

9 The microphysical processes of hail are still associated with high uncertainties

Hail events have high annual variabi[i2]

1 Proxybased studies have a low spatial resolution, while for simulating the actual formation of halil
a high spatial resolution is needed, which in turn is very computationally expensive

=

The existing futurdrend studies are very limited, for an overviewedeigureA.4 based oif5], TableA.2
(results), andrable A3 (time frame and models used). We also summarize all results in a list; projections
for the midcentury (ircontrast to the more frequent endf-century projections) are highlighted in italics.

** ok TE.GEN.0030405 © European Union Aviation Safety Agency. All rights reserved. ISO9001 Certified Pageld/
Proprietary document. Copies are not controlled. Confirm revision status througBAB&nternet/Intranet. 183

* %%
* ok

* gk

An agency of the European Union



RdEASA

European Union Aviation Safety Agency EASA Scientific Committee ArmhiReport 203 - Appendices

In particular, the neafuture projections show only minor increases or little statistical significance because
of high annual variability and ensemble spread.

Table A2 Futuretrend studies for hail: Geographical area, seasonal projections and projections without seasonal distinction.
Results for the end of the century are highlighted in gray, results for the middle of the century are higlkelibint yellow.

Geogra Geographicalf] Authors/ Spring Summer/Warm Without Seasonal Distinction
phical area| area Reference Season
restriction
Europe Réadler et al Frequency of hail will increase
[23]
Germany Kapsch et al| I 7-15% more hail days
[24]
Germany Mohr et al. Increasing potentir:ll
[25] for hail events (i
particular:
northwest, south off
Germany)
Italy Piani et al, Frequency of hailstorms will increas
[26]
UK Sanderson Fewer damaging hailstorms, fewe
et al.[27] hailstones of diameter 250mm,
places where hail appears remains t
same
Netherlands | Botzen et al. 2550% increase in damage
[28] outdoor farming from halil
Partly Radler [66] C2NJ KIFAf xnOYY
Germany&

- Increase in number of mea

CJps andj annual hail cases f&RCP2.6, 4.5
estern& .
Central and 8.5, for both middle and en
Europe of century
- Strongest increase of RCP8
2071-2100, with over 100% ir
north-east of European region
C2NJ KIFAf xpOYY
Similar results, but maximum ¢
160%, i.e., much stronger
North Partly centralf Trapp et al] Increases  in| Increases in verf| A 3KSNJ FNXI|jdSyoOe
America us [38] very large haill f F NBS KI AJ mm diameter)
60 Xpn diameter)
diameter)
Limited for} Brimelow et} More hail | More hail damagg Fewer hail days, shift to larger hg
spring  andj al.[30] damage potential over Rocky sizes
summer potential over| Mountains;
southern North | Decrease hai
America; frequency and
Decrease hail damage potential for]
frequency and| eastern +
damage southeastern Nortl
potential  for | America
eastern +
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southeastern
North America

Colorado Childs et al Increase in hail days
[31]
Colorado Mahoney et Nearelimination of
al.[32] surface hail
Eastern Diffenbaugh Increase of severe thunderstorr
United Statesj et al.[16] environments that might suppor
formation of hail
Largest Trapp et al, Largest increase Increase in number of days wit
increase forfj [18] severe thunderstorm conditions tha
regions closg support the growth of large hailstone
to the Gulf of
Mexico andj
the Atlantic
Contiguous | Goodin [59] Decrease irf Increase in frequency of sevehail
US (CONUS) frequency of severef days in Midwest/Eastern CONU
hail days inf Increase in frequency of lardeil
Central/Southern days in Eastern CONUS
Plains an

Southeast; decreas
in largehail days

Oceania New Southj McMaster Hail losses (not  statisticall
Wales [33] significant)
Mount Niall and AugustOctober:
Gambier andl Walsh[34] increase hail§
Melbourne incidence
Northern andj Allen et al. Increase of severe thunderstorr
eastern [35] enbironments
Australia
Sydney Basinf Leslie et al Increase in frequency and intensity
[36] hailstorms

Table A3 Futuretrend studies for hail: time frame, climate models and emission scenarios considered in the different studies.

Results for the end of the century are highlighted in gray, results for the middle of the century are higbligin yellow.

Geogra
phical
area

Europe

Geographical
restriction

Authors/
Reference

Radler et al
[23]

Time frame

1971-2000 vs.

20712100

Climate models

14 regional climate
models (RCMs)

Scenario, other information

RCP4.5

(emission
stabilization without overshoot) ang
RCP8.5 (rising emissions pathway)

pathway

Germany Kapsch et alf 1971-2000 vs.| Eight RCMs Reananalysis with ERI®
[24] 20312045
Germany Mohr et al.j 1971-2000 vs.| Seven RCMs Different emission scenarios use
[25] 2021-2050 AlB and B1
Italy Piani et al] 1961-2003 vs.| (Use forcings fon Reanalysis and the CGCM2 climate
[26] 20042040 hailstones from| scenario from the Canadian Centre
and 1961 | NCEMNCAR Climate modeling and analysis
2040 Reanalysis tg
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evaluate expected
changes)
UK Sanderson j 20102039, Single RCM A1B emission scenario (future worl
et al.[27] 20402069, of rapid economic growth, balanc
20702099 between all energy sources)
Netherlands Botzen et al§ 2050 - Estimate relations betweer
[28] normalized
insured hailstorm damage t
agriculture and several temperatur
and precipitation indicators
KNMI scenarios moderate (+1°C) a|
warm (+2°C)
Partly Réadler [66] § 19792016 vs.| 14 EUREGCORDE} RCP2.6, RCP4.5, RCP8.5
Germany&Alps 2021-2050 simulations ERAInterim reanalysis
and and 2071 | 4 RCMs ARCHaMo
Western&Centralf 2100
Europe
North Partly central US| Trapp et al.§ 1971-2000 vs.| Global Climatel Dynamical downscaling
America [38] 2071-2100 Model (GCM)CM RCP8.5
(GFDLCM3 (MIP5)
downscaling
Limited for springd Brimelow etf 1971-2000 vs.| HAILCAST and or] A2 scenario (describing
and summer al.[30] 2041-2070 RCM heterogenous world and business
usual)
Colorado Childs et alj 199 72017 | GCM (GFDLCM RCP8.5 pathway
[31] vs. 20 71| (MIP5)), dynamica
2100 downscaling
Colorado Mahoney et 1971-2041- GCM, RCM Threetiered downscaling, explicit
al.[32] 2070 simulation of intense thunderstorn
events
Eastern Unitedq Diffenbaughfl 19701999 vs.| GCM  (GFDLCM| RCP8.5 pathway
States et al.[16] 20702099 (MIP5))
Trapp et al.§ 19621989 vs.| Model suite of| A2 emission scenario
[18] 20722099 GCMs and a high
resolution RCM
CONUS Goodin [59] | 19902005 vs.| GCM from CESM RCP 4.5 and RCP 8.5
20852100 RCM Weathern Dynamical downscaling
Research ang
Forecasting (WRH
Model Vv4.1.2
Oceania NewSouth Waleq McMaster 1969 vs. 1978 Three GCMs DoubledCQ scenario; no significan
[33] results
Mount Gambierf Niall and] 19802001 AugustOctober: DoubledCQ scenario
and Melbourne J Walsh[34] increase hail
incidence
Northern and] Allen et al.§ 19802000 vs.| Two GCMs Highwarming climate scenario
eastern Australial [35] 20792099
Sydney Basin Leslie et alf 19902002 vs.| GCM (OLUCGCM) | SREAS A1B future climate sceng
[36] 2001-2050 (future world of rapid economig
growth, balance between all energ
source3

1 For more details on that model, see Powers et al. [74]
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1 Europe:

0 Radler et al[23] showed that the frequency of hail will likely increase by the end of the
century. They used an ensemble of 14 regional climate models (RCMs) and showed an
increase in likelihood of 4B0% for environmental conditions favorable for hail in large
parts of Europe in a higlemissions scenariowhere they perform a comparison of the
years 19722000 and 2072100 and used two benchmark scenarios,-catied
Representative Concentration Pathways (RCPs), RCP4.5 and RCP8.5, where RCP4.5
indicates an emission pathwayf stabilization without overshoot and RCP8.5 a rising
emissions pathway37]t the number after RCP indicates the estimated increase in
greenhousegasinduced mean global radiative forcing in wattg/ioy the end of the
century [58].

o Kapsch et a[24] projected a slight increase-[5%) in the number of hail days in Germany
for the period 20322045 in comparison with 1972000 They used an ensemble of eight
RCMs and reangdis with ERAO.

0 Mohr et al.[25] considered the hail frequency in Germany in the summer. They developed
a statistical model and by applying it to an ensemble of seven RCMs, they found an
increasing potential for hail eventsrfthe period of 2022050 in comparison to 1971
2000, which is statistically significant for the northwest and south of Germany. However,
these projections feature a high variability between simulations.

o Piani et al[26] projected that hailstorm frequency over Italy will likely grow in the future
(using reanalysis and the CGCM2 climate scenario from the Canadian Centre of Climate
modeling and analysis, CCCma): they compared a reanalysis for20981with the
CCCma result®r 19612003, 20042040, and 1962040. The annual probability of
hailstorms will likely increase in the interval 240, and Piani et al. projected an
increase in hail frequency for spring, summer, and autumn.

0 Sanderson et af27] projected a downward trend for the total number of damaging
hailstorms for the UK, with statistically significant downward trends for hailstone
diameters of 2350mm.They projected a decrease for the number of damaging hailstorms
by a factor of Zuring the century They considered a single RCM and a simpletozié
formation model, they studied the time periods 2€IB9, 2042069, and 20742099.
Moreover, they found that the spatial distribution did not change: the highest values
continued b be in southeast England. This outlier decreasing trend is attributed in a
RSONBIFrasS 2F GKS /!1t93 GKS OftAYIFIGS Y2RSt Qa

0 Botzen et al[28] projected that the annual hailstorm damage to outdoor farmaugild
increase with 250% by 2050 in the Netherlands.

o WNRf SNJ Gccb LINEP2SOGSR ty AYONBlI&S Ay GKS y
for all RCP scenarios and both for the middle and the end of the century, the strongest
increase is projected foRCP8.5, 2072100 with over 100% in the nortfast of the
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O2yaARSNBR 9dz2NRPLISIY R2YIFIAYy® {{iNRy3 YR NRO:
Y2a4G 2F OSYdGNIf FyR SIFadSNYy 9daNRPLIS® ¢KS NBa
160%, i.e., muchstypa SNJ | & F2NJ KIFIAf x HOYOLOL®

T North America:

o Trappetal[38]LIN2P2SOGSR AYyONBlIasSa Ay (GKS FNBIljdsSyoe
ONRBIR 3823IN}LIKAOIE NBFra 2F GKS '{ Rd2NARy3
mm diameter) for the central US during boreal spring and summer. The authors used high
resolution dynamical downscaling (4 km resolution) to integrate the environmental
conditions for and initiation of convective storms that support formation of hail, the
storm volume and the depth of the lower atmosphere conductive to melting. They
comparedthe periods 19742000 and 2072100.

o0 Brimelow et al[30] projected fewer hail days over most areas of North America, but a
shift toward larger hail sizes, comparing the periods 12000 and 2042070. This
includes an increasin hail damage potential over southern North America in the spring,
and in higher altitudes and the Rocky Mountains in the summer. Moreover, they projected
a strong decrease in both hail frequency and damage potential for eastern and
southeastern North werica in spring and summer (because of increased melting).
Generally, drier and cooler regions in North America will experience the largest increased
in hail threat, while warmer and more humid regions will experience a reduced threat. The
authors used HIRCAST and North American Regional Climate Change Assessment
Program (NARCCAP) simulations and the A2 scenario (describing a heterogenous world
and business as usyan]).

o Childs et al[31] projeded an increase in hail days in Colorado by the end of the century
based on proxies.

0 Mahoney et al[32] project a neatelimination of surface hail in Colorado during warm
season. They attribute this change to an increased Mhely compare the periods 1971
2000 and 2042070. The authors employ a threred downscaling approach: first
downscaling GCM simulations to a-kt grid of NARCCAP RCMs, driven bycAgario
GCMs; extreme precipitation events occurring in NARCCA#rthiey downscaled using
a highresolution model with a 1:Bm grid, where intense thunderstorm events can be
explicitly simulated.

o Diffenbaugh et al[16] projected robust increases of severe thunderstorm environments
over theeastern United States based on a GCM ensemble (CMIP5, RCP8.5 pathway). They
projected these increases for spring and autumn already before a mean global warming
of 2°C. Additionally, they projected an increase in the number of days with high CAPE and
strong lowlevel wind shear they find decreases in vertical wind shear are concentrated
on low-CAPE days and, hence, have little effect. Moreover, they project a shift to high
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CAPE mostly concentrated on days with low convective inhiBitidrey mainly compe
the periods 19701999 and 207&%1 n ppPd ¢ KS F dzi K2NEQ ONXR G SNA I
environments might support the formation of hail.

o Trapp et al.[18] projected an increase in the number of days in which severe
thunderstorm environmental conditions (NDSEV) appear in the US, based on a model
suite of GCMs and a higksolution RCM. The largest NDSEV increases are projected
during the summer, for regions close to the Gulf of Mexico and the Atlantic (e.g., >100%
increase in Atlata, GA, and New York, NY). They compare the periods- 1982 and
2072-2099. As proxies, they use CAPE and S06. Because large CAPE is associated with
strong updrafts, these conditions support the growth of large hailstones; and NDSEV is
used as a proxy fahunderstorms that can potentially produce hail.

0 Goodin [59] studied the frequency and intensity of hail and compared the period-1990
2005 with the future period 2082100 under RCP4.5 and RCP8.5. . She projected
significant increases in frequency ofeeeK I Af Rl 8a O0KIAf x H®pnOYD
Midwest and Eastern CONUS, especially for RCP8.5. The most robust increases are
projected in boreal winter and spring; in summer, she projected a significant decrease in
frequency of severdail days in he Central/Southern Plains and the Southeast.
Moreover, she projected a significant increase inlékge At Rl &@a o0KIFAf x nO)
the Eastern CONUS; for many regions in the Southern Plains and Southeast the number
of largehail days are projectetb nearly double. On the other hand, she projected a
robust decrease in largeail days during summer in the Southern Plains. Furthermore, in
the projections, slight shifts in the maximum diameter hail values can be obgehatti
annually and seasonallyaifrsize extremes are projected to increase in the Midwest, the
Southeast and the Southern Plains. She used dynamical downscaling with 3.75km grid
spacing and the RCM WRF V4.1.2, and a GCM from the Community Earth System Model
(CESM), where she-ggiddedand biascorrected the data using ERAerim reanalysis
data

1 Oceania:

0 McMaster[33] used hailoss models and three GCMs with doublé® scenarios to
project hail losses for New South Wales. Generally, he obtained declines in winter cereal
crop hail losses, but these changes (comparing 1969 and 1978) were not statistically
significant.

o Niall and Walsh34] consdered AugustOctober during the years 198001 in Mount
Gambier and Melbourne (both in southeastern Australia) and found a statistically
significant relationship between hail incidence and CAPE values for reanalysis data and
sounding data. They showedahfor a doubledCQ scenario that the mean CAPE
decreases by 10%.

2 Amount of energy that will prevent an air parcel to rise from the surface level to the level of free convection.
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o Allen et al[40] studied the occurrence of severe thunderstorm environments in Australia
using two GCMs, they compared the periods 12800 and 2072099 (with high
warming climate scenarios). They projected significant increases of severe thunderstorm
environments for northern and eastern Australiattributed to increasing CAPE,
particularly close to warm sea surface temperatures. The authors projected asadedre
frequency of environments with high vertical wind shear, but they predicted that this will
be outweighed by the CAPE increase. This result contrasts the changes obtained by
McMaster and Niall and Walsh (based on coaesmlution data).

0 Leslie et al[36] compared the periods 1998002 and 2002050 for the Sydney Basin.
They used a sinember ensemble of a higlesolution version of the Oklahoma Coupled
General Circulation Model with a hierarchy of graded meshes anddingl cloud
microphysics in the-km horizontal grid of the model. Under the SREAS A1B future climate
scenario (future world of rapid economic growth, balance between all energy sources
[39)]), they obtained significant increasa frequency and intensity of hailstorms in
compared both to 1992002 and nechange 2002050. During the next one or two
decades (starting in 2008), the increases in frequency may be masked by natural inter
decadal variability.

Figure A.4 Hafuture trends studies: blue, red, and gray represent a negative trend, a positive trend, and no trend, respectively.
Both trends for frequency, but also shifts to larger hail sizes are shown.
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A.2.4 Summary of Hail Past and Future Trends

In summary, for Europe, observational trends show little agreement, but a slight increase for
environments that are favorable for hail (with low significance and some contradictions, e.g., the UK) is
projectedr with a strong upward trend for the Po Valleghanges are attributed to more convective
instability because of lovevel moisture and an increasing MLH. In North America, observations do not
show clear trends or only modest trends. However, projections of hail intensity (hail sizes/damaging hail
stones) and frequency are consistent between approaches based on different climate models, and an
increase of days favoring severe convective storms/hailstorms within most regions and seasons is
projected. The changes are attributed to an increase in convedtiability, which will outweigh a
simultaneous decrease in mean vertical wind shg#, 18, 38, 41]Moreover, thunderstorms have
become and will become more likely to produce hail. The increasailfalorable environments is
particularly projected for warm seasons and warm and humid regions, the increase in hail
intensity/severity is projected for dry and cool regions, but with fewer events. Altogether a shift to larger
hail is projected. For Ocai, projections are scarce, but the existing studies agree in trends: an increase
in frequency, severity and favorable environments, but also large-oieerndal variability.

A.2.5 Knowledge Gaps and Uncertainties

KunZz10] indicated a lack of data for 500 hPA (about 568@00 meters altitude). At 500 hPAn contrast
to 850 hPA, so far only minor temperature trends have been observed.

FigureA.4 clearly indicates large spatial gaps in future studies. However, the same proxies cannot be used
for different world regions, e.g., for the UK a completely different method is used than for the rest of
Europe. This indicates that the exiggispatial gaps (as evident frdfigureA.5) cannot be closed by simply

using existing proxies.

Uncertainties stem from a variety of factors, as deeiin Subsection A.2[20]:

9 Trigger mechanisms/initiation not considered in many studiasd even if the atmosphere is
prone to produce halil, this still hardly happens

1 The microphysical processes of hail are asilociated with high uncertainties

Hail events have high annual variability

1 Proxybased studies have a low spatial resolution, while for the actual formation of hail a high
spatial resolution is needed, which in turn are very computationally expensive

=

Studies on hail aloft (HALO) do not exist but would be very interesting for aviation. John T[1A]len
specifically highlighted the need for EASA to raise this topic to trigger research on HALO. On the other
hand, Pieter Groeneaijer [77] stated that if HALO has a size of several centimeters, then the hailstones
usually fall so rapidly that they will not shrink significantly (that is, situations with hailstone sizes of 5cm
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aloft and hardly any hail on the ground will not appe#&i@nce, he considers studies on hail on the ground

an acceptable first estimate for HALOs. Moreover, he stated that HALO will usually appear close to the
A02NX¥QA dzLIRNY Fid t2aaAofte& YAONRSI PGS 20aSNDIGAZ2Y
altitudes for HALO.

A.3 Convective Weather (Thunderstorms) Trends

In literature, usually two categories are studied:

1 Severe convective storms (SCS)
9 Significant severe convective storms (SigSCS)

These include some minimum criteria for associated phenomena,tagateby Aller{42]:

SCS SigSCS
Hail stones diameter X HOY ¥ pOY
Winds X dn 1 YkKK X MHAN 1 YKK
Tornadoes Existence At least F2 intensity
Precipitation (not used in al Excessive excessive
countries)

For aclassification as SCS/SigSCS at least one of these criteria must be met. The strong winds will always

be present, while other phenomena may, but need not be pref&3it While the criteria listed here seem

to allow for a veryclear classification, Alldd2] K A A Kt A I3Kia GKFG &l NDAGNI NB ON.
w{/ {6z GKIG FfY2ald aSOSNBE | yR aSOSNB (KdzyRSNR G2
difference between a neaseverestorm with 1.9cm diameter hail and a severe storm with 2cm diameter

hail [35] [44]), and that definitions of what constitutes a SCS/SigSCS vary from country to country. For
convective storms thata not meet the criteria of an SCS, observational records are not very good.

SCS come with a variety of aviation hazards: hail encounter, lightning strikievebwind shear, severe
turbulence, runway flooding. In this appendix, we focus on SCS inagdemet hail, other phenomena are
of interest for future reports.

The general expected impact of climate change on convective sfd&tis shown irFigureA.5, however,
this includes various uncertain factors, hence, such a clear connection has not been shown in studies.

3F2 is a measure on the Fuijita scale and describes tornadoes with5Ft8ph and considerable damage
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surface moisture between rising air and |- updraft speed more severe storm days
temperature]  content (even in winter and spring)

Mean Atmospheric Vertical thermo- Relative difference Max potential Favors severe storms +
— — — —

Figure A.5 Expected impact of climate change on severe convective storms

For a more detailedverview on climate change and severe thunderstorms, we refer to the paper of the
same name by Allef#2]. This paper and our interview/discussions with the single author of this survey
article[11] build the major foundation of this section.

A.3.1 Observations

¢KSNBE R2 y2i SESNM NBNGBX MR i 85 72 F[183y/TH6 Savdrestriétiony f&rS NE& G 2 N
observations exist as for hail (Subsection A.2bservations are skewed towards populations centers

(where possible observers are more likely located), surface stations are too scarce. The largest set of
records exists for the US, otherwise records are very linfd@ll These factors favor the usage of radar

or satellitebased data, which has fewer spatial limitations, however, it is available for only about the last

10 years due to changes in quality of both the radar network or satellite sensors.

In the 2023 study desdred in Subsection A.2.1, Battaglioli et al. [76] presented also trends for lightning
in both Europe and North America for the period 198121. They concluded for thunderstorms:

- The occurrence of thunderstorm environments has significantly increased atmastsof Europe
during the past 72 years.

- The largest absolute increase occurred in the Alpine and Caucasus Mountains with up to 5h of
lightning more per decade.

- The largest relative increase occurred in Scandinavia with 2 more hours lightning per dedtde
an annual mean of 2@5h.

- Increases in lightning appear throughout the year, but particularly during summer.

- In a belt Finlanélurkey only insignificant lightning changes occurred.

- Across parts of Russia, a significant decrease in thunderstorms odcurre

- The strongest positive trends in the US occurred in the southern States, specifically Florida and the
TexaslLouisiana coasts.

- Upward trends occurred also in the Midwest and southern Canada, mostly during summer.

- Significant negative trends occurred assahe Colorado Plateau and the Great Basin.

A.3.2 Proxies for Projections

Severe convective storms and the associated hazards happen on a small scale (they are mesoscale
processes). On the other hand, most climate models have a significantly coarser resdlntisnsevere
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O2y@dSOGADS 6SIFGKSNI Olyy2i 068 Y2RSt SR SELX AOAGtR& A
FGY2ALIKSNAO O2yRAGAZ2Yy & SEGNI OGSR FNRBY NBlIylfeasa
environmental proxies should refleabreditions that are favorable for SCS. However, favorable conditions

for SCS do not mean that a SCS actually forms, the actual initiation of an SCS is a large problem for
LINE2SOlA2yMFlati bG8 G BE G I 6f doieré KSabiliyNBea Soy gdBantee that a
thunderstorm will form, so that it is not clear whether increases in instability are associated with increases

AY (GKdzyRSNBUG2NYXY FOGAGAGEGd ! €t NBIFRe& Ay H4Bwasz | O2
devoted to convection initiation.

Generally, environmental proxies for three main components are used:

1. Thermodynamic propensity for updraft development, proxies used in literature include:
a. CAPE
b. Convective inhibitiofCIN)
c. Lapse rate
d. Lifted condensation level
e. Occurrence of convective precipitation
2. Vertical wind shear (to predict the organization and longevity of severe convection of significantly
severe convection), proxies used in literature include:
a. S06
b. Storm relatie helicity (SRH)
c. Vertical wind shear between surface and lower levels, e.g., SO1
3. Convective initiation, proxies used in literature include:
a. Occurrence of convective precipitation
Boundarylayer convergence zones
Magnitude and depth of lifting dtoundaries
Coldpool strength
Amount of moisture

® a0 o

Many researchers use the product of CAPE and S06. Alldrhighlighted that many proxies are
correlated hence, the use of a specific proxy does not have a large impact oesthitsr On the other
hand, the models used by researchers play a large role for the results because of known biases.

The most frequent approach using proxies is to formulate thresholds for the proxies, which yields a binary
approach. Another approach is tlassify the environments probabilistically. An example of the latter
approach is the additive regressive convective hazard modeC{Add0) developed by Anja R&adler in her
PhD thesis [66] and applied in its substudies (e.qg., [45]).

In addition to theseproxy-based approaches, dynamical downscaling nests-tagblution regional
models, in which severe convective storms can be explicitly modelled, with a generakiolwtion GCM.
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Because dynamical downscaling can help with several problems of progftioconvective storms and
the associated hazards, we detail the concept, existing research and its limitations in Section A.4.

To exemplify the statisticahodel approach based on proxies, we detail here theCARMo: Radler [66]
expressed the predicteprobability of a hazard as the product of the probability that a storm occurs and

the conditional probability of a hazard given the presence of a stoBhe investigated the relation
between atmospheric parameters and the occurrence of convective stbased on lightning data and
ERAInterim reanalysis data. To determine the probabilities, she used data on-tdegibund lightning

from the European Cooperative of Lightning Detection (EUCLID) as an indicator for deep, moist convection
(two lightning stikes in the same grid cell and 6h time interval). She then employed hazard reports from
the European Severe Weather Database (ESWD) to identify hazard cases (one hazard report with a
lightning case in the same grid cell and 6h interval) for the hazarfishain OY > KIF Af xpOYX &S«
tornadoes, and heavy precipitation. To derive the probability that a storm occurs, she studied the
dependence of lightning on different proxies, to derive the conditional probability, she studied the
relation between he relative frequency of hazards under a lightning case and potential predictor proxies.
She then uses a general additive model to obtain continuous probability functions. Battaglioli et al. [76]
expanded on this work by using a larger set of proxiesttieyt test as candidate predictors for the model

and using ERAB. Battaglioli and Groenemeijer [77] stated that the trends they discovered based on ERA5
are a little higher than those discovered by Radler [66], that is, they project slightly larger increases

For wind shear, Pieter Groenemeijer [77] emphasized thatléowgl wind shear is a very important
predictor for thunderstorms, in particular, for tornadoes and extreme wind gust, and that it needs to be
studied in more detail. Moreover, for aviation, wirshear even closer to the surface than what is
considered lowlevel is important. Moreover, this very strong ldevel wind shear does not have to be
thunderstormrelated.

A.3.3 Projections

For two of the three main components listed in Subsection ABavective instability and vertical wind
shear), the expected changes with climate change as detailed in Subsection A.2.3 hold (increased
convective instability, reduced vertical wind shear that is outweighed by the increase in convective
instability).

Fa severe thunderstorms, the same holds as for hail: future studies are very sparce. Diffenbaugh et al.
[16] K A 3 K fFiksEl tKeiie istno reliable, independent, lotegm record of severe thunderstormsand
particularly tornadost with which to systematically analyze variability and trends. Second, theoretical
arguments and climate model experiments both predict conflicting influences of the-saeje or

4 P(hazard) =P(storm) xP(hazard|storm)
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G Sy @A NP vooriliyiond tfiat support severe thunderstorms. Third, aeuif processes important

for the realization of individual storms in the real atmosphere has remained mostly inaccessible in climate
Y2RSt SELSNAYSyGa 6SOIdzaS 2F RSTAOASYyOASE Ay Y2RS
Allen[11] described RCMs to be preferable over GCMs because of the spatial resolution.

For an overview of the projections sE&@gureA.6 based off5], in Table A (results), andrable A5 (time

frame and models used). We also summarize all resultslist; again, projections for the midcentury (in

contrast to the more frequent endf-century projections) are highlighted in italics.

Table A4 Futuretrend studies for convective weather: Geographical area, seasonal projectiand projections without
seasonal distinction. Results for the end of the century are highlighted in gray, results for the middle of the century are
highlighted in yellow.

Geogra | Geogra Authors/ J Spring Summer/W | Fall Winter Without Seasona

phical phical Reference arm Season Distinction

area restriction

Europe | Central t g Gethal Increase in frequency o
and south J [45] unstable  environments
central (robust for end of century
Europe smaller and less robusbr

middle of century), for
middle of century only
changes of the
Mediterranean coastlines
and parts of southeasterr
Europe robust.

See the] Marsh et} Decrease in Nearly CAPE Mean CAPH Small increase in
different al.[47] mean CAPE complete increase for| increase inj favorable environments
season but increase| CAPE the in the J for severe thunderstormg
results on the Faroe| decrease, Mediterran | Mediterran J for most locations in
Islands with an | ean Sea and ean Sea, thgl Europe

exception of | mainland Strait of

western Europe, as| Gibraltar,

Norway well as a| the Balearig

decrease for| Islands,
the Atlantic | southern
Ocean and| Italy and the
the Faroe| southern

Islands Black Sea
Iberian Viceto etf] Small Largest Large Small
Peninsula | al.[48] changes in| increase in| increase in| changes in
(often CAPE; conditions conditions CAPE;
restricted increase in| favorable favorable increase inj
to S06 for severe| for severe| 06
Mediterra thunderstor | thunderstor
nean) ms (mostly| ms (mostly

for the | for the
Mediterran | Mediterran

ean and its| ean and its
surrounding | surrounding

s); s);
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Geogra | Geogra Authors/ J Spring Summer/W | Fall Winter Without Seasona
phical phical Reference arm Season Distinction
area restriction
§|gn|f|cant §|gn|f|cant
increase in| increase in
CAPE fothe | CAPE for the
Mediterran | Mediterran
ean; ean;
decrease in| decrease in
S06 S06
Radler et Frequency of convectivg
al.[23] weather events (lightning
hail, severe wind gusts
will likely increase ove
Europe. Slight decrease
thunderstorms for
southwestern and
southeastern Europe.
Partly Radler Already for the period
Germany [ [66] 19792016:
mg,?erigdl - F_’ositi_ve trend for
Central Ilghtqlng zvanfj all
Europe K.I- I I NRa
(hail wind; to.rr.lad.oes;
results sed heavy precipitation)
that - Thunderstorms have
section) become more ikely

to produce severe
weather over the last
decades.

- Driven by an increas
in instability instead
of changes in deep
layer shear or mid

tropospheric
humidity
BUT: for past arn
attribution to climate
change cannot be

concluded (analysis ng
made).

For allfuture simulations:
increase in lightning case
for central and eastern
Europe
Decrease in southert
Spain, northern Africa
Greece, Turkey!
northwest Ireland
Largest increases fo
RCP8.5 and end of th
century
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Geogra | Geogra Authors/ J Spring Summer/W | Fall Winter Without Seasona
phical phical Reference arm Season Distinction
area restriction
RODUSL INCreases only g
north-eastern region
Increase in convective
hazards until the end of
the century: driving
factor is therefore that
thunderstorms are more
likely to produce severe
weather in future
climates
North Eastern Diffenbau J Increase of Increase of Increase of severg
America | US gh et al.j severe severe thunderstorm
[16] thunderstor thunderstor environments
m m
environmen environmen
ts already ts already
before a before a
global global
warming of warming of
2°C 2°C
us Trapp et Largest Increase in number o
Largest al.[18] increase in days with severe
increases NDSEV thunderstorm
for environmental conditions
regions (NDSEV)
close to
the Gulf of
Mexico
and the
Atlantic
us Trapp et} Decrease in Decrease irf Increase in NDSEV
al.[29] cyclone cyclone
frequency frequency
over the over the
contermino contermino
us US us US
Northeast | Gensini ef] Increase in NDSEV
en United] al.[41]
States, the]
Great
Lakes, and
Southeast
ern
Canada
US east of Gensini Statistically Most of the increase in
continent | and Mote | significant hazardous convectivg
al divide,J [53] increase in weather around local
increases hazardous sunset; pealseason
primarily convective severe weather more
found in weather
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Geogra
phical
area

Geogra
phical
restriction

Authors/
Reference

Spring

Summer/W
arm Season

Fall

Winter

Without
Distinction

Seasona

the
Mississipp
I,
Tennesseq
, and Ohiof
River
valleys

variable, potentially more
frequent

CONUS

Rasmusse
n et al
(54]

Frequency decrease fq
weak to moderate
convection; frequency
increase  for  strong
convection; CAPE and C
increase downstream o
Rockies

CONUS

Haberlie
et al. [61]

Overall
increase in
thunderstor
m activity

Decrease in
thundertor
m activity

Overall
increase in
thunderstor
m activity

Overall
increase in|
thunderstor
m activity

40dB2 days: significant
decrease in  Souther
Plains and coastd
Carolinas; significan
increase in Northeast

50/60dBZ days
Significant increase if
many areas east of thg
High Plains in RCP8.5

CONUS

Ashley et
al. [63]

Highest
supercell
risk in early
spring;
Increased
supercell
frequency
and
footprint

Supercells
decrease
from
midsummer

Supercells
decrease
until  early
fall

Highest
supercell
risk in late
winter
Increased
supercell
frequency
and
footprint

Supercells will be more
frequent and intense in
future climates, robust
spatiotemporal shifts;
Supercells more frequen
in eastern CONUS, le
frequent in parts of the
Great Plains;

Intense storm rotation
more prevalent in future

Prein et al.
(68]

All regions (except Centrég
US) increase in mesosca
convective systems (MC
frequency

In Central US: decrease |
30%, but extreme MCS
increase by 380%
Similar high increases fq
extreme MCSs for othe
regions

5 Decibel relative to Z; dimensionless technical unit used in radar, the units of reflectivity are giverf/m3int

obtain values that are easier to work with, a logarithmic scales is applied to compress these values, which results in

dBZ, with a scaleunning from-35 to +85 dBZ; 200 dBZ are associated with light precipitation;3MdBZ with

moderate precipitation, 5865dBZ with heavy precipitation or some hail, and values above 65dBZ are associated with
extremely heave precipitation including wateoated hail [78].
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Geogra | Geogra Authors/ J Spring Summer/W | Fall Winter Without Seasona
phical phical Reference arm Season Distinction
area restriction
Highest relative Increas
in MCS frequencyCanadal
and Northeast US
Maximum hourly
precipitation:
1 Increase by 280%
northern regions
T Increase by 120%
otherwise
Significant increase if
CAPE allows MCSs to gr¢
larger
Rapid increase in MCS
with high hourly rainfall
relative to their size yields
higher flooding potential
Hoogewin Conditional Longer HCW seaso
d et al probability (perhaps by more than ¢
[17] of month)
hazardous
convective
weather
(HCW) given
NDSEV
declines
over much
of central
Us
Oceania | Northern | Allen et al. Increase of severe
and [35] thunderstorm
eastern environments
Australia
Asia Japan Muramats § Frequency | Frequency
u et aljof strong| of strong
[49] tornadoes tornadoes
will double | will double
on the Japan
Sea side of
the
Japanese
Islands
World See the] Lepore etf Largest Statistically significan
different al. [65] increases in increases of CAPE f
season CIN, more relevant convectively
results substantial active regions
over Relative to historical
northern period, for CAPE:
hemisphere
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Geogra | Geogra Authors/ J Spring Summer/W | Fall Winter Without Seasona
phical phical Reference arm Season Distinction
area restriction

- Increase of order 0.5
23S NJ
regions
- Increase of order 1
Mmdp"- Ay S
Stronger increase ove|
northern hemisphere
(NH) than for southern
hemisphere (SH)
Changes to CIN
comparatively small, but

robust
significant significant Increase in environment
decreases of decreases of favorable to convective
CAPE ove CAPE ovef storms a frequency
the eastern the increase of 520 percent
Atlantic southern per °C of global warming
during hemisphere | Driver: strong increase i
boreal during CAPE, not offset by offsg
spring winter by factors  resisting

convection of modifying
likelihood of storm
organization

Relatve to historical
period, for CAPE:

- Increase of order 2
0 T2NJ Ydz

- Increase of order 1

HY F2NJ GK
Widespread robust
increases of CIN
Regional increases in lewy
level wind shear will be
offset by decreased deep
layer shear

Table A5 Futuretrend studies for convective weather: time frame, climate models and emission scenarios considered in the
different studies. Results for the end of the century are highlighted in gray, results for the middle of the cgrtre highlighted

in yellow.

Geogra Geographicalj Authors/ [ Time frame | Climate models | Scenario, other information

phical area | restriction Reference

Europe Central andj t ¢ Gtal | 1971-:2000 | 14 RCMs RCP4.5 and RCP8.5 emission scenarios
south-central || [45] vs. 2021
Europe 2050 and

20712100
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Geogra Geographicalj Authors/ [ Time frame | Climate models | Scenario, other information
phical area | restriction Reference
See el Marsn et 18701000 | GCM A2 emission scenario
different al.[47] vs. 2000 Compared against NCEP/NCAR Gilq
season 2099 Reanalysis data
results
Iberian Viceto etf 19862005 | - RCP8.5 emission scenario
Peninsula al.[48] vs. 2081 ERAInterim reanalysis
(often 2100 MPI Earth System Model
restricted to
Mediterrane
an)
Radler et 19792016 | 14 RCMs Statistical model applied to ERw#terim
al.[23] reanalysis data
Partly Radler 19792016 | 14 EUREGORDE) RCP2.6, RCP4.5, RCP8.5
Germany&Al § [66] vs. 2021 | simulations ERAInterim reanalysis
ps and 2050 and| 4 RCMs ARCHaMo
Western&Ce 2071-2100
ntral Europe
North Eastern US [ Diffenbau | 19701999 | GCM ensemblg RCP8.5 emission scenario
America gh et al.jvs. 2070 | (CMIP5) (In reanalysis, CMIP5 did yield too many d
[16] 2099 with high CAPE.)
us Trapp et] 19621989 | Model suite of| A2 emission scenario
Largest al.[18] vs. 2072 | GCMs and a high
increases forf 2099 resolution RCM
regions closq
to the Gulf of
Mexico andj
the Atlantic
us Trapp etf 19502099 | 5 GCMs A1B emission scenario (future world of rag
al.[29] economic growth, balance between all ener
sources)
Northeastern | Gensini et] 1981-:1995 | Regional model A2 emission scenario
United al.[41] vs. 2041 | forced with
States, thej 2065 output from a
Great Lakes| GCM
and
Southeastern
Canada
US, east of Gensini 19801990 | Weather Researcli A2 emission scenario
continental and Motef vs. 2080 | and Forecasting| Dynamical downscaling
divide [53[ 2090 (WRFARW) as
RCM
GCM: CCSM3
CONUS Rasmussef 20002013 | RCM: WRF V3.4.] RCP8.5
n et aljvs. that | GCM: ERMterim | Dynamical downscaling
[54] period with | reanalysis; for the
climate second period
perturbatio | plus climate
n for RCP8.5 perturbation from
a 19model CMIP5
ensemble
monthly mean
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Geogra Geographicalj Authors/ [ Time frame | Climate models | Scenario, other information
phical area | restriction Reference

Haberie | 10002006 | RCM:  WRARW| RCrZ.5and RCres

etal [61] Jvs. 2085 | V4.2.1 Dynamical downscaling
2100 GCM: CESM

CONUS Ashley etj] 19902005 RCM: WRARW/| RCP4.5 and RCP8.5

al. [63] vs. 2085 | vV4.2.1 Dynamical downscaling
2100 GCM: CESM

Prein et al.§] 20002013 RCM: WRF V3.4.] RCP8.5

[68] VS. that | GCM: ERMterim | Dynamical downscaling
period with | reanalysis; for the
climate second period
perturbatio | plus climate

n for RCP8.5 perturbation from
a 19model CMIP5

ensemble
monthly mean
CONUS Hoogewin | 1971-2000 RCM: WRARW/| RCP8.5
d et alfjvs. 2071 v3.6 Dynamical downscaling
[17] 2100 GCM: GFDL CM3
Oceania Northern andj Allen et al.} 19802000 | 2 GCMs Highwarming climate scenarios
eastern [35] vs. 2079
Australia 2099
Asia Japan Muramats | 19792003 | GCM A1B emission scenario
u et alfvs. 2075
[49] 2099
World Lepore etf 19802014 7 CPIM6 GCMs | RCP8.5
al.[65] vs. 2015
2100
And
19802010
VS. 2030
2060 VS.
20702100
1 Europe:

s

0 t g6 A1 [45used 14 REZM covering Europe and the Mediterranean, they considered
two climate scenarios (RCP4.5 and RCPIP and compared the period 192D00 to
the future periods 2022050 and 2072100. They projected a robust increas the
frequency of unstable environments in central and sangthtral Europe for the RCP8.5
scenario and the end of the century. The changes for the mid of the century are smaller
and less robust both for the RCP4.5 and the RCP8.5 scenario. The ustlghabges for
the middle of the century appear for the RCP8.5 scenario (less so for the RCP4.5 scenario)
for the Mediterranean coastlines and parts of southeastern Europe. For the midcentury,
the ensemblemean change is ca. 50% of that for the end ofdémetury. Moreover, the
authors project small, nerobust changes in the frequency of strong désgper shear but

ARSY(GAFe I RSONBIFAS Ay aKSIFINI F2NJ G§KS b2NIK
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century, the simultaneous occurrence of latentabdity, strong deegayer shear, and
model precipitation is simulated to increase by up to 100% across central and eastern
Europe in the RCP8.5 and by 88846 in the RCP4.5 scenario. Until midcentury, increases
in the 109%425% range are forecastformd$tS 3 A 2 y & ¢ @

0 Marsh et al.[47] compared the periods 1870999 and 200099, using a GCM
(Community Climate System Model v3 (CCSM3)) and the A2 emission scenario (and
compared again NCEP/NCAR Global Reanalysis data). The reastatysed that the
CCSM3 underestimates frequency of severe thunderstorm environments. The authors
projected a CAPE increase in winter in the Mediterranean Sea, the Strait of Gibraltar, the
Balearic Islands, southern Italy and the southern Black Sea;ray gf@trease in mean
CAPE but an increase on the Faroe Islands; a nearly complete CAPE decrease in the
summer, with an exception of western Norway; and an autumn CAPE increase for the
Mediterranean Sea and mainland Europe, as well as a decrease for theécAflaean and
the Faroe Islands. Altogether, a slight increase in mean CAPE in the cool season and a
slight decrease in the warm season. Moreover, they projected little changes in mean wind
shear. Thus, the authors projected a small increase in favoeailigonments for severe
GKdzyRSNEG2N)XY&a FT2N) vYzaild 20l 0GdA2y&a Ay 9 dzNP L
200dzNNByOS 2F KAIK /!t9 FyR KAIK RSSLI &SI
for the Mediterranean Sea.

0 Viceto et al[48] studied conditions favorable to the development of atmospheric stability
indices: CAPE, S06 and Severe Weather Threat (SWEAT) for the Iberian Peninsula,
comparing the period 1988005 with 20832100 under the RCP8.5 emission scenario.
They projeted an increase in CAPE: a significant increase in summer for the
Mediterranean and its surroundings; a similar pattern for autumn, but smaller
differences; and nosignificant differences for spring and winter. They projected an
increase in S06 for sprirapd winter and a decrease for summer and autumn. For the
conditions favorable for severe thunderstorms, the authors projected the largest changes
in summer (and autumn), mostly for the Mediterranean and its surroundings.

0 Raéadler et al[23] showed that the frequency of convective weather events (lightning, hail,
severe wind gusts) will likely increase over Europe by the end of the century. They used
Mn w/ aa® ¢KS AYONBIFaS Aa I G0dNROdzac®.Rheig 2 Ay ON
projected a slight decrease in thunderstorms for southwestern and southeastern Europe.

o In her PhD thesis, Radler [66] developed a new approach computing the predicted
probability of a hazard as the product of the probability that a storm ocem the
probability of a hazard given the presence of a storm, based on observational a reanalysis
data of central Europe, see Subsection A.3.2. She used 14 ensemble members from EURO
CORDEX (with ca. 50km grid spacing) for 290D with 13 ensemble mempefor2021-
2050and 20712100 for RCP2.6, 4.5 and 8.5. She modeled hazards separately: large hail,
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severe wind gusts, tornadoes, and heavy precipitation. Already for the past, she analyzed

that thunderstorms have become more likely to produce severe weatlover the last

decades For all future simulations, an increase in lightning cases is projected for central

and eastern Europe, decreases are projected for southern Spain, northern Afrika, Greece,
Turkey, northwest Irelandrhe largest increases are projected for RCP8.5 for the end of

the centuryt with up to 60% more lightning casdlobust increases are projected only

for the northeastern part of the considered European domain and a small region in
northern ltaly and Auskk F @ C2 NJ KF Af xHOYXZ &aKS LINkB2SOia Iy
annual hail cases for all RCP scenarios and both for the raiidie end of the century,

the strongest increase is projected for RCP8.5, 200 with over 100% in the north

east of the onsidered European domain. As detailed in Subsection A.2.3, strong and
NREOodzali AYyONBlFrasSa Ay KFAftxuOY I NBE LINRB2SO(GSR
NEBadzZ Ga F2NJ KIATtxpOY INB &AAYATI NI 6o6dzi oA0GK
K I A tm). X heprojected relative increases in mean annual number of wind cases are

at A3KGte avYrtftSNIGKFY F2NJKFEAf xHOYX gAGK N
with values of 100% in the northeast of the considered European domain. Until the end

of the 2P century, the smallest relative changes are projected for lightning, the strongest

YR Y2ad NRodzald AYyONBlFraSa NS LINP2B8OKSR F2N
increase in convective hazards until the end of the century can onlyafemall part and

Ay &42YS NB3IA2ya o6S FGONRodziSR (2 G4KS Y2NB
The driving factor is therefore that thunderstorms are more likely to produce severe
GSIFGKSNI AY TFdzidzZNBE Of AYI (GSaowé

91 North America:

o Diffenbaugh et al[16] projected robust increases of severe thunderstorm environments
over the eastern United States based on a GCM ensemble (CMIP5, RCP8.5 pathway). They
projected these increases for spring and autumn already before a mean globalngar
of 2°C. Additionally, they projected an increase in the number of days with high CAPE and
strong lowlevel wind shedr they find decrease in vertical wind shear are concentrated
on low-CAPE days and, hence, have little effect. Moreover, they prajetiift to high
CAPE mostly concentrated on days with low convective inhibition. They mainly compare
the periods 19761999 and 207€2099. In reanalysis, CMIP5 did yield too many days with
high CAPE.

o Trapp et al.[18] projected an increase in the number of days in which severe
thunderstorm environmental conditions (NDSEV) appear in the US, based on a model
suite of GCMs and a higksolution RCM. The largest NDSEV increases are projected

5 Lowlevel wind shear is an aviation hazard in itself; however, it was not the focus of this first report, hence, we
have not made an extensive literature review on it, and do not report on it separately.
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during the summer, for regions close toetisulf of Mexico and the Atlantic (e.g., >100%
increase in Atlanta, GA, and New York, NY). They compare the periodd 9885 2nd
20722099. As proxies, they use CAPE and S06. They observe an increasing CAPE and a
decreasing vertical wind shear, again doated by the CAPE increase.

o Trapp et al.[29] projected an increase in frequency of sewthenderstorm forcing
(quantified as NDSEV) for the US and the A1B scenario for greergmsismissions
(future world of rapid economigrowth, balance between all energy sour¢@9]) for the
period 19502099 based on a fivrmember ensemble of GCMs. Moreover, they project a
decrease in cyclone frequency over the conterminous US in winter and early spring.

o0 Gersini et al.[41] projected statistically significant increases in NDSEV in Northeastern
United States, the Great Lakes, and Southeastern Canada comparing the periods 1981
1995 and 2042065.

0 Rasmussen et al. [54] considered convective environments for CONUS and corhpared t
period 20002013 based on reanalysis data with the same period plus perturbation for
the RCP8.5 scenario (pseudo global warming approach). They projected that weak to
moderate convection will decrease in frequency and that strong convection will ircreas
in frequency. Moreover, they projected that CAPE and CIN will increase downstream of
the Rockies.

0 Haberlie et al. [61] studied thunderstorm activity in three categories (40dBZ
thunderstorms, 50 dBZstronger thunderstorms, 60 dBZpotential for hail) and EPE
and CIN in CONUS. They compared the period-2006 with the future period 2085
2100 with both RCP4.5 and RCP8.5. They projected significant decreases in days with
40dBZ in the Southern Plains (RCP4.5 and 8.5) and Florida and coastal regions of the
Caolinas (RCP8.5), while they projected significant increases in days with 40dBZ limited
to parts of the Northeast under RCP4.5, but widespread in the Northern Plains and
northern Mississippi River valley for RCP8.5. For days with 50 and 60 dBZ, theiggrojec
increases for many areas east of the High Plains. Generally, they projected a significant
increase in annual thunderstorm activity despite decreases during summer (where fewer
40 and 50dBZ days, but more 60dBZ days are projectéualing fall, winter ad spring
more days in all three categories are projected.

0 Ashley et al. [63] considered supercells (intense, dbred thunderstorms, responsible
for most damaging hail and deadly tornadoes) in CONUS. They compared the period 1990
2005 with the future pepd 20852100 with both RCP4.5 and RCP8.5. They projected that
supercells will be more frequent in the eastern CONUS, but less frequent in parts of the
Great Plains. The supercell risk will not be highest in the traditional setem® season,
but will increase in late winter and early spring. Even the spatial extent of the supercells
(the footprint) will increase in a future climate. Together, this yields a potential for more
significant tornadoes, hail and extreme rainfall.
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o0 Prein et al. [68] investigatethesoscale convective systems (MCSs) in North America,

comparing the period 2062013 forced with ERMterim reanalysis data with a future
simulation using the pseudglobal warming (PGW) approach, where the HR&rIm
boundary conditions are perturbedyba climatechange signal, which is the average
monthly mean of 19 CMIP5 GCMs for the periods 1208 and 2072100. They
projected that all regions in North America, except for the Central US, experience an
increase in MCS frequency in the future peritdthe Central US MCS reduce by 30%, but
extreme MCSs (with maximum hourly precipitation of more than 90mm/h) increase by
380%. Similar high increases in extreme MCSs are projected for other regions. The
maximum hourly precipitation increases by-28 pecent in northern regions of the
considered area, and 180 percent elsewhere. The size of MCS (spatial extent) increases
in all regions, with the largest increases in the South. CAPE increases significantly, this
change vyields more environments favoralitg convection and allows MCSs to grow
larger. Prein et al. detail that the projected increase in both maximum hourly precipitation
and size of MCSs results in a significant increase in the hourly total rainfall in MCSs of 20
40 percent in mid and highlatitude regions and 4@0 percent in lower latitudes.
Moreover, the projection of a rapid increase in MCSs that have a high hourly total rainfall
relative to their size will yield a higher flooding potential (a lot of precipitation in a small
area). Additimally, a large flood risk stems from MCSs with a high hourly total rainfall and
slow storm motion these are projected to have the highest increase in all regions of
North America.

Hoogewind et al. [17] considered hazardous convective weather and complaeed
period 19712000 with the future period 2072100 under RCP8.5. As GCM they used
GFDL CM3, and as RCM WARRW v3.6 with 4km horizontal grid spacing. They project
that the HCW season will be longer, possibly by as much as one month, and that the
conditional probability of HCW given NDSEV will decline during summer over large parts
of the central US.

1 Oceania:
0 Allen et al[40] studied the occurrence of severe thunderstorm environments in Australia

M1 Asia:
0]
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using two GCMs, they compardte periods 1982000 and 2072099 (with high
warming climate scenarios). They project significant increases of severe thunderstorm
environments for northern and eastern Australiattributed to increasing CAPE,
particularly close to warm sea surface teengtures. The authors project a decrease in
frequency of environments with high vertical wind shear, but they predict that this will
be outweighed by the CAPE increase.

Muramatsu et al[49] compared the periods 1972003 and 20752099 under the A1B
emission scenario for Japan. They studied strong tornadoes (F2 or greater on the Fujita
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1 World:

* Xk
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scale). They projected that the frequency of strong tornadoes will double in almost all of
Japan in spring, and on the Japan Seaside afdhanese Islands in summer. The increase
is attributed to an increase in the wateapor missing ratio and an increase in the
temperature in the lower troposphere. (Strong vertical wind shear is again projected to
not change or to undergo a slight decregs

Lepore et al. [65] studied the global response of convective proxies: CAPE, CIN, S06,
storm relative helicity (SRH), and indexes that combine these. They compared the
periods 1982014 and 2012100 with RCP8.5, using seven CPIM6 global climate
models. Thg projected an increase in environments favorable to convective storans
frequency increase of 20 percent per °C of global warmingoased on proxies (CAPE,
CIN, S06, SRHhey also investigated changes comparing the periods-2080, 2030
2060 and 20702100 and projected CAPE increases in the relevant convectively active
regions.The midcentury changes are statistically significant for the vast majotigy
projected robust increases over all continents except of desert regmres high

latitudes of the Arctic a robust increase in CAPE is already projected-bgmtudy

Lepore et al. project significant decreases of CAPE over the eastern Atlantic during
boreal spring and over the southern hemisphere during winfée projected changes

to CIN for the middle of the century are small in comparison to CAPE, but the projected
increases are robusThe largest increases are projected for transition seasons, in
particular, in spring, and more increases are projected over the northern hemisphere.
However, over high latitudes in both hemispheres, no robust increases for CIN are
projected. For the end of the century, widespread robust increases for CIN are
projected. Lepore et al. project that regional increases to-level wind shear will be
offsetby decreased deefayer wind shear, that is, while the first trend would result in
more frequent environments favorable for convective storms, this effect is
counterbalanced by the second trend.
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Figure A.6 Severe thunderstorms future studies: blue amed represent a negative and a positive trend, respectivelost
trends are on the frequency of severe thunderstorms.

Allen [11] highlighted that the cleanest upwards trend can be described for Europe, in particular, for
Soutrern Germany, Italy and Southern France, while he described competing trends for the US. Generally,
the trend is more instable, thus, initiated storms tend to be a bigger problem, but they occur less
frequently. However, this is not well reflected in clireahodels.

A.3.4 Summary of Past and Future Trends for Convective Weather (Thunderstorms)

In summary, for Europe, the frequency of unstable environments is projected to increase for large parts
of the continent, with some exceptions, e.g., fmuthwestern and southeastern Europe. For some regions
slight decreases are projected (e.g., southern Spain). Additionally, thunderstorms are projected to be
more likely to produce severe weather in future climates. Moreover, researchers project arstigiase

in mean CAPE in the cool season and a slight decrease in the warmTtseasolittle changes in mean

wind shear. In North America, an increase in the number of days in which severe thunderstorm
environmental conditions (NDSEV) is projectedth particularly large increases, e.g., in summer close

to the Gulf of Mexico and the Atlantic Ocean, but also in spring for the Mississippi, Tennessee and Ohio
River valleys. However, the results for the summer do not show agreement over all studies, decreases in
thunderstorm activity from midsummer to early fall are also projected. Moreover, while the frequency
for strong convections is projected to increase, the frequency for weak to moderate convection is
projected to decrease. In addition, in particular, extre mesoscale convective systems are projected to
increase a lot in parts of the US. Finally, even the season for hazardous convective weather is projected
to become longer. For Australia, significant increases of severe thunderstorm environments formorthe
and eastern Australia are projected. For the worlds, an increase2d percent in the frequency of
environments favorable to convective storms is projected per °C of global warming.
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Longterm reliable records do not exist, but the occurrence of thursierm environments has
significantly increases across most of Europe over the last 72 years, with strong increases in some regions.

A.3.5 Knowledge Gaps and Uncertainties

Similar as for hail, spatial gaps for the future development of severe thunderstorrasident. Aller{11]
underlined that for outside of the USA and Europe no good proxies are known, e.g., the lapse rate in
subtropical storms is rarely above 6, while in datitude storms values of-8 are common. Even the
obseavational records are temporally and spatially limited.

Moreover, very few authors focus on the middle of thé'2&nturyt the main interest of EASA. The main
reason is that statistically significant results can easier be obtained for the end of thecddanmnce, to
obtain results even for the midcentury, EASA must specifically communicate its interest.

Additionally, the global climate models and SCS have different scales: most convective systems have a
scale of max 10km and last up t82ours (but thee spatial and temporal limits still allow severe weather
phenomena); GCMs have a resolution of hundred(s of) km and 6h. These do not match well, and many
severe storms cannot be detected by the current generation of GCMs. Moreover, in GCMs convective
processes are parameterized and storms are not directly simutatbdse parameterizations are
considered a major source for both model errors and uncertainty [51]. Recently, dynamical dowriscaling
has been used to bridge that gap for simulating future climaiéhe different resolutions in models may

also yield projections that reflect model biases rather than future trends. Given the local properties, Allen
[11] estimated downscaling to help with several of the current problen8@$ projections. However, he
deems it currently as too computationally expensive to make it a feasible option. We present the concept
of dynamical downscaling, existing research and limitations in Section A.4.

In addition, many of the phenomena featurarde interannual variability. This is most pronounced for
tornadoes. This yields the problem of discriminating climate change vs. natural variability.

A major problem when projecting SCS/SigSCS is that different phenomena (wind, hail, tornadoes) are
aggre@ted. However, large hail, damaging winds, and tornadoes are not favoured by the same
environmental conditions, which contradicts considering severe thunderstorms as a unified set of hazards.

Battaglioli and Greonemeijer [77] highlighted the need for camation of different research groups for
projections: for each of the models, the crucial parameters (e.g., the vertical wind shear) are either

" In global climate models, coactive processes are parameterized instead of simulating storms directly. Thus, the
resolution on SCS is significantly larger than that used in operational weather forecasting. To achieve that
granularity even for projections, comparable to higdsolution regional climate models, dynamical downscaling is
needed: in areas of interest high resolution is nested with the generatésalution global climate model. That is,

the scale is reduced, but dynamically only in those locations that are of intereSCBr
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computed or need to be available as data. If a large part of these would be stored as data, calculations
could gill be made afterwards.

Finally, environments that are favorable for SCS/SigSCS must not result in a storm, the likelihood for
initiation is very local (which is not well reflected in GCMs). Alléhdescribed proxies for itation as
nearly stochastic.

A.4 Using Dynamical Downscaling to Study Trends for Convective Weather

As dynamical downscaling could help with several of the current problems in SCS projections [11], we give
a brief overview on the concept, thexisting research and its limitations. In Subsection A.4.1, we detail
what dynamical downscaling is, ibn Subsection A.4.2, we present results from-figndestudies using
dynamical downscaling, and in Subsection A.4.3, we highlight obstacles for ysamgidal downscaling

today.

A.4.1 Dynamical Downscaling

Using GCMs, mesogamsaeale processes (phenomena larger than microscale, but below 20km scale),

like thunderstorm convection, cannot be simulated directly. The main idea for dynamical downscaling is

to use such a high resolution (horizontal grid with edigiggth of max 4km) that deep convection (or

generally mesogammscale processes) must not be parameterized, but can be resolved explicitly
[51,55,561 convectionpermitting models (CPMs), also called clgedolving, convectiomesolving,
cloud-permitting, or convectionLJS NXY A G G A y 3 @ adzZt f SNI SO |t d wcdp8 RSTFA
that solves the governing equations at kilomessale horizontal resolution and that is capable of

SELX AOAGt & &AYdzZ FdAy3I RSSLI O2elstieGEonkedtidn iOdx@icditR & ¢ ® ¢
simulated instead of using parameters/proxies to simulate its occurrence. Horizontal grid spacings larger

than 4km do not allow for an accurate representation of certain dynamics [51]. Generally, there are four
approachego obtain CPM simulations, but the most frequently used approach nests-gnhipacing

domains and GCM (or reanalysis) output is passed to these simulations as initial and boundary conditions
[51,52,59]. Giorgi and Gutowski [58] described the ideaetaitl a GCM is run first to integrate effects of
large-scale forcings (e.g., those resulting from greenhouse gases) and processes on the general circulation

of the atmosphere (e.g., the ElI NuSouthern Oscillation); initial conditions and lateral boundar
conditions (e.g., wind components, temperature) from the GCMs are then used as input-inesddjition

RCMs, which over a limited area of interestcan describe forcings and phenomena not resolved in

GCMs. The lateral boundary conditions are applied anlg lateral buffer zone (between the area of
AYyiSNBadG FyR GKS 686NBaidiQQusr adzOK GKIFG Y2RSt Sljdz @
The resulting models, extensions of RCMs, are also referred to as conveetioitting RCMs (CPRCMs)
wppbPd® ¢KS GSNY 606ReylIYAOQQ Ay Reyl YAOI R2gyaol f
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conditions, but driving them through the lateral boundary conditions, which make the RCM dynamically
consistent to the largescale flow [51]. Often, interntiate nesting steps are used until the goal resolution

of ~4km is reached [51], but Gensini [57] stated that nesting is not necessary, as the intermediate
resolution of 1240 km does not yield much information but is computationally expensive. Studies by
several groups of authors have shown that these simulations reasonably reproduce observations of
rainfall and convective hazards [51,56,60,67,707 Afh]particular, the models can overcome limitations

of models with a grid spacing larger than 10km, likeadarly onset and peak of convective precipitation
over land during summer [51]. Cui et al. [73] confirmed that with HAILCAST and a lightning performance
AYRSE RAIF3Ay2a8GA0T | /tw/a GLSNF2NY¥SR Sttt Ay &aAy
Kumar Srivastava et al. [70] showed that dynamical downscaling is also susceptible to +egitatel

model biases and suggest moderate bias correction.

The use of dynamical downscaling is only advisable when it comes with added talvever, Giorgi

and Gutowski point out that assessing this is often difficult because it depends on various factors, for
example, scale, region, and season. They discuss that scenarios that usually have the potential for a high

I RRSR @I f dzS I NB (K2 a@ntighkndolifkte thé cintate Bigndl at Kidd &cyled 2e.0.a dzo &
complex topography and coastlines, land surface heterogeneity, lakes, mesoscale convective systems, and
O2YLX SE | SNRrazt SYAaarzya | YR RA&GNAOdsekagtym dé | Sy
this category. Observational data sets that have a-§jrened spatial and temporal resolution, which are

needed to verify the developed models, have recently become availabla {6b]Jexample, the
Deutschwer Wetterdienst has reprocessed aadalyzed gaugedjusted radatbased precipitation

estimates starting from 2001 [80] (not long enough for climiatologies, but for verification). We refer the
reader to a recent survey paper by Lu@sher et al. [51] on methodology and research results.

A.4.2 Projections using Dynamical Downscaling

Several authors have successfully applied dynamical downscaling, for an overview of the projections see
Figure A.7, and Table A.4.1 (results) and Table A.4.2 (models used and time frame). If these projections
are madefor hail or convective storms, the results also appear in the previous sections. One observation
is that the large majority of studies with dynamical downscaling have been made for North America,
specifically, for CONUS. We also summarize all resultdisty again, projections for the middle of the
century are highlighted in italics:

o Europe
0o Kahraman et al. [72] studied lightning in Europe, comparing the period-2008 with a
future period of 10 years corresponding to ~2100 under RCP8.5. For the RZ Wsédtka
horizontal grid spacing of 2.2km and a graupel andlicebased scheme applied to a pan
European simulation of the UK Met Office Unified Model (UM), initial and boundary
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conditions stem from the HadGEM3 GCM (with ca. 25km grid spacing). Theyfocloud
to-ground lightning. They projected:

A A net increase in lightning counts over southern parts of the Nordic countries, the
British Isles and parts of the Atlantic Ocean further west; in Scandinavia they are
projected to increase by a factor of@2(future August in Scandinavia has a higher
lightning density than current June in central Europe).

A A decrease in lightning counts over most of the rest of Europe (except for higher
terrain), which occurs mainly during summer and spring

A Increases over ntin and south land areas and decreases over the sea, which are less
pronounced towards the north; they project local increases over both the North and
Baltic Sea

A A summer increase in lightning in the north and a decrease in central Eueope
indication of acirculation regime shift

A Decreases in lightning across most of Europe (in particular, in summer) accompanied
by a pronounced reduction in mean cloud ice, which yields fewer lightning
strikes/thunderstorm; this decrease is projected while a sharp incrizesee fraction
of unstable cases is projected (changes in microphysics and increase in CIN). This
appears because of uncertainty in convective initiation, that is, a projected increase
in unstable cases does not mean an increase in thunderstorm frequency.

A In the autumn, an increase in MLH of up to 1.5km (which is considered to be a large
increase). This increase strongly reduces cloud ice, in particular, over northern and
central Europe. Thus, increases in precipitating unstable cases must not yield an
increase in lightning.

A For the North Sea during winter, increases in lightning days and lightning density
(number of flashes per km per year)

A In Southern European mountains in spring, increases in lightning days

Their projected lightning changes for Eurape strongly correlated with elevation: grid

points over 3km show an increase of more than 25flashe$/kvhile only a quarter of

sea grid points show an increase; in the Alps, they projected a large increase in lightning

counts and thunderstorm activityisummer. They find no single key driver for lightning

changes over Europe, moisture, convective instability, CIN play a role

91 North America:

o Trapp et al[38] studied large and very large hail in the US and compared the periods 1971
2000 and 2072100. They employed WRF V3.6 as RCM with 4km grid spacing and the
Geophysical Fluid Dynamics Laboratory Climate Model v3 (GFDL CM3) as GCM. They projected
increases il KS FTNBIljdzSyoe 2F fFNHS KIFIAf oxop YY RALI
GKS !'{ RdaNAy3 Fft aSrazyaT FyR AyONBlIasSa Ay
US during boreal spring and summer. The authors used-rbigilution dynamical
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downscaling (4 km resolution) to integrate the environmental conditions for and initiation of
convective storms that support formation of hail, the storm volume and the depth of the
lower atmosphere conductive to melting.

0 Gensini and Mote [53] considered l@dous convective weather (e.g., tornadoes, damaging
wind gusts, large hail) for the US east of the continental divide and compared the peak season
in the period 198a1990 to the future period 2082090. They used dynamical downscaling
with 4km grid spacig, the Weather Research and Forecasting (\WRW®W) model as RCM, and
as a GCM the Community Climate System Model version 3 (CCSM3). They projected a
significant future increase in hazardous convective weather frequency and variability for the
A2 emission smario; in particular, for the afternoons in March and April; they project the
largest increase for the Middle Mississippi, Lower Mississippi, Ohio, and Tennessee River
valleys.

0 Rasmussen et al. [54] considered convective environments for CONU&mapared the
period 20002013 based on reanalysis data with the same period plus perturbation for the
RCP8.5 scenario (pseudo global warming approach). As convpetimitting RCM they used
WRF V3.4.1 with-Bm horizontal spacing and Ef#fterim reanalys data plus a #nodel
CMIP5 ensemble monthly mean climate change signal. They projected that weak to moderate
convection will decrease in frequency and that strong convection will increase in frequency.
Moreover, they projected that CAPE and CIN willdase downstream of the Rockies.

0 Goodin [59] studied the frequency and intensity of hail and compared the period-20Q9
with the future period 20852100 under RCP4.5 and RCP8.5. She used dynamical downscaling
with 3.75km grid spacing and the RCM WRF ¥4dnd a GCM from the Community Earth
System Model (CESM), where shegrielded and biagorrected the data using ERAterim
reanalysis data. She projected significant increases in frequency of déderet Rl @& 0Kl
2.54cm) in broad areas of the Midateand Eastern CONUS, especially for RCP8.5. The most
robust increases are projected in boreal winter and spring; in summer, she projected a
significant decrease in frequency of sewial days in the Central/Southern Plains and the
Southeast. Moreover,te projected a significant increase in lafigd At Rl &a oOoKIF Af x
RCP8.5 in the Eastern CONUS; for many regions in the Southern Plains and Southeast the
number of largehail days are projected to nearly double. On the other hand, she projected a
robust decrease in largbail days during summer in the Southern Plains. Furthermore, in the
projections, slight shifts in the maximum diameter hail values can be obsetveith annually
and seasonally; hadlize extremes are projected to increase in the Midiwése Southeast
and the Southern Plains.

0 Haberlie et al. [61] studied thunderstorm activity in three categories (40dBdnderstorms,

50 dBZ stronger thunderstorms, 60 dBZpotential for hail) and CAPE and CIN in CONUS.
They compared the period 199005 with the future period 20858100 with both RCP4.5 and
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RCP8.5. As GCM they used a-bi@sected and regrided CESM, as RCM they employed WRF
ARW V.41.2 with a 3.75km haorizontal grid spacing. They projected:

A
A

A

A significant decrease in days with 40 dBZ in I8aatPlains both for RCP4.5 and 8.5

A significant decrease in days with 40 dBZ over Florida and coastal regions of the
Carolinas for RCP8.5

A significant increase in days with 40 dBZ limited to parts of Northeast in RCP4.5, but
widespread in Northern Plasnrand northern Mississippi River Valley for RCP8.5

The largest changes in days with 40 dBZ for RCP8.5

A significant increase for days with the higher thresholds (50,60) in many areas east
of the High Plains in RCP8.5

A significant increase in 6IBZ daysbut a significant decrease in 4lBZ days for

parts of the southern and eastern Plains

For Tennessee, Ohio, Upper Mississippi River Valley increas@x@¥dBZ days; for
Texas and Florida: decreases &f 30-dBZ days, but no decrease for-6BZ days
Spnificant increases in annual thunderstorm activity despite decreases (some
significant) during summer, which currently is the peak season for annual
thunderstorm activity; overall increase in winter, fall and spring thunderstorm
activity. Summertime deceses in 40 and 50BZ days, but more 68BZ days; fall,
winter and spring more days in all categories

0 Ashley et al. [63] considered supercells (intense, dreg thunderstorms, responsible for
most damaging hail and deadly tornadoes) in CONUS. They oetnihe period 199€2005
with the future period 2088100 with both RCP4.5 and RCP8.5. As GCM they used a bias
corrected and regrided CESM, as RCM they employed WRW V.41.2 with a 3.75km
horizontal grid spacing. They projected that:

A

A

A

* Xk
*

*

* gk

*
*
*

Supercells will bemore frequent and intense in future climates, with robust
spatiotemporal shifts

Supercells will be more frequent in eastern CONUS, for RCP8.5 mostly in north Texas
and in the ArkaTex region and Ozark Plateau, for RCP4.5 maxima in midsouth and
central Gulf Coast

Supercells less frequent in parts of the Great Plains (south Texas to South Dakota),
with a notable reduction from the High Plains of Colorado through the middle of the
Missouri valley; these changes are caused by reduced supercell counts th&ing
summer

Supercell risk will be highest not in traditional sevsterm season, but project an
increase in late winter and early spring (February, March, April) for both RCP4.5 and
8.5; supercells are expected to decrease from midsummer to early dak,(July,
September)

The largest track change of supercells occurs for RCP8.5
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A

A

Particularly intense storm rotation is more prevalent in a future climate both for
RCP4.5 and 8.5

Little change will occur in the diurnal cycle of supercell counts in eastddySO

The MidSouth and northern Plains have shifts over the day, with a large change for
the mid-South with large increases in supercell occurrences for midafternoon through
overnight hours (for both RCP4.5 and 8.5)

Over the midSouth supercells will hawaelarger footprint (extent of the supercell) by
70% in both RCP4.5 and 8.5

Supercell frequency and footprint will increase over the4aauth clustered in winter
and early spring, hence, this may result in a larger threat of nocturnal tornadoes
Supercellsn the northern Plains will decrease, where most decline occurs during
afternoon and evening

This yields the potential for more significant tornadoes, hail and extreme rainfall

o0 Prein et al. [68] investigated mesoscale convective systems (MCSs) in Noetticaim
comparing the period 2002013 forced with ERMterim reanalysis data with a future
simulation using the pseudglobal warming (PGW) approach, where the HRArm
boundary conditions are perturbed by a climatkange signal, which is the averagenthly
mean of 19 CMIP5 GCMs for the periods 12065 and 2072100. As RCM they used WRF
v3.4.1 with 4km horizontal grid spacing. They projected that:

A

A

A

A

All regions in North America, except for the Central US, experience an increase in MCS
frequency in he future period.

In the Central US MCSs reduce by 30%, but extreme MCSs (with maximum hourly
precipitation of more than 90mm/h) increase by 380%. Similar high increases in
extreme MCSs are projected for other regions.

The highest relative increases in MCS frequency docuTanada and the Northeast

US, where MCSs with maximum hourly precipitation of more than 80mm/h become
frequent, while they currently are underrepresented.

The maximum hourly precipitation increases by&bpercent in northern regions of

the consideredarea, and 15820 percent elsewhere.

The size of MCS (spatial extent) increases in all regions, with the largest increases in
the South.

CAPE will increase significantly, this change yields more environments favorable for
convection and allows MCSs to grasger.

MCSs slower than 20km/h slow down by up to 20 percent in the US Midwest, Mid
Atlantic region and Canada, but they become faster in Mexico and the US Northeast.

Prein et al. detail that the projected increase in both maximum hourly precipitation and
size of MSCs results in a significant increase in the hourly total rainfall in MSCG4®f 20
percent in mid and highlatitude regions and 480 percent in lower latiides. Moreover,
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the projection of a rapid increase in MCSs that have a high hourly total rainfall relative to
their size will yield a higher flooding potential (a lot of precipitation in a small area).
Additionally, a large flood risk stems from MCSs witligh hourly total rainfall and slow
storm motiort these are projected to have the highest increase in all regions of North
America.

0 Mahoney et al[32] project a neatelimination of surface hail in Colorado during warm
season They attribute this change to an increased MLH. They compare the periods 1971
2000 and 2042070. The authors employed a thréered downscaling approach: first
downscaling GCM simulations to a-k@ grid of NARCCAP RCMs, driven bycAgario
GCMs; exeme precipitation events occurring in NARCCAP are further downscaled using
a highresolution model with a 1:Bm grid, where intense thunderstorm events can be
explicitly simulated.

0 Gensini et al[41], in 2014, used the WREFRCM with a resolution of 50knclearly
showing a development in the grid spadiniprced by the CCSM3 GCM. They projected
statistically significant increases in NDSEV in Northeastern United States, the Great Lakes,
and Southeastern Canada comparing the asi19811995 and 2042065.

o Trapp et al[18], in 2007, projected an increase in NDSEV appear in the US, based on a
model suite of the ARGCM and the RegCM3 RCM with a horizontal grid spacing oft25km
again assumingly due toetpublication date. The largest NDSEV increases are projected
during the summer, for regions close to the Gulf of Mexico and the Atlantic (e.g., >100%
increase in Atlanta, GA, and New York, NY). They compare the periodd I85H2nd
2072-2099. As proxiedhey use CAPE and S06. They observe an increasing CAPE and a
decreasing vertical wind shear, again dominated by the CAPE increase.

0 Hoogewind et al. [17] considered hazardous convective weather and compared the
period 19712000 with the future period 2072100 under RCP8.5. As GCM they used
GFDL CM3, and as RCM WARR v3.6 with 4km horizontal grid spacing. They project
that the HCW season will be longer, possibly by as much as one month, and that the
conditional probability of HCW given NDSEV will declimeng summer over large parts
of the central US.

o Trapp and Hoogewind [75] considered tornadoes, in particular, three extreme tornadic
storm events in Kansas and Oklahoma in 2007, 2010 and 2013, to understand how
currentday tornadiesupercellular stormeents might be realized under a future climate.

In the future climate, the combined effect of increased CIN and decreased parcel lifting
led to a failure of convection initiation in many ensemble members. For those ensemble
members with sufficient matchindgpetween CIN and lifting, they observed stronger
convective updrafts and enhanced vertical rotation.
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Table A.4.1 Future-trend studies using dynamical downscaling: Geographical area, considered phenomena, seasonal projeuimns
projections without seasonal distinction. Results for the end of the century are highlighted in gray, results for the mafdlee century
are highlighted in yellow. The considered phenomena is indicated by font color: lightning in green, halil inbdiaek precipitation in light
blue, tornadoes in dark red, and convective storms in dark orange.

Geogra | Geogra Authors/ [ Consid] Spring Summer/W | Fall Winter Without Seasonal
phical phical Reference} ered arm Season Distinction
area restriction pheno
mena
Europe Kahraman] Lightni | Decrease in| Increase in| Increase in| Increases Increase in  lightning
etal. [72] | ng lightning lightning MLH of up| for the | counts over southern
counts counts in| to 1.5kmA | North Sea inj parts of the Nordic
central the north; | strongly lightning countries, the British Isle
Europe; Decrease in reduces days andj and parts of he Atlantic
Increase in| central cloud ice density Ocean further west
Southern Europe Changes strongly
European In the Alps: correlated with elevation
mountains | large No single key driver fo
increase in lightning changes
lightning
counts and
thunderstor
m activity
North us Trapp etf hail Increases in| Increases in Higher frequency of largg
America al. [38] very large| very large KFAf o6o0xop
; K At Kl Af
mm mm
diameter) diameter)
CONUS Gensini etf Precip Statistically significan
al. [52] itation decreases of precipitatio
and across southern Greg
tempe Plains and Intermountai
rature West; statistically
significant increases i
precipitation Tennesseg
and Ohio Valleys an
across parts of the Pacifi
Northwest
Robust and significan|
changes in mear
temperatures (for many
areas in central CONUS
5-6°C, for boreal summe
and fall 67°C)
US east of Gensini Hazar J Statistically Most of the increase in
continent | and Mote ] dous [ significant hazardous convectivg
al divide,J [53] conve f increase in weather around local
increases ctive hazadous sunset; pealseason
primarily weath J| convective severe weather morg
found in er weather varialbe, potentially more|
the (e.q., frequent
Mississipp torna
i, does,
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Geogra | Geogra Authors/ [ Consid] Spring Summer/W | Fall Winter Without Seasonal
phical phical Referencef ered arm Season Distinction
area restriction pheno
mena
Tennesseq dama
, and Ohio} ging
River wind
valleys gusts,
large
hail)
CONUS Rasmusse] Conve Frequency decrease fq
n et al] ctive weak to moderate
[54] enviro convection; frequency
nment increase  for  strong
S convection; CAPE and C
increase downstream o
Rockies
CONUS Goodin Hail Most robust | Significant Most robust | Significant increase I
[59] increases in| decrease in increases irg large-hail days in Easter
frequency frequency frequency CONUS, slight shifts
of severe | of severe of severe | maximum diameter hai
hail hail days in hail days inf values both annually an
0 X H ®p n| Central/Sou broad area J seasonally, hatize
days in| thern Plains of Midwest | extremes increased i
broad areas| and the and Easterr§ Midwest, Southeast and
of Midwest | Southeast; CONUS Southern Plains
and Eastern| robust
CONUS decrease in
large-hail
oxnOYO
in Southern
Plains
CONUS Haberlie Thund § Overall Decrease in| Overall Overall 40dBZ days: significar|
et al. [61] [ erstor J increase in| thundertor | increase in| increase inf decrease in Souther
ms thunderstor | m activity; | thunderstor | thunderstor j Plains and coastq
(40, m activity; | decrease in| m activity; | m activity; | Carolinas; significan
50, 60§ more days| 40 and | more days| more days] increase in Northeast
dB2) [ with 50dBZ days| with with 50/60dBZ days
40/50/60dB | but increase| 40/50/60dB | 40/50/60dB J Significant increase i
Z in 60dBz| Z z many areas east of thg
thunderstor | days thunderstor | thunderstor § High Plains in RCP8.5
ms ms ms
CONUS Ashley et} Super j Highest Supercells | Supercells | Highest Supercells will be morg
al. [63] cell® [ supercell decrease decrease supercell frequent and intense in
risk in early| from until  early | risk in late} future climates, robust
spring; midsummer | fall winter spatiotemporal shifts;
Increased Increased Supercells more frequen|
supercell supercell in eastern CONUSless
frequency frequency frequent in parts of the
Great Plains;

8 Decibel relative to Z, unit used for weather radar
9 Intense, longived thunderstroms, responsible for most damaging hail and deadly tornadoes
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Geogra | Geogra Authors/ [ Consid] Spring Summer/W | Fall Winter Without Seasonal
phical phical Referencef ered arm Season Distinction
area restriction pheno
mena
and and Intense storm rotation
footprint footprint more prevalent in future
CONUS Prein et al.§ Mesos All regions (except Centrg
[68] cale US) increase in MC
conve frequency
ctive In Central US: decrease |
syste 30%, butextreme MCSs
ms increase by 380%
(MCsSs Similar high increases fg
) extreme MCSs for othe
regions
Highest relative increas
in MCS frequency: Canaq
and Northeast US
Maximum hourly
precipitation:
M Increase by 280%
northern regions
1 Increase by 120%
otherwise
Signficant increase in
CAPE allows MCSs to gr(
larger
Rapid increase in MCS§
with high hourly rainfall
relative to their size yieldg
higher flooding potential
Colorado j Mahoney [ Hail Near
etal. [32] | and elimination
flood of surface
risk hail
us Trapp et Sever Largest Increase in number o
Largest al.[18] e increase in days with severe
increases thund NDSEV thunderstorm
for errsto environmental conditions
regions rms (NDSEY
close to
the Gulf of
Mexico
and the
Atlantic
Northeast | Gensini efj Conve Increase in NDSEV
ern United | al.[41] ctive
States, thej enviro
Great nment
Lakes, and S
Southeast
ern
Canada
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Geogra | Geogra Authors/ [ Consid] Spring Summer/W | Fall Winter Without Seasonal
phical phical Referencef ered arm Season Distinction
area restriction pheno
mena
CONUS Hoogewin | Hazar Conditional Longer HCW  seasg
d et alf dous probability (perhaps by more than
[17] conve of HCW month)
ctive given
weath NDSEV
er declines
(HCW) over much
: of central
torna usS
does,
large
hail,
dama
ging
wind
gusts
us Trapp andj Torna Combined  effect of
(Kansas 4 Hoogewin j does increased CIN and
Oklahomal] d [75] decreased parcel lifting
) led to failure of
convection initiation in
many ensemble member
Ensemble members with
sufficient matching
between CIN and lifting
stronger convective
updrafts + enhanced
vertical rotation

Table A.4. 2 Futurérend studies using dynamical downscaling: time frame, RCM, horizontal grid spacing, GCM for initial and
boundary conditions, emissioscenariosconsidered in the different studies. Results for the end of tbentury are
highlighted ingray, results for the middle of the century are highlighted in yellow.
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Geo | Geogra} Autho | Time RCM Hori | GCM for initial and Scenario, other information
gra | phical Jrs/ frame zont | boundary conditions
phic | restrict | Refer al
al ion ence grid
area spac
ing
Euro Kahra | 1998 UK Met| 2.2 | HadGEMS3 (with 25km grif RCP8.5
pe man 2007 and| Office UM/| km spacing)
et al.j 10 years| v10.1
[72] correspo
nding to
~2100
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Geo | Geogra} Autho | Time RCM Hori | GCM for initial and Scenario, other information
gra | phical § rs/ frame zont | boundary conditions
phic | restrict | Refer al
al ion ence grid
area spac

ing
Nort Trapp § 1971 WREF V3.6 4km | GFDL CM3 RCP8.5
h et al. J 2000 vs.
Ame [38] 2071
rica 2100

CONUS] Gensi § 1990 Weather 3.75 | Community Earth Systerj RCP8.5
ni et 2005 vs.| Research km Model (CESM) by Nationg

al. 2085 and Center for Atmospherig
[52] 2100 Forecasting Research (NCAR)
(WRFARW)
as RCM
us, Gensi f 1980 WRFARW 4km | CCSM3 A2 emission scenario

east off niand 1990 vs.| as RCM
contine § Mote J 2080
ntal [53[ 2090
divide

CONUS Rasm j 2000 WRF V3.4.1| 4km | ERAnterim  reanalysis; RCP8.5

ussen f 2013 vs. for the second perioglus
et al. | that time climate perturbation from
[54] frame a  19model CMIP5
plus ensemble monthly mean
perturbat
ion for
RCP8.5
scenario
(pseudo
global
warming
approach
)
CONUS] Goodi § 1990 WRF V4.1.2| 3.75 | GCM from the CESM,-r¢ RCP4.5 and RCP8.5
n [59] f 2005 vs. km | gridded and bias
2085 corrected using ERA
2100 Interim reanalysis data

CONUS] Haber § 1990 WRFARF 3.75 | GCM from the CESM,-r¢ RCP 4.5 and RCP8.5

lie etf 2005 vs.| V4.1.2 km gridded and bias

al. 2085 corrected using ERA

[61] 2100 Interim reanalysis data
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Geo | Geogral] Autho | Time RCM Hori | GCM for initial and Scenario, other information
gra | phical § rs/ frame zont | boundary conditions
phic | restrict | Refer al
al ion ence grid
area spac

ing
| CONUY Asnie [ 1000 | WRFARE [ 375 | Tom the T{ RCP 25 and Rees s |
y etf 2005 vs.| V4.1.2 km | gridded and bias
al. 2085 corrected
[63] 2100
Prein § 2000 WRF V3.4.1| 4km | ERAInterim  reanalysis; RCP8.5
et al. J 2013 vs. for the second perioglus
[68] that time climate perturbation from
frame a 19model CMIP5
plus ensemble monthly mear|
perturbat for the periods 197€005
ion for and 20712100
RCP8.5
scenario
(pseudo
global
warming
approach
Maho f§ 1971- 1.3 | Geophysical Flui¢ Threetiered downscaling,
ney et 2000 vs. km Dynamics Labaratory explicit simulation of intense
al. 2041- CM2.1 thunderstorm events
[32] 2070
us Trapp § 1962 RegCM3 25 b! {! Qa \VOlinye] A2 emission scenario
Largestf et al.j§ 1989 vs. km GCM
increas j [18] 2072 (pub
es for 2099 lishe
regions d in
close to 200
the 7)
Gulf of
Mexico
and the
Atlanti
c
Northe J Gensi | 1981 WRFG 50 CCsM3 A2 emission scenario
astern fni etl 1995 vs. km
United | al. 2041 (pub
States, f§ [41] 2065 lishe
the d in
Great 201
Lakes, 4)
and
Southe
KR TE.GEN.0030405 © European Union Aviation Safety Agency. All rights reserved. ISO9001 Certified Page58/
Z*”I Proprietary document. Copies are not controlled. Confirm revision status througBAR&internet/Intranet. 183

An agency of the European Union



RIEASA

European Union Aviation Safety Agency EASA Scientific Committee Amh&Report 203 - Appendices
Geo | Geogra} Autho | Time RCM Hori | GCM for initial and Scenario, other information
gra | phical § rs/ frame zont | boundary conditions
phic | restrict | Refer al
al ion ence grid
area spac
ing
astern
Canadaj
CONUS Hoog J 1971 WRFARW 4km | GFDL CM3 RCP8.5
ewind | 2000 vs.| v.3.6
et al. j 207%-
[17] 2100
usS Trapp § Storms in| WRFARW Nest | Three GCMs: MICRO| RCP8.5
(Kansag and 2007, v3.6.1 ed: GFDL CM3, NCAR CCSN PGW
+ Hoog [ 2010, 3km Three extreme tormadid
Oklaho § ewind J 2013 vs. and storm events from 2007
ma) [75] those 1km 2010, 2013
with a
delta
from
PGW for
(1990
1999 vs.
2090
2099)

(@) Projection,s for convective (b) Projections for hail using (c) Projections for precipitation (d) Projections for lightning
storms using dynamical dynamical downscaling using dynamical downscaling  using dynamical downscaling
downscaling
Figure A.7 Dynamical downscaling future studies: blue and red represent a negative and a positive trend, respectively. Both
trends on frequency and intensity are included.
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A.4.3 Current Limitations for Using Dynamical Downscaling

Several obstacles remain for a widespread application of dynamical downscaling, for example:

1) First of all, the extremely high computational cost [11, 56, 57], which in particular means that the
domain size must be considered carefully. Duringnéerview in 2023, Gensini [57] stated during an
interview in 2023 that a simulation for a manuscript in progress took 3.5 years to complete,
accumulating 30 million core hours on a supercomputer.

2) Approximations that apply for larger grids are not valid the scales used. Battaglioli and
Groenemeijer [77] stated that very different proxies are needed when the resolution is sgrfimed
that the updrafts can be explicitly resolved. Even if the model would be s@faired that it could
model every sinig hailstone, a parameterization would still be needed for placing the storm correctly,
and a good predictor for hail appearing in the storm remains necessary. Groenemeijer stated that he
deems reliable simulations for hail or wind gust at this4gnained resolution to still be quite a remote
prospect. Also Gensini [57] stated that the microphysics at kilometer scale need to be developed.

3) Because convection is not parametrized, microphysical processes and processes contributing to the
explicit triggeringof clouds are more important than for other models.

4) Potential biases/systematic errors in the GCMs, which are passed on by downscaling [56,58], need to
be understood.

5) Battaglioli and Groenemeijer [77] emphasized that the regional models also have lhieses, just
simulating in detail (with bias) is not in itself beneficial. They exemplified that some models are very
eager to trigger storms even in conditions that are not that favorable (and where in radar data no
convective storm was detected), other mels do not produce a storm even when in radar data a
convective storm was detected.

6) The very large amounts of output data [51,57] (Gensini [57] stated that it is close to a petabyte for a
recent study)

7) The need for many ensemble simulations, in partigutagauge the reliability and uncertainty of the
results [56]

Giorgi and Gutowski [58] emphasize that dynamical downscaling and GCMs should be seen as
complements to increase reliability and usefulness for local climate projections. Gensini [57] highlight
that GCMs are unable to simulate perils impacting humans, while dynamical downscaling is able to do so.
Hence, he estimates that it will continue to play an important role. To address obstacle 6 from the list
detailed in this section, the Coordinateddienal Downscaling Experiment (COREM)ject within the

World Climate Research Programs was implemented to achieve worldwide coordination of downscaling
research with a common experimental framework. Moreover, despite all these obstacles, Battaglioli a
Groenemeijer [77] estimate that dynamical downscaling could help to see what type of storm will occur
(i.e., isolated storms, long lines of storms, with high topshich could be very interesting for aviation.

10 https://cordex.org
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A.5 Lightning Trends

In this section, we prese a preliminary review of results for lightning: various researchers used lightning

as an indicator for the occurrence of severe convective storms, hence, while their main goal was not to
project changes in the hazard lightning, these are projectionthitrhazard. Because of the importance

of lightning as a hazard for aviation, we detail the results described in Sections A.3 and A.4 in this section
to get an overview of this selection of results. In the future, we aim to expand this literature sty to
conclusive review and emphasize that this is a very limited selection of results.

A.5.1 Past Trends

In the 2023 study described in Subsection A.2.1, Battaglioli et al. [76] presented also trends for lightning
in both Europe and North America for the period 02921, defining a lightning case as one hour with at
least two lightning strikes. They concluded:

- The occurrence of lightning has significantly increased across most of Europe during the past 72 years.

- The largest absolute increase occurred in the Algne Caucasus Mountains with up to 5h of
lightning more per decade.

- The largest relative increase occurred in Scandinavia with 2 more hours lightning per dedtde
an annual mean of 2@5h.

- Increases in lightning appear throughout the year, but partidulduring summer.

- In a belt Finlandrurkey only insignificant lightning changes occurred.

- Across parts of Russia, a significant decrease in lightning occurred.

- The strongest positive trends in the US occurred in the southern States, specifically Fldrithe an
TexaslLouisiana coasts.

- Upward trends occurred also in the Midwest and southern Canada, mostly during summer.

- Significant negative trends occurred across the Colorado Plateau and the Great Basin.

A.5.2 Projections

All futuretrend studies weconsidered account for Europe. As in previous sections, results for the
midcentury are highlighted in italics.

o Raédler et al[23] showed that the frequency of convective weather events (lightning, hail,
severe wind gusts) willkely increase over Europe by the end of the century. They used 14

** ok TE.GEN.0030405 © European Union Aviation Safety Agency. All rights reserved. ISO9001 Certified Pagesl/
Proprietary document. Copies are not controlled. Confirm revision status througBAB&nternet/Intranet. 183

* %%
* ok

* xk

An agency of the European Union



RIEASA

European Union Aviation Safety Agency EASA Scientific Committee ArmhiReport 203 - Appendices

w/ add® ¢KS AYyONBlIasS Aa |GGNROodziSR (2 AyONBI &
projected a slight decrease in thunderstorms for southwestern and southeastern Europe.

o0 In her PhD thsis, Radler [66] used 14 ensemble members from ECBRDEX (with ca. 50km
grid spacing) for 1972000 with 13 ensemble members f8021-2050and 20712100 for
RCP2.6, 4.5 and 8.5. She modeled hazards separately: large hail, severe wind gusts, tornadoes,
and heavy precipitation and used cloudo-ground lightning as an indicator for the
occurrence of a convective storm (two cletatground lightning strikes within a grid cell in a
period of a few hours). Already for the past, she analyzedtthaiderstormshave become
more likely to produce severe weather over the last decad€sr all future simulations, an
increase in lightning cases is projected for central and eastern Europe, decreases are projected
for southern Spain, northern Afrika, Greece, Turkesthn@st Ireland The largest increases
are projected for RCP8.5 for the end of the centuwyith up to 60% more lightning cases.
Robust increases are projected only for the nedktern part of the considered European
domain and a small region in northeltaly and Austria

o Kahraman et al. [72] studied lightning in Europe with dynamical downscaling, comparing the
period 19982007 with a future period of 10 years corresponding to ~2100 under RCP8.5. For
the RCM they used a horizontal grid spacing of 2.2kmaagrdupel and icllux-based scheme
applied to a parEuropean simulation of the UK Met Office Unified Model (UM), initial and
boundary conditions stem from the HadGEM3 GCM (with ca. 25km grid spacing). They focus
on cloudto-ground lightning. They projeet!:

A A net increase in lightning counts over southern parts of the Nordic countries, the
British Isles and parts of the Atlantic Ocean further west; in Scandinavia they are
projected to increase by a factor of 2.6 (future August in Scandinavia has a higher
lightning density than current June in central Europe).

A A decrease in lightning counts over most of the rest of Europe (except for higher
terrain), which occurs mainly during summer and spring

A Increases over north and south land areas and decreases aveeth which are less
pronounced towards the north; they project local increases over both the North and
Baltic Sea

A A summer increase in lightning in the north and a decrease in central Euepe
indication of a circulation regime shift

A Decreases in lightng across most of Europe (in particular, in summer) accompanied
by a pronounced reduction in mean cloud ice, which yields fewer lightning
strikes/thunderstorm; this decrease is projected while a sharp increase in the fraction
of unstable cases is projectg/changes in microphysics and increase in CIN). This
appears because of uncertainty in convective initiation, that is, a projected increase
in unstable cases does not mean an increase in thunderstorm frequency.
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A In the autumn, an increase in MLH of up t8Km (which is considered to be a large
increase). This increase strongly reduces cloud ice, in particular, over northern and
central Europe. Thus, increases in precipitating unstable cases must not yield an
increase in lightning.

A For the North Sea duringinter, increases in lightning days and lightning density
(number of flashes per km per year)

A In Southern European mountains in spring, increases in lightning days

Their projected lightning changes for Europe are strongly correlatedelétiation: grid

points over 3km show an increase of more than 25flashe%/kwhile only a quarter of

sea grid points show an increase; in the Alps, they projected a large increase in lightning

counts and thunderstorm activity in summer. They find no sikgledriver for lightning

changes over Europe, moisture, convective instability, CIN play a role. Kahraman et al.
provided a very descriptive Figure on the changes in lightning and their drivers in Europe,
see Figure 5 in their paper https://iopscience.iop.org/article/10.1088/1748
9326/ac9b78#erlac9b78s4
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B Appendixg Task Force #Zlear Air Turbulence

Note: This appendix is a consolidated version of Appendix B from the report 2022 with additional results
from 2023. The main author of this appendix is Nicole Viola.

This appendix focuses on trends regarding Clear Air Turbulence, CAT, due to jet streams, with the aim to
answer the question of impact of climate change on CAT. CAT due to mountain waves and aoavectio
here disregarded.

The investigation has been performed through the interaction with experts (e.g. Paul Williams, Professor

of Atmospheric Science, University of Reading, UK and CERFACS, Laurent Terray, Director of the Climate
modeling and Global chge (GLOBC) Team at CERFACS and Mohamed Foudad, PhD Student of the GLOBC
Team at CERFACS). Literature review has also been extended to include the results of scientific research

of other teams, like Ju Heon Lee, Jimpn Kim, and Sedloo Son from Seoul Manal University (South

Korea), Robert D. Sherman from the National Center for Atmospheric Research (NCAR, USA), and Joowan
Kim from Gonju National University (South Korea).

B.1 Development of clear air turbulence near jet streams

An important source o€AT is strong vertical wind shear, which is prevalent within the atmospheric jet
streams (see Fig. B.1). Jet streams are narrow currents of strong wind that generally blow from west to
east all across the Earth (zonal flow) and less frequently from nartteesouthern directions and vice
versa (meridional flow). They impact weather, air travel and many other weather phenomena that take
place in our atmosphere. They are located close to the tropopause and are generated by strong
temperature gradients betwae air masses with different characteristics. The most common jet streams
are found in the cold aimass adjacent to the polar and the matitude zones (Polar Jet) and the mid
latitude and tropical zones (Sutopical Jet). Although not all jet streamsveaCAT associated with them,
there can be significant vertical and horizontal wind shear on the edges of the jet stream, giving rise to
sometimes severe clear air turbulence.
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Figure BL. Jet streams

Stronger jetstream winds ardikely to occur because increased carbon dioxide;@Oincreasing the
columnaveraged poldo-equator temperature gradient in the mikhtitudes, through the combined

effect of tropospheric warming and stratospheric cooling ([1], [2], [3],Kgere B). Climate change is
therefore strengthening the wind shear and, consequently CAT is expected to increase in the next decades
(seeFigure B3 and Figure B.4).

Figure B2. Observed temperature trends in 19€2017 at 250 hPa (10000 m, FL 350) in reanalysis data. Results reveal
stronger northgsouth temperature gradient at flight cruising altitudes

Figure B3. Observed windshear trends at FL350: annual mean vertical wind shear in North Atlantic at 250 hPa (10000 m, FL 350)
calculated with different climatenodels [4]
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