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A Appendix ς Task Force #2: Convective Weather 

Note: This appendix is a consolidated version 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., thunderstorms) 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, the proxies used, 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 problems 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 of aviation stakeholders in this topic are future projections for the middle of the 21st 

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 21st century, but for 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.  

CƻǊ ǘƘŜ ǊŜŀŘŜǊΩǎ ŎƻƴǾŜƴƛŜƴŎŜΣ ǿŜ ǇǊŜǎŜƴǘ ǎƻƳŜ ŦǊŜǉǳŜƴǘƭȅ-used acronyms in Table A.0. 

Table A.0 Frequently-used acronyms in Appendix A 

Acronym Meaning Definition 

CAPE  Convective available potential 
energy 

Describes the instability of the atmosphere 

CIN Convective inhibition Amount of energy that will prevent an air parcel to rise 
from the surface level to the level of free convection 

CMIP5/6 Coupled Model 
Intercomparison Project Phase 
5/6 

Global climate models from 20 research groups that 
are publically available 

CONUS  Contiguous US 48 adjoining US states and the District of Columbia (US 
minus Alaska and Hawaii, and US territories) 

dBz Decibel relative to Z Dimensionless logarithmic technical unit used in radar 

ECMWF European Centre for Medium-
Range Weather Forecasts 

 

ERA5 ECMWF Reanalyis version 5 Fifth generation of the ECMWF atmospheric reanalysis 
of the global climate from January 940 to present 

GCM General ciruclation model 
(also global climate model) 

Numerical climate model to simulate the response of 
the global climate system to increasing greenhouse gas 
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concentrations; the horizontal resolution of their 3D 
grid is usually about 250-600km 

HALO Hail aloft  

HCW Hazardous convective weather  

MLH Melting level height Altitude at which the temperature is 0°C and where ice 
crystals and snowflakes begin to melt as they descent 
through the atmosphere 

MCS Mesoscale convective systems Complex of storms  

NDSEV Number of days in which 
severe thunderstorm 
environmental conditions 
appear 

 

NCEP/NCAR 
Reanalysis  

Reanalysis data from a joint 
project between the National 
Centers for Environmental 
Prediction (NCEP) and the 
National Center for 
Atmospheric Research (NCAR) 

Atmospheric reanalysis of the global climate from 1948 
onwards 

RCM Regional climate model Numerical climate model that simulates atmospheric 
and land-surface processes; covers only a limited 
spatial domain 

RCP Representative concentration 
pathway 

Greenhouse-gas concentration trajectory, a method to 
capture assumptions about the economic, social and 
physical changes to our environment with a set of 
scenarios 

S06 Deep tropsohperic wind shear Magnitude of vector difference of wind at the 6km 
level to the wind above ground level 

SCS Severe convective storms Minimum criteria defined in Section A.3 

SigSCS Significant severe convective 
storms 

Minimum criteria defined in Section A.3 

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, e.g., [1] [2] [3]. We refer to 

Figure A.1 and Figure A.2 for illustrations of (some of) the described processes. 

{ƻƭŀǊ ǊŀŘƛŀǘƛƻƴ ƘŜŀǘǎ ǳǇ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǳƴŜǾŜƴƭȅ ōŜŎŀǳǎŜ ƻŦ ŘƛŦŦŜǊŜƴǘ ŜƭŜǾŀǘƛƻƴ ƭŜǾŜƭǎΣ ǎǳǊŦŀŎŜ 

orientation to solar irradiation and different thermal properties of the surface (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 lifting 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 an unstable atmosphere. In the process of rising, the 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 

sink once 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 becomes saturated (in the process of rising and cooling, the 

ŀƛǊ ǇŀǊŎŜƭΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŀŎƘŜǎ ƛǘǎ ŘŜǿ Ǉƻƛƴǘ ŀƴŘ ǘƘŜ ǊŜƭŀǘƛǾŜ ƘǳƳƛŘƛǘȅ ƛǎ млл҈ύΣ ǘƘŜ ǿŀǘŜǊ ǾŀǇƻǊ 

released from the air parcel condenses into cloud droplets. Hence, a cloud starts to form at that height 

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 (that is, the air still cools while rising, but in a lower rate) and the 

ŀƛǊ ǇŀǊŎŜƭΩǎ ōǳƻȅŀƴŎȅ ƛƴŎǊŜŀǎŜǎΦ ²ƛǘƘ ǘƘŜ ǊƛǎƛƴƎ ŀƛǊ ŀƴŘ ǘƘŜ ŎƻƴŘŜƴǎŀǘƛƻƴ ƻŦ ǿŀǘŜǊ ǾŀǇƻǊΣ ǘƘŜ ŎƭƻǳŘ ƎǊƻǿǎ 

upwards. Once the temperature of the air parcel drops below the temperature of the surrounding air, the 

cloud formation stops, and the air starts to sinkτa 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 cloud formation is called an updraft/updraught.  
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Figure A.1 Updraft, downdraft, and rain in a thunderstorm 

 

If the convective cells grow tall enough (above the zero-degree 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 small (with a size range of 10τ50 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 down to -40°Cτso-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 cumulonimbus cloud has three zones with ice at the top (cooler than -40°C), 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 have a coexistence 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. When they fall, 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 larger droplets, 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 downward moving 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 (removing latent 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 be triggered 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 Winds 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 spreading out from the cloud and encapsulates and eventually disrupts the warm, moist 
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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 in the atmospheric profile of the convective environment usually increases 

both the intensity and the lifespan of a stormτalthough it in some cases delays or hinders the initial 

development of the deep convection. Wind shear is the difference of the surface wind vector to a wind 

vector higher in the atmosphere (usually the 500hpa level), in magnitude or direction or both. The vertical 

ǿƛƴŘ ǎƘŜŀǊ ȅƛŜƭŘǎ ŎƘŀƴƎŜǎ ƻŦ ǘƘŜ ǎǘƻǊƳΩǎ ǎǘǊǳŎǘǳǊŜΥ ǘƘŜ ƛƴŦƭƻǿ ŀƴŘ ǘƘŜ ƻǳǘŦƭƻǿ όŦǊƻƳ ŜǾŀǇƻǊŀǘƛǾŜ ŎƻƻƭƛƴƎύ 

coexist but at two adjacent locations. This results in an organized storm structure and severe long-lived 

thunderstorms (associated with heavy rains, flooding, hail, lightning, tornadoes, gust-front winds).  

A.1.2 Types of Convection 

Depending on the strength of the vertical wind shear a spectrum of storm types can be distinguished 

[66,79]: 

¶ In environments with weak wind shear, of less than 10 ms-1, single cells of convection form. This 

is an isolated type of convection with a short live cycle of 30-60 minutes. Singlecellular convection 

is usually non-severe. The gust front is in this case unable to initiate new cells (at least in an 

organized way). 

¶ In environments with a moderate vertical wind shear, 10-20 ms-1, multicells are more likely to 

form. These storms often 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.  

¶ In an environment with strong vertical wind shear of around 20 ms-1 or 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 (see [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 

ǎǳǇŜǊŎƻƻƭŜŘ ǿŀǘŜǊ ŦǊŜŜȊŜǎ ƻƴǘƻ ǘƘŜ Ƙŀƛƭ ŜƳōǊȅƻΩǎ ǎǳǊŦŀŎŜǎΣ ŘǳǊƛƴƎ ǿƘƛŎƘ ƭŀǘŜƴǘ ƘŜŀǘ ƛǎ ǊŜƭŜŀǎŜŘΦ ¢ƘǳǎΣ ǘƘŜ 

hail embryos growing from collisions with supercooled 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 release. 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 example, rime 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 particles collect significant amounts of supercooled liquid water, 

some of which does not freeze because latent heat release warms the ice particle 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 sigƴƛŦƛŎŀƴǘ ŜƴƻǳƎƘ ǎƻ ǘƘŀǘ ǘƘŜ ƛŎŜ ǇŀǊǘƛŎƭŜΩǎ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊƛǎŜǎ ǘƻ нтоΦмрY όлϲ/ύΣ ǘƘŜ 

freezing point of water. The unfrozen water can remain on the ice-particle surface, soak porous ice (re-

densification), or be shed as droplets. The wet ice surface during wet growth results in efficient ice-ice 

sticking. This results in efficient mixed-phase growth. Wet growth is most likely for large ice particles in 

regions with larger liquid water contents (> 1 g/kg) and temperatures above -25°C.   

While it is clear that large hailstones cause more harmτfor a (spherical) hailstone of diameter d the 

kinetic energy is approximately proportional to d4 [7]τthe size of a hailstone depends on several factors. 

In the hail-growth 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 cannot grow into larger hailstones. Additionally, the hailstone 

must have enough time to grow, and the time increases the stronger the updraught. In addition, the 

ŜƳōǊȅƻΩǎ ǘǊŀƧŜŎǘƻǊȅ Ƴǳǎǘ ǎǇŜƴŘ ŀǎ ƳǳŎƘ ǘƛƳŜ ŀǎ ǇƻǎǎƛōƭŜ ƛƴ ǘƘŜ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ǳǇŘǊŀǳƎƘǘ ǿƛǘƘ ŀ ƭƻǘ ƻŦ 

supercooled water [8]. 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 limits 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, moderate-strength rotating 

updraught. Moreover, vertical wind shear influences both the hail embryo and the trajectory within the 

ƎǊƻǿǘƘ ǊŜƎƛƻƴ ǿƛǘƘ ƘƛƎƘ ƛƳǇŀŎǘ ƻŦ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ƘŀƛƭǎǘƻƴŜΦ CƛƴŀƭƭȅΣ ŦƻǊ Ƙŀƛƭ ǊŜŀŎƘƛƴƎ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜΣ 

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 

9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜύ ŀǊŜ ǎƘƛŦǘŜŘ ǘƻǿŀǊŘǎ ƭŀǊƎŜǊ ƘŀƛƭǎǘƻƴŜǎ [9].  

If we have many hail embryos that compete for supercooled liquid, but low-strength 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 Raupach et al. [5] entitled 

ά¢ƘŜ ŜŦŦŜŎǘǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ƻƴ ƘŀƛƭǎǘƻǊƳǎέ όŎƻƴǾŜŎǘƛǾŜ ǎǘƻǊƳǎ ǿƛǘƘ Ƙŀƛƭύ ŀǇǇŜŀǊŜŘ ƛƴ bŀǘǳǊŜ wŜǾƛŜǿǎ 

Earth & Environment in 2021. We had meetings with four authors of this study [10] [11], 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), these usually concern surface hail, that is, the hail that reaches 

9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜΦ Iŀƛƭ ŜȄŎŜŜŘƛƴƎ ŀ ŘƛŀƳŜǘŜǊ ƻŦ нŎƳ ǿƘŜƴ ǊŜŀŎƘƛƴƎ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀǎ 

severe hail. For a (spherical) hailstone of diameter d the kinetic energy is approximately proportional to 

d4. 

A.2.1 Past Trends 

Hail is a local and rare event at any given point (in space and time)τit appears during at most 18 days 

during a year at any given location [10]. Consequently, any observational records are sparse.  

Prein and Heymsfield [12], found that during 1979-2010, 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 towards larger hailstones in China and France [13, 12] and the almost complete elimination 

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

Past-trend studies are based on observations, hailpads, reports, proxies (e.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 instruments (hailpads etc.) for hail measurements. 

Table A.1 Past-trend studies 

Geogra- 
phical area 

Geographical 
restriction 

Measurement Trend 

Africa Northern Algeria, 
Northern Morocco 

Proxies Positive trend for severe hail in Northern Algeria 
 negative trend for severe hail in Northern Morocco 

 Northern Arfica Proxies Significant positive trends during spring and autumn 
Decrease in summer 

Asia China, South Korea, 
Mongolia, Tibetan 
Plateau, Northern 
Caucasus 

Observations Negative trend for China, , South Korea, Mongolia, 
Tibetan Plateau, Northern Caucasus 
Positive trend for Northern Caucasus 

 Xinjiang, Turkey Reports Positive trend for Xinjiang, Turkey 

Europe Romania, Croatia, 
Serbia, Bulgaria 

Observations Increases in Romania and Croatia, a negative trend in 
Serbia and Romania, and no trend in Serbia and Bulgaria 
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 Italy, France, Pyrenees, 
Greece 

Hailpads No trend in Italy and France, a positive trend for the 
Pyrenees, and a negative trend for Greece 

 UK, Finland, Spain, 
Europe in general 

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

 Europe in general, 
Germany, Italy, France, 
Spain, Eastern Europe 

Proxies Increase for Europe in general (also for severe hail), for 
Germany, Italy, France, Switzerland, and Spain  
Decrease for Eastern Europe  
No trend for Europe in general and for Germany 

 Europe, Germany, 
Greece 

Indirect observations Positive trend for severe hail for Europe and Germany 
Negative trend for Greece 

 Europe Proxies Strongest upward and significant trend for the Po Valley, 
in particular, in summer 
Smaller significant increases: France, Benelux, northern 
Germany, Switzerland, Austria, north-western Balkans 
into southern Poland, across northeast Turkey and 
Georgia 
Negative signficant trends across Aegean Sea and parts of 
western Russia 

North 
America 

Alberta, Ontario, 
Central Rockies, 
Eastern USA, High 
Plains, Canada, 
Northern Midwest 

Observations 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 
Negative trend for the complete USA 

 Central and Eastern 
USA, Western North 
America 

Proxies Positive trend for the Central and Eastern USA 
No trend for the complete USA 
Negative trend for Western North America for severe hail 

 Eastern Colorado Reports Positive trend for severe hail and no trend otherwise for 
the complete USA 
Positive trend for severe hail for Eastern Colorado 

  Indirect observations Negative trend for severe hail and a positive trend 
otherwise for the complete USA 

 US Proxies Both hail larger than 2 and larger than 5cm more frequent 
than in Europe, also frequently in spring 
No large areas with positive significant trends 

South 
America 

Argentina, Southern 
Brazil, Cuyo, Patagonia 

Observations Positive trend for Northwestern and Northeastern 
Argentina 
Negative trend for central and eastern Argentina 
No trend for Southern Brazil, Argentina, Cuyo, and 
Patagoni 

Oceania Sydney Reports Negative trend for Sydney 

 

For more details, we refer to [5]; with a list,  Table A.1, and Figure A.3, we summarize the findings 

presented by Raupach et al. For several world regions the studies are not consistent and hardly 

comprehensive. The past-trend studies (usually on hail frequency) show: 

¶ Africa: Proxies indicate a positive trend for the number of severe hail cases in Northern Algeria 

and a negative trend for severe hail in Northern Morocco 

¶ Asia: 
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o Observations indicate a negative trend for hail frequency for China (with a large network), 

South Korea, Mongolia, the Tibetan Plateau, and the Northern Caucasus; as well as a 

positive trend for the Northern Caucasus. 

o Reports indicate a positive trend for Xinjiang and Turkey. 

¶ Europe: 

o Observations indicated increases in Romania and Croatia, a negative trend in Serbia and 

Romania, and no trend in Serbia and Bulgaria. 

o Hailpads indicate no trend in Italy and France, a positive trend for the Pyrenees, and a 

negative trend for Greece. 

o Reports indicate a positive trend in the UK, Finland, and Europe in general; and no trend 

for Spain. 

o Proxies indicate an increase for Europe 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. 

o Indirect observations indicate a positive trend for severe hail for Europe and Germany, 

and a negative trend for Greece. 

¶ North America: 

o 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 negative trend for the complete USA. 

o 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 hail. 

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

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

o Indirect observations indicate a negative trend for severe hail and a positive trend 

otherwise for the complete USA. 

¶ South America: Observations indicate a positive trend for Northwestern and Northeastern 

Argentina; a negative trend for central and eastern Argentina; and no trend for Southern Brazil, 

Argentina, Cuyo, and Patagonia. 

¶ Oceania: Reports indicate a negative trend for Sydney. 
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Figure A.3 Hail-frequency past 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) 

large hail in both Europe and North America for the period 1950-2021. They extended a model developed 

by Rädler [66] (see details in Subsection A.3.2) and developed five-dimensional model for lightning and 

four-dimensional models for hail larger than 2 cm and larger than 5 cm (that is, the models use five and 

four predictors, respectively). They conclude for hail: 

o For Europe: 

Á {ǘǊƻƴƎŜǎǘ ǳǇǿŀǊŘ ŀƴŘ ǎƛƎƴƛŦƛŎŀƴǘ ǘǊŜƴŘΥ tƻ ±ŀƭƭŜȅ όōƻǘƘ ŦƻǊ җнŎƳ ŀƴŘ ŦƻǊ җрŎƳύΣ ƛƴ ǇŀǊǘƛŎǳƭŀǊΣ 

in summer 

Á Smaller significant increases: France, Benelux, northern Germany, Switzerland, Austria, north-

western Balkans into southern Poland, across northeast Turkey and Georgia 

Á Negative significant trends: across Aegean Sea and parts of western Russia 

o For Northern Africa: 

Á Significant positive trends during spring and autumn 

Á Decrease in summer 

o For the US: 

Á Both hail categories more frequent than in Europe, also frequently in spring 

Á No large areas with positive significant trends 

Á CƻǊ ƘŀƛƭҗнŎƳΥ ƳƻŘŜǎǘ ǇƻǎƛǘƛǾŜ ǎǘŀǘƛǎǘƛŎŀƭƭȅ ǎƛƎƴƛŦƛŎŀƴǘ ǘǊŜƴŘǎ ƛƴ summer across northern 

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, especially some 

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 two hail-prone regions, 

Northern Italy in Europe and Oklahoma in the US, they give a very descriptive time series of these in Figure 

8 of their paper, see https://journals.ametsoc.org/view/journals/apme/62/11/JAMC-D-22-0195.1.xml. 

Battaglioli and Groenemeijer [77] concluded that very large hail is now (2012-2021) 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. Low-level moisture, convective instability, e.g., convective available potential energy (CAPE). 

/!t9 ŀǎ ŀ ǇǊƻȄȅ Ƴŀȅ ōŜ ƳƛǎƭŜŀŘƛƴƎ ǎƛƴŎŜ ƛǘ ƛǎ ǘƘŜ άǇƻǘŜƴǘƛŀƭέ ƻŦ ƛƴǎǘŀōƛƭƛǘȅ ŀƴŘ ƛƴ Ƴƻǎǘ ŎŀǎŜǎΣ ƛǘ ƛǎ 

not released into the atmosphere since no initiation occurs. A future increase in CAPE 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 atmospheric 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 Service [14] ŘŜŦƛƴŜǎ /!t9 ŀǎ ά/!t9 ƻǊ /ƻnvective Available Potential Energy is the 
amount of fuel available to a developing thunderstorm.  More specifically, it describes the instability of 
ǘƘŜ ŀǘƳƻǎǇƘŜǊŜ ŀƴŘ ǇǊƻǾƛŘŜǎ ŀƴ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ƻŦ ǳǇŘǊŀŦǘ ǎǘǊŜƴƎǘƘ ǿƛǘƘƛƴ ŀ ǘƘǳƴŘŜǊǎǘƻǊƳΦ ά 

A.2.3 Projections 

The three components that impact hail formation (atmospheric phenomena relevant to hail), are 

expected to change with climate change [5, 10]: 

1. An increase in temperature yields air that can hold more moisture, this increased low-level 

moisture yields increased convective instability and updraught strength. Per degree of global 

warming, approximately 7% more tropospheric water vapor is expected [15]. 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 

https://journals.ametsoc.org/view/journals/apme/62/11/JAMC-D-22-0195.1.xml
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wet growth of larger hail. The increased MLH yields that more hail will melt into rain before 

ǊŜŀŎƘƛƴƎ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜΣ ǿƘƛŎƘ ǿƛƭƭ ŦǳǊǘƘŜǊ ǎƘƛŦǘ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ƘŀƛƭǎǘƻƴŜ ǎƛȊŜ ǘƻǿŀǊŘǎ 

larger hailstones. However, for hail aloft, the MLH does not play a role. 

3. Overall deep-tropospheric 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 vertical-wind-shear changes are expected 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 al. [5] ǎǘŀǘŜ άThis 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 driveƴ ōȅ ǊƛǎƛƴƎ ŎƻƴǾŜŎǘƛǾŜ ƛƴǎǘŀōƛƭƛǘȅέΦ 

 
Apart from these proxies, there exist direct projections, an example is HAILCAST [19] (based on [20, 7, 

21]): a one-dimensional model used in a 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 important role in the 

growth of hailstones as detailed in Subsection A.1. Brimelow et al. [7] evaluated the performance of 

I!L[/!{¢ ŀƴŘ ŘŜŜƳŜŘ ƛǘ άŀ ǳǎŜŦǳƭ ŀƛŘ ŦƻǊ ƻōƧŜŎǘƛǾŜƭȅ ŦƻǊŜŎŀǎǘƛƴƎ Ƙŀƛƭέ ŀƴŘ I!L[/!{¢ άōŜƛƴƎ ŎŀǇŀōƭŜ ƻŦ 

distinguishing between nonsevere- and severe-Ƙŀƛƭ ŜǾŜƴǘǎέΦ  

In contrast to HAILCAST, the large-scale 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 problem of good 

predictors is highlighted also by proxy-based 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 climate-change impact on these 

microphysical processes are limited [5]. 

Many factors of uncertainty exist for the expected changes [10]: 

¶ Trigger mechanisms/initiation not considered in many studiesτand even if the atmosphere is 

prone to produce hail, this still seldom happens 

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

¶ Hail events have high annual variability [22] 

¶ Proxy-based studies have a low spatial resolution, while for simulating the actual formation of hail 

a high spatial resolution is needed, which in turn is very computationally expensive 

The existing future-trend studies are very limited, for an overview see Figure A.4 based on [5], Table A.2 

(results), and Table A.3 (time frame and models used). We also summarize all results in a list; projections 

for the midcentury (in contrast to the more frequent end-of-century projections) are highlighted in italics. 
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In particular, the near-future projections show only minor increases or little statistical significance because 

of high annual variability and ensemble spread.  

Table A.2 Future-trend 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 highlighted in yellow.  

Geogra- 
phical area 

Geographical 
area 
restriction 

Authors/ 
Reference 

Spring Summer/Warm 
Season 

Without Seasonal Distinction 

Europe  Rädler et al. 
[23] 

  Frequency of hail will increase 

 Germany Kapsch et al. 
[24] 

  7-15% more hail days 

 Germany Mohr et al. 
[25] 

 Increasing potential 
for hail events (in 
particular: 
northwest, south of 
Germany) 

 

 Italy Piani et al. 
[26] 

  Frequency of hailstorms will increase 

 UK Sanderson 
et al. [27] 

  Fewer damaging hailstorms, fewer 
hailstones of diameter 21-50mm, 
places where hail appears remains the 
same 

 Netherlands Botzen et al. 
[28] 

  25-50% increase in damage to 
outdoor farming from hail 

 Partly 
Germany& 
Alps and 
Western& 
Central 
Europe 

Rädler [66]   CƻǊ ƘŀƛƭҗнŎƳΥ 

- Increase in number of mean 
annual hail cases for RCP2.6, 4.5, 
and 8.5, for both middle and end 
of century 

- Strongest increase of RCP8.5, 
2071-2100, with over 100% in 
north-east of European region 

CƻǊ ƘŀƛƭҗрŎƳΥ 
Similar results, but maximum of 
160%, i.e., much stronger 

North 
America 

Partly central 
US 

Trapp et al. 
[38] 

Increases in 
very large hail 
όҗрл ƳƳ 
diameter) 

Increases in very 
ƭŀǊƎŜ Ƙŀƛƭ όҗрл ƳƳ 
diameter) 

IƛƎƘŜǊ ŦǊŜǉǳŜƴŎȅ ƻŦ ƭŀǊƎŜ Ƙŀƛƭ όόҗор 
mm diameter) 

 Limited for 
spring and 
summer 

Brimelow et 
al. [30] 

More hail 
damage 
potential over 
southern North 
America; 
Decrease hail 
frequency and 
damage 
potential for 
eastern + 

More hail damage 
potential over Rocky 
Mountains; 
Decrease hail 
frequency and 
damage potential for 
eastern + 
southeastern North 
America 

Fewer hail days, shift to larger hail 
sizes 
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southeastern 
North America 

 Colorado Childs et al. 
[31] 

  Increase in hail days 

 Colorado Mahoney et 
al. [32] 

 Near-elimination of 
surface hail 

 

 Eastern 
United States 

Diffenbaugh 
et al. [16] 

  Increase of severe thunderstorm 
environments that might support 
formation of hail 

 Largest 
increase for 
regions close 
to the Gulf of 
Mexico and 
the Atlantic 

Trapp et al. 
[18] 

 Largest increase Increase in number of days with 
severe thunderstorm conditions that 
support the growth of large hailstones 

 Contiguous 
US (CONUS) 

Goodin [59]  Decrease in 
frequency of severe-
hail days in 
Central/Southern 
Plains and 
Southeast; decrease 
in large-hail days 

Increase in frequency of severe-hail 
days in Midwest/Eastern CONUS; 
Increase in frequency of large-hail 
days in Eastern CONUS 

Oceania New South 
Wales 

McMaster 
[33] 

  Hail losses (not statistically 
significant) 

 Mount 
Gambier and 
Melbourne 

Niall and 
Walsh [34] 

 August-October: 
increase hail 
incidence 

 

 Northern and 
eastern 
Australia 

Allen et al. 
[35] 

  Increase of severe thunderstorm 
enbironments 

 Sydney Basin Leslie et al. 
[36] 

  Increase in frequency and intensity of 
hailstorms 

 

Table A.3 Future-trend 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 highlighted in yellow. 

Geogra- 
phical 
area 

Geographical 
restriction 

Authors/ 
Reference 

Time frame Climate models Scenario, other information 

Europe  Rädler et al. 
[23] 

1971-2000 vs. 
2071-2100 

14 regional climate 
models (RCMs) 

RCP4.5 (emission pathway of 
stabilization without overshoot) and 
RCP8.5 (rising emissions pathway) 

 Germany Kapsch et al. 
[24] 

1971-2000 vs. 
2031-2045 

Eight RCMs Reananalysis with ERA-40 

 Germany Mohr et al. 
[25] 

1971-2000 vs. 
2021-2050 

Seven RCMs Different emission scenarios used: 
A1B and B1 

 Italy Piani et al. 
[26] 

1961-2003 vs. 
2004-2040 
and 1961-
2040 

(Use forcings for 
hailstones from 
NCEP-NCAR 
Reanalysis to 

Reanalysis and the CGCM2-A2 climate 
scenario from the Canadian Centre of 
Climate modeling and analysis 
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evaluate expected 
changes) 

 UK Sanderson 
et al. [27] 

2010-2039, 
2040-2069, 
2070-2099 

Single RCM A1B emission scenario (future world 
of rapid economic growth, balance 
between all energy sources) 

 Netherlands Botzen et al. 
[28] 

2050 - Estimate relations between 
normalized 
insured hailstorm damage to 
agriculture and several temperature 
and precipitation indicators  
KNMI scenarios moderate (+1°C) and 
warm (+2°C) 

 Partly 
Germany&Alps 
and 
Western&Central 
Europe 

Rädler [66] 1979-2016 vs. 
2021-2050 
and 2071-
2100 

14 EURO-CORDEX 
simulations 
4 RCMs 

RCP2.6, RCP4.5, RCP8.5 
ERA-Interim reanalysis 
AR-CHaMo 

North 
America 

Partly central US Trapp et al. 
[38] 

1971-2000 vs. 
2071-2100 

Global Climate 
Model (GCM)CM 
(GFDLCM3 (MIP5)), 
downscaling 

Dynamical downscaling 
RCP8.5 

 Limited for spring 
and summer 

Brimelow et 
al. [30] 

1971-2000 vs. 
2041-2070 

HAILCAST and one 
RCM 

A2 scenario (describing a 
heterogenous world and business as 
usual) 

 Colorado Childs et al. 
[31] 

199 7-2017 
vs. 20 71-
2100 

GCM (GFDLCM3 
(MIP5)), dynamical 
downscaling 

RCP8.5 pathway 

 Colorado Mahoney et 
al. [32] 

1971-2041-
2070 

GCM, RCM Three-tiered downscaling, explicit 
simulation of intense thunderstorm 
events 

 Eastern United 
States 

Diffenbaugh 
et al. [16] 

1970-1999 vs. 
2070-2099 

GCM (GFDLCM3 
(MIP5)) 

RCP8.5 pathway 

  Trapp et al. 
[18] 

1962-1989 vs. 
2072-2099 

Model suite of 
GCMs and a high-
resolution RCM 

A2 emission scenario 

 CONUS Goodin [59] 1990-2005 vs. 
2085-2100 

GCM from CESM, 
RCM Weather 
Research and 
Forecasting (WRF) 
Model  V4.1.21 

RCP 4.5 and RCP 8.5 
Dynamical downscaling 

Oceania New South Wales McMaster 
[33] 

1969 vs. 1978 Three GCMs Doubled-CO2 scenario; no significant 
results 

 Mount Gambier 
and Melbourne 

Niall and 
Walsh [34] 

1980-2001 August-October: 
increase hail 
incidence 

Doubled-CO2 scenario 

 Northern and 
eastern Australia 

Allen et al. 
[35] 

1980-2000 vs. 
2079-2099 

Two GCMs High-warming climate scenario 

 Sydney Basin Leslie et al. 
[36] 

1990-2002 vs. 
2001-2050 

GCM (OU-CGCM) SREAS A1B future climate scenario 
(future world of rapid economic 
growth, balance between all energy 
sources) 

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

o Rädler 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 40- 80% for environmental conditions favorable for hail in large 

parts of Europe in a high-emissions scenarioτwhere they perform a comparison of the 

years 1971-2000 and 2071-2100 and used two benchmark scenarios, so-called 

Representative Concentration Pathways (RCPs), RCP4.5 and RCP8.5, where RCP4.5 

indicates an emission pathway of stabilization without overshoot and RCP8.5 a rising 

emissions pathway [37]τthe number after RCP indicates the estimated increase in 

greenhouse-gas-induced mean global radiative forcing in watts/m2 by the end of the 

century [58]. 

o Kapsch et al. [24] projected a slight increase (7-15%) in the number of hail days in Germany 

for the period 2031-2045 in comparison with 1971-2000. They used an ensemble of eight 

RCMs and reanalysis with ERA-40. 

o 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 events for the period of 2021-2050 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-A2 climate scenario from the Canadian Centre of Climate 

modeling and analysis, CCCma): they compared a reanalysis for 1961-2003 with the 

CCCma results for 1961-2003, 2004-2040, and 1961-2040. The annual probability of 

hailstorms will likely increase in the interval 2004-2040, and Piani et al. projected an 

increase in hail frequency for spring, summer, and autumn. 

o Sanderson et al. [27] projected a downward trend for the total number of damaging 

hailstorms for the UK, with statistically significant downward trends for hailstone 

diameters of 21-50mm. They projected a decrease for the number of damaging hailstorms 

by a factor of 2 during the century.  They considered a single RCM and a simple hail-stone 

formation model, they studied the time periods 2010-2039, 2040-2069, and 2070-2099. 

Moreover, they found that the spatial distribution did not change: the highest values 

continued to be in southeast England. This outlier decreasing trend is attributed in a 

ŘŜŎǊŜŀǎŜ ƻŦ ǘƘŜ /!t9Σ ǘƘŜ ŎƭƛƳŀǘŜ ƳƻŘŜƭΩǎ ŎƻƴǾŜŎǘƛǾŜ ƛƴǎǘŀōƛƭƛǘȅ ǇǊƻȄȅΦ 

o Botzen et al. [28] projected that the annual hailstorm damage to outdoor farming could 

increase with 25-50% by 2050 in the Netherlands. 

o wŅŘƭŜǊ ώссϐ ǇǊƻƧŜŎǘŜŘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƳŜŀƴ ŀƴƴǳŀƭ Ƙŀƛƭ ŎŀǎŜǎ ŦƻǊ ƘŀƛƭҗнŎƳΣ 

for all RCP scenarios and both for the middle and the end of the century, the strongest 

increase is projected for RCP8.5, 2071-2100 with over 100% in the north-east of the 
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ŎƻƴǎƛŘŜǊŜŘ 9ǳǊƻǇŜŀƴ ŘƻƳŀƛƴΦ {ǘǊƻƴƎ ŀƴŘ Ǌƻōǳǎǘ ƛƴŎǊŜŀǎŜǎ ƛƴ ƘŀƛƭҗнŎƳ ŀǊŜ ǇǊƻƧŜŎǘŜŘ ŦƻǊ 

Ƴƻǎǘ ƻŦ ŎŜƴǘǊŀƭ ŀƴŘ ŜŀǎǘŜǊƴ 9ǳǊƻǇŜΦ ¢ƘŜ ǊŜǎǳƭǘǎ ŦƻǊ ƘŀƛƭҗрŎƳ ŀǊŜ ǎƛƳƛƭŀǊ όōǳǘ ƳŀȄƛƳǳƳ ƻŦ 

160%, i.e., much stroƴƎŜǊ ŀǎ ŦƻǊ Ƙŀƛƭ җ нŎƳύΦ 

¶ North America: 

o Trapp et al. [38] ǇǊƻƧŜŎǘŜŘ ƛƴŎǊŜŀǎŜǎ ƛƴ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻŦ ƭŀǊƎŜ Ƙŀƛƭ όҗор ƳƳ ŘƛŀƳŜǘŜǊύ ƻǾŜǊ 

ōǊƻŀŘ ƎŜƻƎǊŀǇƘƛŎŀƭ ŀǊŜŀǎ ƻŦ ǘƘŜ ¦{ ŘǳǊƛƴƎ ŀƭƭ ǎŜŀǎƻƴǎΤ ŀƴŘ ƛƴŎǊŜŀǎŜǎ ƛƴ ǾŜǊȅ ƭŀǊƎŜ Ƙŀƛƭ όҗрл 

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 

compared the periods 1971-2000 and 2071-2100. 

o Brimelow et al. [30] projected fewer hail days over most areas of North America, but a 

shift toward larger hail sizes, comparing the periods 1971-2000 and 2041-2070. This 

includes an increase in 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 America 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 HAILCAST and North American Regional Climate Change Assessment 

Program (NARCCAP) simulations and the A2 scenario (describing a heterogenous world 

and business as usual [39]). 

o Childs et al. [31] projected an increase in hail days in Colorado by the end of the century 

based on proxies. 

o Mahoney et al. [32] project a near-elimination of surface hail in Colorado during warm 

season. They attribute this change to an increased MLH. They compare the periods 1971-

2000 and 2041-2070. The authors employ a three-tiered downscaling approach: first 

downscaling GCM simulations to a 50-km grid of NARCCAP RCMs, driven by A2-scneario 

GCMs; extreme precipitation events occurring in NARCCAP are further downscaled using 

a high-resolution model with a 1.3-km grid, where intense thunderstorm events can be 

explicitly simulated. 

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 global warming 

of 2°C. Additionally, they projected an increase in the number of days with high CAPE and 

strong low-level wind shearτthey 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 inhibition2. They mainly compare 

the periods 1970-1999 and 2070-нлффΦ ¢ƘŜ ŀǳǘƘƻǊǎΩ ŎǊƛǘŜǊƛŀ ŦƻǊ ǎŜǾŜǊŜ ǘƘǳƴŘŜǊǎǘƻǊƳ 

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 high-resolution 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 Atlanta, GA, and New York, NY). They compare the periods 1962-1989 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 for thunderstorms that can potentially produce hail. 

o Goodin [59] studied the frequency and intensity of hail and compared the period 1990-

2005 with the future period 2085-2100 under RCP4.5 and RCP8.5. . She projected 

significant increases in frequency of severe-Ƙŀƛƭ Řŀȅǎ όƘŀƛƭ җ нΦрпŎƳύ ƛƴ ōǊƻŀŘ ŀǊŜŀǎ ƻŦ ǘƘŜ 

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 severe-hail days in the Central/Southern Plains and the Southeast. 

Moreover, she projected a significant increase in large-Ƙŀƛƭ Řŀȅǎ όƘŀƛƭ җ пŎƳύ ŦƻǊ w/tуΦр ƛƴ 

the Eastern CONUS; for many regions in the Southern Plains and Southeast the number 

of large-hail days are projected to nearly double. On the other hand, she projected a 

robust decrease in large-hail days during summer in the Southern Plains. Furthermore, in 

the projections, slight shifts in the maximum diameter hail values can be observedτboth 

annually and seasonally; hail-size 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 re-gridded and bias-corrected the data using ERA-Interim reanalysis 

data 

¶ Oceania: 

o McMaster [33] used hail-loss models and three GCMs with doubled-CO2 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 Walsh [34] considered August-October during the years 1980-2001 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 showed that for a doubled-CO2 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 1980-2000 and 2079-2099 (with high-

warming climate scenarios). They projected significant increases of severe thunderstorm 

environments for northern and eastern Australiaτattributed to increasing CAPE, 

particularly close to warm sea surface temperatures. The authors projected a decrease in 

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 coarse-resolution data). 

o Leslie et al. [36] compared the periods 1990-2002 and 2001-2050 for the Sydney Basin. 

They used a six-member ensemble of a high-resolution version of the Oklahoma Coupled 

General Circulation Model with a hierarchy of graded meshes and including cloud 

microphysics in the 1-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 increase in frequency and intensity of hailstorms in 

compared both to 1990-2002 and no-change 2001-2050. 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 Hail future 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 

projectedτwith a strong upward trend for the Po Valley. Changes are attributed to more convective 

instability because of low-level 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 convective stability, which will outweigh a 

simultaneous decrease in mean vertical wind shear [16, 18, 38, 41]. Moreover, thunderstorms have 

become and will become more likely to produce hail. The increase in hail-favorable 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 Oceania, projections are scarce, but the existing studies agree in trends: an increase 

in frequency, severity and favorable environments, but also large inter-decadal variability. 

A.2.5 Knowledge Gaps and Uncertainties 

Kunz [10] indicated a lack of data for 500 hPA (about 5000-6000 meters altitude). At 500 hPAτin contrast 

to 850 hPA, so far only minor temperature trends have been observed. 

Figure A.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 existing spatial gaps (as evident from Figure A.5) cannot be closed by simply 

using existing proxies.  

Uncertainties stem from a variety of factors, as detailed in Subsection A.2.3 [10]: 

¶ Trigger mechanisms/initiation not considered in many studiesτand even if the atmosphere is 

prone to produce hail, this still hardly happens 

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

¶ Hail events have high  annual variability 

¶ Proxy-based 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. Allen [11] 

specifically highlighted the need for EASA to raise this topic to trigger research on HALO. On the other 

hand, Pieter Groenemeijer [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 appear). Hence, 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 

ǎǘƻǊƳΩǎ ǳǇŘǊŀŦǘΦ tƻǎǎƛōƭȅΣ ƳƛŎǊƻǿŀǾŜ ƻōǎŜǊǾŀǘƛƻƴ Řŀǘŀ ŦǊƻƳ ǎŀǘŜƭƭƛǘŜǎ ŎƻǳƭŘ ƎƛǾŜ ƳƻǊŜ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ 

altitudes for HALO. 

A.3 Convective Weather (Thunderstorms) Trends 

In literature, usually two categories are studied: 

¶ Severe convective storms (SCS) 

¶ Significant severe convective storms (SigSCS) 

These include some minimum criteria for associated phenomena, as detailed by Allen [42]: 

 SCS SigSCS 

Hail stones diameter җ нŎƳ җ рŎƳ 

Winds җ фл ƪƳκƘ җ мнл ƪƳκƘ 

Tornadoes Existence At least F2 intensity3 

Precipitation (not used in all 
countries) 

Excessive excessive 

 

For a classification 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 present [43]. While the criteria listed here seem 

to allow for a very clear classification, Allen [42] ƘƛƎƘƭƛƎƘǘǎ ǘƘŀǘ άŀǊōƛǘǊŀǊȅ ŎǊƛǘŜǊƛŀ ώΧϐ ŀǊŜ ǳǎŜŘ ǘƻ ŘŜŦƛƴŜ 

ώ{/{ϐέΣ ǘƘŀǘ ŀƭƳƻǎǘ ǎŜǾŜǊŜ ŀƴŘ ǎŜǾŜǊŜ ǘƘǳƴŘŜǊǎǘƻǊƳǎ ŀǊŜ ƘŀǊŘƭȅ ŘƛǎǘƛƴƎǳƛǎƘŜŘ όǘƘŜǊŜ ƛǎ ƭƛǘǘƭŜ ǇƘȅǎƛŎŀƭ 

difference between a near-severe storm 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 that do not meet the criteria of an SCS, observational records are not very good.  

SCS come with a variety of aviation hazards: hail encounter, lightning strike, low-level wind shear, severe 

turbulence, runway flooding. In this appendix, we focus on SCS in general and hail, other phenomena are 

of interest for future reports. 

The general expected impact of climate change on convective storms [42] is shown in Figure A.5, however, 

this includes various uncertain factors, hence, such a clear connection has not been shown in studies. 

 
3 F2 is a measure on the Fujita scale and describes tornadoes with 113-157mph and considerable damage 
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Figure A.5 Expected impact of climate change on severe convective storms 

For a more detailed overview on climate change and severe thunderstorms, we refer to the paper of the 

same name by Allen [42]. 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 

¢ƘŜǊŜ Řƻ ƴƻǘ ŜȄƛǎǘ άǊŜƭƛŀōƭŜΣ ƭƻƴƎ-ǘŜǊƳ ǊŜŎƻǊŘώǎϐ ƻŦ ǎŜǾŜǊŜ ǘƘǳƴŘŜǊǎǘƻǊƳǎέ [16]. The same restrictions for 

observations exist as for hail (Subsection A.2.1): observations 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 limited [42]. These factors favor the usage of radar- 

or satellite-based 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 described in Subsection A.2.1, Battaglioli et al. [76] presented also trends for lightning 

in both Europe and North America for the period 1950-2021. They concluded for thunderstorms: 

- The occurrence of thunderstorm environments has significantly increased across most of 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 decadeτwith 

an annual mean of 20-25h. 

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

- In a belt Finland-Turkey only insignificant lightning changes occurred. 

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

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

Texas-Louisiana 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.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 resolution. Thus, severe 
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ŎƻƴǾŜŎǘƛǾŜ ǿŜŀǘƘŜǊ Ŏŀƴƴƻǘ ōŜ ƳƻŘŜƭŜŘ ŜȄǇƭƛŎƛǘƭȅ ƛƴ ǘƘŜǎŜ ƳƻŘŜƭǎΦ tǊƻȄƛŜǎ ƘŀǾŜ ōŜŜƴ ŎǊŜŀǘŜŘ ǘƻ άǊŜƭŀǘŜ 

ŀǘƳƻǎǇƘŜǊƛŎ ŎƻƴŘƛǘƛƻƴǎ ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ǊŜŀƴŀƭȅǎŜǎ ǘƻ ǎŜǾŜǊŜ ŎƻƴǾŜŎǘƛǾŜ ǿŜŀǘƘŜǊ ƻŎŎǳǊǊŜƴŎŜέ ώссϐΦ ¢ƘŜǎŜ 

environmental proxies should reflect conditions 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 

ǇǊƻƧŜŎǘƛƻƴǎΤ tǵőƛƪ Ŝǘ ŀƭΦ [45] ǎǘŀǘŜ ǘƘŀǘ άώǘϐƘŜ ǇǊŜǎŜƴŎŜ of latent instability does not guarantee that a 

thunderstorm will form, so that it is not clear whether increases in instability are associated with increases 

ƛƴ ǘƘǳƴŘŜǊǎǘƻǊƳ ŀŎǘƛǾƛǘȅάΦ !ƭǊŜŀŘȅ ƛƴ нллсΣ ŀ ŎƻƳǇƭŜǘŜ ǾƻƭǳƳŜ ƻŦ aƻƴǘƘƭȅ ²ŜŀǘƘŜǊ wŜǾƛŜǿ [46] was 

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 inhibition (CIN) 

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 relative helicity (SRH) 

c. Vertical wind shear between surface and lower levels, e.g., S01 

3. Convective initiation, proxies used in literature include: 

a. Occurrence of convective precipitation 

b. Boundary-layer convergence zones 

c. Magnitude and depth of lifting at boundaries 

d. Cold-pool strength 

e. Amount of moisture 

Many researchers use the product of CAPE and S06. Allen [11] highlighted that many proxies are 

correlated hence, the use of a specific proxy does not have a large impact on the results. 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 to classify the environments probabilistically. An example of the latter 

approach is the additive regressive convective hazard model (AR-CHaMo) developed by Anja Rädler in her 

PhD thesis [66] and applied in its substudies (e.g., [45]).  

In addition to these proxy-based approaches, dynamical downscaling nests high-resolution regional 

models, in which severe convective storms can be explicitly modelled, with a general low-resolution GCM. 
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Because dynamical downscaling can help with several problems of projections for convective storms and 

the associated hazards, we detail the concept, existing research and its limitations in Section A.4. 

To exemplify the statistical-model approach based on proxies, we detail here the AR-CHaMo: Rädler [66] 

expressed the predicted probability 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 storm4. She investigated the relation 

between atmospheric parameters and the occurrence of convective storms based on lightning data and 

ERA-Interim reanalysis data. To determine the probabilities, she used data on cloud-to-ground lightning 

from the European Cooperative of Lightning Detection (EUCLID) as an indicator for deep, moist convection 

(two lightning strikes 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 hazards haiƭ җнŎƳΣ Ƙŀƛƭ җрŎƳΣ ǎŜǾŜǊŜ ǿƛƴŘ ƎǳǎǘǎΣ 

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 the 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 proxies that they test as candidate predictors for the model 

and using ERA5. Battaglioli and Groenemeijer [77] stated that the trends they discovered based on ERA5 

are a little higher than those discovered by Rädler [66], that is, they project slightly larger increases. 

For wind shear, Pieter Groenemeijer [77] emphasized that low-level 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, wind shear even closer to the surface than what is 

considered low-level is important. Moreover, this very strong low-level wind shear does not have to be 

thunderstorm-related. 

A.3.3 Projections 

For two of the three main components listed in Subsection A.3.2 (convective 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). 

For severe thunderstorms, the same holds as for hail: future studies are very sparce. Diffenbaugh et al. 

[16] ƘƛƎƘƭƛƎƘǘ άFirst, there is no reliable, independent, long-term record of severe thunderstormsτand 

particularly tornadoesτwith which to systematically analyze variability and trends. Second, theoretical 

arguments and climate model experiments both predict conflicting influences of the large-scaleτor 

 
4 P(hazard) = P(storm) x P(hazard|storm) 
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άŜƴǾƛǊƻƴƳŜƴǘŀƭέτconditions that support severe thunderstorms. Third, a suite of processes important 

for the realization of individual storms in the real atmosphere has remained mostly inaccessible in climate 

ƳƻŘŜƭ ŜȄǇŜǊƛƳŜƴǘǎ ōŜŎŀǳǎŜ ƻŦ ŘŜŦƛŎƛŜƴŎƛŜǎ ƛƴ ƳƻŘŜƭ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘκƻǊ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ǊŜǎƻǳǊŎŜǎΦέ 

Allen [11] described RCMs to be preferable over GCMs because of the spatial resolution. 

For an overview of the projections see Figure A.6 based on [5], in Table A.4 (results), and Table A.5 (time 

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

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

Table A.4 Future-trend studies for convective weather: 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 
highlighted in yellow. 

Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

Europe Central 
and south-
central 
Europe 

tǵőƛƪ et al. 
[45] 

    Increase in frequency of 
unstable environments 
(robust for end of century, 
smaller and less robust for 
middle of century), for 
middle of century only 
changes of the 
Mediterranean coastlines 
and parts of southeastern 
Europe robust. 

 See the 
different 
season 
results 

Marsh et 
al. [47] 

Decrease in 
mean CAPE, 
but increase 
on the Faroe 
Islands 

Nearly 
complete 
CAPE 
decrease, 
with an 
exception of 
western 
Norway 

CAPE 
increase for 
the 
Mediterran
ean Sea and 
mainland 
Europe, as 
well as a 
decrease for 
the Atlantic 
Ocean and 
the Faroe 
Islands 

Mean CAPE 
increase in 
in the 
Mediterran
ean Sea, the 
Strait of 
Gibraltar, 
the Balearic 
Islands, 
southern 
Italy and the 
southern 
Black Sea 

Small increase in 
favorable environments 
for severe thunderstorms 
for most locations in 
Europe 

 Iberian 
Peninsula 
(often 
restricted 
to 
Mediterra
nean) 

Viceto et 
al. [48] 

Small 
changes in 
CAPE; 
increase in 
S06 

Largest 
increase in 
conditions 
favorable 
for severe 
thunderstor
ms (mostly 
for the 
Mediterran
ean and its 
surrounding
s); 

Large 
increase in 
conditions 
favorable 
for severe 
thunderstor
ms (mostly 
for the 
Mediterran
ean and its 
surrounding
s); 

Small 
changes in 
CAPE; 
increase in 
S06 
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Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

Significant 
increase in 
CAPE for the 
Mediterran
ean; 
decrease in 
S06 

Significant 
increase in 
CAPE for the 
Mediterran
ean; 
decrease in 
S06 

  Rädler et 
al. [23] 

    Frequency of convective 
weather events (lightning, 
hail, severe wind gusts) 
will likely increase over 
Europe. Slight decrease in 
thunderstorms for 
southwestern and 
southeastern Europe. 

 Partly 
Germany
&Alps and 
Western&
Central 
Europe 
(hail 
results see 
that 
section) 

Rädler 
[66] 

    Already for the period 
1979-2016:  

- Positive trend for 
lightning and all 
ƘŀȊŀǊŘǎ όƘŀƛƭҗнΣрΤ 
wind; tornadoes; 
heavy precipitation) 

- Thunderstorms have 
become more likely 
to produce severe 
weather over the last 
decades. 

- Driven by an increase 
in instability instead 
of changes in deep-
layer shear or mid-
tropospheric 
humidity 

BUT: for past an 
attribution to climate 
change cannot be 
concluded (analysis not 
made). 
For all future simulations: 
increase in lightning cases 
for central and eastern 
Europe 
Decrease in southern 
Spain, northern Africa, 
Greece, Turkey, 
northwest Ireland 
Largest increases for 
RCP8.5 and end of the 
century 
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Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

Robust increases only for 
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 
America 

Eastern 
US 

Diffenbau
gh et al. 
[16] 

Increase of 
severe 
thunderstor
m 
environmen
ts already 
before a 
global 
warming of 
2°C 

 Increase of 
severe 
thunderstor
m 
environmen
ts already 
before a 
global 
warming of 
2°C 

 Increase of severe 
thunderstorm 
environments 

 US 
Largest 
increases 
for 
regions 
close to 
the Gulf of 
Mexico 
and the 
Atlantic 

Trapp et 
al. [18] 

 Largest 
increase in 
NDSEV 

  Increase in number of 
days with severe 
thunderstorm 
environmental conditions 
(NDSEV) 

 US Trapp et 
al. [29] 

Decrease in 
cyclone 
frequency 
over the 
contermino
us US 

  Decrease in 
cyclone 
frequency 
over the 
contermino
us US 

Increase in NDSEV 
 

 Northeast
en United 
States, the 
Great 
Lakes, and 
Southeast
ern 
Canada 

Gensini et 
al. [41] 

    Increase in NDSEV 

 US east of 
continent
al divide, 
increases 
primarily 
found in 

Gensini 
and Mote 
[53] 

Statistically 
significant 
increase in 
hazardous 
convective 
weather 

   Most of the increase in 
hazardous convective 
weather around local 
sunset; peak-season 
severe weather more 
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Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

the 
Mississipp
i, 
Tennessee
, and Ohio 
River 
valleys 

variable, potentially more 
frequent 

 CONUS Rasmusse
n et al. 
[54] 

    Frequency decrease for 
weak to moderate 
convection; frequency 
increase for strong 
convection; CAPE and CIN 
increase downstream of 
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 

40dBZ5 days: significant 
decrease in Southern 
Plains and coastal 
Carolinas; significant 
increase in Northeast 
50/60dBZ days: 
Significant increase in 
many areas east of the 
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 frequent 
in eastern CONUS, less 
frequent in parts of the 
Great Plains; 
Intense storm rotation 
more prevalent in future 

  Prein et al. 
[68] 

    All regions (except Central 
US) increase in mesoscale 
convective systems (MCS) 
frequency 
In Central US: decrease by 
30%, but extreme MCSs 
increase by 380% 
Similar high increases for 
extreme MCSs for other 
regions 

 
5 Decibel relative to Z; dimensionless technical unit used in radar, the units of reflectivity are given in mm6/m3, to 
obtain values that are easier to work with, a logarithmic scales is applied to compress these values, which results in 
dBZ, with a scale running from -35 to +85 dBZ; 20-40 dBZ are associated with light precipitation, 40-50 dBZ with 
moderate precipitation, 50-65dBZ with heavy precipitation or some hail, and values above 65dBZ are associated with 
extremely heave precipitation including water-coated hail [78]. 
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Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

Highest relative increase 
in MCS frequency: Canada 
and Northeast US 
Maximum hourly 
precipitation: 

¶ Increase by 25-40% 
northern regions 

¶ Increase by 15-20% 
otherwise 

Significant increase in 
CAPE allows MCSs to grow 
larger 
Rapid increase in MCSs 
with high hourly rainfall 
relative to their size yields 
higher flooding potential 

  Hoogewin
d et al. 
[17] 

 Conditional 
probability 
of 
hazardous 
convective 
weather 
(HCW) given 
NDSEV 
declines 
over much 
of central 
US 

  Longer HCW season 
(perhaps by more than a 
month) 

Oceania Northern 
and 
eastern 
Australia 

Allen et al. 
[35] 

    Increase of severe 
thunderstorm 
environments 

Asia Japan Muramats
u et al. 
[49] 

Frequency 
of strong 
tornadoes 
will double 

Frequency 
of strong 
tornadoes 
will double 
on the Japan 
Sea side of 
the 
Japanese 
Islands 

   

World See the 
different 
season 
results 

Lepore et 
al. [65] 

Largest 
increases in 
CIN, more 
substantial 
over 
northern 
hemisphere 

   Statistically significant 
increases of CAPE for 
relevant convectively 
active regions 
Relative to historical 
period, for CAPE: 
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Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

- Increase of order 0.5 
ˋ ƻǾŜǊ ǘǊƻǇƛŎŀƭ 
regions 

- Increase of order 1-
мΦрˋ ƛƴ ŜȄǘǊŀǘǊƻǇƛŎǎ 

Stronger increase over 
northern hemisphere 
(NH) than for southern 
hemisphere (SH) 
Changes to CIN 
comparatively small, but 
robust 

   significant 
decreases of 
CAPE over 
the eastern 
Atlantic 
during 
boreal 
spring  

  significant 
decreases of 
CAPE over 
the 
southern 
hemisphere 
during 
winter 

Increase in environments 
favorable to convective 
stormsτa frequency 
increase of 5-20 percent 
per °C of global warming 
Driver: strong increase in 
CAPE, not offset by offset 
by factors resisting 
convection of modifying 
likelihood of storm 
organization 
Relative to historical 
period, for CAPE: 

- Increase of order 2-
оˋ ŦƻǊ ƳǳŎƘ ƻŦ bI 

- Increase of order 1-
нˋ ŦƻǊ ǘƘŜ {I 

Widespread robust 
increases of CIN 
Regional increases in low-
level wind shear will be 
offset by decreased deep-
layer  shear 

 

Table A.5 Future-trend 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 century are highlighted 
in yellow. 

Geogra- 
phical area 

Geographical 
restriction 

Authors/ 
Reference 

Time frame Climate models Scenario, other information 

Europe Central and 
south-central 
Europe 

tǵőƛƪ et al. 
[45] 

1971-2000 
vs. 2021-
2050 and 
2071-2100 

14 RCMs RCP4.5 and RCP8.5 emission scenarios 
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Geogra- 
phical area 

Geographical 
restriction 

Authors/ 
Reference 

Time frame Climate models Scenario, other information 

 See the 
different 
season 
results 

Marsh et 
al. [47] 

1870-1999 
vs. 2000-
2099 

GCM A2 emission scenario 
Compared against NCEP/NCAR Global 
Reanalysis data 

 Iberian 
Peninsula 
(often 
restricted to 
Mediterrane
an) 

Viceto et 
al. [48] 

1986-2005 
vs. 2081-
2100 

-  
 

RCP8.5 emission scenario 
ERA-Interim reanalysis 
MPI Earth System Model 

  Rädler et 
al. [23] 

1979-2016 14 RCMs Statistical model applied to ERA-Interim 
reanalysis data  

 Partly 
Germany&Al
ps and 
Western&Ce
ntral Europe 

Rädler 
[66] 

1979-2016 
vs. 2021-
2050 and 
2071-2100 

14 EURO-CORDEX 
simulations 
4 RCMs 

RCP2.6, RCP4.5, RCP8.5 
ERA-Interim reanalysis 
AR-CHaMo 

North 
America 

Eastern US Diffenbau
gh et al. 
[16] 

1970-1999 
vs. 2070-
2099 

GCM ensemble 
(CMIP5) 

RCP8.5 emission scenario 
(In reanalysis, CMIP5 did yield too many days 
with high CAPE.) 

 US 
Largest 
increases for 
regions close 
to the Gulf of 
Mexico and 
the Atlantic 

Trapp et 
al. [18] 

1962-1989 
vs. 2072-
2099 

Model suite of 
GCMs and a high-
resolution RCM 

A2 emission scenario 

 US Trapp et 
al. [29] 

1950-2099 5 GCMs A1B emission scenario (future world of rapid 
economic growth, balance between all energy 
sources) 

 Northeastern 
United 
States, the 
Great Lakes, 
and 
Southeastern 
Canada 

Gensini et 
al. [41] 

1981-1995 
vs. 2041-
2065 

Regional model 
forced with 
output from a 
GCM 

A2 emission scenario 

 US, east of 
continental 
divide 

Gensini 
and Mote 
[53[ 

1980-1990 
vs. 2080-
2090 

Weather Research 
and Forecasting 
(WRF-ARW) as 
RCM 
GCM: CCSM3 

A2 emission scenario 
Dynamical downscaling 

 CONUS Rasmusse
n et al. 
[54[ 

2000-2013 
vs. that 
period with 
climate 
perturbatio
n for RCP8.5 

RCM: WRF V3.4.1; 
GCM: ERA-Interim 
reanalysis; for the 
second period 
plus climate 
perturbation from 
a 19-model CMIP5 
ensemble 
monthly mean 

RCP8.5 
Dynamical downscaling 
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Geogra- 
phical area 

Geographical 
restriction 

Authors/ 
Reference 

Time frame Climate models Scenario, other information 

 CONUS Haberlie 
et al. [61] 

1990-2005 
vs. 2085-
2100 

RCM: WRF-ARW 
V4.2.1 
GCM: CESM 

RCP4.5 and RCP8.5 
Dynamical downscaling 

 CONUS Ashley et 
al. [63] 

1990-2005 
vs. 2085-
2100 

RCM: WRF-ARW 
V4.2.1 
GCM: CESM 

RCP4.5 and RCP8.5 
Dynamical downscaling 

  Prein et al. 
[68] 

2000-2013 
vs. that 
period with 
climate 
perturbatio
n for RCP8.5 

RCM: WRF V3.4.1; 
GCM: ERA-Interim 
reanalysis; for the 
second period 
plus climate 
perturbation from 
a 19-model CMIP5 
ensemble 
monthly mean 

RCP8.5 
Dynamical downscaling 

 CONUS Hoogewin
d et al. 
[17] 

1971-2000 
vs. 2071-
2100 

RCM: WRF-ARW 
v3.6 
GCM: GFDL CM3 

RCP8.5 
Dynamical downscaling 

Oceania Northern and 
eastern 
Australia 

Allen et al. 
[35] 

1980-2000 
vs. 2079-
2099 

2 GCMs High-warming climate scenarios 

Asia Japan Muramats
u et al. 
[49] 

1979-2003 
vs. 2075-
2099 

GCM A1B emission scenario 

World  Lepore et 
al. [65] 

1980-2014 
vs. 2015-
2100  
And 
1980-2010 
vs. 2030-
2060 vs. 
2070-2100 

7 CPIM6 GCMs RCP8.5 

 

¶ Europe: 

o tǵőƛƪ Ŝǘ ŀƭΦ [45] used 14 RCM covering Europe and the Mediterranean, they considered 

two climate scenarios (RCP4.5 and RCP8.5 [37]) and compared the period 1971-2000 to 

the future periods 2021-2050 and 2071-2100. They projected a robust increase in the 

frequency of unstable environments in central and south-central 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 only robust changes 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 ensemble-mean change is ca. 50% of that for the end of the century.  Moreover, the 

authors project small, non-robust changes in the frequency of strong deep-layer shear but 

ƛŘŜƴǘƛŦȅ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǎƘŜŀǊ ŦƻǊ ǘƘŜ bƻǊǘƘ ƻŦ 9ǳǊƻǇŜΦ ¢ƘŜ ŀǳǘƘƻǊǎ ǎǘŀǘŜ ά.ȅ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ 
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century, the simultaneous occurrence of latent instability, strong deep-layer shear, and 

model precipitation is simulated to increase by up to 100% across central and eastern 

Europe in the RCP8.5 and by 30%ς50% in the RCP4.5 scenario. Until midcentury, increases 

in the 10%ς25% range are forecast for most ǊŜƎƛƻƴǎέΦ 

o Marsh et al. [47] compared the periods 1870-1999 and 2000-2099, using a GCM 

(Community Climate System Model v3 (CCSM3)) and the A2 emission scenario (and 

compared again NCEP/NCAR Global Reanalysis data). The reanalysis showed 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; a spring decrease in mean 

CAPEτbut 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 the Atlantic Ocean 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 favorable environments for severe 

ǘƘǳƴŘŜǊǎǘƻǊƳǎ ŦƻǊ Ƴƻǎǘ ƭƻŎŀǘƛƻƴǎ ƛƴ 9ǳǊƻǇŜ ōŜŎŀǳǎŜ ƻŦ άŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ Ƨƻƛƴǘ 

ƻŎŎǳǊǊŜƴŎŜ ƻŦ ƘƛƎƘ /!t9 ŀƴŘ ƘƛƎƘ ŘŜŜǇ ƭŀȅŜǊ ǎƘŜŀǊέΦ ¢ƘŜ ƭŀǊƎŜǎǘ ƛƴŎǊŜŀǎŜ ǿŀǎ ǇǊƻƧŜŎǘŜŘ 

for the Mediterranean Sea. 

o 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 1986-2005 with 2081-2100 under the RCP8.5 emission scenario. 

They projected an increase in CAPE: a significant increase in summer for the 

Mediterranean and its surroundings; a similar pattern for autumn, but smaller 

differences; and non-significant differences for spring and winter. They projected an 

increase in S06 for spring and 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. 

o Rädler 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 

мп w/aǎΦ ¢ƘŜ ƛƴŎǊŜŀǎŜ ƛǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ƛƴŎǊŜŀǎƛƴƎ ƘǳƳƛŘƛǘȅ ƴŜŀǊ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦace. They 

projected a slight decrease in thunderstorms for southwestern and southeastern Europe.  

o In her PhD thesis, Rädler [66] developed a new approach computing the predicted 

probability of a hazard as the product of the probability that a storm occurs and 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 1971-2000 with 13 ensemble members for 2021-

2050 and 2071-2100 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 weather over 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 Ireland. The largest increases are projected for RCP8.5 for the end of 

the centuryτwith up to 60% more lightning cases. Robust increases are projected only 

for the north-eastern part of the considered European domain and a small region in 

northern Italy and AustrƛŀΦ CƻǊ ƘŀƛƭҗнŎƳΣ ǎƘŜ ǇǊƻƧŜŎǘǎ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƳŜŀƴ 

annual hail cases for all RCP scenarios and both for the middle and the end of the century, 

the strongest increase is projected for RCP8.5, 2071-2100 with over 100% in the north-

east of the considered European domain. As detailed in Subsection A.2.3,  strong and 

Ǌƻōǳǎǘ ƛƴŎǊŜŀǎŜǎ ƛƴ ƘŀƛƭҗнŎƳ ŀǊŜ ǇǊƻƧŜŎǘŜŘ ŦƻǊ Ƴƻǎǘ ƻŦ ŎŜƴǘǊŀƭ ŀƴŘ ŜŀǎǘŜǊƴ 9ǳǊƻǇŜΦ ¢ƘŜ 

ǊŜǎǳƭǘǎ ŦƻǊ ƘŀƛƭҗрŎƳ ŀǊŜ ǎƛƳƛƭŀǊ όōǳǘ ǿƛǘƘ ŀ ƳŀȄƛƳǳƳ ƻŦ мсл҈Σ ƛΦŜΦΣ ƳǳŎƘ ǎǘǊƻƴƎŜǊ ŀǎ ŦƻǊ 

Ƙŀƛƭ җ нcm). The projected relative increases in mean annual number of wind cases are 

ǎƭƛƎƘǘƭȅ ǎƳŀƭƭŜǊ ǘƘŀƴ ŦƻǊ Ƙŀƛƭ җнŎƳΣ ǿƛǘƘ Ǌƻōǳǎǘ ƛƴŎǊŜŀǎŜǎ ƻǾŜǊ ŎŜƴǘǊŀƭ ŀƴŘ ŜŀǎǘŜǊƴ 9ǳǊƻǇŜΣ 

with values of 100% in the northeast of the considered European domain. Until the end 

of the 21st century, the smallest relative changes are projected for lightning, the strongest 

ŀƴŘ Ƴƻǎǘ Ǌƻōǳǎǘ ƛƴŎǊŜŀǎŜǎ ŀǊŜ ǇǊƻƧŜŎǘŜŘ ŦƻǊ Ƙŀƛƭ җрŎƳ ŦƻǊ w/tуΦрΦ IŜǊ ŎƻƴŎƭǳǎƛƻƴ ƛǎΥ ά¢ƘŜ 

increase in convective hazards until the end of the century can only for a small part and 

ƛƴ ǎƻƳŜ ǊŜƎƛƻƴǎ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ƳƻǊŜ ŦǊŜǉǳŜƴǘ ƻŎŎǳǊǊŜƴŎŜ ƻŦ ǘƘǳƴŘŜǊǎǘƻǊƳǎΦ ώΧϐ 

The driving factor is therefore that thunderstorms are more likely to produce severe 

ǿŜŀǘƘŜǊ ƛƴ ŦǳǘǳǊŜ ŎƭƛƳŀǘŜǎΦέ 

¶ 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 global warming 

of 2°C. Additionally, they projected an increase in the number of days with high CAPE and 

strong low-level wind shear6τthey find decrease in vertical wind shear are concentrated 

on low-CAPE days and, hence, have little effect. Moreover, they project a shift to high 

CAPE mostly concentrated on days with low convective inhibition. They mainly compare 

the periods 1970-1999 and 2070-2099. 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 high-resolution RCM. The largest NDSEV increases are projected 

 
6  Low-level 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 to the Gulf of Mexico and the Atlantic (e.g., >100% 

increase in Atlanta, GA, and New York, NY). They compare the periods 1962-1989 and 

2072-2099. As proxies, they use CAPE and S06. They observe an increasing CAPE and a 

decreasing vertical wind shear, again dominated by the CAPE increase.  

o Trapp et al. [29] projected an increase in frequency of severe-thunderstorm forcing 

(quantified as NDSEV) for the US and the A1B scenario for greenhouse-gas emissions 

(future world of rapid economic growth, balance between all energy sources [39]) for the 

period 1950-2099 based on a five-member ensemble of GCMs. Moreover, they project a 

decrease in cyclone frequency over the conterminous US in winter and early spring. 

o Gensini 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 2041-2065. 

o Rasmussen et al. [54] considered convective environments for CONUS and compared the 

period 2000-2013 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 increase 

in frequency. Moreover, they projected that CAPE and CIN will increase downstream of 

the Rockies. 

o Haberlie et al. [61] studied thunderstorm activity in three categories (40dBZτ

thunderstorms, 50 dBZτstronger thunderstorms, 60 dBZτpotential for hail) and CAPE 

and CIN in CONUS. They compared the period 1990-2005 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 

Carolinas (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, they projected 

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 projected)τduring fall, winter and spring 

more days in all three categories are projected. 

o Ashley et al. [63] considered supercells (intense, long-lived thunderstorms, responsible 

for most damaging hail and deadly tornadoes) in CONUS. They compared the period 1990-

2005 with the future period 2085-2100 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 severe-storm 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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o Prein et al. [68] investigated mesoscale convective systems (MCSs) in North America, 

comparing the period 2000-2013 forced with ERA-Interim reanalysis data with a future 

simulation using the pseudo-global warming (PGW) approach, where the ERA-Interim 

boundary conditions are perturbed by a climate-change signal, which is the average 

monthly mean of 19 CMIP5 GCMs for the periods 1976-2005 and 2071-2100. They 

projected that all regions in North America, except for the Central US, experience an 

increase in MCS frequency in the future period. In the 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 25-40 percent in northern regions of the 

considered area, and 15-20 percent elsewhere. The size of MCS (spatial extent) increases 

in all regions, with the largest increases in the South. CAPE increases significantly, this 

change yields more environments favorable for 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 high-latitude regions and 40-80 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). Additionally, a large flood risk stems from MCSs with a high hourly total rainfall and 

slow storm motionτthese are projected to have the highest increase in all regions of 

North America.  

o Hoogewind et al. [17] considered hazardous convective weather and compared the 

period 1971-2000 with the future period 2071-2100 under RCP8.5. As GCM they used 

GFDL CM3, and as RCM WRF-ARW 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. 

¶ Oceania: 

o Allen et al. [40] studied the occurrence of severe thunderstorm environments in Australia 

using two GCMs, they compared the periods 1980-2000 and 2079-2099 (with high-

warming climate scenarios). They project significant increases of severe thunderstorm 

environments for northern and eastern Australiaτattributed to increasing CAPE, 

particularly close to warm sea surface temperatures. 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. 

¶ Asia: 

o Muramatsu et al. [49] compared the periods 1979-2003 and 2075-2099 under the A1B 

emission scenario for Japan. They studied strong tornadoes (F2 or greater on the Fujita 
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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 of the Japanese Islands in summer. The increase 

is attributed to an increase in the water-vapor 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 decrease.) 

¶ World: 

o 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 1980-2014 and 2015-2100 with RCP8.5, using seven CPIM6 global climate 

models. They projected an increase in environments favorable to convective stormsτa 

frequency increase of 5-20 percent per °C of global warmingτbased on proxies (CAPE, 

CIN, S06, SRH). They also investigated changes comparing the periods 1980-2010, 2030-

2060, and 2070-2100 and projected CAPE increases in the relevant convectively active 

regions. The midcentury changes are statistically significant for the vast majority. They 

projected robust increases over all continents except of desert regions, over high 

latitudes of the Arctic a robust increase in CAPE is already projected by mid-century. 

Lepore et al. project significant decreases of CAPE over the eastern Atlantic during 

boreal spring and over the southern hemisphere during winter. The projected changes 

to CIN for the middle of the century are small in comparison to CAPE, but the projected 

increases are robust. The 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 low-level wind shear will be 

offset by decreased deep-layer 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 and red represent a negative and a positive trend, respectively. Most 
trends are on the frequency of severe thunderstorms. 

Allen [11] highlighted that the cleanest upwards trend can be described for Europe, in particular, for 

Southern 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 climate models.  

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., for southwestern 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 a slight increase 

in mean CAPE in the cool season and a slight decrease in the warm seasonτand little changes in mean 

wind shear. In North America, an increase in the number of days in which severe thunderstorm 

environmental conditions (NDSEV) is projectedτwith 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, extreme 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 for northern 

and eastern Australia are projected. For the worlds, an increase in 5-20 percent in the frequency of 

environments favorable to convective storms is projected per °C of global warming. 
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Long-term reliable records do not exist, but the occurrence of thunderstorm 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 thunderstorms are evident. Allen [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 mid-latitude storms values of 7-9 are common. Even the 

observational records are temporally and spatially limited. 

Moreover, very few authors focus on the middle of the 21st centuryτthe main interest of EASA. The main 

reason is that statistically significant results can easier be obtained for the end of the century. Hence, 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 to 2-3 hours (but these 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 simulatedτthese parameterizations are 

considered a major source for both model errors and uncertainty [51]. Recently, dynamical downscaling7 

has been used to bridge that gap for simulating future climates. The 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 problems in SCS 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 feature large 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 

aggregated. 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 coordination of different research groups for 

projections: for each of the models, the crucial parameters (e.g., the vertical wind shear) are either 

 
7 In global climate models, convective 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 high-resolution regional climate models, dynamical downscaling is 
needed: in areas of interest high resolution is nested with the general low-resolution global climate model. That is, 
the scale is reduced, but dynamically only in those locations that are of interest for SCS. 
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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 still 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). Allen [11] described proxies for initiation 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, the existing research and its limitations. In Subsection A.4.1, we detail 

what dynamical downscaling is, ibn Subsection A.4.2, we present results from future-trend studies using 

dynamical downscaling, and in Subsection A.4.3, we highlight obstacles for using dynamical downscaling 

today. 

A.4.1 Dynamical Downscaling 

Using GCMs, mesogamma-scale 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 edge length of max 4km) that deep convection (or 

generally mesogamma-scale processes) must not be parameterized, but can be resolved explicitly 

[51,55,56]τconvection-permitting models (CPMs), also called cloud-resolving, convection-resolving, 

cloud-permitting, or convection-ǇŜǊƳƛǘǘƛƴƎΦ  aǳƭƭŜǊ Ŝǘ ŀƭΦ ώсфϐ ŘŜŦƛƴŜ ǎǳŎƘ ŀ ƳƻŘŜƭ ŀǎ άŀ ŎƻƳǇǳǘŜǊ ƳƻŘŜƭ 

that solves the governing equations at kilometer-scale horizontal resolution and that is capable of 

ŜȄǇƭƛŎƛǘƭȅ ǎƛƳǳƭŀǘƛƴƎ ŘŜŜǇ ŎƻƴǾŜŎǘƛǾŜ ŎƭƻǳŘǎέΦ ¢Ƙŀǘ ƛǎΣ ƛƴ ǘƘŜǎŜ ƳƻŘels, the convection is explicitly 

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 

approaches to obtain CPM simulations, but the most frequently used approach nests small-grid-spacing 

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 idea in detail: 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 El Nino-Southern Oscillation); initial conditions and lateral boundary 

conditions (e.g., wind components, temperature) from the GCMs are then used as input in high-resolution 

RCMs, whichτover a limited area of interestτcan describe forcings and phenomena not resolved in 

GCMs. The lateral boundary conditions are applied only in a lateral buffer zone (between the area of 

ƛƴǘŜǊŜǎǘ ŀƴŘ ǘƘŜ ȫȫǊŜǎǘΩΩύΣ ǎǳŎƘ ǘƘŀǘ ƳƻŘŜƭ Ŝǉǳŀǘƛƻƴǎ Ŏŀƴ ōŜ ŦǊŜŜƭȅ ƛƴǘŜƎǊŀǘŜŘ ƛƴ ǘƘŜ ŀǊŜŀΩǎ ƛƴǘŜǊƛƻǊ ώруϐΦ 

The resulting models, extensions of RCMs, are also referred to as convection-permitting RCMs (CPRCMs) 

ώррϐΦ ¢ƘŜ ǘŜǊƳ ȫȫŘȅƴŀƳƛŎΩΩ ƛƴ ŘȅƴŀƳƛŎŀƭ ŘƻǿƴǎŎŀƭƛƴƎ ǎǘŜƳǎ ŦǊƻƳ ǘƘŜ D/aǎ ƴƻǘ ƻƴƭȅ ǇǊƻǾƛŘƛƴƎ ƛƴƛǘƛŀƭ 
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conditions, but driving them through the lateral boundary conditions, which make the RCM dynamically 

consistent to the large-scale flow [51]. Often, intermediate 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 12-40 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 [51,56,60,67,70, 71]τin particular, the models can overcome limitations 

of models with a grid spacing larger than 10km, like a too early onset and peak of convective precipitation 

over land during summer [51]. Cui et al. [73] confirmed that with HAILCAST and a lightning performance 

ƛƴŘŜȄ ŘƛŀƎƴƻǎǘƛŎΣ ŀ /tw/a άǇŜǊŦƻǊƳŜŘ ǿŜƭƭ ƛƴ ǎƛƳǳƭŀǘƛƴƎ ǇǊŜŎƛǇƛǘŀǘƛƻƴΣ Ƙŀƛƭ ŀƴŘ ƭƛƎƘǘƴƛƴƎέΦ IƻǿŜǾŜǊΣ 

Kumar Srivastava et al. [70] showed that dynamical downscaling is also susceptible to regional-climate-

model biases and suggest moderate bias correction. 

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

ŀŘŘŜŘ ǾŀƭǳŜ ŀǊŜ ǘƘƻǎŜ ǿƘŜǊŜ άƭƻŎŀƭ ŦƻǊŎƛƴƎǎ ǎǳōǎtantially modulate the climate signal at fine scales, e.g., 

complex topography and coastlines, land surface heterogeneity, lakes, mesoscale convective systems, and 

ŎƻƳǇƭŜȄ ŀŜǊƻǎƻƭ ŜƳƛǎǎƛƻƴǎ ŀƴŘ ŘƛǎǘǊƛōǳǘƛƻƴǎΦέ IŜƴŎŜΣ ƻǳǊ ƛƴǘŜǊŜǎǘ ƛƴ ŎƻƴǾŜŎǘƛǾŜ ǎȅǎǘŜƳǎ Ŧŀƭƭs exactly in 

this category. Observational data sets that have a fine-grained spatial and temporal resolution, which are 

needed to verify the developed models, have recently become available [55]τfor example, the 

Deutschwer Wetterdienst has reprocessed and analyzed gauge-adjusted radar-based precipitation 

estimates starting from 2001 [80] (not long enough for climiatologies, but for verification). We refer the 

reader to a recent survey paper by Lucas-Picher 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 made for 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 results in a list, again, projections for the middle of the 

century are highlighted in italics: 

o Europe 

o Kahraman et al. [72] studied lightning in Europe, comparing the period 1998-2007 with a 

future period of 10 years corresponding to ~2100 under RCP8.5. For the RCM they used a 

horizontal grid spacing of 2.2km and a graupel and ice-flux-based 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). They focus on cloud-

to-ground lightning. They projected: 

Á 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). 

Á A decrease in lightning counts over most of the rest of Europe (except for higher 

terrain), which occurs mainly during summer and spring 

Á Increases over north 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 

Á A summer increase in lightning in the north and a decrease in central Europeτan 

indication of a circulation regime shift 

Á 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 increase in the 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. 

Á 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. 

Á For the North Sea during winter, increases in lightning days and lightning density  

(number of flashes per km per year) 

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

Their projected lightning changes for Europe are strongly correlated with elevation: grid 

points over 3km show an increase of more than 25flashes/km2, while 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 single key driver for lightning 

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

¶ North America: 

o Trapp et al. [38] studied large and very large hail in the US and compared the periods 1971-

2000 and 2071-2100. 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 in ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻŦ ƭŀǊƎŜ Ƙŀƛƭ όҗор ƳƳ ŘƛŀƳŜǘŜǊύ ƻǾŜǊ ōǊƻŀŘ ƎŜƻƎǊŀǇƘƛŎŀƭ ŀǊŜŀǎ ƻŦ 

ǘƘŜ ¦{ ŘǳǊƛƴƎ ŀƭƭ ǎŜŀǎƻƴǎΤ ŀƴŘ ƛƴŎǊŜŀǎŜǎ ƛƴ ǾŜǊȅ ƭŀǊƎŜ Ƙŀƛƭ όҗрл ƳƳ ŘƛŀƳŜǘŜǊύ ŦƻǊ ǘƘŜ ŎŜƴǘǊŀƭ 

US during boreal spring and summer. The authors used high-resolution 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.  

o Gensini and Mote [53] considered hazardous 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 1980-1990 to the future period 2080-2090. They used dynamical downscaling 

with 4km grid spacing, the Weather Research and Forecasting (WRF-ARW) 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 scenario; 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. 

o Rasmussen et al. [54] considered convective environments for CONUS and compared the 

period 2000-2013 based on reanalysis data with the same period plus perturbation for the 

RCP8.5 scenario (pseudo global warming approach). As convection-permitting RCM they used 

WRF V3.4.1 with 4-km horizontal spacing and ERA-Interim reanalysis data plus a 19-model 

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 will increase downstream of the Rockies. 

o Goodin [59] studied the frequency and intensity of hail and compared the period 1990-2005 

with the future period 2085-2100 under RCP4.5 and RCP8.5. 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 re-gridded and bias-corrected the data using ERA-Interim 

reanalysis data. She projected significant increases in frequency of severe-Ƙŀƛƭ Řŀȅǎ όƘŀƛƭ җ 

2.54cm) in broad areas of the 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 severe-hail days in the Central/Southern Plains and the 

Southeast. Moreover, she projected a significant increase in large-Ƙŀƛƭ Řŀȅǎ όƘŀƛƭ җ пŎƳύ ŦƻǊ 

RCP8.5 in the Eastern CONUS; for many regions in the Southern Plains and Southeast the 

number of large-hail days are projected to nearly double. On the other hand, she projected a 

robust decrease in large-hail days during summer in the Southern Plains. Furthermore, in the 

projections, slight shifts in the maximum diameter hail values can be observedτboth annually 

and seasonally; hail-size extremes are projected to increase in the Midwest, the Southeast 

and the Southern Plains. 

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

50 dBZτstronger thunderstorms, 60 dBZτpotential for hail) and CAPE and CIN in CONUS. 

They compared the period 1990-2005 with the future period 2085-2100 with both RCP4.5 and 
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RCP8.5. As GCM they used a bias-corrected and re-grided CESM, as RCM they employed WRF-

ARW V.41.2 with a 3.75km horizontal grid spacing. They projected: 

Á A significant decrease in days with 40 dBZ in Southern Plains both for RCP4.5 and 8.5 

Á A significant decrease in days with 40 dBZ over Florida and coastal regions of the 

Carolinas for RCP8.5 

Á A significant increase in days with 40 dBZ limited to parts of Northeast in RCP4.5, but 

widespread in Northern Plains and northern Mississippi River Valley for RCP8.5 

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

Á A significant increase for days with the higher thresholds (50,60) in many areas east 

of the High Plains in RCP8.5 

Á A significant increase in 60-dBZ days, but a significant decrease in 40-dBZ days for 

parts of the southern and eastern Plains 

Á For Tennessee, Ohio, Upper Mississippi River Valley increases of 3-9 50-dBZ days; for 

Texas and Florida: decreases of 3-9 50-dBZ days, but no decrease for 60-dBZ days 

Á Significant 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 decreases in 40 and 50-dBZ days, but more 60-dBZ days; fall, 

winter and spring more days in all categories 

o Ashley et al. [63] considered supercells (intense, long-lived thunderstorms, responsible for 

most damaging hail and deadly tornadoes) in CONUS. They compared the period 1990-2005 

with the future period 2085-2100 with both RCP4.5 and RCP8.5.  As GCM they used a bias-

corrected and re-grided CESM, as RCM they employed WRF-ARW V.41.2 with a 3.75km 

horizontal grid spacing. They projected that: 

Á Supercells will be more frequent and intense in future climates, with robust 

spatiotemporal shifts  

Á Supercells will be more frequent in eastern CONUS, for RCP8.5 mostly in north Texas 

and in the Ark-La-Tex region and Ozark Plateau, for RCP4.5 maxima in midsouth and 

central Gulf Coast 

Á 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 during the 

summer 

Á Supercell risk will be highest not in traditional severe-storm 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 fall (June, July, 

September) 

Á The largest track change of supercells occurs for RCP8.5 
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Á Particularly intense storm rotation is more prevalent in a future climate both for 

RCP4.5 and 8.5 

Á Little change will occur in the diurnal cycle of supercell counts in eastern CONUS,  

Á The Mid-South 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) 

Á Over the mid-South supercells will have a larger footprint (extent of the supercell) by 

70% in both RCP4.5 and 8.5 

Á Supercell frequency and footprint will increase over the mid-South clustered in winter 

and early spring, hence, this may result in a larger threat of nocturnal tornadoes 

Á Supercells in the northern Plains will decrease, where most decline occurs during 

afternoon and evening 

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

o Prein et al. [68] investigated mesoscale convective systems (MCSs) in North America, 

comparing the period 2000-2013 forced with ERA-Interim reanalysis data with a future 

simulation using the pseudo-global warming (PGW) approach, where the ERA-Interim 

boundary conditions are perturbed by a climate-change signal, which is the average monthly 

mean of 19 CMIP5 GCMs for the periods 1976-2005 and 2071-2100. As RCM they used WRF 

v3.4.1 with 4km horizontal grid spacing. They projected that:  

Á All regions in North America, except for the Central US, experience an increase in MCS 

frequency in the future period. 

Á 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.  

Á The highest relative increases in MCS frequency occur for Canada and the Northeast 

US, where MCSs with maximum hourly precipitation of more than 80mm/h become 

frequent, while they currently are underrepresented. 

Á The maximum hourly precipitation increases by 25-40 percent in northern regions of 

the considered area, and 15-20 percent elsewhere. 

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

the South. 

Á CAPE will increase significantly, this change yields more environments favorable for 

convection and allows MCSs to grow larger. 

Á 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 MSCs of 20-40 

percent in mid- and high-latitude regions and 40-80 percent in lower latitudes. 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 with a high hourly total rainfall and slow 

storm motionτthese are projected to have the highest increase in all regions of North 

America.  

o Mahoney et al. [32] project a near-elimination of surface hail in Colorado during warm 

season. They attribute this change to an increased MLH. They compare the periods 1971-

2000 and 2041-2070. The authors employed a three-tiered downscaling approach: first 

downscaling GCM simulations to a 50-km grid of NARCCAP RCMs, driven by A2-scneario 

GCMs; extreme precipitation events occurring in NARCCAP are further downscaled using 

a high-resolution model with a 1.3-km grid, where intense thunderstorm events can be 

explicitly simulated. 

o Gensini et al. [41], in 2014, used the WRF-G RCM with a resolution of 50kmτclearly 

showing a development in the grid spacingτforced by the CCSM3 GCM. They projected 

statistically significant increases in NDSEV in Northeastern United States, the Great Lakes, 

and Southeastern Canada comparing the periods 1981-1995 and 2041-2065. 

o Trapp et al. [18], in 2007, projected an increase in NDSEV appear in the US, based on a 

model suite of the FV-GCM and the RegCM3 RCM with a horizontal grid spacing of 25kmτ

again assumingly due to the publication 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 periods 1962-1989 and 

2072-2099. As proxies, they use CAPE and S06. They observe an increasing CAPE and a 

decreasing vertical wind shear, again dominated by the CAPE increase.  

o Hoogewind et al. [17] considered hazardous convective weather and compared the 

period 1971-2000 with the future period 2071-2100 under RCP8.5. As GCM they used 

GFDL CM3, and as RCM WRF-ARW 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. 

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 

current-day tornadic-supercellular storm events 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 matching between 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 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 highlighted in yellow. The considered phenomena is indicated by font color: lightning in green, hail in dark blue, precipitation in light 
blue, tornadoes in dark red, and convective storms in dark orange. 

Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Consid
ered 
pheno
mena 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

Europe  Kahraman 
et al. [72] 

Lightni
ng 

Decrease in 
lightning 
counts 
central 
Europe; 
Increase in 
Southern 
European 
mountains 

Increase in 
lightning 
counts in 
the north; 
Decrease in 
central 
Europe 
In the Alps: 
large 
increase in 
lightning 
counts and 
thunderstor
m activity 

Increase in 
MLH of up 
to 1.5kmĄ 
strongly 
reduces 
cloud ice 

Increases 
for the 
North Sea in 
lightning 
days and 
density 

Increase in lightning 
counts over southern 
parts of the Nordic 
countries, the British Isles 
and parts of the Atlantic 
Ocean further west 
Changes strongly 
correlated with elevation 
No single key driver for 
lightning changes 

North 
America 

US  Trapp et 

al. [38] 

hail Increases in 
very large 
Ƙŀƛƭ όҗрл 
mm 
diameter) 

Increases in 
very large 
Ƙŀƛƭ όҗрл 
mm 
diameter) 

  Higher frequency of large 
Ƙŀƛƭ όόҗор ƳƳ ŘƛŀƳŜǘŜǊύ 

 CONUS Gensini et 
al. [52] 

Precip
itation 
and  
tempe
rature 

    Statistically significant 
decreases of precipitation 
across southern Great 
Plains and Intermountain 
West; statistically 
significant increases in 
precipitation Tennessee 
and Ohio Valleys and 
across parts of the Pacific 
Northwest 
Robust and significant 
changes in mean 
temperatures (for many 
areas in central CONUS by 
5-6°C, for boreal summer 
and fall 6-7°C) 

 US east of 
continent
al divide, 
increases 
primarily 
found in 
the 
Mississipp
i, 

Gensini 
and Mote 
[53] 

Hazar
dous 
conve
ctive 
weath
er 
(e.g., 
torna
does, 

Statistically 
significant 
increase in 
hazardous 
convective 
weather 

   Most of the increase in 
hazardous convective 
weather around local 
sunset; peak-season 
severe weather more 
varialbe, potentially more 
frequent 
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Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Consid
ered 
pheno
mena 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

Tennessee
, and Ohio 
River 
valleys 

dama
ging 
wind 
gusts, 
large 
hail) 

 CONUS Rasmusse
n et al. 
[54] 

Conve
ctive 
enviro
nment
s 

    Frequency decrease for 
weak to moderate 
convection; frequency 
increase for strong 
convection; CAPE and CIN 
increase downstream of 
Rockies  

 CONUS Goodin 
[59] 

Hail Most robust 
increases in 
frequency 
of severe-
hail 
όҗнΦрпŎƳύ 
days in 
broad areas 
of Midwest 
and Eastern 
CONUS 

Significant 
decrease in 
frequency 
of severe-
hail days in 
Central/Sou
thern Plains 
and the 
Southeast; 
robust 
decrease in 
large-hail 
όҗпŎƳύ Řŀȅǎ 
in Southern 
Plains 

 Most robust 
increases in 
frequency 
of severe-
hail days in 
broad areas 
of Midwest 
and Eastern 
CONUS 

Significant increase in 
large-hail days in Eastern 
CONUS, slight shifts in 
maximum diameter hail 
values both annually and 
seasonally, hail-size 
extremes increased in 
Midwest, Southeast and 
Southern Plains 

 CONUS Haberlie 
et al. [61] 

Thund
erstor
ms 
(40, 
50, 60 
dBZ8) 

Overall 
increase in 
thunderstor
m activity; 
more days 
with 
40/50/60dB
Z 
thunderstor
ms 

Decrease in 
thundertor
m activity; 
decrease in 
40 and 
50dBZ days, 
but increase 
in 60dBZ 
days 

Overall 
increase in 
thunderstor
m activity; 
more days 
with 
40/50/60dB
Z 
thunderstor
ms 

Overall 
increase in 
thunderstor
m activity; 
more days 
with 
40/50/60dB
Z 
thunderstor
ms 

40dBZ days: significant 
decrease in Southern 
Plains and coastal 
Carolinas; significant 
increase in Northeast 
50/60dBZ days: 
Significant increase in 
many areas east of the 
High Plains in RCP8.5 

 CONUS Ashley et 
al. [63] 

Super
cells9  

Highest 
supercell 
risk in early 
spring; 
Increased 
supercell 
frequency 

Supercells 
decrease 
from 
midsummer 

Supercells 
decrease 
until early 
fall 

Highest 
supercell 
risk in late 
winter 
Increased 
supercell 
frequency 

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

 
8 Decibel relative to Z, unit used for weather radar 
9 Intense, long-lived thunderstroms, responsible for most damaging hail and deadly tornadoes 
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Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Consid
ered 
pheno
mena 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

and 
footprint 

and 
footprint 

Intense storm rotation 
more prevalent in future 

 CONUS Prein et al. 
[68] 

Mesos
cale 
conve
ctive 
syste
ms 
(MCSs
) 

    All regions (except Central 
US) increase in MCS 
frequency 
In Central US: decrease by 
30%, but extreme MCSs 
increase by 380% 
Similar high increases for 
extreme MCSs for other 
regions 
Highest relative increase 
in MCS frequency: Canada 
and Northeast US 
Maximum hourly 
precipitation: 

¶ Increase by 25-40% 
northern regions 

¶ Increase by 15-20% 
otherwise 

Significant increase in 
CAPE allows MCSs to grow 
larger 
Rapid increase in MCSs 
with high hourly rainfall 
relative to their size yields 
higher flooding potential 

 Colorado Mahoney 
et al. [32] 

Hail 
and 
flood 
risk 

 Near-
elimination 
of surface 
hail 

   

 US 
Largest 
increases 
for 
regions 
close to 
the Gulf of 
Mexico 
and the 
Atlantic 

Trapp et 
al. [18] 

Sever
e 
thund
errsto
rms 

 Largest 
increase in 
NDSEV 

  Increase in number of 
days with severe 
thunderstorm 
environmental conditions 
(NDSEV) 

 Northeast
ern United 
States, the 
Great 
Lakes, and 
Southeast
ern 
Canada 

Gensini et 
al. [41] 

Conve
ctive 
enviro
nment
s 

    Increase in NDSEV 
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Geogra- 
phical 
area 

Geogra- 
phical 
restriction 

Authors/ 
Reference 

Consid
ered 
pheno
mena 

Spring Summer/W
arm Season 

Fall Winter Without Seasonal 
Distinction 

 CONUS Hoogewin
d et al. 
[17] 

Hazar
dous 
conve
ctive 
weath
er 
(HCW)
: 
torna
does, 
large 
hail, 
dama
ging 
wind 
gusts 

 Conditional 
probability 
of HCW 
given 
NDSEV 
declines 
over much 
of central 
US 

  Longer HCW season 
(perhaps by more than a 
month) 

 US 
(Kansas + 
Oklahoma
) 

Trapp and 
Hoogewin
d [75] 

Torna
does 

    Combined effect of 
increased CIN and 
decreased parcel lifting 
led to failure of 
convection initiation in 
many ensemble members 
Ensemble members with 
sufficient matching 
between CIN and lifting: 
stronger convective 
updrafts + enhanced 
vertical rotation 

 

Table A.4. 2 Future-trend studies using dynamical downscaling: time frame, RCM, horizontal grid spacing, GCM for initial and 
boundary conditions, 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 highlighted in yellow. 

Geo
gra- 
phic
al 
area 

Geogra
phical 
restrict
ion 

Autho
rs/ 
Refer
ence 

Time 
frame 

RCM Hori
zont
al 
grid 
spac
ing 

GCM for initial and 
boundary conditions 

Scenario, other information 

Euro
pe 

 Kahra
man 
et al. 
[72] 

1998-
2007 and 
10 years 
correspo
nding to 
~2100 

UK Met 
Office UM 
v10.1 

2.2 
km 

HadGEM3 (with 25km grid 
spacing) 

RCP8.5 
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Geo
gra- 
phic
al 
area 

Geogra
phical 
restrict
ion 

Autho
rs/ 
Refer
ence 

Time 
frame 

RCM Hori
zont
al 
grid 
spac
ing 

GCM for initial and 
boundary conditions 

Scenario, other information 

Nort
h 
Ame
rica 

 Trapp 
et al. 
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(a) Projections for convective 
storms using dynamical 
downscaling 

(b) Projections for hail using 
dynamical downscaling 

(c) Projections for precipitation 
using dynamical downscaling 

(d) Projections for lightning 
using dynamical 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. During an interview 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 at the scales used. Battaglioli and 
Groenemeijer [77] stated that very different proxies are needed when the resolution is so fine-grained 
that the updrafts can be explicitly resolved. Even if the model would be so fine-grained that it could 
model every single 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 this fine-grained 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 triggering of 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 biases, hence, 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 models 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 particular, to gauge 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] highlighted 

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 Coordinated Regional Downscaling Experiment (CORDEX)10 project 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 and 

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 tops)τwhich could be very interesting for aviation. 

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

In this section, we present 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 projections for that hazard. 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 study to a 

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 1950-2021, 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 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 decadeτwith 

an annual mean of 20-25h. 

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

- In a belt Finland-Turkey 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 Florida and the 

Texas-Louisiana 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 future-trend studies we considered account for Europe. As in previous sections, results for the 

midcentury are highlighted in italics. 

o Rädler 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 14 
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w/aǎΦ ¢ƘŜ ƛƴŎǊŜŀǎŜ ƛǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ƛƴŎǊŜŀǎƛƴƎ ƘǳƳƛŘƛǘȅ ƴŜŀǊ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜΦ ¢ƘŜȅ 

projected a slight decrease in thunderstorms for southwestern and southeastern Europe.  

o In her PhD thesis, Rädler [66] used 14 ensemble members from EURO-CORDEX (with ca. 50km 

grid spacing) for 1971-2000 with 13 ensemble members for 2021-2050 and 2071-2100 for 

RCP2.6, 4.5 and 8.5. She modeled hazards separately: large hail, severe wind gusts, tornadoes, 

and heavy precipitationτand used cloud-to-ground lightning as an indicator for the 

occurrence of a convective storm (two cloud-to-ground lightning strikes within a grid cell in a 

period of a few hours). Already for the past, she analyzed that thunderstorms have become 

more likely to produce severe weather over 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 Ireland. The largest increases 

are projected for RCP8.5 for the end of the centuryτwith up to 60% more lightning cases. 

Robust increases are projected only for the north-eastern part of the considered European 

domain and a small region in northern Italy and Austria 

o Kahraman et al. [72] studied lightning in Europe with dynamical downscaling, comparing the 

period 1998-2007 with a future period of 10 years corresponding to ~2100 under RCP8.5. For 

the RCM they used a horizontal grid spacing of 2.2km and a graupel and ice-flux-based scheme 

applied to a pan-European 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 cloud-to-ground lightning. They projected: 

Á 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). 

Á A decrease in lightning counts over most of the rest of Europe (except for higher 

terrain), which occurs mainly during summer and spring 

Á Increases over north 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 

Á A summer increase in lightning in the north and a decrease in central Europeτan 

indication of a circulation regime shift 

Á 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 increase in the 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. 
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Á 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. 

Á For the North Sea during winter, increases in lightning days and lightning density 

(number of flashes per km per year) 

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

Their projected lightning changes for Europe are strongly correlated with elevation: grid 

points over 3km show an increase of more than 25flashes/km2, while 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 single key driver 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. 

  

https://iopscience.iop.org/article/10.1088/1748-9326/ac9b78#erlac9b78s4
https://iopscience.iop.org/article/10.1088/1748-9326/ac9b78#erlac9b78s4
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B Appendix ς Task Force #2: Clear 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 convection are 

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 change (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, Jung-Hoon Kim, and Seok-Woo Son from Seoul National 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 of CAT 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 northern to southern 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 between air masses with different characteristics. The most common jet streams 

are found in the cold air-mass adjacent to the polar and the mid-latitude zones (Polar Jet) and the mid-

latitude and tropical zones (Sub-tropical Jet). Although not all jet streams have CAT 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 B.1. Jet streams 

Stronger jet-stream winds are likely to occur because increased carbon dioxide (CO2) is increasing the 

column-averaged pole-to-equator temperature gradient in the mid-latitudes, through the combined 

effect of tropospheric warming and stratospheric cooling ([1], [2], [3], see Figure B.2). Climate change is 

therefore strengthening the wind shear and, consequently CAT is expected to increase in the next decades 

(see Figure B.3 and Figure B.4). 

 

Figure B.2. Observed temperature trends in 1979ς2017 at 250 hPa (10000 m, FL 350) in reanalysis data. Results reveal 
stronger northςsouth temperature gradient at flight cruising altitudes 

 

Figure B.3. Observed windshear trends at FL350: annual mean vertical wind shear in North Atlantic at 250 hPa (10000 m, FL 350) 
calculated with different climate models [4] 




























































































































































































































