ABSTRACT

TURNAU, ROGER WILLIAM. Analysis of Climate Change Impacts on Eastern European Heat
Waves (Under the directioonf Dr. Walter Robinsohn

Extreme heat waves have become increasingly dangerous as the climate warms. Twice in
the last twenty years, @003 and 2010, heat waves causing deaths in the tens of thousands have
struck Europe. It is expected that these events will continue to worsen. Not only will the heat
become more extreme due to global climate change, as many previous studies haveushown, b
the distribution and characteristics of extreme heat waves within a warmer climate may shift,
bringing potentially deadly impacts to regions that may be unprepared.

Here we analyze projected changes in heat waves, using output from current and future
ftimes | i ceo0 si mul at i o nresolatian(X¥8dmeydd saale in thevNothern a  hi g h
Hemisphere) version of the Model of Predictions Across Sdeieesphere (MPAS\). Ten
nontsequential years of observed -semface temperatures (SST), choserato@e a range of
ENSO states, are applied as boundary conditions to MRASiture (end of the 2'1century)
simulations are performed by modifying SST with changes taken from a suite of CMIP5 models
and applying modified greenhouse gas concentrationg tlenRCF8.5 scenarioT hreeregiors
of greatly increased positive skewness in the temperature distrilsuticmundinghe Black Sea
in the future simulationareexamined for heat waves, defined here as when the regional mean
temperature remains above 0™ percentile for a minimum of 24 hours relative to the
simulated climatology (current and future). The number of heat waves, their mean duration, and
their mean temperature anomaly all increase significantly under the future climate. Significant
changes incloud coveraridity, andland-atmosphere feedbacHlsiring events are found to
contribute to the increased severity of future heat waves. These changes would result in crops,

livestock, and people within the region experiencing nhea stress during these extreme



events than has previously been projected, making it critically important to combat climate

change and to work with vulnerable communities to mitigate its impact.
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Figure 3.9 Mean midsummer (July and August) 200hPa winds (colored) and heights
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Figure 3.10Comparison between current climate MPAS July/August mean sea level
pressure and NCAR reanalysis of the same variable for thefyaarsvhich
the MPAS run SST values were taken. The pattern appears to be largely the
same, though the NCAR Icelandic low and Azores high are a bit stranger..71

Figure 3.11Changes to the July and August Mean-Beweel Pressure. The changes seen in
figure 3.9 indicating a stronger storm track are also visible here at the surface
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Figure 3.12Mean midsummer (July/August) vedil velocity at 500Pa in the current
climate (top), future climate (middle) and the difference between them (future
minus current, bottom). There appears to be an expaastweakeningf the
descending branch of the Hadley Gamler the Mediterraneen the future.......... 73

Figure 3.13Mean JuneSeptember zonal surface zonal winds frorb20N. Thick red
lines indicate the X§ear mean with dashed lines for the current climate and
solid lines for the future climate. While the zemwssing latitude (swéh from
easterlies to westerlies) does not change (34.8°N), there is much more
interannual variance in its location in the future...............cccooevvveee e 4

Figure 3.8 The change in the mean zonal vertical velocity (future minus current). The large
area of reds is a reduction in the mean rate of subsidence in the subtropics
indicating a weakening of the Hadley circulation. Thesees indicate a
decrease in the mean vertical veloafyaround 1520% near the surface and
larger values alofl............oooiiiiiiii e e e aees 76

Figure 4.1 Scatterplot of the Ukraine region summer average accumulated rainfall (May 1
i September 30) vs. summer mean temperaturee(Ii September 30). The
mean values and trend lines are also plotted. The negative trend line slope
(moderate correlation for both) shows the relation between rainfall and

temperature, drier summers tend to also be warmer summers. The very anomalous

current climate year is 1994 which has an average temperature just below the
coolest future year; there is no similarly anomalous future year. If 1994 is
removed from the current climate series the correlation falls to almost O as does
the slope suggdsg that the correlation between dry and hot weather is much
StroNger IN the TULUIE........ce e 98

Figure 4.2 Event composite 500Pa maps of current and future Ukraine events. The top row
shows the height anomaly and the bottom row shows the full height field. Note
that the future heights are 100 m above current heights and contours are every
30 m. Current events are more intense and Hi&ekin structure than future
events, but the pattern is quite similar under both current and future climat8s.

Figure 4.3 Event composite 500 hPa height anomalies (top row), 500 hPa heights (middle
row), and surface temperature anomalies (bottom row) for Ukraine current



climate events in 1994 (left column) compared against other current climate
events (right column). Evénduring 1994 are much larger and more intense

than other current events as seen by their greater height anomalies, stronger
block-like structure, and much greater surface temperature extent and and@lies.

Figure 4.4 Event composite 500 hPa mapsafrent and future Ukraine easterly events.
The top row shows the height anomaly and the bottom row shows the full
height field. Note that the future heights are 100 m above current heights and
contours are every 30 m. Both current and future eventdaoielike in
structure, but current events are significantly more intense and look like blocks
rather than simply being blodie. There is an anomalous easterly flow
associated with the height anomalies over Ukraine with the anticyclone
centered NOM Of the regION..........uuuiiiiiii e 101

Figure 4.5 Event composite 500 hPa maps of current and future Ukraine southerly events.
The top row shows the height anomaly and the bottom row shows the full
height field. Note that the future heights are 100 m above current hiaiggtht
contours are every 30 m. Unlike the full composite and easterly composite,
future southerly events are stronger than current southerly events. However,
the current composite still looks more blddte than the future composite.

Both are very sinhar in structure and location with a weak trough over

Western Europe and elevated heights to the north of it bridging to the
anticyclone. The location of the anticyclone over southwestern Russia induces
an anomalous southerly or southeasterly flow dgmine................ccoeveeeeen. 102

Figure 4.6 Cross section event plots for Ukraine average@2& and extending from
37N (Southern Turkey) to 60N (St. Petersburg, Russia) for event composite
vertical velocity (colored) and temperature anomaly (contoured). Top shows
currert events, middle shows future events, and bottom shows the difference
between them. Vertical black lines indicate edges of region. Future events are
centered more directly over the region and have increased temperature
anomalies and negative (downwardjtigal velocity over the Black Sea and

Figure 4.7 Crosssection of Ukraine event composite cloud water content. Top plot shows
current climate events, middle plot shows future climate events, and bottom
plot shows the percent change. Whilerthis some increased ldevel cloud
cover in future events, particularly on the northern edge of the region, there is
decreased cloud cover at most other levels in the region and to the. south104

Figure 4.8 Scatterplot of the Romania/Bulgaria regiamsner average accumulated
rainfall (May 11 September 30) vs. summer mean temperature (June 1
September 30). The mean values and trend lines are also plotted. The negative
trend line slope (moderate correlation for future, no correlation for present)
shows the relation between rainfall and temperature, drier summers tend to also
be warmer summers. The most anomalous current climate year is 1994 (same



as Ukraine) with the two warmest future climate years being 2013 and 2001,
again SaAmMe @S UKIaiNe..........uuiiiiii e eeveeen e e e e e e e e eeeannns 106

Figure 4.9 Event composite 500 hPa maps of current and future Romania/Bulgaria events.
The top row shows the height anomaly and the bottom row shows the full
height field. Note that the future heights are 100 m above current heights and
contours arevery 30 m. The current event composite is centered directly above
the region and is rather small in spatial extent, while the future event composite
also includes a large portion of Ukraine. This displays the larger nature of future
events with more thrahalf also impacting UKraine.............ccccceeeeeiivieeeevvnnnnnns 107

Figure 4.10Event composite 500h Pa maps of current and future Romania/Bulgaria easterly
events. The top row shows the height anomaly and the bottom row shows the
full height field. Note that the future heights are b®@bove current heights
and contours are every 30 m. Easterly events are located north of the region and
are centered over the same location in both current and future climates: Belarus.
Current events are smaller and somewhat weaker but, combinea sttinger
trough to the west, appear to be caused by much sharper ridges than future
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Figure 4.11Event composite 500 hPa maps of current and future Romania/Bulgaria
southwesterly events. The top row shows the height anomaly and the bottom
row shows the full height field. Note that the future heights are 100 m above
current heights and contours are every 30 m. Southwesterly events occur when
the ridge is centered just to the south of the region over Greece. Both current
and future eventare similar in strength, with future events being a bit larger
and having a stronger height gradient between the ridge and the strong trough
OVer the NOIMh Sea........cooo i 109

Figure 4.12Romania/Bulgaria region event composite cresstions showing the vertical
velocity (shaded) and temperature anomaly (contpaveyaged over 228E
from 32N (north coast of Libya) to 57N (Riga, Latvia). Black lines indicate
region. Future events are much more intense than current events and extend
farther north, but appe#w be more confined vertically. The sinking air south
of the region is weaker in the future, but slightly stronger aloft over the region.
The lowlevel spikes of rapidly sinking air around 42N and 45N are due to
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Figure 4.13Romania/Bulgaa event composite cloud water content during current events
(top), future events (middle) and the percent change between them (bottom),
averaging 2428E, and covering 32N to 57N. The percent change in cloud
water content over the region below 650hPaiyVarge suggesting that the
decrease in lovlevel cloud, and thus increased surface heating, plays a large
part in the longer and more intense future events...........ccccceeeveieeeereeeeeeennn, 111

Figure 4.14Scatterplot of the Turkey region summer average accumulated rainfall (May 1
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September 30) vs. summer mean temperature (Jurgeftember 30). The

mean values and trend lines are also plotted. The negative trend line slope

(high correlation for future, no correlation for present) shows the relation
between rainfall and tempéuae, drier summers tend to also be warmer

summers. The warmest and second driest current climate year is 1994 (same as
the other regions), with the two warmest and driest/third driest future climate
years again being 2013 and 2001............cccuuuurimmmimmmiiiiiiieeeee e 113

Figure 4.15Event composite 500 hPa maps of current and future Turkey events. The top
row shows the height anomaly and the bottom row shows the full height field.
Note that the future heights are 100 m above current heights and contours are
every 30 m. Composite anotypas fairly low as the events that strike this region
come in many types and could not easily be decomposed further into different
flow regimes. Future events cover a much larger spatial region, are centered
much farther north, and impart an anomalauslserly flow over the Ukraine
and Romania/Bulgaria regions as a result of the large increase in events striking
all regions simultaneously in the future (from 1 t0.6)........ccccvvevvveeiiicecennnne. 114

Figure 4.16Turkey cross sections showing vertical velocity (shaded) and tetupera
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CHAPTER 1

Introduction

The Europeaheat wave of 2003 was an unprecedented etlemhottest European
summer since 1500 (Luterbachetral. 2004). A persistent anticyclongtationed oveWestern
Europe from May through August that sumpggeatly warmed the western Mediterranean and
portions of the Northeast Atlantic andused a large ecipitation deficithatthoroughlydried
the soil(Black et al.2004). This culminated in a devastating heat wave from Audust 4
August 18", during which the excess mortality in Europe is estim&dduhve reached5,000Q
with additional excess deatlfrom a similarly powerful heat wave in Ju@®ntinued warmth in
Julybetween events pushdt tally above 70,00@vith more than half of the deaths occurring
in France and Italy (Robinetal. 2007).

Just seven years later in 2040 even more inteesevent struck Russia resulting in
approximately 55,000 excess deathgain, the cause was a persistent anticyclmrer western
Russia resultingin land-atmosphere feedbacksatsignificantly died andwarmedthe region
culminating in a larger and mminterse event than 2003 (Mirallesal. 2014).A large number
of wildfires raged as a result of the hot and dry conditions in early Augithtthe smoke
trapped within the persistent ridge significantly contributing to the human impa& efdht
(Shaposhnikowet al.2014). Additionally, the prolonged blocking event associated with the heat
wavetriggereda largescale Rossby wave traifihe leading trough in that train was stationary
putting the right entrance region of a jet streak just nortrakiskan Thisgreatly enhared
monsoonal raingesulting in 1700 dead and 20 million homeless (Lau and Kim 2011). Extreme

heat eventare among the most dangerous weather events and can have large downstream



impacts. Understanding how they might change tuanthropogenic climate changge is

therefore, criticallymportant.

1.1 Heat Wave Definitions

Beforewe can startooking at how heat waves are affected by climate chamg@&eed to
be able to define what a heat wave/i#hile a heat wave is a periofl abnormally hot weather,
how hot is abnormally hot? How long does that period have to be? Unfortunately, there is no
single definition of what a heat wave @ddefinitionsvary between organizationspuntries,
and individual authors. There are twoimaays in which heat waves are defined: the
exceedance of some fixed value or a deviation from nochmadtological values (typically the
average over the past 3 full decades such as-292Q)

One of the earlier definitions of a heat wave was mad&. @y Burrows in 1900who
defineda heat wavasthreeor more days in which the maximum shade temperature reaches or
exceeds 90°FAMS 2012. While this definition would workvell in the Northeastnited States
or in Central and Northern Europe, it clgatoes not in the hotter regions of the world. Fixed
value definitions of this type are not useful over a large region with varied climates, but are
useful in smaller countries. Many countries in Europeluding Poland (Tomczyétal. 2019)
and the CzdtRepublic (Hutketal. 2000),define heat waves as having temperatures exceeding
30°C. This is reasonablas European summers tend to be cool (though they have been warming
with climate change)o there are very few amonditioned buildings. While a gin temperature
of 30°C in August in North Carolina is rather pleasant, the lack of air conditioning in Europe

makes everything miserable if such temperatures pdsistore than a few days.



Withawarmingclimatea nd t he f act t haluesarébieingeexicéededde mper

with increasing frequency, defining heat waves as a deviation from normal is a more useful
approach. The World Meteorological Organization defines heat waves as five or more
consecutive days where the temperature is at least 5%@ alberagéRafferty 2015. Most
authorshowever use percentiles to define extreme h&gcher (2010) defirkeheat waves as
temperatureat or abovehe 90" percentile and lasting 6 days orderto investigate the increase
in the number of heat wawkays as well as hot days (TMAX > 35°C) and tropical nights (TMIN
> 20°C) Kysely and Huth (2007) investigated the relationship between persistent circulation
patterns and heat waves, defining heat waves as being at least 3 successive days in which the
tenmperature (at a station) reached or exceeded the&sentile Della-Martaet al.(2007)was
interested in analyzing a large number of heat waves (several per susanbejr definition
requiredonly thatthe daily maximum temperature be above th2 B&rcentile for at least 3 days
On the other handbchoetteet al.(2014) wanted to investigate the impact of extreme heat in a
changing climate on the electrical grab they used a very strict definition requiring heat
exceeding the 98percentile fo 3 days and for that heat to cover at least 30% of a large portion
of Western EuropaNhile it is unfortunate that there is no universal definition for heat wages
authors define hot events in the way that best supports their resealidwstusthe flexibility

to do the same.

1.2. Heat Wave Formation
Heat waves are usually associated with persisgeasistationaryanticyclonesthe
strongest of which form blockkat displacehe jet stream far poleward of its usual location or

split it (Perkins 2015) A combination of regional subsidence and light winds due to the high



pressurgwhich in turn causes clear ski@edong withthe advectionof warm and dry air
(sometimes enhanced Qyaststationary cyclongon either side of the blods was thease in

the July 2019 European heat wagecommon feature in an omega blpckn lead to prolonge
heat at the surface (Blaekal. 2004).In addition to these he&avorable conditions, there is a
positive feedback loop created through the reductigmrefipitation and desiccation of the soll

in hot and sunny conditionwhich greatly reduces evapotranspiratiesulting ina strong

surface sensible heat fluwhich, in turn, causebe temperature to become much more variable
The heat, both advecteddradiated, is entrained into the planetary boundary,lagesing it to
deepen and progressely accumulate heat (Miralletal. 2014).Should this process continue
over a long period, dsappenedn 2003 and 2010, particularly extreme heat eventsesuit.
However, if the soil moisture is higthe presence of a blockiragticycloneis not enough to
cause a heat wayas the surface heat fluxnsorelatent than sensiblevhich prevens sufficient
surfaceheatbuildupand boundary layer deepenifdnis is not only because most of the
absorbed solar radiation becomes latent heat and does not directly warm the bounddmytlayer
also because the increased water vapor results in clouds and rain showetsawhialsurface

cooling effect.

1.3.Heat Wavelmpacts: Health
Heat waves negatively impact most aspects of sqQ@atjsevere ones can cause billions
of dollarsin damage (economic losses from the 2003 event are estimatedatr 013 bi |l | i o
UNEP 2004) While the health impacts are the first that come to mind, especially after 2003 and
2010, the combined heat stress and drought that accompanies heat wasesdér impacts on

the agricultural sector, energy productitre electrical grid(both due to increased demand and



the need to shutownnuclearreactors when the water used to cool them becomes too warm)
transportation (low river discharge can impede inland barge traffic), and environheaital
(forest fires, masiee dieoffs).

The health impacts caused by extreme heat are arahgre caused by th@ability of
the bodyto properly regulate its own temperatared cool down during a prolonged period of
extreme heat. Due to this, the duration of an extreme fieat kas a larger impact ¢ime health
of a communitythan its intensity (though longevents are often more intensss the relation
between health impacts and duration of extremedesahdo be exponential rather than linear
(Fouillet 2006, Shaposhrok 20149. For the same reason, nighttime warmth tends to have a
stronger negative impact on health than daytime heat,adodehose heat waves which are also
humidhave a higher impact on health and mortality than thosatbatot:a good example
beingthe 1995 Chicago heat wave (Russo, Sillmann, and Sterl 2017).

In 2003, &cess deaths in France were 60% higher than expected during the August heat
wave and in someirban areas, such as Pattiey werel50% above normal. 82.49% of those
who died were er the age of 75and 64.25% wer@omen with those living alone in small
poorly-insulated apartments near the top floor being particularly vulnerblgesidencesf
the deceasedere found to have temperatures between 36°C and 40°C, similar tghhe hi
temperatures experienced during the heat wave (Pounetd@r@005). The main causes of
deathin the event were heat relateldyperthermia, dehydration, and heat strdike a large
number were also caused by respiratory and cardiovascular contitigely due to the ozone
build up during the evergEouilletetal. 2006) The preexisting conditions which resulted in such
a devastating event in France were compounded by its tiasngractically the entirety of the

nation goes on vacation in Augugtiite often leaving elderly relatives behind to fend for



themselves, andytheFr ench government s | ack of a pl an
the 2003 evenSubsequent extreme heat events, such abutli2006 anduly 201%heat
waves have ot reaped such a totlue to efforts taken following the 2003 event to protect
vulnerable populations from extreme hdad\illet 2008.

There is often a buildp of pollution during londasing heat eventsdue tothe
combination of stagnant air (liglhtinds, because of thanticyclong and grounedevel ozone
generatiorcaused byhe high temperature¥hisresults in respiratory issuebhe 2010 Russian
heat wave was exceptionally bad in this reghetause it was accompaniedraging wildfires
suchthat smoke blanketimuch of western Russia for the |48t daysof the heat wavelhere
were several days in the first week of Augusvlioscow inwhich the 24hour temperature
averaged 30°C and tiM;o (atmospheric particulate matter with particle sizes 10 phass)
levels exceeded 300 jg>, resulting in daily noraccidental deaths rising above 980a time
of year when mortality is usually slightly under 300/day (in43udly prior to the smoke outbreak
deaths peaked at around 650/day due to heat beforenbegto decline)ln the Moscow area
alone there were 10,680 deaths recorded in the 2010 heat wave, primarily among those over 65

years oldwith no gender distinction unlike the 2003 event (Shaposhniketal. 2014).

1.4. Heat Wave Impacts Agricult ure
While the human impastan be mitigated through various meagicultural and
economic impactsan beharder to deal withProlonged exposure to heat has negative impacts
on livestocksimilar to those olumanswith the specifics being species anmddx dependent.
Increased ambient heggnerally results in increased respiration rates, decreased feed intake and

caloric efficiency, increased water intake, increased internal temperatures, haantnal



metabolicchanges, illness susceptibjlitand repoductive impairment. A good example of the
breed specific differences in response to heat stress is fooattlebreedsDairy cowshave

been found to be more sensitive to heat stresshieincattlewith milk yields reduced beyond
what would be expectedvgn their reduced feed intakEévensmall amounts of heat stressuse

a reduction in milk yieldswith high-yielding dairy cows being impacted most strongly
(Bernabuccetal. 2010) Sheep appear more resistant to heat than dairy, esvitstakes a much
higher temperaturBumidity index(THI) of over 82 (equivalent to a heat index of about 97°F) to
begin seeing the impacts of heat stress in sheep (Btaabi2007) while dairy cows begin to

see a reduction in milk yields at a THI between 68 and 72.

While increasing the amount of shade available and providing livestock cool places in
which to escape the heat are viable methods to lessen the impact of heat events, such actions
cannot be taken with crops. In crops, there is a steefimear increase iphotosynthesis and
respiration with optimal temperatures for growth and fruit developtypidally being between
20°C and 32°C. However, there are also temperature threstwbiidd for most crops are around
35-38°C, abovewhich there are steep declinesproductivity due to heat stress, particularly if
the hot temperatures occur durithg reproductive or grain filling stageghese effects have
reducel grain output by up to 609 experimentgPorter and Semenov 200%).201Q the
Russian heat wave imapteda large portionoRu s si a 0 s a gresultmgin R253%ceop | and
failure, whichincreased the price of wheat internationally by up to a@% in addition to the
fires and health impagtcaused about $15 billion in economic losses (Barriope@tt@)2There
is a great risk to the global food supfigm rising temperatures resulting in heat evehgg
push crops past their temperature tolerance thresholds at key develooensalith the risks

tending to begreatestor rice, maize, soy, andheat in the northern United States, southwestern



Russia/Eastern Europe/Northern Khazakstan, northern India, eastern China, and southern Brazil
(Teixeiraet al.2013). Even discounting heat events, for everyiht@asan mean atmospheric
temperaturgwheat yields decrease by about 6% (wheat being one of the most vulnerable crops
to heat stress). Heat stress in crops dasegrilar and protein structureeducing growth,
development, grain sizandgrainnumber Moreover heatis oftenaccompanied bgrought
conditionsthatwilt crops, causpoor water use efficiengpnd caue crop health to deteriorate

further (Kaur, Sinha, and Bhunia 201Because ofhe projected increase in mean temperatures
and the accompanying increase in temperature extréneesyltivation of heat and drought

resistant grain varietiesither by crossbreeding with more tolerant wild grain varieties or

through genetic modificatigmre the best methods by which to mitigate the impact of climate

change on crops.

1.5.Climate Change and Heat Waves

There are three primary ways in which climate changmcts heat waves: increasing the
mean temperature, increasimgnperatureariability, and changing thehape of théemperature
distribution. Of these, the easiest to examin&eésiticreasing mean temperature. If current
climate statisticare usedo create a heat wave definitiomhich is then applied to future
projectionsmostchanges in heat statistics will be purely due to the increased mean temperature.
Thisbabsol ut ed c h aentfieshow much exmeme veetlatieeso the current
climatea region can expect to see in the futwiich is important for mitigation strategies.
Removing the mean temperature change by using a different set okchitagstics for future
heat wavesllows insight into changes to the variability and shape of the future temperature

distribution, changes driven by both circulation changesramdasedocal feedbacks. What



does a 201@ype heat wave look like in 210021t still a very rareand highly anomalousvent

after accounting for the shift in mean temperature, or have the variability and shape of the
temperature distribution also shifted such that some regions could see an event of that extent and
magnitude oce a decadeather tharonce every few centuries? Many studies have attempted to

answer these questions using a wide variety of methods.

1.5.1 Observational Studies

A number of observational studies have been performed over the past few decades
investigating trends in heat wave occurrence, magnitude, and duration. After adjusting for
changes in station instruments and location, a study of heat wavesasteaMediterranean
region from 1960 through 2006 (Kuglitsehal.2010) found that the $5percentile temperature
had increased by +0.38°C/decade during the day and +0.30°C/decade, atithigitme coastal
regions experiencing upward trends twice as strBegveen onghird and onehalf of the
stationsshowedd5™ percentile(relative tothe 1969-1998mean 95 percentile aeachstation
heat wavs lasting at least 3 days (night and dagyeasing significantly imean intensity
(+1.33°C/decade), number (+0.&Ventédecade), and length (+0.85 days/decadt)
paticularly large changes in the western Balkans and along the coast of the Black Sea in Turkey
Similar trends were found in the nearby Carpathian region usingésghution gridded data
from 19612010 (Spinonet al.2015). They found there were significant dases in cold waves
in every season except autumand significant increases in heat waweih frequency
increasing by 040.6 events/decade, duration by-0.8 days/decade, severigvent cumulative
temperatur@bovethe 90" percentile)increasingoy 2-4/decade, and intensity (event

severity/event durationicreasingyy 0.30.7/decadgwith the largest increases in Slovakia and



Hungary. To the east of the Carpathians in Ukraine, a study of stations in 13 cities from 1951
2010(Shevchenket al.2014 found the least number of heat waves from 19880(2 or fewer
events/decade in most statigre)d the most since 2000 (5 or more events in most stations)

with the 2010 heat wave being the longest and strongest event for 7 of the.stations

1.52. Projections

Numerous projections have been made about the future of climate etidng8uence
heat wavesbut getting a clear picture of what may occur is difficult. There is, of course, the
aforementioned problethatthere is no standard measure used fot Wweaes which can make
it quite difficult to compare similar studies. There is also the problem, particularly iR2800s
studies, of lowresolution models based on older projectionsdbatothave arexactequivalent
to the representativancentratiorpathways used today. Meehl and Tebaldi (2004) is a good
exampé of some of these problems. laisiseful studybutit uses an unusual method of looking
at heat waves by de-flagi h g aubingéhmwanntes: 3 doreseciitiveo r s t
nightsof the summer. This does show some interesting results with the Mediterranean region
(particularly SE Europe), the southern US, and the mountainous regions of the western US
warming more than the surrounding regions by over half a degree, liateresolution is
poor (2.8°%atitude or longitudg and itis hard to tell whethéhe changes in heat waves are
entirely due to changes to the mean temperature or if changing variability also plays a rol

In addition to model resolution, model spread and@hbias can atsbe large problems.
Vautardetal. (2013) ran a large ensembleregional climatenodelsunder the current climate
8 at 12km resolution and 13 at 30n resolution with the same boundagnditions using ERA

Interim reanalysis and found very large spread in the resul@ne problem noted was a
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tendency for heat wave eveimsthe modeldo be too persistent, but this was reduced with
increased resolution. Increasing the resolutielpedreduce event amplitude or variability past
the 90" percentilein only two of the ensemble members and in one increased resolution resulted
in bias amplificationResolution changes also had a variable effect on the domain as a whole
with some members on average warming and others cooling when resalasancreased.
These problems might be derived from inadequate parameterszagsuiting in feedback
effects (the event duration issues likely stem fromsmiisture feedbacks3o improved
parameterizatiosor further increases to resolution could solliem.

It can be difficult to determine what the model bigs@srunning an ensemble to correct
for potential biases and examine model spread can be U&sfiier and Schér (2010) did just
this and found a robust warming and drying of southern Eufidpy did not remove the mean
temperature in their studinsteadtheydefinedheat events as exceeding the locdl pércentile
of the periodl961-1990 for at least 6 dayand found heat waves under this definition would
increase from oneventevery 35 years to two or threeventsevery summer near the end of the
century with heat waves being2 times longer and much more intense in southern Eufdye.
is consistent with other work suggesting that extreme summer temperatures akin to the 2003 heat
wave in intensity could become common by the end of the century and appear every few years.
The same cannot be said for the 2010 event, however, as it was such an extreme event in every
way (duration, length, intensity) that even by 2100 under admngissons scenario it wuld still
have a reoccurrence interval of about a decade (Barriopeakd®010).

Schoetter (2014) also used ensemble analysis for very high intensity hea(x@s/e
percentile maximum temperature covering at least 30% of Westeopé=for 3 days) and found

a very large spread in potential outcomes. At the low end, followingR&Rhe ensemble
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median increase of the 9@ercentile was-R K while under RCR.5 it wasmore thar8 K in
southern Frangend closer to 4.K along theNorth Sea. In the least aggressive ensemble
members there were no heat waves more s¢geeait cumulative temperature greater than the
98" percentileXhan the 2003 everand the number of heat waves only doublédwever,in
the most aggressive membé#rsre were 10 times as many heat waves even unde BCind
heat waves up to 6 times more severe than 2003 were detected using that pathway. For the
median the RCP4.5 results were very similar those found byischer and Schar (201@nd
the RCP8.5 heat waves were fiténes more severe than the 2003 evbfust of the increased
severityin the camdrom the shift in median temperatulmjtthe broadening of the temperature
distributionalsoincreased heat wave severity by a factor of 1.7 for RGRand 1.5 for RCB.5.
One of the egions that appears most at risk to future Isetiteeastern Mediterranean
and Middle EastZittis (2019 andLelieveld (2014) both used tHRRRECIS regional climate
model at 25km grid resolutiorand found very large increasesigansummertemperature
relative to 196-199Q following theaggressivéA2 scenarigsimilar toRCP 8.5)of 6°C-9°C in
Turkey and the Balkar(shough these areas also e percentile confidenceangesabove
1°C, about a 15% unceitay). Thisis far greatethanseen across the Arabi&eninsulaNorth
Africa, and the Middle Eastvhere temperature increases were on the ordéi@63C, though
given the already high temperature of these regions that is more than emouggite enormous
health risksThis northrsouth gradient ilemperature increase greatest during the dagnd
appears to largely relt from greatly de@ased summertime precipitation on the order ef 30
60% in Turkey and the Balkardue to a weakening of the Mediterranean storm tndukh also
decreases the cloud coyesuling in stronger lanétmosphere febacksDueto this large

increase in temperature and decrease in precipitation, future heat waves under the A2 scenario
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(definedin both studiess haviig daily maximum and minimurtemperatureexceeding?Oth
percentile and lasting forrminimumof 6 dayswill increase significantly compared to the
current climatdrom 0.40.6 events per year to 5 or more events peripeburkey and the
Balkans The number of heat wave dgysr yeaiincreasesby a factor of 7 to 18y the end of
the centuryacross the whole domawith the largest increases to the sowtterefuture
individual heat events cgrersist for monthsThe decreasas evaporative cooling acrosise
northern portion of theamainalso results in very large increasesha average peak
temperature of the hottest event each wgd°C-10°C, somewhat more than the mean
temperature increasgittis (2016)attribues these changés stronger summer anticyclonic
conditions stronger advection of warm ammasse$rom lower latitudesandthe strengthened
land-atmosphere feedbacks.

Holmes (2016) found that in some areas, inclugiagds ofEurope, a significant
percentageas muches athird in localized regionsof the increasetuture summertime
temperature variability is due to increasearmadvectionBecause the temperatunerease is
larger in subtropical regions than subpolar regitims local temperature gradient is increased
(though the equator to pole temperature gradient is reduced) resukingngeradvection. The
land-sea temperature contradso somewhat ineass during summerresulting in stronger
land/sea breezes increasing temperature adveatiwariabilityin coastal areas. Althoughe
increasedemperature gradient and thermal advectiontribute tancreasing the summertime
temperature varialiy, local radiative and land surface processeslareinant.The
combination of increased variability, higher mean temperature, and decreased relative humidity
and soil moisture can result in much more intense and longer lasting heat waves wherathere is

persistent anticycloni@ the futurethan under current climate conditions.
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While changes to the mean temperatures and temperature variability play an important
role in future heat events, recent studies have begun to look at changes to the asymmetry in
extreme events. Kodra and Ganguly (2014) statistically analyzed 14 CMIP5 climate models and
three reanalysis datasgasd found that while all percentiles of extremes increased in almost all
cases in the future, the upper percentiles increased by marthéheower percentiles. By
subtracting the change in th8 percentile extrema from the change in th® pércentile
extremathey found that in 80% of the data points used in the anallgsissymmetry was
greater than O (the warm extrema increasenhbre than the cool extrema). The most dramatic
changes were to wintertime minima over oceath the largest changes over land occurring to
winter minima and summer maxima. Horton (2015) used a regional climate model ensemble and
looked at increases thean summertime maximum temperature (&xjJ onceperyear
maximum temperature (TXx). They found that between the current climate-{998) and the
middle of the century (2052069) these values did not change by the same amount, particularly
along theeast coastf the United States. In the NortheBkSA, Tx increased by-3.5°C while
TXx increased by 41.5°C, but in th&SouthwestJSA they increased by similar amounts. This is
refl ected i n Bal ti,wlereasingthefincreaserireteetatarengivenrbpt ur e s
Tx there would be 13 dagachyeae x ceedi ng Bal ti moreds present
TXx puts that at 17, a 28% increase over the mean. Similar changes occur-peeyear daily
minimum temperatures where following the mean change thépegeminimum would occur
every 4 yearshut following changes to the extrema it would only occur every 10 years by
midcentury.

Horton (2016)sperds some time looking at the dorear factors that might be

responsible for the differences between the chartg®e extrema and the mean. Atmosphere
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land feedbacks are likely to play a large role ay tre already quite important fitre initiation
of heat eventsaand many regions are expected to become drier in the futhieh increases the
responsivenesd the surface temperature to transients. Currently, summer soil moisture
anomalies are tied to winter and spring snowfall, rainfall, and evaporation, but with warmer
future temperatureseduced winter and spring snowfalhd more extreme but less frequen
summer rain eventthat could change. It is somewhat unclear howInwar factors related to
changesn circulation regimes might impact summer heat events such as changes to blocking
and Rossby waves, but they are likely to have an impact. For R@saskyg in particular, there
are two mechanisms by which these changes might according to HortonThe first is
through quasresonant circulation regimes which are characterized by an increaseficatmgi
of standing and showtavelength Rossby wag Theseend to be fairly rare events associated
with a double jet stream that traps Rossby waves within a latitudinal band. The second is through
the weakening of faghoving Rossby waves and the decrease in the eddy kinetic energy (EKE).
Decreases inlkE are directly related to decreases in soil moistamd therefore the very
important landatmosphere feedbacks as decre&3€H indicatesa reduction irrain, clouds, and
wind-induced mixing of air masseBhese decreases may be related to arctic aogldn of
warming as a reduced summertime meridional temperature gradient at the surface (it is actually
increased aloft) reduces zonal winaddich reduces the EKEvhich in turn reduces synoptic
scale temperature variability causing more stagnant air massasai@tag masse when
combined with lower soil moisture, trap heat more readily resulting in heat events.

In this project, we continuiie trend in recent studie$ looking not at the absolute
changes to future heat, changes that can largely deustli toincreasingmean temperatuse

but rather looking at changes to the relative temperature statistarslerto quantify norlinear

15



changes to the temperature extrelv@ look at climateelative temperature distributions and
the associated heatents to investigate subtler changes caused by shifts in circulation,
advection, temperature variability, and local feedbatksse areltanges that occur on top of
the mean shift caused by the climate warming, changes thegstdhinfuture heat being
significantly worse than one would expect had only the mean temperature, eintteshanges
that need to be accounted for and planned around by local governments to apeiat @f the
events of 2003 an201Q

These shifts are examinbeg searching foregions of high relative changeartigh-
resolution weather moddh Europe, where this project has been focused, that region was found
to border the Black Sea. The rest of this thesis details the model data and methods used (chapter
2), general resudtand trends in Europe related to changes in heat statistics (chapter 3), and
specific trends in ekectedcheat wave events in three different areas bordering the Black Sea

(chapter 4).
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CHAPTER 2
Data and Methods
In this chapter we first discuss the modséd to simulate both current and future
climates, its properties, and some of the drawbacks that were discovered. Then we discuss the
methods used to create several different methods of heat wave identifigatgorihe
limitations in the modebutput,in order to determine the most usefielht wavelefinition for

this project.

2.1.Model description

A series of 10 noisequentiglyearlong, time-slice model simulations were generated
using the Model for Prediction Across Scakasmosphere (MPASA) version 5.1 for both
current and future climates (Michaedisal.2019).To the best obur knowledge, thisvasthe
first time MPAS hd been usedbr time-slice climate simulations of this typgen years of
observed sea surface temperature (SST) fieldsechio represent a wide range of El Nifio
Southern Oscillation (ENSO) stategere selected as boundary conditions for these runs (see
table 2.1). The simulations were not ruriemporalorder, but rathefrom the strongest La Nifia
to the strongest El Nifim order to minimize the spinp neededo balance the atmosphere
between modefears A primaryreasonMIPAS was chosen for these model runs is its use of
Voronoi meshes (Dat al. 1999) allowing the use of a higtesolution 1%m grid in the
Northern Henispherewhich, in order to reduce computing cosssrelaxed to 6&m in the
Southern Hemispherd@o save storage space, only the Northern Hemisghegpeitweresaved
at 6-:hour intervals (0Z, 6Z, 127, and 18&lpng with limitedvariables A primary facus of these

runs was to study tropical cyclone extratropical transition as in Michaelis and Lackma#@ip (20
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so a number of variables related to the surface energy budget (including daily maximum and
minimum temperature) were deemed unnecessary to sarethw runs were created.

While the current climate model runs usl6ST analysis fronthe ECMWF ERA
Interim Reanalysias lower boundary conditioniture climate boundary conditions were
generated by taking the mean values (with the exception of 8&Ek used the OISST analysis
rather than mean valuef®r 19801999 andadjusting thenby adding the mean projected
change under the CMIP5 RCP 8.5 pathway between that period and the end of the century
(2080-2099).The highemission RCP 8.5 pathway wadexted to maximize the impacts of
climate change on the weathar orderto bettercharacterizéhe signabf climate change
However, there arevb things to note about thiBirst, becausthe models atmosphere only
there is no atmospheocean couling to allow for effectsuch agropical cyclone cold wale
Secondlythere are ninterannuakariation in sea icextentin boththe current and future
climatesimulations(though future climate sea ice extent is adjusted based or8BCP
projections ®mean sea ice extengigure 2.1 shows the global mean SST change from June

through Septembewhile figure 2.2 shows the July/August SST change around Europe.

2.1.1Temperature Changes

The mean future Jur@eptember surfag@m) temperature and standadleviation
changesre shownn figure 2.3. Surface temperatuiasreaseéhe most in many subtropical
continental regions (not including India, likely due to the summer mondoetmeen about
15°N and 45°N, and again in most polar andpgalar regionsMean temperature changes are
particularly extreme over northern Canada, northern Russia, the Middle East, and the Himalayas.

Changes indmperature variability, as indicated by chanigebe standard deviatioareless
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uniform, with large decreases iha Arctic andincreases over much of Europe, the Arabian
Peninsula, India, Pakistan, SE Asia, Eastern China, Eastern Russia, and central North America.
The contrast between India and the Himalayas is particularly interesting as the Himalayas
increase draatically in temperature while decreasing in standard devianoiindia does the
opposite Regions in which there is an increas¢he temperature variability and a large increase

in the mean temperature are likébybeparticularly susceptible to futerheat waves.

Looking at Europe imdletail (figure2.4), the largest temperature increaaesin the
Mediterranean region and Arctic Circleith thesmallestemperature increasesnorthern
Europe.The temperature increases in the far nartétlearlydriven byseaice losscausing artic
amplification (Daiet al.2019) while the temperature increases around the Mediterranean are
likely related to local soimoisture and cloudover feedbackas discussed in chapter 1
Temperature variability, indicatds/ changes to the standard deviafffigure 2.5), shows a
similar pattern. Iis reduced in Northern Europgarticularly along the Arcti€oastwhere,
unlike in the current climatéhere will consistently be little to no si&s, and it increaseacros
Southern EuropeChanges to thical temperaturenoisture feedbackare likely major factors
in this increasgbut other factorsncludingcirculation changes and increagethperature
advection driven byotha larger land/sea temperature contrastraildbe Mediterranean and
Black Seasandthe increased temperature gradient in continental Ewa®pkéscussed in Holmes
(2016)are also potential factarslowever, fgure 2.6 takes a closer look at changes to the
temperature advection and while there ameregionswith large enougichanges for it to be a
factor, Eastern Europe is not one of them. The increases in standard deviatiexiarzed

along the southern Ukrainian coast and northern Turkish coast, but are quite large across
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southeast Europe atige eastern Mediterranean coast. This, together with the mean temperature
changes, suggests these regions are particularly vulnerable to future heat events.

To confirm whether these regions are at risk of future heat events we created a metric we
call tenperature spread which is calculated by taking the difference betweer'ther@8ntile
temperature and the median temperature. It is a simple metric, but one that easily reveal changes
in temperature distributions unrelated to an increased mean temeeFaguire 27 examines the
change in this metric to identify regions in which it increases greatly. While the large increase in
the far north is clearly due to changes in snow, ice, and permafrost, the other continental regions
with large increases in ggad such as around the Black Sea, India, parts of the Middlsand
subSaharan Africare likely related to changes in heat wave occurrence and intensity. While
this metricnot ableto provideinformation about why some of these changesioed, it does

good job showing where to look.

2.1.2.Model Parameterization

Because of the grid scale used in the modek(id} anyfeaturewith a wavelength of
less than 6@m will not be accurately captured and must be parameterized. As model
interactions at the subgrgtale have a large impact on model outcome, it is important that the
parameterizatioschems used be as accurate as possible. The MRARysics suite used for
these simulations included several schemes adapted from verstbes/ééather Research and
Forecasting (WRF) model. Of these, the most directly relevant to this project are the Yonsei
University representation of the boundary layer (WRF 3.8.1) and the Noah land surface model
(WRF 3.3.1). These are the most importanhts projectas the boundary layer (BL) scheme

governs the entrainment of heat into the BL during long heat e@atshe land surface model
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controls the interactions between the ground and the atmosphere thuoiagie energy fluxes

and governsoil mdsture and evapotranspiration proces€ase potential issue with the land
surface model (LSM) used is that the Ndz8M has a soil depth of only 2 meters with a gravity
drain-only bottom boundary. This could result in the soil drying too quickly aftefalaevents

and the lack of an aquifer or deeper reservoir of water means there isseadon infiltration

from below.lt is important to note that the land surface scheme used is the same in both current
and future climates; it was not updated toeeflprojected changes in future land use and any
issues caused by the LSM are shared in both current and future runs.

Figure 28 shows an example of the Yon&aiundary layer scheme in actidogth before
the initiation of a heat eveanhd during a strongeat waveaveraged across the Ukraine region
The potential temperature profiles aimilar to soundings during the 2003 and 2010 heates
as seen in figure 3 from Miralles (20Zd)thatthe BL is substantially deeper during the evdnt
the model hwever,rather thara nearly constargotential temperature from the surface to the
top of the boundary layer in the afternoon (12Z), the potential temperature graadcraases,
and itis difficult to determine where the top of the BLusing potentiatemperatureThisis
likely a result of averaging across several days and a fairly large tagioould also be

influenced by the BL scheme

2.1.3.ERA5 and CMIP5 Comparison

There is another issue with the modetput when comparetb ERAS reanalysisver
the same years, the current climate MPAS mean temperatures are fapeetdand(figure
2.9). This cold bias is not limited to the surfamed is clearly visible, if somewhat reduced in

amplitudeand spread across the glphe850hPawe would expect thagiven the same
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boundary conditions, even though individual weather events will be different, the mean should

be the same. This clearly is not the case. It is likely that the issue is related to the treatment of sea
icein the modelas its interannual vaation was removed, but that alone does not explain why

the mean temperaturase so much lower in the current climate MPAS runs than ERAS over

nearly all landmasseMeanMPAS temperatures amore than Skbelow ERAS values north of

60°N. This significat model bias means that it is not feasible to compare rdsmiiteeen

modeled and observed events

The differences between ERA5 and MPikSemperature variance, on the other hand,
are almost the oppositgg. 2.10). There are few places in which the me@tktemperature
variance is less than observed. This is a known issue in many niddetardet al.2013) and
is unlikely to have much of an impact on the results bepasdibleoverestimation of heat wave
intensity.

Comparing the magnitude of projectednperature change between MPAS and the 21
member ensemble CMIP5 R@E5 runs which were used to adjust the future MPAS boundary
conditions shows an apparent underestimate of future warming by the MPAS runs (fig. 2.9). The
source of this discrepancy is urdwn and there are many potential factors that could account for
it. For one, MPAS was not created and adjusted for climate modeling and this is, to our
knowledge, the first time it has been used for that purposeis not unexpected to find climate
biases in MPASutput Another possible reason is the difference in resolution as the CMIP5
models are generally run at a much lower resolution than &bkhit is unclear how that
impacts the model output. A third possible reason is that model parameterization schemes all
have tleir own biases and the difference seen in figut& @ould simply show differences

caused by biases induced by the parameterizations. A final possible reason is that the CMIP5
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models are known to have a continental warm bias during the summer withplayjgeted

mean summer temperatures than winter temperatures due to enhanced diurnal amplitude
(Cattiaux 2013). It is beyond the scope of this study to dig into how the various biases interact to
determine the actual cause of the colder MPAS future sunemgetratures, a taskade harder

by the fact that we are working with projectdi

2.2. Heat wavadetectionmethods
There are, as discussed in section 1.1, many ways to define and detect hedhwlaiges.
section we describe the process used to determine the definition used in this qondjé&oe

methodby which it was applied to the model data.

2.2.1.Pointwise heat wave definition

There are, as mentiongdany definitionsgn use for heat waves. &thycannot be useith
this study due tthe limitations of thenodeloutput Both due to the area covered by the data
(the entire Northern Hemisphere), limitations in the stored data@ly), and project design
(climaterelative changeslsing a fixeethreshold heat wave definition is immediately
unworkable Because the output are save@-abur increments andiaily maximum or minimum
temperaturdave not beerecorded, any definitiothat involveghe exceedance of a value
relative to the meadaily maximum or minimum temperature is also unworkable. Because of
this, the only definitions that can be used are statistical in nature (exceeding a threshold relative
to the mean temperatur@nd that threshold must be met or exceeded in conseoutiyet
incrementdor a number of days. If the temperature exceeds the selected thralsFmid times

recorded in the daia one dayit can be assumed that the temperature also exceeds that
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thresholdfor both thedaily maximum and minimum temperature. The heatesidentifiedin
this manner will be less numerous dralehigher impact than solely nigitime or daytime
heat waves.

This begs the questiowhatthreshold should be used? All thresholds will be relative to
the climate (current and futureds thais part of the project desigas opposed tihe much more
widely used method of projecting current thresholds into the future. Judging by the definitions
used by other authors, 3 days is a good length to investigaite a slightly longer time of 5
days. As thetemperaturehreshold can range anywhere from th& gércentile to the 98
percentile, investigating the 8590", and 95' percentilesinder bottcurrent and futurelimates
to find the combination that shows the greatest contrast bethvedwoclimates and thus the
best metric to uses reasonable.

There are also two different methdaswhich heat waves can be analyzed: pointwise
and regionalPointwise analysis istraightforward simply look for heat waves at each individual
data pont with no regard for surrounding points. In regional analysis a region is defined and then
analyzed for heat waves that impact part of the regfimot all of it. This second approach
workswell if there isa specific regiomesignated to be studiedidtused later in thiproject
oncea region of interest has been identifiedt for the purposes of comparing different methods
of heat wave analysis over a huge aiteia entirely inadequate.

The statistics upon which tip@intwiseanalysis is perfaned are monthly climatologies
for June through Septembdihe mean temperature and standard deviation are calculagchat e
grid point at eaclavailabletime of day(0Z, 6Z, 12Z, 18Z)singa normaldistributionfor each
month Thesevalues aréhenusedto analyze the data using various thresholds for heat waves to

select the appropriatefinitionsfor this study. One thing to note, however, is that because
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monthly climatologies werénitially used rather thaa running mearthere are discontinuities
when moving from one month to the ngathd some months (September in particular) have large
differences in temperature between the start and end of the.nGwm the montilong mean
in use, it is likely that some heat events were identified at the begiohthe month that would
not have met the requirements under a different schehile others may have been missed at
the end of the month. However, since the same scheme was applied to current and future data,
for the purposes of initial analysis ineeting a threshold and identifying areas of inter@st
monthly means sufficient This is switched to 80-day running mean for further analysis that
fixes the discontinuities created by using monthly means

Pointwise analysis of heat waves is cotapionally inefficienf soit was necessary to
break the Northern Hemisphere dowatoi smaller regionsThe first region investigated was
Europe, here defined as 30N and 10W60E.Europe was chosen for the initial analysis of
the best threshold to ydmth because of monstrous heat waves of 2003 and 20d Because
of personal experience with the lesser (but still miserable without air conditioning) central
European heat wave of 200gures 212 through 2.2 show the resultA large increase in
future heat waveis Eastern and Southeastern Eurspfoundunder all metrics. The 85
percentile(not shown,) being only slightly greater than a single standard deviation above the
meanwasdeemed inadequate asdéntifiestoo many heat wavewhich drowrs out the more
important changes. Similatlthe 9" percentile metric at 5 dayhirationidentifiesa similar
number of heat waves to thed@y 95" percentile metricwhich is too few. In the earlier stages
of this project the @lay 95" percentile metric was the focus, but the total number of heat waves
decreases when a-8@y running mean is used instead of a monthly m@acause of thishe

3-day 9" percentileis ultimately chosen as the metric for pointwise anajyssist showsa
yup
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striking contrast between current and future heat wave distributidnghnmpacteventswhile
retainingenough events that analysis is meanindfiowever, just because using thé"90
percentile is superior when investigating individual heat events doesean the 9%percentile
does not have valug/hen investigating particularly extreme heat and how temperature
distributions have changed (such as looking at heat wave days or a metric we created called
spread), the 95percentile is superioEigure 215 shows whywe focus on climateelative heat:
by taking the current climate@y 95" percentile threshold and applying it to the future climate
output a huge number of heat wayegth a distribution that closely resembles the change in
mean temperate (figure 2.4), are detected. Thbscures th&argerelative increasen heat
wavesin Eastern Europe

Originally, a goalof this project was to investigate the entire Northern Hemisphere for
significant changesuch as those found in Eastern Eurdi@wever,in the second region
investigated, the United Statéiserearealmost no 9% percentile heat waves found in either
current or future climateshough ther@resome changes to thedaly 90" percentile heat waves
(figure 2.36), paticularly alorg the east coasthis change occurs, howevprimarily because
almost ncheat waves ardiagnosed in that region under the current climékés seemgcorrect
and might indicate problems with the mo¢®i, upon later reflection, problems with using
monthly means to find heat eventButure analysis of North America or elsewhere in the
Northern Hemispherikas not been donas analyssof the causes behind the large increase in
extreme heat waves in Eastern Europe continually raised yet more qussthbribat

investigatingadditional regions felbeyond the scope of this project.
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2.2.2.Excessive HeaDays

Another method by which heat waves can be analyzed that is tiediirexnty to the
temperature distribution is looking at changes to the nuofiexcessive heat days. Given a
normal distribution anthe 122 daysetweenlune i andSeptember 30 we should expect a
total of6.1days per year in which the temperature exceeds3heércentile during the warm
months. Deviations from that valuglicate some amount of skaassin the temperature
distribution or the presence ofdifferentnon-normal distribution. Changes to this number
between the current and future climates indicates a change in the skewness of the temperature
distribution. Regnsgaining excessive heat dagiemore likely to have climateelative heat
waves in the futurevhile regions losing excessive heat days are less likely todliawate
relative heat waves the future

This shift can be seen figure 2.17, which again indicaesa fairly substantial increase in
Easterrand SoutheasteiBurope, along with Turkey, Syria, Egypt, Libya, and parts of the Mid
East. Much of central and western Europe is unchanged, though parts of Scandinavia and Russia
have large decreasesexcessive heat days. These values are found by adding together all the
times in which the 98 percentile temperature is exceededuneSeptembenwhether those
times are consecutive or not, for all 10 years and then avaiagetthe number of excssive

heat days per year before comparing curasick future to create the afarentioned figure

2.2 3. Regional heat wave definition
After completinganalysis othe changes tthe climate of Europas a wholgin the hope
of determirning the causes oht increase in heat waviesthe future climatésee chapter 3jhree

regions around thBlack Sea weredetermined to have particularly large changetheir
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temperature characteristics andreanalyzed for regional heat wavd@%e first region is locat
north of the Black Sea and extends from 86t 51.5N and 2 to 37E covering Moldova and
much of Ukraine. The second region is located to the west of the Black Sea and extends from
41N to 48N and 2 to 28E covering Romania, Bulgaridacedoniaandparts of the

surrounding countries. Finally, the third region is located to the south of the Black Sea and
extendsrom 36.59N to 41N and 2E to 40E covering much of Turkey. All three regions were
found to have a large change in temperature spfiganlg2.18). Thetemperaturspread

increases in trse regiors by 20-40% indicatinga strong positive change in skeess and/or a
substantial increase in tiemperatureariance As the percentilegsed for thigproject are
calculated based on the standardritistion, a large increase in the temperature spread indicates
a strong likelihood for more frequent and more intense heat waves in the region. Comparing
theseregiors with figure 212 shows thatheycovera largepart of the area with the greatest
increase in future heat wavés Eastern Europesoinvestigating changes to heat waves within
this regionis a good proxy fochanges irEastern Europe as a whole.

Some of the same limitations apply when creating a definition to use for heat wave
analpsis inthis region as befor&he dailymaximum and minimum temperatur@® not
available(thoughthe 0Z temperaturés close to the minimum aritle 12Z temperatures close to
the maximum)so the temperature must exceed some relative threshold for a continuous
sequence of output timeBecause thsearefairly large regios, comprising between 2209 and
2220individual grid points, a regionalverage temperatuet or above the 5percentilefor one
day (4consecutiveutput timeswas initially choseras the criterion for a heat wav€his
proved too strict and the threshold was slightly reduced to the 93.3 per(estitandard

deviations for a normal distribution, or 1.58)allow for more eventdn the end under this
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definition (1.5Z, continuoufor at least 1 dayandafter combining events separateddoyy 6-12
hours,in the Ukraine regiod5 events arundunder the current climate and 19 events under

the future climatewith largedifferences between them/hile the differences are fairly large

we expected a greater disparity in number and duration between current and future heat events
given the other statistics investigat@&thie other two regions were not investigated using this
threshold as it was not the final threshold used.

It is at thispoint that we need to revisit the use of monthly climatologies to find extreme
heat. Whilethis approach provesufficient for earlier analysis in determining a definition and
identifying an area of interest, when picking out individual heat events tamxaome issues
arise. While the majority of the events mentioned take place in July and Asgnestof the
Ukranianevents four current, hreefuture) are potentially suspeets they occur near the start of
SeptemberTwo September eventsegin on Augst 3!, and may be perfectly fine, however
three begin at exactly 0Z on SeptembérBecause ofhe use of a monthly meatimatology,
there is a discontinuity in the temperature anomalg®een each montho eventsare foundat
the end of June orevy start of Julyso that discontinuity caasno issuesThe mean
temperatures of July and August should be sigsiathat discontinuity is unlikely to bé&arge
There is, howeves significant decrease in temperature over the course of Septemieeal(sev
degrees) so themp between the August and September mean temperasrgsificant That
several events begin right around that point indicates it is a problem.

Reevaluating the temperature statistics usiB@-dayrunning meartlimatologyproves
a good solution. While computationally expensive, doing so over the relatively smallsrefyion
interestenables its use in a quick manrEne number and length of events detected in this

manner is much lower than when using monthBansand the averagemperature anomalyg
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about 1K smaller, but there are no longer any events beginning on Septemb@&hast the

event detection threshold was further relaxed to tfep@@centile which returned the number of
events detected in Ukraine to approximatile same as under the previous threshsidg

monthly climatologiesind also aligning it with the-8ay 93" percentile heat waves which were
used to help select the regidgnder the new threshold there are 21 future events and 15 current
events in Ukaine, but surprisingly current events are slightly longer than future events so the
total length only increases slightly as does the mean anofalgse look at these events points
towardsa highlyextreme current climate yeasthe culprittMPAS curent climate 1994)Jpon
applying the threshold to the other two regidii& current events and 19 future events are found
in Romania/Bulgariagand unlike Ukraine the mean length, total length, and mean anomaly all
increase substantialps expectedA similar increase is also found in Turkeyhere there are

only 10 short and lovintensity current events but 15 significantly longer and more intense future

eventsFurther discussion regarding regional events is the focus of chapter 4.
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Table2.1 Average Miltivariate ENSO Index (MEI), Oceanic Nifio Index (ONI),
and corresponding ENSO phase during the tropical cyclone season (June
November) for the chosen simulation years.

Multivariate ENSO Index
Oceanic Nifio Index (ONI):
(MEI) Rank: ENSO Phase
JJAI SON Average

JJ ON Average

Weak La Nifia

26.8 -0.2 Neutral
2001 31.8 -0.1 Neutral
2005 34.2 0.0 Neutral
1992 47.5 0.3 Neutral
1994 57.1 0.5 Weak EIl Nifio
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Mean June-September Future Sea Surface Temperature Change
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Fig. 2.1: Global mean summgluneSeptembersST change used as boundary conditions in the
MPAS mode] contours ever K. Note maxima in arctic/suéirctic regions usually covered in ice
in June/July under thauorent climate but open water in the fututienate. Also notice minimum

SE of Greenland due to ice melt reducing salinity and slowing/forcing south the Gulf
Stream/North Atlantic Drift.
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Mean July/August SST future temperature change
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Fig. 2.2: July/August meaMPAS SST change in Europeontours egry 0.5K. Mean change in

the Black Sea and Mediterranean }is slightly less than mean air surface temperature

change in surrounding land aréad.55.5K) increasing land/sea temperature contndsth
strengthensghe coastal land/sea breeze. Thpagite occurs in the Baltic Sea as the mean SST
change (~4.X) is less than the mean air surface temperature change in surrounding land areas
(=3.54K)
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Fig. 2.3: Change in meafPAS future summertime temperature (top) and standard deviation
(bottom). The regions with the highest potential for future heat events are those with the largest
increase of mean temperature and temperature variability (standard deviation). This includes SE
Europe, central USA, Siberia, northern Canada, and Mongolia.
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Increase in mean future July/August temperature
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Fig. 24: MeanMPAS July/August surface air temperature change, contours every 1
Temperatures have increased the mo#terberian Peninsuld6 K), Turkey/Syria/lrag/Jordan
(6-7 K), northwestern Africa (% K) and over the Arctic Ocean-®K). Temper#ures have

increased the least from about&BN by less thard K over land andess thar8 K over the
northeast Atlantic.
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Fig. 25: Change in meaNPAS future July/August standard deviation, contour 0.5K. There is a
general decrease in standard déeranorth of 55°Nwhich is at a maximum along the coast

near the Arctic Ocean, likely due to reduction of future sea ice. The standard deviation has also
increased substantially in the countries around the Eastern Mediterranean and Black Sea.
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Changg in future July/August 850hPa Temperature Advection
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Fig. 26: Changes in futurBIPAS July/August 850hPa temperature advection in K/day. The
temperature advection was calculated by multiplying the temperature difference between
neighboring model cells by the mean wind speed (upwind cell minus downwind cell, wind
broken into u and v component¥Yyhile there are some locations where the temperature
advection changes might be strong enough to influence the likelihood of heat waves occurring,
Europe is not one of those places.
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Fig. 27: The percent change MPAS temperature spread (8percentile temperature minus

median temperature) between current and future. Areas with increases in spread either have a
larger future standard deviation, a positively skewed future temperature distribution, or both.
Four regionstand out as having large increases in spread. The first is in the far north in Canada
and Russia; this is caused by losses of sea ice and permafrost. The second is around the Black
Sea and extending into the Middle East, the area of interest for thistpiidje third is in India,
particularly along the eastern coast. Finally the fourth is iRSaltaran Africa. Some areas over

the oceans appear to have large increases in spread such as north of the Chniozean,

illusion. Because the standard dsion is so small over the oceans even a tiny increase can
appear quite large when looking at percent change.
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Theta v Height plots before and during major future heat event
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Fig. 28: MPAS Potential temperature Mseight soundings at each of the model titnefore

future heat events (left) and during theldle d the longest and most intense future heat event
in the Ukraine regionright, discussed further in chapter. #hese values are averaged across the
region (see fig. 2.18).
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Difference between mean current climate MPAS and ERAS temperature
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Fig. 29: The top figure shows theisimertime (JunéSeptember) comparison betean ERAS

reanalysis and current MP/Assirface temperatu® PAS minus ERA5)Below it is the same
comparison made at 850hPa for only the months of July and A@yuest.continents the MPAS
surface temperature is almost always less than the ERA5 temperéitigreold bias extends into

the atmosphere above and is more diffuse by the 850hPakexeing that it originates from the

land surface but has global impacts. The two exceptions to the cold bias are in northern India and
Pakistan as well as the Sahdiexe there is instead a warm bias.
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Difference between current climate MPAS and ERAS Standard Deviation
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Fig. 210: Most of the world has a larger standard deviation in the MPAS laatan the ERAS
reanalysis data. Any number of factors could be responsible for the increase in temperature

variation, but unlike the colldias it is not limited to continents and it is unlikely to be related to
the sea ice.
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Difference between increase in future MPAS 2-meter June-September temperature and CMIP5
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Fig. 211: Difference between the change im2ter temperature in the MPAS runs and CMIP5
ensemblesThe output has been interpolated to the coarsest CMIP5 gadoktion of about

2.8 degreesrThis is the MPAS change (future minus current) minus the CMIP5 change (21
member ensemble mean R85 temperatures between 2080 and 2099 minus the CMIP5
ensemble mean historical temperature 19899). It is very clear thdhe CMIP5 ensemble
experiences significantly more warming in the midlatitudi&sng this period than MPAS does.

This source of this difference is uncertain as any number of factors could contribute to the source

of model bias.
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Number of modeled heatwaves in Europe under current climate conditions
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Figure2.12: MPAS 90" percentile 3day long heat waves under currelitnateconditions (top
left), futureclimateconditions (top right), and the difference between the two (bothonoss the
all 10 yearsThere is a westwd shift in the heat wave maximuitom southern Rusainear the
Kazakhstan bomt to Eastern Europe centered ouMé&raine. There are also large increases in
heat in Turkey, Syria, Israel, and Jordan. While the project was originally focused around the
95" percentile, using a running mean instead of montrégns reduced heat wave frequesy
loosening the threshold tbhe 90" percentile proved superior.
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Figure2.13: MPAS 90" percentile 5day long heat waves under currelitnateconditions (top
left), futureclimateconditions (top right), and theftiérence between the two (bottoagross all
10 yearsThe changes are very similar to thd&/ long heat waves, but there are far fewer
events making it less useful. Current events are cemgerdVestern Kazakhstan while future
events are centereye Ukraine and the eastern/northeastern periphery of the Mediterranean
Sea, mucliike the 3day events
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Change in number of 95th percentile heatwaves .
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Figure2.14: MPAS 95" percentile aday long heat wavasder current climate conditions (top),
future climate conditions (middle), and the diéfece between the two (bottoagross all 10

years There is a very similar shift in heat waves to th& @ércentile from a maximum in
southwestern Russia to Eastern Europe and the East coast of the Mediterranean, but the low
number of events makes iskeuseful than the 8@ercentile at evalutating changes to future

heat waves.
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Future heat waves under current climate -
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Figure2.15: Number of futurdMPAS heat waves when future temperatures are evaluated using
the current climate 95percentile The shift from Southwestern Russia/Western 2ékatan to

Eastern Europe in climate relative heat waves is impossible to distinguish. This pattern is instead
very similar to the change in mean temperature seen in figure 2.4 as the greatly increased mean
temperatures have drowned out the subtler chandesure heat wave characteristics and
distribution.
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Number of modeled 3-day 90th percentile heat waves in the US under current climate conditions
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Figure2.16: The number of 3lay 90" percentileMPAS heat waves in the continental US under
current climate conditions (top), future climate conditions (middle) and the difference between
them A large portion of the increase future heat wavealong the East Coast appears to be due
to the fact that there are very few heat waves found in that region under the current climate
which is suspect. There dewerheat waves and thehange by smbdr amounts than in

Europe so North America was not investigated further
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Change in average summer excessive heat days,
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Figure2.17: The change in average numbeMPAS yearly climate relative excessive heat days
where the temperature equals or exceeds th@éentile. A large increase in haays is

present in Eastern Europe and on the Eastern edge of the Mediterranean while there is a large
decrease in southern Scandinavia and parts of Russia.
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Black Sea Regions
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Percent change

Figure2.18: The three regions around the Black Sea chosen for regional heat wave detection.
They are overlaid over a plot of the percent changdRAS temperature spreadll three
regions see increases in spread o#Qda
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CHAPTER 3
General Results
In the previous chapter while discussing heat wave definitions we showed that there is a
large ircrease in the number olimate relativeneat events in Eastern Europe in the fu(tice
2.12) In this chapter, wbegin by examining those changes in detaitl applysomeadditional
methods to look at the shifting heat regjinefore moving on texamine a number of variables

in an attempt to discover some of fiiteysical mechanisms behind this shift

3.1.Heat Waves

One of the first steps taken after defining heat waves for the purposes of this project was
to apply said definition to theodel outptito locate regions with a large increase in future heat
waves. The resutif this analysis is seen in figuel2. A substantial westward shift in the local
heat wave maxima is immediately apparent. Under the current clithhateeat waves are
concentragd in southwestern Russia and western Kazakhstan with a large area expegiemcing
12in the tencurrent year®f current climate simulatiorThere are also a few smaller maxima
around the periphery of the Mediterranean, particularly in Greece andrsolséie When
moving to the future climate, éhmaximum over Russia has shifted to cover a large portion of
southeastern Europe, Turkey, and Syria with a very large region experiésirigeat waves in
the future Note that some of this region, Raniain particular, experiencegery fewheat waves
underthe current climateso moving from no extreme heat events to one every other year on top
of the mean warming due to climate change very largechange Thus, the large decrease seen
in southwesteriRussia and subsequent large increase syatheaster&urope represents a

substantial shift ithe heatwvave climatologies athese regions.
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The other way we investigaheat wavesbefae looking at a specific region, is, as
discussed in section 2.2&xcessive heat day$he change in the numbere{cessive heat days
largely aligns withthe changes in heat wave statis{iog. 2.17) with a large increase over
eastern (particularly southeastern) Europe, Turkey, Syria, and part of the Middle Easis &here
corresponding decrease in southwestern Russia, isuniich smaller than the decrease in heat
waves.Two regions stand out, however, as being diffehemh the shift in heat wave3he first
is the local maximum along the border between Belaratyjd, and Lithuania. While there is an
increase in heat waves in this region, the increase in heat wave days is much larger than that
would suggest. Theecond regioms composed of Sweden, Denmark, and northern Germany.
This area has a large decreaskaat wave days, but has a slight increase in the total number of
heat waves.

Under a normal distribution we would expect to see an averajé déys ofover B
percentileheat between Juné'and September 80However, nature is rarely so nefigure
3.1 shows the actual distribution under the current climate which rangealimit8 to 9days.

Few locations actually have a normal temperature distribution. Coasts facing north and west tend
to have more than 6 heat wave days per, yeaite the coats facing south and the interior

regions tend to haviewerthan 6 heat wave days per year. The region with the most substantial
increase in heat wawdays (southeaBiurope)seesan increase of roughly 50% in the number of

heat wave days per year in theure while the regiorwith the most substantial decrease

(Denmark and Swedesgesa 3040% decreasfig. 2.12) Bothchangedring the temperature
distribution closer to a normal distributiofhe distribution of these departures from normal is
relatedto the skewness of the temperature distribugiod their shifis related to changes in the

skewness
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3.2. Skewness and Spread

Skewness is a measure of asymmetry about the mean of some distribution, a skewing of
the normal distribution either positivety negatively. A skewed distribution typically h&s i
median and mode displaced from the mean to theféefpsitiveskewneskor right for
negativeskewnespwith the opposite tail of the distribution stretchesbulting in more extreme
positive anmaliesfor positive skewness and negative anomalies for negative skethaass
under a normal distribution. For the purposes of this projextook at the skewness of the
temperature distribution and its change between current and future climatesloxiep
regions with a larger future likelihood é&xperienceextreme heafl he skewness wasalculated

using Pearsondés secrond skewness coefficient

Equation 3.1°YQQ 0 & Qi

In the currat climate, most of continental Europe is negatively skewed at all times (not
shown), except along and inland from the Atlantic coasts atah?i718Z. This shiftsinder the
future climate tomost of Europe having a slight positive skew. These changeshamgnsin
figure 3.2 with thdargestchange®ccurringat all times in Ukraine.

Figure 3.3 shows what this shift looks like by comparing histograms of the current and
future temperatuse with the means removed,Kiev, Ukraine.Theshift from an approxirately
normal distributiorin the current climat& a positively skewed orie the future climatés
clear. While the mearereset to be equal, the mode and median of the future climate have
shifted to the left causing an increase in the number of dagsmall (<5K) negative
anomalieswhile there idittle change irthenumber of days with more substantial negative

anomalies. On the other hand, there is a very large increase in the number of hot #ays (>5
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anomalies)with the probability of extreme lae (>7.5K) more than doubling. As the future
mean temperature in this region increases by approximatel§, 4his is quite worrisome.

Another measure that can be used to calculate the shift in the temperature distribution is a
si mple quamtrietayd owewhcearlel: f's

Equation 3.2'Yni QdN 0 QQQwe

By looking at the difference between thé"gfrcentile and the mediaemperaturesand in
particular looking at the change in this quantity (future minus curmeatfan easily see where
the temperature regime has sdf the most in favor of extreme heat. Thishewnin figure3.4
where it is apparent that there is a large increase in the spread around the Black Sea and eastern
Mediterranean, the region in which theralsothe largest increase in heat waves. Beedeat
waves and heat wave days are calculated assuming a normal distribution, using measures
skewness and spredtat capture the change in that distributwa goodat highlighting the
regions experiencing the greatest changes in their futaterdgime A combination of the
metrics discussed in section 3.1 and 3a3wused to select the regi®mvestigated for individual

heat events that is the focus of chapter 4.

3.3. Moisture

The connection between soil moisture and heat waves is wellnkkibesgiccation of the
soil canincreasehe likelihood, severity, and duration of heat wawassit can result in a positive
feedback loopn whichabnormal heat dries the soil farther and because the soil isidsy of
theincoming solar radiatioheats the air though the sensible heating rather than moistening the
air through latent heatin@his can be exacerbated further through reduced moisture advection

from upwind regions of drouglichumacher 2019)nfortunately, soimoisturewas not saved
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from the MPAS model runs. However, precipitation, evaporation, relative humidity, and mean
storm track can be determined from the availabigputand can be usdd inferthe missing
variable.

One of the best ways to see changeabkénwater cycleof a regionis to look athow
precipitation and evaporation (more specifically, the precipitation minus evaporation) have
changed. Figure 8shows thixhangewith much of Europe becoming drier in the summer
months (either through increased evaporation, dseceprecipitation, or both). The only notable
regionsthatbecome wetter are northern Scotland, most of Scandinavia (with Norway having a
particularly large increase in precipitation), and northern Ru&siagion encompassing the
Czech Republic, Austri&oland, andulgariaalso stands odtom their surroundings
showng slight increases in summertime moistuféere are also some minor increasesiireP
in Turkey, North Africa, and the MiddiEast, but those regions are already or semiarid and
areexperiencalecreased future summer precipitatisit is unclear what is causing theé =
to increase or if it has any impact on the climatecontrastthere are largdecreases in
summertime B E across western and southern Europe, partigula mountainous areas. One
would expect these areas to also be more susceptible to heat waves due to their increased aridity,
but theredo notappear to be any large increases in heat waves in Western Elinepefore,
while changes ifP 1 E might contibute to the changes in heat wavesamnotbethe sole
determinant

Another goodndicator ofchangesn thearidity of a region is to look at changestire
surfacerelative humidity Figure3.6 shows a pattern consistent with the work done by Fischer
and Sch&(2010, showing a decrease ofl®% in thenear surfaceelative humidity across

Southern Europe and small (under 5%) increases in parts of Scandinavia and Russia. This pattern
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is quite similar tadhatin Figure3.5, indicating increased summeryness around much of the
Mediterranean and around the Black S&ecreased relative humiditgeans that when it does
rain it will dry more quickly allowing the lanrdtmosphere feedbacks to initiate more quickly
allowing heat waves to more readily develop

Lastly, and perhaps most directly relatable to the heat regime, is cloud cover. Low clouds
have a net cooling effeas they block suight from reaching the surface and reflect much of it
into spaceThishas a strong cooling effeah the surfaceuring the daybut at nightloudsact
to block some of the outgoing longwave radiafi@h.R), warmingthe surfaceHigh clouds do
the opposite; they are thin enough that not much sunlight is refléctetdeystill trap OLR
causing a net warming. Figurerhows the changes (future minus current) integrated cloud
water content from 950hPa to 700hPa. Thexisected to be representativecbngesn the
amount of lowlevel cloud Most of Europe, particularly south of 50°&es a substantial
decrease ithese clouds in the futurehich should causeaytimewarmingand more rapid
desiccation of the sgipotentiallyallowing heatvaves to develomore frequently.

Figure 3.8 shows a cross section averagingZ5E and from 37N (southern Turkey) to
60N (St Petersburg, Russia) showing the average changes (futureent top and future /
current bottom) between July 16 and August 15. While there is very little cloud water content
south of 45N, it decreases substantial on nearly all levels in the Ukrgioa (endicated by the
black lines) and southward. Decreases are maximized over the northern edge of the Black Sea,
corresponding with the large decrease in that region seen in figure 3.7. This large decrease in
mean cloud at every level except for thehtast (increase likely caused ahigher future

tropopause), means more solar radiation can reach the surface warming and drying it, allowing
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the landatmosphere feedback loop to initiate more readily, resulting in more frequent, longer,
and/or stronger ture heat events.

An increase in lowevel cloud can be seen heading into Euriopen the Atlanticat
about 60°Nin figure 3.7with a decrease farther norfuggestinghanges to the storm track
There is also the suggestionaofain shadow caused byethigh peaks on the southern end of the
Scandinavian Mountains in Norway (highest peak: 8100 fete that A E also decreases in
this region.This could be associated with timerease in heat wave days in the BaBiates;
howeverthe decrease in hewave days iparts ofsouthern Scandinavia more complex. The
skewness increases as does the spread (though only slightly) while the low level clotideand P
both decrease significantly due to the apparent rain shadthwughthose factorendicatethere
should be an increase in heat, there is instead a large decrease in heat wave ddgy aedt3
waves. Thisnaybe because of thacreased frequency of cyclone passages and the associated

cold frontsresulting in less stagnant summer air masseggnting the buildup of heat

3.4. Storm Track

It is possiblethesechangesre being driven by changes to the mean summertime storm
track. Withhigher temperaturegvaporation should be higher in the fufs@ places that do not
have a subsequent nease in precipitation will see decresweP minus E and relative humidjty
making suchareagnore susceptible to heat and droughtfigure 39 we can see that the 200
hPa flow across the North Atlantic into Northern Europe has strengthened siglyiffoartb
50%)associated witla strengthened geopotentgadient while at the same time the subtropical

jet which begins over the Eastern Mediterranean has weakafitbdcyclones expected to
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follow the jet, the shifts in the jets and expected chaimgegclone activity are likely
explanations for the change ini FE.

Figure 310 compares the current climate MPAS sea level pregSilufe)to that found in
NCAR reanalysigor the years from which the SST values used as boundary conditions in the
MPAS rurs were taken. The patterns align well, though the reanalysis does have a slightly
stronger Azores high and Icelandic low. Since the ehagpresergthe current climatSLPwell,
we canexpect there are not glaring issues with its future clinfaggire 311 shows thechange
in future SLR and a similapatternto thatvisible in the change in height anomaly seen in figure
3.9is also present at the surface waih area of slightly increased (or at least not decreased) July
and August sea level pressureezxdingwestwardirom about 10W along the 58N paralle| and
a large region of greatly decreassldP (4mb belowcurrent climatevalues) in the far north
Atlantic between Greenland and Norwayggestinghe passage of more numerous or more
intense cyclones

This pattern isimilar to the positive phase of the North Atlantic Oscillation (NAO),
which is found by subtracting the me&hP anomaly in the Azores from that in Icelambsitive
values of the NAGndicate a more active storm track with more zolwl/f and these results
suggest the NAO will be more positive in the future during the summer. While the NAO is far
stronger in the winter than the summer and is confined farther north in July and Atudyess,
have an impact on summertime precipitatiatigrns When the value of the summertime NAO
is high, there are strong anticyclonic conditions over thdaaiding to enhanced precipitation
over the Mediterranean related to a strong wgesl trough over the Balkang/hile that is not
exactly the paérn found here, the slight increasemeanSLP found southwest of the UK in

contrast to surface pressures decreasing everywhere, especially over the northern Atlantic, is still
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somewhat similaBladéet al. 2012 found that the summer NAO is projectecbecome more
positive with time due to climate change, and that it could offset some of the projectedadry

the Mediterranean region, but that models tendedgresent thigteraction poorly.

3.5. The Hadley Circulation

Another potential factor ichangesn temperatur@and moistureegimesis the poleward
expansion of the Hadlagirculation (HC) Because the poleward edgd the HC(roughly 30°S
and 30°N)arelinked to thepolewardedges of the subtropical dry zones where mosead r t h 0 s
desets lie (due to the descending branch of the HC suppressing convaatigumecipitatio))
poleward expansiors likely to expand those dry zones resultingnicreasedridity and
desertification over large swaths of highly populated land. This, of concigdes the
Mediterranean basjand a northward expansion of the HC could result in adverse impacts on
southern Europe. It is possible that some of the projected future changes to heat and moisture,
particularly those seen in Southeast Europe, arestktatthis expansioirigure 3.12 suggest
that this is the casas the mean July/August vertical veloaiyer the Eastern Mediterranean
where there appears to be a descending branch of thed#€ens and widens with descending
air covering a larger aa in the futurgbutwith a reducedate of descent over the Mediterranean.

It has been known for some time thiz Hadleycirculationis widening with earlier
studies estimating the expansion to be between 2 and 5 degrees since 1979 (Johanson and Fu,
2009). Earlier studies also noted a disconnect between the observedergiartdion and
projected rates of expansion, with projected expansion even under the strong global warming
scenario (A2 from IPCC4 which is roughly equivalent to RCP 8.5 from IP@(%9 closer to2

3 degrees by the end of the century. A recent study (Staer2020)finds that a combination
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of faulty reanalysis datasets and the use of bad metrics for determining the poleward edge of the
HC areresponsible for this perceived dismect and that the observed rateexfpansion does
line up with models at less than 0.5°/decade.

The edge of the HC has traditionally been defined as the location where theneamal

meridional mass streamfunction at 3@®a is equal to zeras definedy this equation:
Equation 3.3f _ VIOR)

Whil e a number of ot hsgptosomedegree bave bednased, tbeoomes r vy w
tied to the upper tropospheseich as the latitude of the tropical tropopause break, subtropical

jet, and various outgag longwave radiation based metrics do not. On the othmel, haaumber

of surface or neasurface metrics including the subtropical transition from surface easterlies to
surface westerlies, the latitude of E =0, and the eddy driven jet covary onerrgnnual time

scales for both hemispheres and all seasttasen et al. (2020) found thadk faur metrics

indicate a shifpoleward in response to increased,Cthe subtropical SLP metric covaries with

the above metrics as well, but only irethoutheriemisphere (Waugétal. 2018). These

metrics are usually applied to the zonal mean, but there are methods which allow for regional
calculation of the HC edge (Statenal.2018) as the resulting wideniigregional in nature. A

good example of this coss from the work oGrise & Davis (2020, whofound warming in the

Pacific Ocean causes a local contraction in the NH JJA HGC etigeh results in a decrease in
thelatitude of the zonainean HC edgduring that season. They also found this contragtion

very sensitive to temperature as it is markedly stronger in CMIP6 models than in CMIP5,models
though there might also be a resolution component as the CMIP6 models were run at slightly

higher resolutions (though still usually larger than 1 degree)
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Themean edge of the NH Hadley circulation is projected to move poleward by about 1
degree by the end of the century, which is beyond its interannual ardtapproximately 1.5
degrees. Wexpect thereforeto see a similar response in the MPAS future.ddtavever this
was not found usingny of the metricgve examinedLooking atthe 10-meterzonatmean zonal
winds (figure3.13) shows that there is no change in the mean latitude at which surface easterlies
become surface westerlies, but this metric iggafecantly more interannualariability in the
future. It also shows a general weakening of the zonal mean zonal winds in the future, which we
expect because of theecrease in the future meridional temperature gradient (more heating at
the poles thame tropics)Looking at the full yearevealsasmall poleward shift in the mean
(0.36°), but there is no longer a difference in the interannual variance (2.4°).

Looking insteadat thezonalmeanmeridionalmass streamfunctio sopo doesexhibita
substantialuneSeptembemean northward shifif 2.8°, though ihas less interannual variance
than expected with a number of years (both current and future, but especially in the future)
having the same latitude value for its zerossing(table 3.1) This could in part be due to the
fact that the summertime NH HC is very weak aaatoding to Grise & Davis (2020% not
alwayswell defined When examining the full year therensteada negligible shift equatorward
and even less interannual vagan

Something is clearly not lining up when comparing the MPAS model data with various
studies and projections. The discrepancy could be because thosestadieer-resolution
climate modelsand as such the metrics that work best to define the g€ @@ different when
looking at highetresolution weather modeld.could be because of issues in the MPAS model
itself. There is nothing natural abadile zero variance in the latitude of the subtropical SLP

maximum.Or, it could be because the NH sunmitee HC is very weak to begin with, so
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additional weakening (and the MPAS model dslesw future weakening as in figusel4, even

if it doesnot show a future poleward shift) makes it nearly impossible to actually define the
location of the HC edge indlh season. Whatever the caseés difficult to argue that future

changes to the summertime Hadley circulation in this model are largely responsible for shifts in

the European moisture regins® it is likely othelprocesseareresponsible
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Current Climate Average Summer cessive Heat Days
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Figure3.1: The average number of JuBeptembe®5" percentileexcessive heatays under the
current climate. Under a normal distribution there would be 6.1 in this period of time (white), but

the actual numbeagenerallyranges from 3 to 9.
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Figure3.2: The change in the skewness of the temperdistrébution at the four different saved times. There is a large shift towards
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positively skewed temperature distributions in the future with the largest shift occurring in Ultrairexytime.
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Histogram of Kiev, Ukraine July/August demeaned temperature comparison
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Figure3.3: Histogram of the temperature distribution in the vicinity of Kiev, Ukraine at all four
model times in July and Augusith the climate relative mean temperatures removed
Temperatures were taken in a 3x3 grid (45x45km) centerduearidsest grid cell to the cith
shift from a roughly normally distributed temperature regime to a positively skewed one is

evident.
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Figure3.4: Current climate (top), future climate (middle) and change (bottom) in the temperature
spread during Julgnd August. The largest positive shifts occur around the Black Sea and
eastern Mediterranean.
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