ABSTRACT
TURNAU, ROGER WILLIAM. Analysis of Climate Change Impacts on Eastern European Heat
Waves. (Under the direction of Dr. Walter Robinson).
Extreme heat waves have become increasingly dangerous as the climate warms. Twice in
the last twenty years, in 2003 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 have shown, but
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
“time-slice” simulations carried out with a high-resolution (15-km grid scale in the Northern
Hemisphere) version of the Model of Predictions Across Scales-Atmosphere (MPAS-A). Ten
non-sequential years of observed sea-surface temperatures (SST), chosen to sample a range of
ENSO states, are applied as boundary conditions to MPAS-A. Future (end of the 21st century)
simulations are performed by modifying SST with changes taken from a suite of CMIP5 models
and applying modified greenhouse gas concentrations using the RCP 8.5 scenario. Three regions
of greatly increased positive skewness in the temperature distribution surrounding the Black Sea
in the future simulations are examined for heat waves, defined here as when the regional mean
temperature remains above the 90th 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 in cloud cover, aridity, and land-atmosphere feedbacks during 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 more heat 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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CHAPTER 1
Introduction

The European heat wave of 2003 was an unprecedented event- the hottest European
summer since 1500 (Luterbacher et al. 2004). A persistent anticyclone, stationed over Western
Europe from May through August that summer, greatly warmed the western Mediterranean and
portions of the Northeast Atlantic and caused a large precipitation deficit that thoroughly dried
the soil (Black et al. 2004). This culminated in a devastating heat wave from August 4th to
August 18th, during which the excess mortality in Europe is estimated to have reached 45,000,
with additional excess deaths from a similarly powerful heat wave in June. Continued warmth in
July between events pushed the tally above 70,000, with more than half of the deaths occurring
in France and Italy (Robine et al. 2007).
Just seven years later in 2010, an even more intense event struck Russia resulting in
approximately 55,000 excess deaths. Again, the cause was a persistent anticyclone over western
Russia, resulting in land-atmosphere feedbacks that significantly dried and warmed the region,
culminating in a larger and more intense event than 2003 (Miralles et al. 2014). A large number
of wildfires raged as a result of the hot and dry conditions in early August, with the smoke
trapped within the persistent ridge significantly contributing to the human impact of the event
(Shaposhnikov et al. 2014). Additionally, the prolonged blocking event associated with the heat
wave triggered a large-scale Rossby wave train. The leading trough in that train was stationary,
putting the right entrance region of a jet streak just north of Pakistan. This greatly enhanced
monsoonal rains, resulting in 1700 dead and 20 million homeless (Lau and Kim 2011). Extreme
heat events are among the most dangerous weather events and can have large downstream
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impacts. Understanding how they might change due to anthropogenic climate change is,
therefore, critically important.

1.1 Heat Wave Definitions
Before we can start looking at how heat waves are affected by climate change, we need to
be able to define what a heat wave is. While a heat wave is a period of 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 is, and definitions vary between organizations, countries,
and individual authors. There are two main ways in which heat waves are defined: the
exceedance of some fixed value or a deviation from normal climatological values (typically the
average over the past 3 full decades such as 1991-2020).
One of the earlier definitions of a heat wave was made by A. T. Burrows in 1900, who
defined a heat wave as three or more days in which the maximum shade temperature reaches or
exceeds 90°F (AMS 2012). While this definition would work well in the Northeast United States
or in Central and Northern Europe, it clearly does 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 Europe, including Poland (Tomczyk et al. 2019)
and the Czech Republic (Huth et al. 2000), define heat waves as having temperatures exceeding
30°C. This is reasonable, as European summers tend to be cool (though they have been warming
with climate change), so there are very few air-conditioned buildings. While a high 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 persist for more than a few days.
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With a warming climate and the fact that “fixed” temperature values are being exceeded
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°C above average (Rafferty 2015). Most
authors, however, use percentiles to define extreme heat. Fischer (2010) defined heat waves as
temperatures at or above the 90th percentile and lasting 6 days, in order to investigate the increase
in the number of heat wave days as well as hot days (TMAX > 35°C) and tropical nights (TMIN
> 20°C). Kyselý 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
temperature (at a station) reached or exceeded the 95th percentile. Della-Marta et al. (2007) was
interested in analyzing a large number of heat waves (several per summer), so their definition
required only that the daily maximum temperature be above the 80th percentile for at least 3 days.
On the other hand, Schoetter et al. (2014) wanted to investigate the impact of extreme heat in a
changing climate on the electrical grid, so they used a very strict definition requiring heat
exceeding the 98th percentile for 3 days and for that heat to cover at least 30% of a large portion
of Western Europe. While it is unfortunate that there is no universal definition for heat waves, as
authors define hot events in the way that best supports their research, it allows us the flexibility
to do the same.

1.2. Heat Wave Formation
Heat waves are usually associated with persistent quasi-stationary anticyclones, the
strongest of which form blocks that displace the 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
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pressure, which in turn causes clear skies, along with the advection of warm and dry air
(sometimes enhanced by quasi-stationary cyclones on either side of the block as was the case in
the July 2019 European heat wave- a common feature in an omega block) can lead to prolonged
heat at the surface (Black et al. 2004). In addition to these heat-favorable conditions, there is a
positive feedback loop created through the reduction of precipitation and desiccation of the soil
in hot and sunny conditions, which greatly reduces evapotranspiration resulting in a strong
surface sensible heat flux, which, in turn, causes the temperature to become much more variable.
The heat, both advected and radiated, is entrained into the planetary boundary layer, causing it to
deepen and progressively accumulate heat (Miralles et al. 2014). Should this process continue
over a long period, as happened in 2003 and 2010, particularly extreme heat events can result.
However, if the soil moisture is high, the presence of a blocking anticyclone is not enough to
cause a heat wave, as the surface heat flux is more latent than sensible, which prevents sufficient
surface heat buildup and boundary layer deepening. This is not only because most of the
absorbed solar radiation becomes latent heat and does not directly warm the boundary layer, but
also because the increased water vapor results in clouds and rain showers which have a surface
cooling effect.

1.3. Heat Wave Impacts: Health
Heat waves negatively impact most aspects of society, and severe ones can cause billions
of dollars in damage (economic losses from the 2003 event are estimated at over €13 billionUNEP 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 waves have severe impacts on
the agricultural sector, energy production, the electrical grid (both due to increased demand and
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the need to shut down nuclear reactors when the water used to cool them becomes too warm),
transportation (low river discharge can impede inland barge traffic), and environmental health
(forest fires, mass tree die-offs).
The health impacts caused by extreme heat are many and are caused by the inability of
the body to properly regulate its own temperature and cool down during a prolonged period of
extreme heat. Due to this, the duration of an extreme heat event has a larger impact on the health
of a community than its intensity (though longer events are often more intense) as the relation
between health impacts and duration of extreme heat seems to be exponential rather than linear
(Fouillet 2006, Shaposhnikov 2014). For the same reason, nighttime warmth tends to have a
stronger negative impact on health than daytime heat alone, and those heat waves which are also
humid have a higher impact on health and mortality than those that are not: a good example
being the 1995 Chicago heat wave (Russo, Sillmann, and Sterl 2017).
In 2003, excess deaths in France were 60% higher than expected during the August heat
wave, and in some urban areas, such as Paris, they were 150% above normal. 82.49% of those
who died were over the age of 75, and 64.25% were women, with those living alone in small
poorly-insulated apartments near the top floor being particularly vulnerable. The residences of
the deceased were found to have temperatures between 36°C and 40°C, similar to the high
temperatures experienced during the heat wave (Poumadère et al. 2005). The main causes of
death in the event were heat related– hyperthermia, dehydration, and heat stroke, but a large
number were also caused by respiratory and cardiovascular conditions largely due to the ozone
build up during the event (Fouillet et al. 2006). The preexisting conditions which resulted in such
a devastating event in France were compounded by its timing, as practically the entirety of the
nation goes on vacation in August, quite often leaving elderly relatives behind to fend for
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themselves, and by the French government’s lack of a plan for dealing with extreme heat prior to
the 2003 event. Subsequent extreme heat events, such as the July 2006 and July 2019 heat
waves, have not reaped such a toll, due to efforts taken following the 2003 event to protect
vulnerable populations from extreme heat (Fouillet 2008).
There is often a build-up of pollution during long-lasting heat events, due to the
combination of stagnant air (light winds, because of the anticyclone) and ground-level ozone
generation caused by the high temperatures. This results in respiratory issues. The 2010 Russian
heat wave was exceptionally bad in this regard, because it was accompanied by raging wildfires,
such that smoke blanketed much of western Russia for the last 10 days of the heat wave. There
were several days in the first week of August in Moscow in which the 24-hour temperature
averaged 30°C and the PM10 (atmospheric particulate matter with particle sizes 10 µm or less)
levels exceeded 300 µg m-3, resulting in daily non-accidental deaths rising above 900, at a time
of year when mortality is usually slightly under 300/day (in mid-July prior to the smoke outbreak
deaths peaked at around 650/day due to heat before beginning to decline). In the Moscow area
alone, there were 10,680 deaths recorded in the 2010 heat wave, primarily among those over 65
years old, with no gender distinction unlike in the 2003 event (Shaposhnikov et al. 2014).

1.4. Heat Wave Impacts: Agriculture
While the human impacts can be mitigated through various means, agricultural and
economic impacts can be harder to deal with. Prolonged exposure to heat has negative impacts
on livestock similar to those on humans, with the specifics being species and breed dependent.
Increased ambient heat generally results in increased respiration rates, decreased feed intake and
caloric efficiency, increased water intake, increased internal temperatures, hormonal and
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metabolic changes, illness susceptibility, and reproductive impairment. A good example of the
breed specific differences in response to heat stress is found in cattle breeds. Dairy cows have
been found to be more sensitive to heat stress than beef cattle, with milk yields reduced beyond
what would be expected given their reduced feed intake. Even small amounts of heat stress cause
a reduction in milk yields, with high-yielding dairy cows being impacted most strongly
(Bernabucci et al. 2010). Sheep appear more resistant to heat than dairy cows, as it takes a much
higher temperature-humidity index (THI) of over 82 (equivalent to a heat index of about 97°F) to
begin seeing the impacts of heat stress in sheep (Marai et al. 2007), 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 steep non-linear increase in photosynthesis and
respiration with optimal temperatures for growth and fruit development typically being between
20°C and 32°C. However, there are also temperature thresholds, which for most crops are around
35-38°C, above which there are steep declines in productivity due to heat stress, particularly if
the hot temperatures occur during the reproductive or grain filling stages. These effects have
reduced grain output by up to 60% in experiments (Porter and Semenov 2005). In 2010, the
Russian heat wave impacted a large portion of Russia’s agricultural land resulting in ~25% crop
failure, which increased the price of wheat internationally by up to 50% and, in addition to the
fires and health impacts, caused about $15 billion in economic losses (Barriopedro 2011). There
is a great risk to the global food supply from rising temperatures resulting in heat events that
push crops past their temperature tolerance thresholds at key developmental points, with the risks
tending to be greatest for rice, maize, soy, and wheat in the northern United States, southwestern
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Russia/Eastern Europe/Northern Khazakstan, northern India, eastern China, and southern Brazil
(Teixeira et al. 2013). Even discounting heat events, for every 1°C increase in mean atmospheric
temperature, wheat yields decrease by about 6% (wheat being one of the most vulnerable crops
to heat stress). Heat stress in crops damages cellular and protein structure, reducing growth,
development, grain size, and grain number. Moreover, heat is often accompanied by drought
conditions that wilt crops, cause poor water use efficiency, and cause crop health to deteriorate
further (Kaur, Sinha, and Bhunia 2019). Because of the projected increase in mean temperatures
and the accompanying increase in temperature extremes, the cultivation of heat and drought
resistant grain varieties, either by crossbreeding with more tolerant wild grain varieties or
through genetic modification, are 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 change impacts heat waves: increasing the
mean temperature, increasing temperature variability, and changing the shape of the temperature
distribution. Of these, the easiest to examine is the increasing mean temperature. If current
climate statistics are used to create a heat wave definition, which is then applied to future
projections, most changes in heat statistics will be purely due to the increased mean temperature.
This ‘absolute’ change in heat waves identifies how much extreme heat relative to the current
climate a region can expect to see in the future, which is important for mitigation strategies.
Removing the mean temperature change by using a different set of climate statistics for future
heat waves allows insight into changes to the variability and shape of the future temperature
distribution, changes driven by both circulation changes and increased local feedbacks. What
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does a 2010-type heat wave look like in 2100? Is it still a very rare and highly anomalous event
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 once a decade, rather than once 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 waves in the eastern Mediterranean
region from 1960 through 2006 (Kuglitsch et al. 2010) found that the 95th percentile temperature
had increased by +0.38°C/decade during the day and +0.30°C/decade at night, with some coastal
regions experiencing upward trends twice as strong. Between one-third and one-half of the
stations showed 95th percentile (relative to the 1969-1998 mean 95th percentile at each station)
heat waves lasting at least 3 days (night and day) increasing significantly in mean intensity
(+1.33°C/decade), number (+0.17 events/decade), and length (+0.85 days/decade) with
particularly 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 using high-resolution gridded data
from 1961-2010 (Spinoni et al. 2015). They found there were significant decreases in cold waves
in every season except autumn, and significant increases in heat waves, with frequency
increasing by 0.4-0.6 events/decade, duration by 0.8-1.5 days/decade, severity (event cumulative
temperature above the 90th percentile) increasing by 2-4/decade, and intensity (event
severity/event duration) increasing by 0.3-0.7/decade, with the largest increases in Slovakia and
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Hungary. To the east of the Carpathians in Ukraine, a study of stations in 13 cities from 19512010 (Shevchenko et al. 2014) found the least number of heat waves from 1961-1980 (2 or fewer
events/decade in most stations), and 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.

1.5.2. Projections
Numerous projections have been made about the future of climate change will influence
heat waves, but getting a clear picture of what may occur is difficult. There is, of course, the
aforementioned problem that there is no standard measure used for heat waves, which can make
it quite difficult to compare similar studies. There is also the problem, particularly in early-2000s
studies, of low-resolution models based on older projections that do not have an exact equivalent
to the representative concentration pathways used today. Meehl and Tebaldi (2004) is a good
example of some of these problems. It is a useful study, but it uses an unusual method of looking
at heat waves by defining them as the “worst 3-day heat event” using the warmest 3 consecutive
nights of 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, but the spatial resolution is
poor (2.8° latitude or longitude), and it is hard to tell whether the changes in heat waves are
entirely due to changes to the mean temperature or if changing variability also plays a role.
In addition to model resolution, model spread and model bias can also be large problems.
Vautard et al. (2013) ran a large ensemble of regional climate models under the current climate,
8 at 12 km resolution and 13 at 50 km resolution with the same boundary conditions using ERAInterim reanalysis and found a very large spread in the results. One problem noted was a
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tendency for heat wave events in the models to be too persistent, but this was reduced with
increased resolution. Increasing the resolution helped reduce event amplitude or variability past
the 90th percentile in only two of the ensemble members and in one increased resolution resulted
in bias amplification. Resolution changes also had a variable effect on the domain as a whole
with some members on average warming and others cooling when resolution was increased.
These problems might be derived from inadequate parameterizations resulting in feedback
effects (the event duration issues likely stem from soil-moisture feedbacks), so improved
parameterizations or further increases to resolution could solve them.
It can be difficult to determine what the model bias is, so running an ensemble to correct
for potential biases and examine model spread can be useful. Fischer and Schär (2010) did just
this and found a robust warming and drying of southern Europe. They did not remove the mean
temperature in their study. Instead, they defined heat events as exceeding the local 90th percentile
of the period 1961-1990 for at least 6 days, and found heat waves under this definition would
increase from one event every 3-5 years to two or three events every summer near the end of the
century, with heat waves being 2-5 times longer and much more intense in southern Europe. This
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 a high-emissions scenario it would still
have a reoccurrence interval of about a decade (Barriopedro et al. 2010).
Schoetter (2014) also used ensemble analysis for very high intensity heat waves (>98th
percentile maximum temperature covering at least 30% of Western Europe for 3 days) and found
a very large spread in potential outcomes. At the low end, following RCP 2.6, the ensemble
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median increase of the 98th percentile was 1-2 K while under RCP 8.5 it was more than 8 K in
southern France, and closer to 4.5 K along the North Sea. In the least aggressive ensemble
members there were no heat waves more severe (event cumulative temperature greater than the
98th percentile) than the 2003 event, and the number of heat waves only doubled. However, in
the most aggressive members there were 10 times as many heat waves even under RCP 2.6, and
heat waves up to 6 times more severe than 2003 were detected using that pathway. For the
median, the RCP 4.5 results were very similar to those found by Fischer and Schär (2010), and
the RCP 8.5 heat waves were five times more severe than the 2003 event. Most of the increased
severity in the came from the shift in median temperature, but the broadening of the temperature
distribution also increased heat wave severity by a factor of 1.7 for RCP 4.5 and 1.5 for RCP 8.5.
One of the regions that appears most at risk to future heat is the eastern Mediterranean
and Middle East. Zittis (2016) and Lelieveld (2014) both used the PRECIS regional climate
model at 25-km grid resolution and found very large increases in mean summer temperature,
relative to 1961-1990, following the aggressive A2 scenario (similar to RCP 8.5) of 6°C-9°C in
Turkey and the Balkans (though these areas also had 95th percentile confidence ranges above
1°C, about a 15% uncertainty). This is far greater than seen across the Arabian Peninsula, North
Africa, and the Middle East, where temperature increases were on the order of 3°C-6°C, though
given the already high temperature of these regions that is more than enough to create enormous
health risks. This north-south gradient in temperature increase is greatest during the day, and
appears to largely result from greatly decreased summertime precipitation on the order of 3060% in Turkey and the Balkans, due to a weakening of the Mediterranean storm track which also
decreases the cloud cover, resulting in stronger land-atmosphere feedbacks. Due to this large
increase in temperature and decrease in precipitation, future heat waves under the A2 scenario
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(defined in both studies as having daily maximum and minimum temperatures exceeding 90th
percentile and lasting for a minimum of 6 days) will increase significantly compared to the
current climate from 0.4-0.6 events per year to 5 or more events per year in Turkey and the
Balkans. The number of heat wave days per year increases by a factor of 7 to 15 by the end of
the century across the whole domain, with the largest increases to the south where future
individual heat events can persist for months. The decreases in evaporative cooling across the
northern portion of the domain also results in very large increases in the average peak
temperature of the hottest event each year by 6°C-10°C, somewhat more than the mean
temperature increase. Zittis (2016) attributes these changes to stronger summer anticyclonic
conditions, stronger advection of warm air masses from lower latitudes, and the strengthened
land-atmosphere feedbacks.
Holmes (2016) found that in some areas, including parts of Europe, a significant
percentage (as much as a third in localized regions) of the increased future summertime
temperature variability is due to increased warm advection. Because the temperature increase is
larger in subtropical regions than subpolar regions, the local temperature gradient is increased
(though the equator to pole temperature gradient is reduced) resulting in stronger advection. The
land-sea temperature contrast also somewhat increases during summer, resulting in stronger
land/sea breezes increasing temperature advection and variability in coastal areas. Although the
increased temperature gradient and thermal advection contribute to increasing the summertime
temperature variability, local radiative and land surface processes are dominant. 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 when there is a
persistent anticyclone in the future than 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 datasets, and found that while all percentiles of extremes increased in almost all
cases in the future, the upper percentiles increased by more than the lower percentiles. By
subtracting the change in the 5th percentile extrema from the change in the 95th percentile
extrema, they found that in 80% of the data points used in the analysis, the asymmetry was
greater than 0 (the warm extrema increased by more than the cool extrema). The most dramatic
changes were to wintertime minima over oceans, with the largest changes over land occurring to
winter minima and summer maxima. Horton (2015) used a regional climate model ensemble and
looked at increases to mean summertime maximum temperature (Tx), and once-per-year
maximum temperature (TXx). They found that between the current climate (1981-1998) and the
middle of the century (2051-2069) these values did not change by the same amount, particularly
along the east coast of the United States. In the Northeast USA, Tx increased by 3-3.5°C while
TXx increased by 4-4.5°C, but in the Southwest USA they increased by similar amounts. This is
reflected in Baltimore’s future temperatures, where using the increase in temperature given by
Tx there would be 13 days each year exceeding Baltimore’s present TXx, but the increase of
TXx puts that at 17, a 28% increase over the mean. Similar changes occur to once-per-year daily
minimum temperatures where following the mean change the previous minimum would occur
every 4 years, but following changes to the extrema it would only occur every 10 years by
midcentury.
Horton (2016) spends some time looking at the nonlinear factors that might be
responsible for the differences between the changes to the extrema and the mean. Atmosphere-
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land feedbacks are likely to play a large role as they are already quite important for the initiation
of heat events, and many regions are expected to become drier in the future, which increases the
responsiveness of the surface temperature to transients. Currently, summer soil moisture
anomalies are tied to winter and spring snowfall, rainfall, and evaporation, but with warmer
future temperatures, reduced winter and spring snowfall, and more extreme but less frequent
summer rain events, that could change. It is somewhat unclear how non-linear factors related to
changes in circulation regimes might impact summer heat events such as changes to blocking
and Rossby waves, but they are likely to have an impact. For Rossby waves in particular, there
are two mechanisms by which these changes might occur according to Horton. The first is
through quasi-resonant circulation regimes which are characterized by an increased amplification
of standing and short wavelength Rossby waves. These tend 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 fast-moving Rossby waves and the decrease in the eddy kinetic energy (EKE).
Decreases in EKE are directly related to decreases in soil moisture, and therefore the very
important land-atmosphere feedbacks as decreased EKE indicates a reduction in rain, clouds, and
wind-induced mixing of air masses. These decreases may be related to arctic amplification of
warming, as a reduced summertime meridional temperature gradient at the surface (it is actually
increased aloft) reduces zonal winds, which reduces the EKE, which in turn reduces synopticscale temperature variability causing more stagnant air masses. Stagnant air masses, when
combined with lower soil moisture, trap heat more readily resulting in heat events.
In this project, we continue the trend in recent studies of looking not at the absolute
changes to future heat, changes that can largely be attributed to increasing mean temperatures,
but rather looking at changes to the relative temperature statistics, in order to quantify non-linear
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changes to the temperature extrema. We look at climate-relative temperature distributions and
the associated heat events to investigate subtler changes caused by shifts in circulation,
advection, temperature variability, and local feedbacks. These are changes that occur on top of
the mean shift caused by the climate warming, changes that can result in future heat being
significantly worse than one would expect had only the mean temperature shifted, and changes
that need to be accounted for and planned around by local governments to avoid a repeat of the
events of 2003 and 2010.
These shifts are examined by searching for regions of high relative change in a highresolution weather model. In 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 results and trends in Europe related to changes in heat statistics (chapter 3), and
specific trends in detected heat 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 model used 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 identification, given the
limitations in the model output, in order to determine the most useful heat wave definition for
this project.

2.1. Model description
A series of 10 non-sequential, year-long, time-slice model simulations were generated
using the Model for Prediction Across Scales-Atmosphere (MPAS-A) version 5.1 for both
current and future climates (Michaelis et al. 2019). To the best of our knowledge, this was the
first time MPAS had been used for time-slice climate simulations of this type. Ten years of
observed sea surface temperature (SST) fields, chosen to represent a wide range of El NiñoSouthern Oscillation (ENSO) states, were selected as boundary conditions for these runs (see
table 2.1). The simulations were not run in temporal order, but rather from the strongest La Niña
to the strongest El Niño in order to minimize the spin-up needed to balance the atmosphere
between model years. A primary reason MPAS was chosen for these model runs is its use of
Voronoi meshes (Du et al. 1999), allowing the use of a high-resolution 15 km grid in the
Northern Hemisphere, which, in order to reduce computing costs, is relaxed to 60 km in the
Southern Hemisphere. To save storage space, only the Northern Hemisphere output were saved
at 6-hour intervals (0Z, 6Z, 12Z, and 18Z) along with limited variables. A primary focus of these
runs was to study tropical cyclone extratropical transition as in Michaelis and Lackmann (2019),
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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 save when the runs were created.
While the current climate model runs used OISST analysis from the ECMWF ERAInterim Reanalysis as lower boundary conditions, future climate boundary conditions were
generated by taking the mean values (with the exception of SSTs which used the OISST analysis
rather than mean values) for 1980-1999, and adjusting them by adding the mean projected
change under the CMIP5 RCP 8.5 pathway between that period and the end of the century
(2080-2099). The high-emission RCP 8.5 pathway was selected to maximize the impacts of
climate change on the weather, in order to better characterize the signal of climate change.
However, there are two things to note about this. First, because the model is atmosphere only,
there is no atmosphere-ocean coupling to allow for effects such as tropical cyclone cold wakes.
Secondly, there are no interannual variation in sea ice extent in both the current and future
climate simulations (though future climate sea ice extent is adjusted based on RCP 8.5
projections of mean sea ice extent). Figure 2.1 shows the global mean SST change from June
through September, while figure 2.2 shows the July/August SST change around Europe.

2.1.1 Temperature Changes
The mean future June-September surface (2m) temperature and standard deviation
changes are shown in figure 2.3. Surface temperatures increase the most in many subtropical
continental regions (not including India, likely due to the summer monsoon), between about
15°N and 45°N, and again in most polar and sub-polar regions. Mean temperature changes are
particularly extreme over northern Canada, northern Russia, the Middle East, and the Himalayas.
Changes in temperature variability, as indicated by changes in the standard deviation, are less
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uniform, with large decreases in the Arctic, and increases 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 dramatically in temperature while decreasing in standard deviation and India does the
opposite. Regions in which there is an increase in the temperature variability and a large increase
in the mean temperature are likely to be particularly susceptible to future heat waves.
Looking at Europe in detail (figure 2.4), the largest temperature increases are in the
Mediterranean region and Arctic Circle, with the smallest temperature increases in northern
Europe. The temperature increases in the far north are clearly driven by sea-ice loss causing artic
amplification (Dai et al. 2019), while the temperature increases around the Mediterranean are
likely related to local soil-moisture and cloud-cover feedbacks as discussed in chapter 1.
Temperature variability, indicated by changes to the standard deviation (figure 2.5), shows a
similar pattern. It is reduced in Northern Europe, particularly along the Arctic Coast where,
unlike in the current climate, there will consistently be little to no sea ice, and it increases across
Southern Europe. Changes to the local temperature-moisture feedbacks are likely major factors
in this increase, but other factors including circulation changes and increased temperature
advection driven by both a larger land/sea temperature contrast around the Mediterranean and
Black Seas and the increased temperature gradient in continental Europe as discussed in Holmes
(2016) are also potential factors. However, figure 2.6 takes a closer look at changes to the
temperature advection and while there are some regions with large enough changes for it to be a
factor, Eastern Europe is not one of them. The increases in standard deviation are maximized
along the southern Ukrainian coast and northern Turkish coast, but are quite large across

19

southeast Europe and the 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 temperature spread which is calculated by taking the difference between the 95th percentile
temperature and the median temperature. It is a simple metric, but one that easily reveal changes
in temperature distributions unrelated to an increased mean temperature. Figure 2.7 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 spread such as around the Black Sea, India, parts of the Middle East, and
sub-Saharan Africa are likely related to changes in heat wave occurrence and intensity. While
this metric not able to provide information about why some of these changes occurred, it does a
good job showing where to look.

2.1.2. Model Parameterization
Because of the grid scale used in the model (15 km), any feature with a wavelength of
less than 60 km will not be accurately captured and must be parameterized. As model
interactions at the subgrid-scale have a large impact on model outcome, it is important that the
parameterization schemes used be as accurate as possible. The MPAS-A physics suite used for
these simulations included several schemes adapted from versions of the Weather 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 important to this project, as the boundary layer (BL) scheme
governs the entrainment of heat into the BL during long heat events, and the land surface model
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controls the interactions between the ground and the atmosphere through surface energy fluxes
and governs soil moisture and evapotranspiration processes. One potential issue with the land
surface model (LSM) used is that the Noah-LSM has a soil depth of only 2 meters with a gravity
drain-only bottom boundary. This could result in the soil drying too quickly after rainfall events
and the lack of an aquifer or deeper reservoir of water means there is no dry-season infiltration
from below. It is important to note that the land surface scheme used is the same in both current
and future climates; it was not updated to reflect projected changes in future land use and any
issues caused by the LSM are shared in both current and future runs.
Figure 2.8 shows an example of the Yonsei boundary layer scheme in action, both before
the initiation of a heat event and during a strong heat wave, averaged across the Ukraine region.
The potential temperature profiles are similar to soundings during the 2003 and 2010 heat waves
as seen in figure 3 from Miralles (2014) in that the BL is substantially deeper during the event. In
the model however, rather than a nearly constant potential temperature from the surface to the
top of the boundary layer in the afternoon (12Z), the potential temperature gradually increases,
and it is difficult to determine where the top of the BL is using potential temperature. This is
likely a result of averaging across several days and a fairly large region but could also be
influenced by the BL scheme.

2.1.3. ERA5 and CMIP5 Comparison
There is another issue with the model output: when compared to ERA5 reanalysis over
the same years, the current climate MPAS mean temperatures are far colder over land (figure
2.9). This cold bias is not limited to the surface and is clearly visible, if somewhat reduced in
amplitude and spread across the globe, at 850hPa. We would expect that, given 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
ice in the model, as its inter-annual variation was removed, but that alone does not explain why
the mean temperatures are so much lower in the current climate MPAS runs than ERA5 over
nearly all landmasses. Mean MPAS temperatures are more than 5K below ERA5 values north of
60°N. This significant model bias means that it is not feasible to compare results between
modeled and observed events
The differences between ERA5 and MPAS in temperature variance, on the other hand,
are almost the opposite (fig. 2.10). There are few places in which the modeled temperature
variance is less than observed. This is a known issue in many models (Vautard et al. 2013), and
is unlikely to have much of an impact on the results beyond possible overestimation of heat wave
intensity.
Comparing the magnitude of projected temperature change between MPAS and the 21member ensemble CMIP5 RCP 8.5 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 unknown 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 purpose, so it is not unexpected to find climate
biases in MPAS output. Another possible reason is the difference in resolution as the CMIP5
models are generally run at a much lower resolution than 15km and it is unclear how that
impacts the model output. A third possible reason is that model parameterization schemes all
have their own biases and the difference seen in figure 2.11 could 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 with larger projected
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 summer temperatures, a task made harder
by the fact that we are working with projections so there is no “true” value to compare against.

2.2. Heat wave detection methods
There are, as discussed in section 1.1, many ways to define and detect heat waves. In this
section we describe the process used to determine the definition used in this project, and the
method by which it was applied to the model data.

2.2.1. Pointwise heat wave definition
There are, as mentioned, many definitions in use for heat waves. Many cannot be used in
this study due to the limitations of the model output. Both due to the area covered by the data
(the entire Northern Hemisphere), limitations in the stored data (6-hourly), and project design
(climate-relative changes), using a fixed-threshold heat wave definition is immediately
unworkable. Because the output are saved at 6-hour increments and daily maximum or minimum
temperature have not been recorded, any definition that involves the exceedance of a value
relative to the mean daily 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 temperature), and that threshold must be met or exceeded in consecutive output
increments for a number of days. If the temperature exceeds the selected threshold all four times
recorded in the data in one day, it can be assumed that the temperature also exceeds that
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threshold for both the daily maximum and minimum temperature. The heat waves identified in
this manner will be less numerous and have higher impact than solely night-time or day-time
heat waves.
This begs the question: what threshold should be used? All thresholds will be relative to
the climate (current and future), as that is part of the project design, as opposed to the 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 investigate, as is a slightly longer time of 5
days. As the temperature threshold can range anywhere from the 80th percentile to the 98th
percentile, investigating the 85th, 90th, and 95th percentiles under both current and future climates
to find the combination that shows the greatest contrast between the two climates, and thus the
best metric to use, is reasonable.
There are also two different methods by which heat waves can be analyzed: pointwise
and regional. Pointwise analysis is straightforward: simply look for heat waves at each individual
data point with no regard for surrounding points. In regional analysis a region is defined and then
analyzed for heat waves that impact part of the region, if not all of it. This second approach
works well if there is a specific region designated to be studied. It is used later in this project
once a region of interest has been identified, but for the purposes of comparing different methods
of heat wave analysis over a huge area, it is entirely inadequate.
The statistics upon which the pointwise analysis is performed are monthly climatologies
for June through September. The mean temperature and standard deviation are calculated at each
grid point at each available time of day (0Z, 6Z, 12Z, 18Z) using a normal distribution for each
month. These values are then used to analyze the data using various thresholds for heat waves to
select the appropriate definitions for this study. One thing to note, however, is that because
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monthly climatologies were initially used rather than a running mean, there are discontinuities
when moving from one month to the next, and some months (September in particular) have large
differences in temperature between the start and end of the month. Given the month-long mean
in use, it is likely that some heat events were identified at the beginning of the month that would
not have met the requirements under a different scheme, while 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 in selecting a threshold and identifying areas of interest, a
monthly mean is sufficient. This is switched to a 30-day running mean for further analysis as that
fixes the discontinuities created by using monthly means.
Pointwise analysis of heat waves is computationally inefficient, so it was necessary to
break the Northern Hemisphere down into smaller regions. The first region investigated was
Europe, here defined as 30N-70N and 10W-60E. Europe was chosen for the initial analysis of
the best threshold to use, both because of monstrous heat waves of 2003 and 2010, and because
of personal experience with the lesser (but still miserable without air conditioning) central
European heat wave of 2006. Figures 2.12 through 2.14 show the results. A large increase in
future heat waves in Eastern and Southeastern Europe is found under all metrics. The 85th
percentile (not shown), being only slightly greater than a single standard deviation above the
mean, was deemed inadequate as it identifies too many heat waves, which drowns out the more
important changes. Similarly, the 90th percentile metric at 5 days duration identifies a similar
number of heat waves to the 3-day 95th percentile metric, which is too few. In the earlier stages
of this project the 3-day 95th percentile metric was the focus, but the total number of heat waves
decreases when a 30-day running mean is used instead of a monthly mean. Because of this, the
3-day 90th percentile is ultimately chosen as the metric for pointwise analysis, as it shows a
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striking contrast between current and future heat wave distributions in high impact events while
retaining enough events that analysis is meaningful. However, just because using the 90th
percentile is superior when investigating individual heat events does not mean the 95th percentile
does not have value. When 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 95th percentile is superior. Figure 2.15 shows why we focus on climate-relative heat:
by taking the current climate 3-day 95th percentile threshold and applying it to the future climate
output, a huge number of heat waves, with a distribution that closely resembles the change in
mean temperature (figure 2.4), are detected. This obscures the large relative increase in heat
waves in Eastern Europe.
Originally, a goal of this project was to investigate the entire Northern Hemisphere for
significant changes, such as those found in Eastern Europe. However, in the second region
investigated, the United States, there are almost no 95th percentile heat waves found in either
current or future climates, though there are some changes to the 3-day 90th percentile heat waves
(figure 2.16), particularly along the east coast. This change occurs, however, primarily because
almost no heat waves are diagnosed in that region under the current climate. This seems incorrect
and might indicate problems with the model (or, upon later reflection, problems with using
monthly means to find heat events). Future analysis of North America or elsewhere in the
Northern Hemisphere has not been done, as analyses of the causes behind the large increase in
extreme heat waves in Eastern Europe continually raised yet more questions such that
investigating additional regions fell beyond the scope of this project.
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2.2.2. Excessive Heat Days
Another method by which heat waves can be analyzed that is tied more directly to the
temperature distribution is looking at changes to the number of excessive heat days. Given a
normal distribution and the 122 days between June 1st and September 30th, we should expect a
total of 6.1 days per year in which the temperature exceeds the 95th percentile during the warm
months. Deviations from that value indicate some amount of skewness in the temperature
distribution, or the presence of a different non-normal distribution. Changes to this number
between the current and future climates indicates a change in the skewness of the temperature
distribution. Regions gaining excessive heat days are more likely to have climate-relative heat
waves in the future, while regions losing excessive heat days are less likely to have climate
relative heat waves in the future.
This shift can be seen in figure 2.17, which again indicates a fairly substantial increase in
Eastern and Southeastern Europe, along with Turkey, Syria, Egypt, Libya, and parts of the MidEast. Much of central and western Europe is unchanged, though parts of Scandinavia and Russia
have large decreases in excessive heat days. These values are found by adding together all the
times in which the 95th percentile temperature is exceeded in June-September, whether those
times are consecutive or not, for all 10 years and then averaged to get the number of excessive
heat days per year before comparing current and future to create the aforementioned figure.

2.2.3. Regional heat wave definition
After completing analysis of the changes to the climate of Europe as a whole, in the hope
of determining the causes of the increase in heat waves in the future climate (see chapter 3), three
regions around the Black Sea were determined to have particularly large changes in their
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temperature characteristics and were analyzed for regional heat waves. The first region is located
north of the Black Sea and extends from 46.5N to 51.5N and 27E 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 21E to 28E, covering Romania, Bulgaria, Macedonia, and parts of the
surrounding countries. Finally, the third region is located to the south of the Black Sea and
extends from 36.5N to 41N and 29E to 40E, covering much of Turkey. All three regions were
found to have a large change in temperature spread (figure 2.18). The temperature spread
increases in these regions by 20-40% indicating a strong positive change in skewness and/or a
substantial increase in the temperature variance. As the percentiles used for this project are
calculated based on the standard distribution, a large increase in the temperature spread indicates
a strong likelihood for more frequent and more intense heat waves in the region. Comparing
these regions with figure 2.12 shows that they cover a large part of the area with the greatest
increase in future heat waves in Eastern Europe, so investigating changes to heat waves within
this region is a good proxy for changes in Eastern Europe as a whole.
Some of the same limitations apply when creating a definition to use for heat wave
analysis in this region as before. The daily maximum and minimum temperatures are not
available (though the 0Z temperature is close to the minimum and the 12Z temperature is close to
the maximum), so the temperature must exceed some relative threshold for a continuous
sequence of output times. Because these are fairly large regions, comprising between 2209 and
2220 individual grid points, a regional average temperature at or above the 95th percentile for one
day (4 consecutive output times) was initially chosen as the criterion for a heat wave. This
proved too strict and the threshold was slightly reduced to the 93.3 percentile (1.5 standard
deviations for a normal distribution, or 1.5Z) to allow for more events. In the end under this
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definition (1.5Z, continuous for at least 1 day) and after combining events separated by only 6-12
hours, in the Ukraine region 15 events are found under the current climate and 19 events under
the future climate, with large differences between them. While the differences are fairly large,
we expected a greater disparity in number and duration between current and future heat events
given the other statistics investigated. The other two regions were not investigated using this
threshold as it was not the final threshold used.
It is at this point that we need to revisit the use of monthly climatologies to find extreme
heat. While this approach proved sufficient for earlier analysis in determining a definition and
identifying an area of interest, when picking out individual heat events to examine, some issues
arise. While the majority of the events mentioned take place in July and August, seven of the
Ukranian events (four current, three future) are potentially suspect, as they occur near the start of
September. Two September events begin on August 31st, and may be perfectly fine, however
three begin at exactly 0Z on September 1st. Because of the use of a monthly mean climatology,
there is a discontinuity in the temperature anomalies between each month. No events are found at
the end of June or very start of July, so that discontinuity causes no issues. The mean
temperatures of July and August should be similar, so that discontinuity is unlikely to be large.
There is, however, a significant decrease in temperature over the course of September (several
degrees) so the jump between the August and September mean temperatures is significant. That
several events begin right around that point indicates it is a problem.
Reevaluating the temperature statistics using a 30-day running mean climatology proves
a good solution. While computationally expensive, doing so over the relatively small regions of
interest enables its use in a quick manner. The number and length of events detected in this
manner is much lower than when using monthly means and the average temperature anomaly is
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about 1 K smaller, but there are no longer any events beginning on September 1st. Thus, the
event detection threshold was further relaxed to the 90th percentile which returned the number of
events detected in Ukraine to approximately the same as under the previous threshold using
monthly climatologies and also aligning it with the 3-day 90th percentile heat waves which were
used to help select the region. Under the new threshold there are 21 future events and 15 current
events in Ukraine, but surprisingly current events are slightly longer than future events so the
total length only increases slightly as does the mean anomaly. A close look at these events points
towards a highly extreme current climate year as the culprit (MPAS current climate 1994). Upon
applying the threshold to the other two regions, 17 current events and 19 future events are found
in Romania/Bulgaria, and unlike Ukraine the mean length, total length, and mean anomaly all
increase substantially as expected. A similar increase is also found in Turkey, where there are
only 10 short and low-intensity current events but 15 significantly longer and more intense future
events. Further discussion regarding regional events is the focus of chapter 4.
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Table 2.1: Average Multivariate ENSO Index (MEI), Oceanic Niño Index (ONI),
and corresponding ENSO phase during the tropical cyclone season (June–
November) for the chosen simulation years.
Multivariate ENSO Index
Oceanic Niño Index (ONI):
Year

(MEI) Rank:

ENSO Phase
JJA–SON Average

JJ–ON Average
2010

3.8

-1.2

Strong La Niña

1988

6.6

-1.2

Strong La Niña

2011

16.2

-0.7

Weak La Niña

2013

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 El Niño

2015

64.8

1.7

Strong El Niño

1997

66.0

1.8

Strong El Niño
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Fig. 2.1: Global mean summer (June-September) SST change used as boundary conditions in the
MPAS model, contours ever 1 K. Note maxima in arctic/sub-arctic regions usually covered in ice
in June/July under the current climate but open water in the future climate. 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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Fig. 2.2: July/August mean MPAS SST change in Europe, contours every 0.5 K. Mean change in
the Black Sea and Mediterranean (~4 K) is slightly less than mean air surface temperature
change in surrounding land areas (~4.5-5.5 K) increasing land/sea temperature contrast which
strengthens the coastal land/sea breeze. The opposite occurs in the Baltic Sea as the mean SST
change (~4.5 K) is less than the mean air surface temperature change in surrounding land areas
(~3.5-4 K)
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Fig. 2.3: Change in mean MPAS 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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Fig. 2.4: Mean MPAS July/August surface air temperature change, contours every 1 K.
Temperatures have increased the most in the Iberian Peninsula (6 K), Turkey/Syria/Iraq/Jordan
(6-7 K), northwestern Africa (5-6 K) and over the Arctic Ocean (5-8 K). Temperatures have
increased the least from about 50-65N by less than 4 K over land and less than 3 K over the
northeast Atlantic.
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Fig. 2.5: Change in mean MPAS future July/August standard deviation, contour 0.5K. There is a
general decrease in standard deviation north of 55°N, which 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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Fig. 2.6: Changes in future MPAS 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 components). While 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. 2.7: The percent change in MPAS temperature spread (95th percentile 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 regions stand 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 this project. The third is in India,
particularly along the eastern coast. Finally the fourth is in sub-Saharan Africa. Some areas over
the oceans appear to have large increases in spread such as north of the Caribbean, this is an
illusion. Because the standard deviation is so small over the oceans even a tiny increase can
appear quite large when looking at percent change.
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Fig. 2.8: MPAS Potential temperature vs. height soundings at each of the model times before
future heat events (left) and during the middle of the longest and most intense future heat event
in the Ukraine region (right, discussed further in chapter 4). These values are averaged across the
region (see fig. 2.18).
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Fig. 2.9: The top figure shows the summertime (June-September) comparison between ERA5
reanalysis and current MPAS surface temperature (MPAS minus ERA5). Below it is the same
comparison made at 850hPa for only the months of July and August. Over continents the MPAS
surface temperature is almost always less than the ERA5 temperature. This cold bias extends into
the atmosphere above and is more diffuse by the 850hPa level showing 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 Sahel where there is instead a warm bias.
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Fig. 2.10: Most of the world has a larger standard deviation in the MPAS data than in the ERA5
reanalysis data. Any number of factors could be responsible for the increase in temperature
variation, but unlike the cold bias it is not limited to continents and it is unlikely to be related to
the sea ice.
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Fig. 2.11: Difference between the change in 2-meter temperature in the MPAS runs and CMIP5
ensembles. The output has been interpolated to the coarsest CMIP5 grid, a resolution of about
2.8 degrees. This is the MPAS change (future minus current) minus the CMIP5 change (21member ensemble mean RCP 8.5 temperatures between 2080 and 2099 minus the CMIP5
ensemble mean historical temperature 1980-1999). It is very clear that the CMIP5 ensemble
experiences significantly more warming in the midlatitudes during 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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Figure 2.12: MPAS 90th percentile 3-day long heat waves under current climate conditions (top
left), future climate conditions (top right), and the difference between the two (bottom) across the
all 10 years. There is a westward shift in the heat wave maximum from southern Russia near the
Kazakhstan border to Eastern Europe centered over Ukraine. There are also large increases in
heat in Turkey, Syria, Israel, and Jordan. While the project was originally focused around the
95th percentile, using a running mean instead of monthly means reduced heat wave frequency so
loosening the threshold to the 90th percentile proved superior.
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Figure 2.13: MPAS 90th percentile 5-day long heat waves under current climate conditions (top
left), future climate conditions (top right), and the difference between the two (bottom) across all
10 years. The changes are very similar to the 3-day long heat waves, but there are far fewer
events making it less useful. Current events are centered over Western Kazakhstan while future
events are centered over Ukraine and the eastern/northeastern periphery of the Mediterranean
Sea, much like the 3-day events.
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Figure 2.14: MPAS 95th percentile 3-day long heat waves under current climate conditions (top),
future climate conditions (middle), and the difference between the two (bottom) across all 10
years. There is a very similar shift in heat waves to the 90th percentile from a maximum in
southwestern Russia to Eastern Europe and the East coast of the Mediterranean, but the low
number of events makes it less useful than the 90th percentile at evalutating changes to future
heat waves.
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Figure 2.15: Number of future MPAS heat waves when future temperatures are evaluated using
the current climate 95th percentile. The shift from Southwestern Russia/Western Khazakstan 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 changes to future heat wave characteristics and
distribution.
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Figure 2.16: The number of 3-day 90th percentile MPAS 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 in future heat waves along 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 are fewer heat waves and they change by smaller amounts than in
Europe, so North America was not investigated further.
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Figure 2.17: The change in average number of MPAS yearly climate relative excessive heat days
where the temperature equals or exceeds the 95th percentile. A large increase in hot days 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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Figure 2.18: The three regions around the Black Sea chosen for regional heat wave detection.
They are overlaid over a plot of the percent change in MPAS temperature spread. All three
regions see increases in spread of 20-40%.
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CHAPTER 3
General Results
In the previous chapter while discussing heat wave definitions we showed that there is a
large increase in the number of climate relative heat events in Eastern Europe in the future (fig.
2.12). In this chapter, we begin by examining those changes in detail, and apply some additional
methods to look at the shifting heat regime, before moving on to examine a number of variables
in an attempt to discover some of the physical 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 the model output to locate regions with a large increase in future heat
waves. The result of this analysis is seen in figure 2.12. A substantial westward shift in the local
heat wave maxima is immediately apparent. Under the current climate, the heat waves are
concentrated in southwestern Russia and western Kazakhstan with a large area experiencing 8 to
12 in the ten current years of current climate simulation. There are also a few smaller maxima
around the periphery of the Mediterranean, particularly in Greece and southern Italy. When
moving to the future climate, the maximum over Russia has shifted to cover a large portion of
southeastern Europe, Turkey, and Syria with a very large region experiencing 6-12 heat waves in
the future. Note that some of this region, Romania in particular, experiences very few heat waves
under the current climate, so moving from no extreme heat events to one every other year on top
of the mean warming due to climate change is a very large change. Thus, the large decrease seen
in southwestern Russia and subsequent large increase over southeastern Europe represents a
substantial shift in the heat-wave climatologies of these regions.
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The other way we investigate heat waves, before looking at a specific region, is, as
discussed in section 2.2.2, excessive heat days. The change in the number of excessive heat days
largely aligns with the changes in heat wave statistics (fig. 2.17), with a large increase over
eastern (particularly southeastern) Europe, Turkey, Syria, and part of the Middle East. There is a
corresponding decrease in southwestern Russia, but it is much smaller than the decrease in heat
waves. Two regions stand out, however, as being different from the shift in heat waves. The first
is the local maximum along the border between Belarus, Latvia, 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. The second region is composed of Sweden, Denmark, and northern Germany.
This area has a large decrease in heat wave days, but has a slight increase in the total number of
heat waves.
Under a normal distribution we would expect to see an average of 6.1 days of over 95th
percentile heat between June 1st and September 30th. However, nature is rarely so neat. Figure
3.1 shows the actual distribution under the current climate which ranges from about 3 to 9 days.
Few locations actually have a normal temperature distribution. Coasts facing north and west tend
to have more than 6 heat wave days per year, while the coasts facing south and the interior
regions tend to have fewer than 6 heat wave days per year. The region with the most substantial
increase in heat wave days (southeast Europe) sees an increase of roughly 50% in the number of
heat wave days per year in the future, while the region with the most substantial decrease
(Denmark and Sweden) sees a 30-40% decrease (fig. 2.12). Both changes bring the temperature
distribution closer to a normal distribution. The distribution of these departures from normal is
related to the skewness of the temperature distribution and their shift is 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 positively or negatively. A skewed distribution typically has its
median and mode displaced from the mean to the left (for positive skewness) or right (for
negative skewness) with the opposite tail of the distribution stretched, resulting in more extreme
positive anomalies for positive skewness and negative anomalies for negative skewness than
under a normal distribution. For the purposes of this project, we look at the skewness of the
temperature distribution and its change between current and future climates to help locate
regions with a larger future likelihood to experience extreme heat. The skewness was calculated
using Pearson’s second skewness coefficient:
Equation 3.1: 𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =

3(𝑚𝑒𝑎𝑛−𝑚𝑒𝑑𝑖𝑎𝑛)
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

In the current climate, most of continental Europe is negatively skewed at all times (not
shown), except along and inland from the Atlantic coasts at 12Z and 18Z. This shifts under the
future climate to most of Europe having a slight positive skew. These changes are shown in
figure 3.2 with the largest changes occurring at all times in Ukraine.
Figure 3.3 shows what this shift looks like by comparing histograms of the current and
future temperatures, with the means removed, in Kiev, Ukraine. The shift from an approximately
normal distribution in the current climate to a positively skewed one in the future climate is
clear. While the means are set to be equal, the mode and median of the future climate have
shifted to the left causing an increase in the number of days with small (<5K) negative
anomalies, while there is little change in the number of days with more substantial negative
anomalies. On the other hand, there is a very large increase in the number of hot days (>5 K
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anomalies), with the probability of extreme heat (>7.5 K) more than doubling. As the future
mean temperature in this region increases by approximately 4.5 K, this is quite worrisome.
Another measure that can be used to calculate the shift in the temperature distribution is a
simple quantity we call “spread” where:
Equation 3.2: 𝑆𝑝𝑟𝑒𝑎𝑑 = 𝑇95 − 𝑀𝑒𝑑𝑖𝑎𝑛
By looking at the difference between the 95th percentile and the median temperatures, and in
particular looking at the change in this quantity (future minus current), we can easily see where
the temperature regime has shifted the most in favor of extreme heat. This is shown in figure 3.4
where it is apparent that there is a large increase in the spread around the Black Sea and eastern
Mediterranean, the region in which there is also the largest increase in heat waves. Because heat
waves and heat wave days are calculated assuming a normal distribution, using measures, like
skewness and spread, that capture the change in that distribution are good at highlighting the
regions experiencing the greatest changes in their future heat regime. A combination of the
metrics discussed in section 3.1 and 3.2 was used to select the regions investigated for individual
heat events that is the focus of chapter 4.

3.3. Moisture
The connection between soil moisture and heat waves is well known. Desiccation of the
soil can increase the likelihood, severity, and duration of heat waves, as it can result in a positive
feedback loop in which abnormal heat dries the soil farther and because the soil is dry, most of
the incoming solar radiation heats the air though the sensible heating rather than moistening the
air through latent heating. This can be exacerbated further through reduced moisture advection
from upwind regions of drought (Schumacher 2019). Unfortunately, soil moisture was 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 available output and can be used to infer the missing
variable.
One of the best ways to see changes in the water cycle of a region is to look at how
precipitation and evaporation (more specifically, the precipitation minus evaporation) have
changed. Figure 3.5 shows this change, with much of Europe becoming drier in the summer
months (either through increased evaporation, decreased precipitation, or both). The only notable
regions that become wetter are northern Scotland, most of Scandinavia (with Norway having a
particularly large increase in precipitation), and northern Russia. A region encompassing the
Czech Republic, Austria, Poland, and Bulgaria also stands out from their surroundings in
showing slight increases in summertime moisture. There are also some minor increases in P – E
in Turkey, North Africa, and the Middle-East, but those regions are already arid or semi-arid and
are experience decreased future summer precipitation, so it is unclear what is causing the P – E
to increase or if it has any impact on the climate. In contrast, there are large decreases in
summertime P – E across western and southern Europe, particularly in mountainous areas. One
would expect these areas to also be more susceptible to heat waves due to their increased aridity,
but there do not appear to be any large increases in heat waves in Western Europe. Therefore,
while changes in P – E might contribute to the changes in heat waves, it cannot be the sole
determinant.
Another good indicator of changes in the aridity of a region is to look at changes in the
surface relative humidity. Figure 3.6 shows a pattern consistent with the work done by Fischer
and Schär (2010), showing a decrease of 5-10% in the near surface relative humidity across
Southern Europe and small (under 5%) increases in parts of Scandinavia and Russia. This pattern
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is quite similar to that in Figure 3.5, indicating increased summer dryness around much of the
Mediterranean and around the Black Sea. Decreased relative humidity means that when it does
rain it will dry more quickly allowing the land-atmosphere 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 effect, as they block sunlight from reaching the surface and reflect much of it
into space. This has a strong cooling effect on the surface during the day, but at night clouds act
to block some of the outgoing longwave radiation (OLR), warming the surface. High clouds do
the opposite; they are thin enough that not much sunlight is reflected, but they still trap OLR,
causing a net warming. Figure 3.7 shows the changes (future minus current) integrated cloud
water content from 950hPa to 700hPa. This is expected to be representative of changes in the
amount of low-level cloud. Most of Europe, particularly south of 50°N, sees a substantial
decrease in these clouds in the future, which should cause daytime warming and more rapid
desiccation of the soil, potentially allowing heat waves to develop more frequently.
Figure 3.8 shows a cross section averaging 25E-35E and from 37N (southern Turkey) to
60N (St. Petersburg, Russia) showing the average changes (future – current 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 Ukraine region (indicated 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 the highest (increase likely caused by a higher future
tropopause), means more solar radiation can reach the surface warming and drying it, allowing
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the land-atmosphere feedback loop to initiate more readily, resulting in more frequent, longer,
and/or stronger future heat events.
An increase in low-level cloud can be seen heading into Europe from the Atlantic at
about 60°N in figure 3.7 with a decrease farther north, suggesting changes to the storm track.
There is also the suggestion of a rain shadow caused by the high peaks on the southern end of the
Scandinavian Mountains in Norway (highest peak: 8100 feet). Note that P – E also decreases in
this region. This could be associated with the increase in heat wave days in the Baltic States;
however the decrease in heat wave days in parts of southern Scandinavia is more complex. The
skewness increases as does the spread (though only slightly) while the low level cloud and P – E
both decrease significantly due to the apparent rain shadow. Although those factors indicate there
should be an increase in heat, there is instead a large decrease in heat wave days and 3-day heat
waves. This may be because of the increased frequency of cyclone passages and the associated
cold fronts resulting in less stagnant summer air masses preventing the buildup of heat.

3.4. Storm Track
It is possible these changes are being driven by changes to the mean summertime storm
track. With higher temperatures, evaporation should be higher in the future, so places that do not
have a subsequent increase in precipitation will see decreases in P minus E and relative humidity,
making such areas more susceptible to heat and drought. In figure 3.9 we can see that the 200
hPa flow across the North Atlantic into Northern Europe has strengthened significantly (up to
50%) associated with a strengthened geopotential gradient, while at the same time the subtropical
jet which begins over the Eastern Mediterranean has weakened. With cyclones expected to
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follow the jet, the shifts in the jets and expected changes in cyclone activity are likely
explanations for the change in P – E.
Figure 3.10 compares the current climate MPAS sea level pressure (SLP) to that found in
NCAR reanalysis for the years from which the SST values used as boundary conditions in the
MPAS runs were taken. The patterns align well, though the reanalysis does have a slightly
stronger Azores high and Icelandic low. Since the model represents the current climate SLP well,
we can expect there are not glaring issues with its future climate. Figure 3.11 shows the change
in future SLP, and a similar pattern to that visible in the change in height anomaly seen in figure
3.9 is also present at the surface with an area of slightly increased (or at least not decreased) July
and August sea level pressure extending westward from about 10°W along the 50°N parallel, and
a large region of greatly decreased SLP (4mb below current climate values) in the far north
Atlantic between Greenland and Norway, suggesting the passage of more numerous or more
intense cyclones.
This pattern is similar to the positive phase of the North Atlantic Oscillation (NAO),
which is found by subtracting the mean SLP anomaly in the Azores from that in Iceland. Positive
values of the NAO indicate a more active storm track with more zonal flow, 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 August, it does
have an impact on summertime precipitation patterns. When the value of the summertime NAO
is high, there are strong anticyclonic conditions over the UK leading to enhanced precipitation
over the Mediterranean related to a strong upper-level trough over the Balkans. While that is not
exactly the pattern found here, the slight increase in mean SLP found southwest of the UK in
contrast to surface pressures decreasing everywhere, especially over the northern Atlantic, is still
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somewhat similar. Bladé et al. 2012 found that the summer NAO is projected to become more
positive with time due to climate change, and that it could offset some of the projected drying of
the Mediterranean region, but that models tended to represent this interaction poorly.

3.5. The Hadley Circulation
Another potential factor in changes in temperature and moisture regimes is the poleward
expansion of the Hadley circulation (HC). Because the poleward edges of the HC (roughly 30°S
and 30°N) are linked to the poleward edges of the subtropical dry zones where most of Earth’s
deserts lie (due to the descending branch of the HC suppressing convection and precipitation),
poleward expansion is likely to expand those dry zones resulting in increased aridity and
desertification over large swaths of highly populated land. This, of course, includes the
Mediterranean basin, and 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, are related to this expansion. Figure 3.12 suggests
that this is the case, as the mean July/August vertical velocity over the Eastern Mediterranean,
where there appears to be a descending branch of the HC, weakens and widens with descending
air covering a larger area in the future, but with a reduced rate of descent over the Mediterranean.
It has been known for some time that the Hadley circulation is 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 observed rate of expansion 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 IPCC5) to be closer to 23 degrees by the end of the century. A recent study (Staten et al. 2020) finds that a combination

58

of faulty reanalysis datasets and the use of bad metrics for determining the poleward edge of the
HC are responsible for this perceived disconnect, and that the observed rate of expansion does
line up with models at less than 0.5°/decade.
The edge of the HC has traditionally been defined as the location where the zonal-mean
meridional mass streamfunction at 500 hPa is equal to zero, as defined by this equation:
Equation 3.3: 𝜓500 =

2𝜋𝑐𝑜𝑠𝜑
𝑔

500

∫0

[𝑣]𝑑𝑝

While a number of other metrics that covary with ψ500 to some degree have been used, the ones
tied to the upper troposphere, such as the latitude of the tropical tropopause break, subtropical
jet, and various outgoing longwave radiation based metrics do not. On the other hand, a number
of surface or near-surface metrics including the subtropical transition from surface easterlies to
surface westerlies, the latitude of P – E = 0, and the eddy driven jet covary on interannual time
scales for both hemispheres and all seasons. Staten et al. (2020) found that all four metrics
indicate a shift poleward in response to increased CO2. The subtropical SLP metric covaries with
the above metrics as well, but only in the southern hemisphere (Waugh et al. 2018). These
metrics are usually applied to the zonal mean, but there are methods which allow for regional
calculation of the HC edge (Staten et al. 2018) as the resulting widening is regional in nature. A
good example of this comes from the work of Grise & Davis (2020), who found warming in the
Pacific Ocean causes a local contraction in the NH JJA HC edge, which results in a decrease in
the latitude of the zonal-mean HC edge during that season. They also found this contraction is
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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The mean 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 variation of approximately 1.5
degrees. We expect, therefore, to see a similar response in the MPAS future data. However, this
was not found using any of the metrics we examined. Looking at the 10-meter zonal-mean zonalwinds (figure 3.13) shows that there is no change in the mean latitude at which surface easterlies
become surface westerlies, but this metric has significantly more interannual variability in the
future. It also shows a general weakening of the zonal mean zonal winds in the future, which we
expect, because of the decrease in the future meridional temperature gradient (more heating at
the poles than the tropics). Looking at the full year reveals a small poleward shift in the mean
(0.36°), but there is no longer a difference in the interannual variance (2.4°).
Looking instead at the zonal-mean meridional mass streamfunction, ψ500 does exhibit a
substantial June-September mean northward shift of 2.8°, though it has 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 zero-crossing (table 3.1). This could in part be due to the
fact that the summertime NH HC is very weak and, according to Grise & Davis (2020) is not
always well defined. When examining the full year there is instead a negligible shift equatorward
and even less interannual variance.
Something is clearly not lining up when comparing the MPAS model data with various
studies and projections. The discrepancy could be because those studies used lower-resolution
climate models, and as such the metrics that work best to define the HC edge are different when
looking at higher-resolution weather models. It could be because of issues in the MPAS model
itself. There is nothing natural about the zero variance in the latitude of the subtropical SLP
maximum. Or, it could be because the NH summertime HC is very weak to begin with, so
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additional weakening (and the MPAS model does show future weakening as in figure 3.14, even
if it does not show a future poleward shift) makes it nearly impossible to actually define the
location of the HC edge in that season. Whatever the case, it is difficult to argue that future
changes to the summertime Hadley circulation in this model are largely responsible for shifts in
the European moisture regime, so it is likely other processes are responsible.
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Figure 3.1: The average number of June-September 95th percentile excessive heat days under the
current climate. Under a normal distribution there would be 6.1 in this period of time (white), but
the actual number generally ranges from 3 to 9.
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Figure 3.2: The change in the skewness of the temperature distribution at the four different saved times. There is a large shift towards
positively skewed temperature distributions in the future with the largest shift occurring in Ukraine at every time.
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Figure 3.3: Histogram of the temperature distribution in the vicinity of Kiev, Ukraine at all four
model times in July and August with the climate relative mean temperatures removed.
Temperatures were taken in a 3x3 grid (45x45km) centered on the closest grid cell to the city. A
shift from a roughly normally distributed temperature regime to a positively skewed one is
evident.
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Figure 3.4: Current climate (top), future climate (middle) and change (bottom) in the temperature
spread during July and August. The largest positive shifts occur around the Black Sea and
eastern Mediterranean.
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Figure 3.5: Change in average European summertime (June-September) precipitation minus
evaporation. Browns represent increased aridity (less precipitation and/or more evaporation)
while greens represent the opposite.
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Figure 3.6: Comparison of average midsummer (July and August) surface relative humidity with
current (top), future (middle) and future minus current (bottom) values respectively. Relative
humidity decreases south of about 50N, especially in Southeast Europe and between the Black
and Caspian seas.
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Figure 3.7: Average change of the low-level cloud cover in July and August. The top panel
shows absolute change between current and future climates (future minus current) while the
bottom panel shows percent change (future divided by current). The metric used to calculate the
low-level clouds (which have a strong cooling effect on the surface) is the column integrated
cloud water content from 950hPa to 700hPa.
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Figure 3.8: Change in average future July 16 – August 15 cloud water content from 37N to 60N
and averaged across 25E-35E with the borders of the Ukraine region marked by black lines. Top
shows the change in value (g/kg) while bottom shows the percent change. There is substantial
reduction in cloud at all levels above the Black Sea and at most levels above Ukraine and Turkey
(the low level increases in Turkey are below the surface elevation).
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Figure 3.9: Mean midsummer (July and August) 200hPa winds (colored) and heights (contours,
interval 100 gpm) for current climate (top), future climate (middle), and the difference (future
minus current, height contour 30 gpm). There is a clear intensification of the jet stream moving
into the British Iles and Northern Europe due to a stronger future meridional height gradient,
indicating a strong summertime storm track, and a reduction in the strength of the subtropical jet
over Turkey and the Middle East.
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Figure 3.10: Comparison between current climate MPAS July/August mean sea level pressure
and NCAR reanalysis of the same variable for the years from which 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 stronger.
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Figure 3.11: Changes to the July and August Mean Sea-Level Pressure. The changes seen in
figure 3.9 indicating a stronger storm track are also visible here at the surface with greatly
decreased pressures over the North Atlantic between Norway and Greenland due to increased
summertime storminess.
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Figure 3.12: Mean midsummer (July/August) vertical velocity at 500 hPa in the current climate
(top), future climate (middle) and the difference between them (future minus current, bottom).
There appears to be an expansion and weakening of the descending branch of the Hadley Cell
over the Mediterranean in the future.
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Figure 3.13: Mean June-September zonal mean 10-meter zonal winds from 20-50°N. Thick red
lines indicate the 10-year mean with dashed lines for the current climate and solid lines for the
future climate. While the zero-crossing latitude (switch from easterlies to westerlies) does not
change (34.8°N), there is much more interannual variance in its location in the future.
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Table 3.1: June – September global average 500hPa zonal-mean meridional mass streamfunction zero crossing latitude. A surprising
number of years have the exact same zero-crossing latitude in the northern hemisphere.
Year

1988

1992

1994

1997

2001

2005

2010

2011

2013

2015

Average

Current
Climate
Future
Climate

36.2

36.2

29.9

37.25

36.2

33.05

35.3

36.2

33.05

36.2

34.95

39.35

39.35

29.9

39.35

39.35

39.35

39.05

33.05

39.35

39.35

37.75
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Figure 3.14: The change in the zonal mean 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. These values indicate a decrease in the mean vertical
velocity of around 15-20% near the surface and larger values aloft.
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CHAPTER 4
Regional Heat Events
While in the previous chapter a general overview of the potential future changes
conducive to an increase in heat events in Europe was given, in this chapter we focus entirely on
the events detected within the chosen regions in Ukraine, Romania/Bulgaria, and Turkey. As
previously discussed near the end of chapter 2, to qualify as an event the regional mean
temperature anomaly must be at or above the 90th percentile for a minimum of 24 hours. Sections
4.1-4.3 constitute discussions of the detected events, their statistics, mean flow regimes, and
mechanisms by which they might be formed and maintained in each of the three regions, while
section 4.4 looks at the most extreme summers under both climates, and section 4.5 examines the
strong future events that strike all regions simultaneously.

4.1. Ukraine Events
The region of Ukraine sees the largest increase in event number (from 15 to 21), but the
smallest increase in mean event anomaly (+0.36°C) and total event length (+8.5 days) with a
decrease in mean event length (-0.24 days). Table 4.1 provides the average event details (note
that mean anomaly is weighted by event length) for both the current and future climates as a
whole, and is further broken down by mean 500 hPa anomalous flow direction (easterly vs.
southerly). A large part of the small increase in event anomaly and decrease in mean event length
is due to the current climate 1994 simulation accounting for 8 of the 15 current climate events,
and those events being significantly longer and hotter than the rest. The observed summer of
1994 was a hot one, but not this anomalously hot. That simulated year has events averaging
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6.68°C above the mean, the same as the future mean anomaly, and 3.84 days long, while all other
years average 5.42°C above the mean and only 1.79 days long.
Current climate 1994 is the second driest current climate year in Ukraine and is
exceptionally hot with a regional average temperature from June 1st through September 30th of
21.32°C, just 0.14°C less than the coolest future year (1992), which sees a single moderately
long heat event in early September and is the second wettest future year. Other current climate
years range in mean temperature from 16.56°C to 19.01°C, with the average temperature of all
10 being 18.16°C, putting the mean temperature of 1994 3.16°C above average, 2.4 standard
deviations above average (99.2 percentile) when accounting for all 10 years. The current climate
simulated Ukraine total average accumulated rainfall from May 1st through September 30th
(beginning May 1st since soil moisture has long-term impacts) ranges from 200.99 millimeters to
354.29 mm, with an average of 290.23mm; 1994 sees only 203.85 mm of rain. Surprisingly, the
driest year (current 1988) is also one of the three current climate years with no heat events and its
mean temperature is exactly average.
In the future climate the mean temperatures range from 21.46°C to 24.58°C, averaging
22.68°C, and the mean cumulative rainfall ranges from 222.01 mm to 362.67 mm, averaging
279.45 mm. While not outliers like current climate 1994, the two warmest years are future 2001
(24.58°C, 3rd driest year with 240.95 mm of rain) which has 5 heat events and future 2013
(23.71°C, driest year with 222.01 mm of rain) which has 3 heat events, including the longest and
strongest future event (6.25 days long, 8.02°C mean anomaly). Unlike the current climate which
has three years with no events at all and only two years with more than one event (including
1994), every future climate year has at least one event and seven years have two or more.
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If the current climate 1994 events are removed due to their extremely anomalous nature,
the mean current climate has only 7 events. The average event length becomes 1.79 days, the
total length 12.5 days, and the mean anomaly 5.43°C. If the most anomalous future climate year,
2001, which is 0.87°C warmer than the second warmest summer and 1.9°C warmer than the
mean, but still much less anomalous than current climate 1994 (+2.31°C compared to second
warmest summer and +3.16°C above the mean), is also removed to compensate, the future
climate sees 16 events with an average event length of 2.52 days (+0.73 days compared to the
current climate), a total length of 40.25 days (+27.75 days), and a mean anomaly of 6.78°C
(+1.35°C). This increase in mean length falls between the increase in the Romania/Bulgaria
region (+0.59 days) and the Turkey region (+1.03 days), rather than being an anomalous
decrease (-0.24 days). It accounts for Ukraine having the largest increase in event number (9
more events), total duration (slightly greater than Turkey’s increase of 25.75 days), and mean
anomaly (much larger than the other regions).
Figure 4.1 shows a scatterplot of mean temperature vs. mean cumulative rainfall, in
which current climate 1994 is clearly seen as an extreme outlier. Both trend lines have low R2
values (0.1982 future, 0.2634 current) and negative slopes showing the relationship between
drier and hotter weather. However, if the data point for current climate 1994 is removed, the
slope and R2 values are both reduced to almost 0 for the current climate data. If the data point for
future climate 2001 or 2013 is removed, it does reduce the slope and R2 value of the future trend
line, but it is not a major change. This suggests that there is something of a regime shift where,
with the exception of extreme outliers, there is little relation between current climate
summertime rainfall and temperature, while there is under future climate conditions. It is likely
that this is due to the fact that the higher mean future summertime temperature (+4.53°C), lower
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mean relative humidity, reduced cloud cover, and slightly reduced precipitation (-10.77 mm)
allows the soil to dry much more quickly under the future climate creating a stronger landatmosphere feedback than exists under current climate conditions.

4.1.1. Ukraine Composites
Figure 4.2 shows event composite 500 hPa height under both current and future climates
averaging all times during which an event is present. The top panels show the height anomaly
while the bottom panels show the full height field. Current events appear to be, on average,
driven by more intense anticyclones than future events, though this could simply indicate that
there is more variability in the strength of the anticyclones causing future events. This is easily
seen by the fact that current events have a larger (weighted by event length) height anomaly with
the 120 m contour covering a much larger area than in the future, though they are both located in
the same spot just north of the eastern edge of the region. This difference can also be clearly seen
in the full height plot, as current events are more block-like in structure as seen by the reversal in
the meridional 500hPa height gradient with heights increasing northward to a much greater
degree in the current climate than future climate between the Black Sea and northern Ukraine,
along with the hint of what may be a split-jet scenario. There are two likely reasons for this. The
first is that it is easier to initiate future events so the future anticyclones that trigger events do not
need to be as strong or persistent as they are in the current climate. The second reason is 1994.
Figure 4.3 breaks down the current climate events into those occurring in 1994 and those
occurring during the other 9 years, the differences are stark in every subplot. 1994 events are
stronger, larger, warmer, and more block-like than the rest of the events. The height anomalies
are centered farther north, roughly over Moscow, Russia, and temperature anomalies during the
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1994 events greater than 5°C above normal extend from the northern coast of the Black Sea to
Moscow, covering a large portion of Eastern Europe and Western Russia. This is similar in scale
to the 2003 heat wave. Current climate 1994 is not an ordinary year.
Ukrainian events can be broken down into two mean flow regimes based on the
anomalous 500 hPa heights: easterly and southerly. The easterly events (figure 4.4) look very
similar to the full composite, if shifted somewhat north and west over extreme western Russia,
Belarus and the Baltic States. They are more block-like than the full composite, especially the
current climate events, likely due to their configuration and ability to draw energy for
maintenance from the jet stream through wave breaking, associated with their more northerly
location and proximity to the mean storm track. There is a large shift towards easterly events in
the future, as there are 7 current climate easterly events (4 during 1994) and 15 future climate
easterly events. The current climate easterly events, on average, last much longer (+1.07 days)
than the future easterly events, with only two of the seven events being under 4 days in length.
The current events are also, on average, only slightly cooler (-0.07°C), again due to their
increased length and more block-like structure, allowing the anticyclones driving the events to be
maintained for longer (along with the influence of current climate 1994).
Southerly events (figure 4.5) are centered farther east over southwestern Russia, slightly
southeast of Moscow. They induce an anomalous southerly or southeasterly flow over Ukraine,
as seen in the top panels of the plot, and are paired with a weak trough or cut-off low over
Western Europe. While the future events are more intense than current events, both in height
anomaly and mean temperature anomaly (+0.71°C), in the full height field current events still
appear more block-like in structure. There is also a decrease in the number of southerly events in
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the future as there are 7 in the current climate (3 of them in 1994) but only 5 under the future
climate.
4.1.2. Ukraine Cross-sections
Figures 4.6 and 4.7 show event composite cross-sections through the Ukraine region
(averaging 27-37E) extending from southern Turkey in the south (37°N) to St. Petersburg,
Russia in the north (60°N), and from near the surface (1000 hPa) to the lower stratosphere (100
hPa). The first figure shows current, future, and difference plots of event composite vertical
velocity (shaded) and temperature anomaly (contoured). Maximum temperature anomalies are
located above the surface at around 925 hPa, and have clearly shifted south to center directly
over the center of the Ukraine region in the future (though that is likely caused by the strength
and northward spatial extent of the 1994 events). There is little change in average temperature
anomaly, again because the 1994 events are very strong, and future events extend farther south
over Turkey. In both cases there is a band of rising air beginning above the maximum
temperature anomaly that moves northward as it rises to the tropopause, likely driven by a
combination of convective boundary layer heating and large-scale warm advection, and sinking
air to the south of the events over Turkey and the Black Sea. The change in future vertical
velocity is not particularly large, but there is more sinking air over the entire region.
Figure 4.7 shows the event composite average cloud water content and percent change
from current to future, using it as a proxy for cloud cover. In both cases there are some high
clouds (above 500 hPa) everywhere, with few clouds below that level in Ukraine or to the south
(with the exception of low-level cloud or fog over the Black Sea). While there is slightly more
low level cloud in the future over Ukraine, again that likely relates to the 1994 events having a
very large northward extent, the influence of which is visible in the current climate plot. In

82

general, there is a future reduction of cloud at every level within and to the south of Ukraine
below about 300 hPa. There is an increase in low-level cloud in the Ukraine region, with some
areas doubling in cloud water content, but a change from 0.001 to 0.002 g/kg ultimately only has
a minor impact. Decreased cloud water content means more solar radiation is reaching the
surface, allowing it to warm and dry faster in the future.

4.2. Romania/Bulgaria Events
The region covering Romania and Bulgaria (21-28E, 41-48N) sees the smallest increase
in event number (from 17 to 19), but moderate increases in mean event length (+0.59 days) and
total duration (+15.75 days), along with the largest increase in mean temperature anomaly
(+0.84°C). Table 4.2 provides the details and again breaks the events down further by mean 500
hPa flow regime. Like the Ukraine region, current climate 1994 is the hottest year along with
being one of the driest, but only 4 events take place (three of them concurrently with Ukraine),
and none are particularly anomalous. Also, unlike Ukraine, events are evenly spread between
individual years in a similar fashion under both future and current climates with 8 of the years
having events in the current climate (maximum of 4, with three other years having 3 events each)
while under the future climate 9 of the years have events (maximum of 3, this occurs in three
different years).
When investigating average summertime precipitation and temperature, there are again
three anomalous years that stand out. Current climate 1994 is, along with being the 3rd-driest
summer (372.56 mm), the hottest current climate summer (19.24°C). This is only 1.36°C above
the mean current climate temperature and 0.84°C above the second hottest temperature, which is
far less anomalous than in Ukraine as the interannual temperature variability in
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Romania/Bulgaria is low (minimum 17.09°C, maximum 19.24°C). This is likely because there is
far more rainfall in this region (average 407.25 mm) than Ukraine, so the higher soil moisture is
suppresses variability as most incoming solar radiation creates latent heat rather than sensible
heat. This can be seen in the nearly flat current climate trend line in figure 4.7 and its R2 value of
just 0.01. The other two positively anomalous future years are very clear, the warmest and driest
year is 2013 and the second warmest year (but slightly wetter than average) is 2001. Also very
clear is the large decrease in future precipitation (-92.09 mm), which is the most likely culprit
(especially when combined with increased evaporation) behind the increase in mean event length
and large increase in mean event anomaly. The future trend line is negatively sloped, showing
the relation between future rainfall and future heat, but it is only moderately correlated (R2 of
0.191, slightly less than Ukraine). The Romania/Bulgaria region has its average temperature
increase by 4.6 K, and is only slightly cooler than the Ukraine region in both current and future
climates.
Because of the close spatial proximity between this region and the Ukraine region
(including a small amount of overlap), many events occur simultaneously in both. Under current
climate conditions there are 7 simultaneous events (though two of them overlap for only 12
hours), for a total duration across all 10 simulated years when striking both regions of 9.75 days.
One of these events also affects the Turkey region. However, under future climate conditions
there are 12 simultaneous events (only one has an overlap of just 12 hours), for a total duration
of 25.5 days. Six of these events also simultaneously affect Turkey. While the increase in
number of simultaneous events can be partially explained by the increase in number of future
events, the increase in percentage of simultaneous events (46.7% -> 57% in Ukraine, 41.2% ->
63.2% in Romania/Bulgaria) and the more than doubling of days in which heat events are
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simultaneous, not to mention the very large increase in events striking all three regions, points to
something else. Future events are not just on average longer, stronger, and more numerous, they
are also bigger. This is a very potent combination that will greatly increase the impact of future
heat events. When the large increase in mean temperature is added on top of these climate
relative events, the more intense future heat waves could cause impacts on the scale of the 2003
or 2010 heat waves.

4.2.1. Romania/Bulgaria Composites
Figure 4.9 shows the composite heights during Romania/Bulgaria events. Both current
and future events have similar height anomalies and have a trough over Western Europe. Unlike
Ukraine however, these events do not look block-like (500hPa heights do not increase towards
the north) and are centered directly over the region. Future events have the center stretch across
the Ukraine region as well, indicating their, on average, larger spatial extent as 12 of the 19
future events strike both regions simultaneously. Just under half of the days in which there is a
heat wave present in Romania/Bulgaria in the future also have a heat wave occurring in Ukraine,
but in the current climate that number is only slightly greater than a quarter.
Like the Ukraine events, Romania/Bulgaria events can be broken down into two general
flow regimes based on the anomalous 500 hPa flow over the region. Easterly events are centered
over Belarus and are paired with a trough to both the west and the east (figure 4.10). The future
events are, on average, stronger than the current events, though current events look more blocklike than future events do. Future easterly events in this region increase in number, much like
Ukraine if not as dramatically, increasing from 6 to 10. They also increase in average length by
0.63 days and intensity by 0.51°C.
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The other flow regime found in this region is southwesterly. Seen in figure 4.11,
southwesterly events are centered over or just to the south of the Romania/Bulgaria region. They
are paired with a fairly strong trough over northern and western Europe and a strong height
gradient (especially in the future). There is no change in the number of these events between
current and future climates (7), but future events are somewhat longer (+0.46 days) and much
more intense (+1.14°C). While there is no significant difference between the strength of the
anticyclone between current and future events, future events appear to be larger and could
potentially impact a bigger population.

4.2.2. Romania/Bulgaria Cross-sections
Figures 4.12 and 4.13 show event composite cross-sections for the Romania/Bulgaria
region (averaging 21-28E) extending from the north coast of Libya in the south (32°N) to Riga,
Latvia in the north (57°N) and extending from near the surface (1000 hPa) to the lower
stratosphere (100 hPa). Very clear in figure 4.12, showing average vertical velocity and
temperature anomaly, are the effects of terrain on the vertical velocity. The Carpathian
Mountains cut through this region bending westward and becoming known as the Transylvanian
Alps, a series of high mountains (many above 2000m) stretching from about 21.5°E to 27°E and
between 46°N and 47°N. Bulgaria also has an east-west mountain chain, the Balkan Mountains
(also part of the Carpathian Mountains) at 42.5°N, and from 42°N south to the Mediterranean is
very mountainous. The other near surface spikes of downward vertical velocity farther south are
also caused by terrain, most of them by Greek islands, and the big one at about 35°N is Crete.
Other than the terrain-caused vertical velocity (or the model representation of vertical
velocity with the terrain), the general setup is similar to Ukraine with temperature anomaly
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maxima at about 925 hPa and a corridor of rising air above it moving northward as it ascends and
strong sinking motion to the south. Unlike Ukraine, the future climate temperature anomalies are
much stronger than current climate temperature anomalies, particularly over the northern portion
of the region, likely due to the increase in number of easterly events and current climate 1994 not
being especially anomalous for this region. An interesting difference is that future events appear
more confined vertically than current events, with a large region centered around 500 hPa with
cooler future temperature anomalies (the increased temperature anomalies above that are related
to the tropopause being higher in the future).
Figure 4.13 gives the event composite cloud water content cross-section over this region.
As with Ukraine, there is an increase in high level cloud water content (again, potentially related
to increased tropopause height), with cloud water content generally being lower below that over
the region and to the south. There is a particularly large and sharp decrease in cloud water
content below 650hPa, especially in the northern half of the region, again indicating that there
will be reduced low level cloud during future events allowing the ground to dry and heat more
rapidly.

4.3. Turkey Events
The region covering a good portion of central Turkey (29-40E, 36.5-41N) sees a large
increase in event number (from 10 to 15), a very large increase in mean event length (+1.03 days,
a 50% increase), a very large increase in total event length (+25.75 days, a 125% increase), and a
moderate increase in mean event temperature anomaly (+0.63°C). Table 4.3 provides the details
but, unlike the other regions, Turkey cannot be broken down into two anomalous 500 hPa flow
regimes, as the flow is very variable among events. It, like the other regions, has its warmest and
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second driest current climate year in 1994, but it is not particularly anomalous being just 0.31°C
warmer than the next warmest year and only 0.83°C warmer than the mean. None of Turkey’s 10
current climate heat events take place in 1994. Again, like the other regions, the warmest future
climate years are 2001 and 2013, with 2013 being slightly warmer than 2001 but also being the
driest year by far. There are three future events in 2001, and four in 2013. The three longest
events (late August/early September 2001, late July 2013, and early August 2013) are 5.5, 5.5,
and 6.25 days long respectively. These three events are longest future climate events in this
region, and strike all three regions simultaneously.
Turkey is the driest and warmest of the three regions in both current and future climates,
receiving 204.08 mm of rain on average between May 1st and September 30th (range: 169.25 mm
– 265.01 mm) and having an average summer temperature of 18.77°C (range: 17.76°C –
19.6°C), 0.6°C warmer than Ukraine. Turkey is also a very mountainous region, so Turkey has
only slightly increased surface temperatures relative to the other regions primarily due to its
much higher average elevation. The mean future temperature increases massively (+5.74 °C) to
24.5°C (range: 22.99°C – 25.99°C) and the rainfall decreases significantly (-64.17 mm) to 139.9
mm (range: 88.86 mm – 217.78 mm). While not quite as much a change in rainfall as in
Romania/Bulgaria, it is proportionally a larger change as the future mean rainfall in
Romania/Bulgaria is 77.4% of the current, and the future mean rainfall in Turkey is only 68.6%
of the current. These changes are seen in figure 4.14 which shows a scatterplot of individual
years with mean temperature on the y-axis and total average rainfall as the x-axis. Trend lines
have been added. There is only a slight trend under current climate conditions, and the
correlation is nearly zero (R2 = 0.02). However, under future climate conditions the trend is
strong and the correlation high (R2 = 0.48), a much stronger trend and higher correlation than in
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either of the other regions for the future climate. Turkey is already semi-arid with dry summers
in most parts of the country (the exception being along the coast of the Black Sea), so this large
decrease in rainfall combined with the very large increase in temperature greatly increasing
evaporation is likely to push the climate close to being arid.

4.3.1. Turkey Composites
Unlike the other two regions, the events that strike Turkey come in many different types
and cannot be easily split into a pair of flow regimes. This is easy to see in the rather broad and
weak height anomalies seen in figure 4.15, much weaker than the other regions. These ridges are
not very strong; neither is the trough over Western and Central Europe. A large change that is
easily visible between current and future climates is the orientation of the ridge as it is more
meridionally aligned in the future. While it is possible that under the current climate the (few and
short-lived) heat events impacting Turkey could also affect Georgia and extreme southwestern
Russia, future events are better positioned to simultaneously strike those regions along with
Ukraine and Romania/Bulgaria.
There is only a single current event that effects all three of the regions simultaneously,
but it impacts Ukraine the least strongly, and there are four other events with some degree of
overlap between Turkey and Romania/Bulgaria (the most interesting beginning in Turkey,
moving to Romania/Bulgaria, and then returning to Turkey with only very short periods of
overlap), and one weak and short event with overlap from Ukraine. In the future there are 6
events that effect every region, plus one event that strikes both Ukraine and Turkey, and one that
strikes both Turkey and Romania/Bulgaria. As there are only 7 (of 15) future events that do not
also strike the other regions, and all 7 events are shorter (1.25 – 2.75 days long, averaging 1.96
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days) than the 8 events that strike one or both other regions (2.75 – 6.25 days long, averaging
4.06 days), the reason behind the increased size and change in orientation of the composite future
events is pretty easy to see (height anomalies are weighted by event length, same as temperature
anomalies)

4.3.2. Turkey Cross-sections
Figures 4.16 and 4.17 show event composite cross sections for the Turkey region
(averaging 29-40E) extending from the north coast of Egypt in the south (31.5°N) to Moscow,
Russia in the north (56°N) and extending from near the surface (1000 hPa) to the lower
stratosphere (100 hPa). Again, there are prominent terrain features seen in the vertical velocity in
figure 4.16 as Turkey is very mountainous and most elevation in the region is above 1000 m, so
the surface pressure is close to 900 hPa. This is why there are some oddities in the temperature
anomaly contours where they intersect with terrain. There is largely sinking motion over the
region and to the north over the Black Sea, with rising air north of that. In the future there is
increased rising motion in most areas, but particularly over Turkey with some of it clearly due to
air being forced upwards over high terrain. This could indicate stronger winds coming off the
Mediterranean and Black seas in the future due to the differential heating.
Temperature anomalies are highest along the north edge of the region at or just above the
surface. This maximum is likely located over the convex portion of Turkey’s Black Sea coast as
that is where spread is maximized. Much of it was not included in defined the region in order to
avoid including significant amounts of water. In the future, there is a large increase in
temperature anomaly with values at that location being 1.5 K warmer than in the current climate,
with temperatures about the same under both climates on the southern coast of Turkey. There is

90

an even larger increase in event composite temperature anomaly over Ukraine of 2.5 K, as only
two of the 10 current climate events occurred in both regions simultaneously (only for a total of
2.25 days or 11% of the time) while 7 of 15 future climate events were simultaneous (for a total
of 18.25 days or 39.5% of the time).
Figure 4.17 shows the event composite cloud water content, which over the region below
500hPa is quite close to 0 in both current and future climates. The more interesting change is the
very large decrease at all levels centered over the northern Black Sea and extending across
Ukraine. While this could be a result of the increased size of future events and those events
occurring simultaneously in Turkey and Ukraine so much more frequently, it also looks very
similar to figure 3.8 which shows the mean change in midsummer cloud water content and is
likely related to the differential change in heating between land and sea causing sinking air and
suppressing convection.

4.4. Extreme Years
To take a closer look at what is occurs during these events, we can examine the
temperatures during the warmest years. In all three regions 1994 is the warmest current climate
year, and it is particularly extreme (akin to 2003) in Ukraine. Current climate 1994 is also the
second or third driest year in each of the regions. Figure 4.18 shows the regional mean
temperature for this summer with each recorded temperature (every 6 hours) plotted on the black
line, the 30-day running mean 12Z temperature (similar to the daily high temperature) plotted in
red, and the 0Z temperature (similar to the daily low temperature) plotted in blue from June 1st
through September 15th. The plots were not extended to September 30th as the running mean does
not change after the 15th due to a programming error.
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Seven of the eight Ukraine heat events are easy to see (the 8th event is September 16-19),
along with the particularly extreme nature of the temperature this year. The temperature only
rarely drops to the 0Z mean temperature line while regularly surpassing the 12Z mean
temperature line by a significant margin. While the three July heat waves are the least anomalous
events in this year (mean anomalies of 5.76°C, 5.95°C, and 5.49°C), their persistence, high
nighttime temperatures, and close temporal proximity such that they might be considered a single
event lasting from July 5th to July 24th would make them particularly dangerous.
The Romania/Bulgaria region shows a similar pattern to Ukraine, if less intense. A very
strong heat wave at the beginning of June is followed by a strong cold front and then above
average temperatures (plus a weak heat wave) later that month. July, August, and early
September are warm, but not as warm as Ukraine. Turkey follows the same general pattern in
early June, but there are fewer and less pronounced dips in temperature to indicate cold front
passage. Although current climate 1994 is Turkey’s warmest current climate year by a small
amount, there are no heat events. It is the persistently slightly above average temperatures that
put this year at the top of that list. One thing to note about the current climate years is that the
regional average temperatures do not appear very high. Turkey and Romania/Bulgaria do not
even reach 30°C, and Ukraine has a maximum of about 36°C, despite the extremely anomalous
nature of this year. One reason for that in Turkey and Romania/Bulgaria is that these are
mountainous areas so the mean 2-meter temperature will be reduced because of elevation.
Another reason is that 12Z and 0Z are not specifically the high and low temperature, although
they should be close, which likely reduces the daily temperature range a little. The final, and
primary, reason is that the continental cold bias makes the current climate events appear cooler
than they are. Looking at July and August in particular, the largest bias is in Ukraine with the
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12Z current climate MPAS temperature 3.61°C cooler than the ERA5 temperature at 12Z, and
the 0Z current climate MPAS temperature 4.3°C cooler than ERA5. Adjusting the MPAS
temperature to make up for this cold bias would bring Ukraine’s regional mean temperature
above 40°C on its hottest days, about the same as they experienced during the 2010 Russian heat
wave (when the record high of 42°C was set). Romania/Bulgaria does not have a cold bias quite
as large as Ukraine, only 2.27°C (12Z) and 3.05°C (0Z) below the ERA5 averages, and Turkey
has much smaller cold biases of 0.62°C (12Z) and 1.81°C (0Z), but also sees a large decrease in
standard deviation compared to ERA5.
The hottest and driest future year is 2013 (with the exception of Ukraine where 2001 is
warmer). This year can be seen in figure 4.19. It is marked by every region experiencing a pair of
strong heat waves in late July and early August. In Ukraine the temperatures are below average
in June, warm in July (though the warm temperatures between July 17th and 21st do not qualify as
a heat wave), and very warm late July and early August (the August event is the strongest and
longest Ukraine heat wave) with regional average temperatures (even before accounting for the
cold bias) hitting 43°C. Temperatures cool back to below average following the end of the heat
wave, but warm again in September where there is a brief heat event to finish the summer.
In the Romania/Bulgaria region there is a clear stair-stepping trend to the temperatures
with temperatures dropping quickly following a cold front and then steadily rising again until the
next passes, likely caused by strong land-atmosphere feedbacks. As in the Ukraine region, there
are three heat waves in this year, but the strongest is the late July event rather than the early
August event. Turkey has four events, one in early June, one in early July, and the late July/early
August events both of which are very long (July 26-31, August 3-9). These events, or ones like
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them, being exceptionally long lasting, severe, and striking a very large area, are very dangerous
and could cause impacts on the scale of the 2003 or 2010 heat waves.
While technically two events, as there is a slight break in the heat between them, the
strong anticyclone that is responsible for the events was initially weak and would have been
eroded by a cut-off low around August 1st when temperatures dropped, but instead strengthened
into a block thanks to anticyclonic wave breaking. Figure 4.20 shows a sequence of PV-theta
(potential temperature on the dynamic tropopause) plots and 500 hPa heights from July 31st
through August 4th with anticyclonic wave breaking clearly visible in the PV-theta plots. The
low-PV air, indicated by high potential temperature and thus a high dynamic tropopause, is
drawn into the ridge reinforcing it until it has the appearance of an omega-block on August 3rd.
Continued anticyclonic wave breaking, perhaps initiated by the upstream block over the Azores,
maintains the ridge over southwestern Russia allowing for the initiation and persistence of the
August heat wave. The ridge begins weakening and moving west on the 10th, a few days after the
Azores block is eroded, and breaks down completely on the 12th as a cold front sweeps through
followed by a cut-off low.

4.5. Simultaneous Events
There are six high-impact future events that simultaneously strike every region, but only
one under the current climate. As each region is struck at somewhat different times and at
different intensities, here simultaneous events occur when at least two of the three regions are
experiencing heat waves during an event that at some point strikes all three regions
simultaneously. Under these conditions, the single current climate simultaneous event lasts for
2.5 days, while the future climate events last for a total of 23.25 days, nearly ten times longer.
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Five of the six future events are longer than 3.5 days, with the short future event lasting only a
single day as this event appears to shift from Romania to Turkey and briefly overlap with
Ukraine as it does rather than a full simultaneous event.
To give an example of one of these simultaneous events, the longest event takes place 6Z
August 30 – 18Z September 4 2001, lasting 5.75 days. It begins first in Ukraine on 6Z August
29th with a mean temperature anomaly of 6.63°C, and then takes hold in Romania/Bulgaria on 6Z
August 30th with a mean temperature anomaly of 6.28°C, finally starting in Turkey on 6Z August
31st with a mean temperature anomaly of 5°C. Just as Ukraine was the first region in which it
began, it is also the first region to cool on 18Z September 2nd, followed by Romania/Bulgaria on
18Z September 4th, and finally Turkey on 12Z September 5th. Every simultaneous event acts like
this to some degree, starting at different times in different regions and lasting for different times,
but still striking each region with intense heat.
The already mentioned twin events of future climate 2013 are also good examples of this.
The July event is by far the longest in Turkey (12Z July 26 – 18Z July 31) but shortest in
Ukraine (12Z July 30 – 6Z August 1). Meanwhile the August event is of equal length (6.25 days)
in both Ukraine and Turkey, but the Turkey event starts on August 3rd while the Ukraine event
does not begin until August 5th. Meanwhile in Romania the August event is much weaker and
shorter than the July event (only 2.5 days long and nearly a full degree cooler), but it still strikes
all three regions and for much of July and the first half of August there is significant warmth (see
fig. 4.19) which would cause significant disruption in all of them.
The composite of these large and particularly impactful events (as defined above) is
shown in figure 4.21. The top panel displays a large region of elevated 500hPa heights centered
over Ukraine, while the middle panel shows that the elevated heights are associated with a broad
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ridge over Eastern Europe, but not one that appears particularly block-like. Meanwhile, the
bottom panel shows event composite temperature anomalies and it is clear that much of Eastern
and Southeastern Europe experience elevated warmth during these events, warmth that extends
as far south as Jordan. Temperatures are highest in southern Ukraine, Moldova, Romania (with
anomalies appearing particularly high in the mountains), and Bulgaria. Meanwhile in Turkey the
highest anomalies are along the northern coast of the Black Sea, especially along the convex
section of coastline that extends into the Black Sea and is just north of the region. The size,
intensity, and (particularly in the case of 2013) duration makes these large multi-region events
very impactful and dangerous. Some of these large events could be similar to the 2003 or 2010
heat waves in strength, extent, and potential danger, and that is before accounting for the increase
in mean temperature brought on by climate change.
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Table 4.1: Breakdown of detected heat events within Ukraine (27E-37E and 46.5N-51.5N),
where the average temperature anomaly was at or above the 90th percentile for a minimum of 24
consecutive hours. Heat events are first divided by climate (future vs current) and then broken
down further into flow type (easterly vs southerly). Note that 8 of the current climate events all
take place in a single summer and are much longer and stronger than the rest. Also note that one
of the future climate events didn’t fit either flow pattern (westerly winds) as did one of the
current events (northerly winds).
Event type

Number Average
Duration

Total
Duration

Average Anomaly

All Future

21

2.46 days

51.75 days

6.68 K

All Current

15

2.7 days

43.25 days

6.32 K

Future Easterly

15

2.47 days

37 days

6.42 K

Current Easterly 7

3.54 days

24.75 days

6.35 K

Future
Southerly

5

2.4 days

12 days

7.05 K

Current
Southerly

7

2.5 days

17.5 days

6.34 K
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Ukraine region mean summer temperature vs. rainfall
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Figure 4.1: Scatterplot of the Ukraine region summer average accumulated rainfall (May 1 –
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 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 0 as does the slope suggesting that the
correlation between dry and hot weather is much stronger in the future.
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Figure 4.2: Event composite 500 hPa 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 block-like in structure than future events, but the pattern is quite similar under both
current and future climates.
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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). Events during 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 anomalies.
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Figure 4.4: Event composite 500 hPa maps of current 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 events are block-like in structure, but current events are significantly more intense and
look like blocks rather than simply being block-like. There is an anomalous easterly flow
associated with the height anomalies over Ukraine with the anticyclone centered north of the
region.
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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 heights and 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 block-like than the future composite.
Both are very similar 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 over Ukraine.
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Figure 4.6: Cross section event plots for Ukraine averaged 27-37E and extending from 37N
(Southern Turkey) to 60N (St. Petersburg, Russia) for event composite vertical velocity (colored)
and temperature anomaly (contoured). Top shows current 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 (downward) vertical velocity over the Black Sea and Turkey.
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Figure 4.7: Cross-section 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. While there is some increased low-level 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 south.
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Table 4.2: Breakdown of detected heat events within the Romania/Bulgaria region (21E-28E and
41N-48N), where the average temperature anomaly was at or above the 90th percentile for a
minimum of 24 consecutive hours. Heat events are first divided by climate (future vs current)
and then broken down further into flow type (easterly vs southwesterly). Note that two of the
events in both current and future climates, had southerly winds and were not included in the
easterly/southwesterly events.
Event type

Number

Average
Duration

Total
Duration

Average
Anomaly

All Future

19

2.86 days

54.25 days

6.19 K

All Current

17

2.26 days

38. 5 days

5.35 K

Future Easterly

10

3.05 days

30.5 days

6.02 K

Current Easterly

6

2.42 days

14.5 days

5.51 K

Future Southwesterly

7

2.71 days

19 days

6.42 K

Current
Southwesterly

7

2.25 days

15.75 days

5.28 K
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Figure 4.8: Scatterplot of the Romania/Bulgaria region summer average accumulated rainfall
(May 1 – 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 same
as Ukraine.
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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 are every 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 than half also impacting Ukraine.
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Figure 4.10: Event 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 100 m above 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,
combined with a stronger trough to the west, appear to be caused by much sharper ridges than
future events.
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Figure 4.11: Event 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 events are 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
North Sea.
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Figure 4.12: Romania/Bulgaria region event composite cross-sections showing the vertical
velocity (shaded) and temperature anomaly (contours), averaged over 21-28E, 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 appear to be more confined vertically.
The sinking air south of the region is weaker in the future, but slightly stronger aloft over the
region. The low-level spikes of rapidly sinking air around 42N and 45N are due to terrain.
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Figure 4.13: Romania/Bulgaria event composite cloud water content during current events (top),
future events (middle) and the percent change between them (bottom), averaging 21-28E, and
covering 32N to 57N. The percent change in cloud water content over the region below 650hPa
is very large suggesting that the decrease in low-level cloud, and thus increased surface heating,
plays a large part in the longer and more intense future events.
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Table 4.3: Breakdown of detected heat events within the Turkey region (29E-40E and 36.5N41N), where the average temperature anomaly was at or above the 90th percentile for a minimum
of 24 consecutive hours. Heat events divided by climate (future vs current) but could not be
broken down into flow type. There are too many different flow configurations during events in
this region to break them down into just two types and not enough events to use more than two
types. This region has the lowest mean event anomaly and lowest number of events and total
duration under both current and future climates, but the largest increase in regional mean
temperature (5.74 K in Turkey vs. 4.53 K in Ukraine and 4.60 K in Romania/Bulgaria), average
duration, and total duration.
Event type

Number

Average
Duration

Total
Duration

Average
Anomaly

All Future

15

3.08 days

46.25 days

5.01 K

All Current

10

2.05 days

20.5 days

4.38 K
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Figure 4.14: Scatterplot of the Turkey region summer average accumulated rainfall (May 1 –
September 30) vs. summer mean temperature (June 1 – September 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 temperature, 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.
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Figure 4.15: Event 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 anomaly is
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 anomalous southerly 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 to 6).
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Figure 4.16: Turkey cross sections showing vertical velocity (shaded) and temperature anomaly
(contours). Cross section extends from 31.5N (northern coast of Egypt) to 56N (Moscow,
Russia) and averages 29E-40E. Very strong downward motion is present over Turkey with the
very large values below 850 hPa likely associated with terrain. The downward motion is weaker
in the future, especially in southern Turkey. Heat events strengthen most in northern Turkey and
over the region of Ukraine in the future.
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Figure 4.17: Turkey cross-sections showing event composite cloud water content in current
climate (top), future climate (middle), and percent change. Cross section extends from 31.5N
(north coast of Egypt) to 56N (Moscow, Russia) and average 29E-40E. While there are decreases
over Turkey, there is very little cloud water to begin with (white = 0). The larger changes are
located over the Black Sea and southern Ukraine at all levels, likely related to the increase in
temperature anomaly being greater in northern Turkey than southern Turkey.
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Figure 4.18: Current climate 1994 temperature from June 1st through September 15th for Ukraine
(top), Romania/Bulgaria (middle), and Turkey (bottom). Also shown are the mean 12Z
temperature (red) and 0Z temperature (blue) giving average high and low temperatures. Current
climate 1994 is the hottest summer in each region, and particularly extreme in Ukraine.
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Figure 4.19: Future climate 2013 temperature from June 1st through September 15th for Ukraine
(top), Romania/Bulgaria (middle), and Turkey (bottom). Also shown are the mean 12Z
temperature (red) and 0Z temperature (blue) giving average high and low temperatures. Future
2013 is the hottest/second hottest summer in each region with a pair of extreme events striking
all regions around August 1st.
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Fig. 4.20: Maintenance of the block behind the late July/early August future 2013 pair of events
through anticyclonic wave breaking. The jet stream (co-located with the tropopause break, easily
seen in the PV-theta plots) is much farther south than usual enabling a southerly event to persist
an unusually long time.
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Figure 4.21: Composite 500 hPa height anomalies (top), 500 hPa height field (middle), and
temperature anomalies (bottom) during the six future events that strike all three regions
simultaneously. As not all regions are struck at the same time with the same strength, events are
composited when at least two of the three regions are experiencing heat wave conditions during a
large event. While the height anomalies are strongest over Ukraine, the temperature anomalies
are greatest over southern Ukraine, Moldova, and Romania and elevated temperatures cover a
very large region. While the ridge is strong, it is not block-like in structure.
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CHAPTER 5
Conclusion


When examining heat waves in a climate-relative fashion to remove the impact of the
mean increase in temperature, the signal is very strong around the Black Sea.



Strengthened future land-atmosphere feedbacks appear to be the primary cause of
increased temperature variability and positive skewness around the Black Sea.



The result is more frequent, more intense, larger, and longer lasting future heat waves
occurring in Ukraine, Romania, Bulgaria, Turkey, and other countries bordering the
Black Sea.



If this level of worsened climate-relative heat is not properly prepared for, future heat
events in this region could cause substantial damage.

Heat waves are among the most dangerous and highest impact weather events, and they
are projected to worsen as the climate warms. They negatively impact most aspects of society
damaging health, stressing cattle, withering crops, killing forests, complicating transportation,
and overloading the electrical grid. The 2003 and 2010 heat waves are famous examples of just
how dangerous extreme heat can be, but greatly reduced death tolls in more recent heat waves in
the same areas are a good example of the effectiveness of governmental mitigation policies.
The largest impact climate change will have on future heat waves is the increase in mean
temperature. A warmer mean temperature will result in more extreme heat and less extreme cold
relative to the current climate. However, climate change does not simply increase the mean
temperature. It also increases the temperature variability, and can change the shape or skewness
of the temperature distribution. These changes can be subtle and require a climate-relative
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approach to heat waves in order to accurately gauge their effects. They are primarily caused by
increased ground-atmosphere feedbacks due to reduced precipitation and increased evaporation,
which has nonlinear impacts on the temperature distribution, making the extremes more extreme
(especially the warm extremes) while also making the surface temperature more responsive to
transients.
Using the MPAS model to simulate climate, a pioneering effort in using the model for
this purpose, ten years of current climate simulation and ten years of future climate simulation
were produced. While the MPAS simulations have some issues, such as the continental cold bias,
and therefore cannot be compared directly with observations, changes between current and future
climates largely agree with the literature though there is less warming over land than seen in the
CMIP5 RCP 8.5 ensembles. The MPAS simulations were analyzed for summer heat waves in
Europe, and a large westward shift in the heat wave maximum, from southwestern Russia along
the Kazakhstan border to eastern and southeastern Europe centered over Ukraine, was detected.
Further investigation into changes to the variability and skewness of the temperature distribution
primarily using spread, a simple metric that calculates the difference between the median
temperature and the 95th percentile temperature, found the region surrounding the Black Sea to
be particularly vulnerable to future climate-relative shifts in heat wave statistics. Three regions
located in Ukraine, Romania/Bulgaria, and Turkey were selected for heat event detection
Southern Europe as a whole is drier in the future with reduced precipitation, increased
evaporation, lower relative humidity, and less low level cloud resulting in stronger landatmosphere feedbacks. It is unclear whether larger-scale changes to the circulation such as the
expansion of the Hadley Cell are related to this shift in Southern Europe. While the desiccation is
widespread, we only see large increases in climate-relative heat in eastern and southeastern
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Europe, as well as along the eastern coast of the Mediterranean. It is unclear exactly why, despite
most regions becoming drier, they do not all experience more future heat events. This might be
related to the nonlinear nature of land-atmosphere feedbacks. All three selected regions
experience an increase in the number of future heat events, their average amplitude, and their
total duration.
Ukraine is the odd region out as it sees a decrease in mean event duration and only a
small increase in mean event amplitude. Given the large increase in future skewness, variance,
and spread in Ukraine, we would expect to see the largest changes in climate relative heat events
to occur here rather than the smallest. The primary reason for the small shift is that one of the
current climate years is particularly extreme and brings warmth on the scale of 2003 in Western
Europe to much of the region. A longer simulation could have balanced out the impact of any
one particularly anomalous year allowing for clearer insight into the average changes to heat
waves in the region. Regardless, the increased future mean temperature and increased future
temperature variability along with a mean reduction in low level cloud results in soil that dries
much more readily increasing the land-atmosphere feedbacks. This allows weaker and less
stationary anticyclones in the future to initiate heat events than under current climate conditions.
The large increase in easterly events centered north of Ukraine may be related to the increased
strength of the summertime storm track as they are well positioned to extract energy from the jet
stream through wave breaking.
Romania/Bulgaria is the wettest of the three regions in both current and future climates
and sees the largest decrease in future summertime rainfall. This drives greater future
temperature variability and stronger land-atmosphere feedbacks. As a result, there is a large
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increase in future mean event temperature anomaly, mean even duration, and total event length,
but only a small increase in total event number.
Turkey is the driest and warmest of the three regions and sees a large reduction in future
rainfall (proportionally greater than in Romania/Bulgaria), along with a very large increase in
mean future temperature. Land-atmosphere feedbacks in this region strengthen more than in the
other regions, demonstrating its non-linear nature. There is a corresponding increase in mean
temperature anomaly, number of events, and a very large increase in mean event duration.
All three regions are primed for future climate-relative heat events. With greater
evaporation resulting from higher mean temperatures and less cloud cover, the land-atmosphere
feedback loop that is vital in initiating and strengthening heat waves becomes stronger. This is
particularly true in Turkey where mean future temperature is more closely related to the total
rainfall than in the other regions. There is little relation under the current climate between rainfall
and temperature in any of the regions. Another concern is the potential intensification of future
events into “mega-heatwaves” similar to those seen in 2003 or 2010; a process that will be easier
in the future not only because of the increased land-atmosphere feedbacks, but also because the
entire region has increased future aridity, which will reduce moisture advection into nearby
regions experiencing heat waves.
These changes, and the increase in the danger of future heat waves around the Black Sea,
are demonstrated by the large increase in future heat wave spatial extent. Under the current
climate some heat waves occur in multiple regions simultaneously (mostly Ukraine and
Romania/Bulgaria), but there are only short periods of overlap, as current events are smaller
spatially (with the exception of the 1994 heat events in Ukraine). Future events are different.
There is a much larger risk of future heat waves striking multiple regions, or all three regions,
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simultaneously, as this happens with much greater frequency. Since the whole area surrounding
the Black Sea is more favorable to the initiation of heat events, it should come as no surprise that
a larger part of it simultaneously experiences extreme heat in the future. This is particularly
concerning to the agricultural and electrical sectors, as the large and severe nature of future heat
events could cause widespread crop failure and greatly stress the electrical grid. Events of this
size and magnitude could intensify further through the various feedbacks and equal 2003 or 2010
heat events in strength, and that is before considering the increase in mean temperature, which
will likely make them far worse. The events investigated in this study are of particular concern,
as the heat is persistent through all hours of the day, which is extremely hazardous to health and
very damaging to agriculture.
But what exactly is causing the heat to occur there? Given the persistent drying across
Southern Europe with heat wave increases found only in Southeast Europe around the Black Sea
and Eastern Mediterranean, what is the cause of this discrepancy? Is there a physical cause
behind this, some influence caused by a combination of the seas, the circulation, and terrain? Is
the increased heat due to stronger land-atmosphere feedbacks feeding back into the large scale
circulation reinforcing the upper-air ridges, and perhaps doing so in Southeastern Europe but not
Western Europe? It would be a good idea to further study this result to determine why the
temperature spread increased so much in this region in particular and if there are any physical
reasons behind it.
Another question that is important to answer is if this result is specific to this model, or
even this particular model configuration or resolution. This is, after all, a study based on a single
model configuration following a single climate projection. Would a different set of
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parameterization schemes still result in increased heat occurring around the Black Sea? What
about the use of a different model entirely? How robust are the results given here?
Finally, how does the climate projection impact these results? We used RCP 8.5 in order
to maximize future climate-driven changes, but given the non-linear nature of land-atmosphere
feedbacks it would be useful to know at what point these amplified future heat events begin
appearing. If the study were performed under RCP 4.5 would there still be a signal around the
Black Sea? What if the study were performed on the years 2050-2060 rather than the end of the
century? At what point do these impacts start being felt? These are all important questions that
could be investigated in future studies to better estimate the true magnitude of the future risks to
countries around the Black Sea.
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