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Abstract: A sample of twenty seven weather stations is ueedstimate the heat
stress risks in Bulgaria during the period 200320lhe values of Steadman’s heat
index at primary or intermediate standard hoursusel for this purpose. The range
of the index is recoded into five levels of risldathe observations are cross-classified
on stations and risk categories. Three frequenlesaare produced and analyzed.
The table for non-mountain stations and warm pehltay-October is biploted and
stations are clustered according to risks. GeogeapMdistribution of the heat stress
risks is established. The heat waves during theogeunder consideration are
discussed.
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Introduction

A living body constantly produces heat. If the heatess is not shed to the
environment, the conditions for physiological hesitess arise. The heat stress is the
disturbance of the human thermoregulatory systehictwcan cause a number of heat-
related illnesses: heat fatigue, heat syncope, @eadustion and heat strokstgrr and
Mcmilllan, 2008). A high level of the heat stresssps a health risk to anyone engaged in
outdoor activity over a short period of time. Arsficant weather hazard to public health is
the so-called heat waves. They are the prolongésbags of excessive heat stress that
occur in synoptic situations with pronounced slosvelopment and movement of the hot
air mass. There is ample evidence that the heatsvave associated either directly or
indirectly with increases in morbidity and mortgl{Robine et al., 2008).

At hot weather, the human body cools off throughspigation because heat loss
by radiation and convection ceases and in pracintg sweat evaporation takes away the
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heat from the body. Slowing down the rate of thaparation, a high humidity retards the
loss of the surplus heat. This is why humid dayd fetter than the actual temperature.
Steadman (1979) quantifies the combined effectigli lemperature and humidity on the
human body by the values of the apparent temperainmmonly referred to as the heat
index (HI). More precisely, the HI is ambient temgdere adjusted for variations in vapor
pressure above or below some base value (Steadtd@f). Since 1984 United States
National Whether Service of the National Oceanid Atmospheric Administration (NWS)
has routinely employed the HI in order to alert théblic and relevant authorities to the
hazards of heat waves (NWS, 1994).

The objective of this paper is an evaluation of lleat stress hazard in Bulgaria
during the period 2003-2012. The reports of 27 tastations are used to compute the
daily summarizes of extremes of tHé for each station. After NWS we categorize Hie
in levels of risk, cross-classify the observatiomsthe risk categories and the stations and
build respective frequency tables. The stationsxnthe rows of the tables and the
categories of risk the columns. An entry of theldals the number of observations that
share a station and a risk level. We use thesedatol reveal the correspondences and
structural relationships between different statiamsl categories of risk. The statistical
method of correspondence analysis biplot (Gabridl @doroff, 1990Greenacre, 1993) is
applied for this purpose. Providing a joint displafythe stations and risk categories as
points on the plane, this technique visualizes thajor features of the underlying
correspondences between the stations and risks.

Section 2 gives general information fdf and heat waves. Section 3 presents the
data and their preprocessing and preliminary aigalys Sec. 4 we biplot the frequency
table for station and risk categories and reveal ittherent statistical correspondences
between stations and risks during warm period MateBer as well as the geographical
distributions of the heat hazard. The heat wavemduhe period under consideration are
discussed in Sec. 5. Section 6 summarizes thetsesul

Heat | ndex and heat waves.

Heat Index is an index that combines the thermdllamidity effects on the body
and represents them in one value. The index isldged by R. G. Steadman (1979) who
terms it apparent temperature. Steadman uses Hievaments of human physiology and
clothing science and models the human sensatidheoheat by a complex collection of
equations. To simplify the computations he fixesusnber of parameters to their typical
values. Here we quote only some base atmosphedchaman parameters. The model
accepts an atmospheric vapor pressure of 1600 Barametric pressure of 1013 hPa, a
wind speed of 2.5 msand a zero extra radiation. The base human pagesnate as
follows: height - 1.7 m, weight - 67 kg, clothingwer - long trousers and short-sleeved
shirt or blouse at 84% coverage and activity - @qe walking outdoors at a speed of 1.4 m
st (180 W n?).

Steadman summarizes his results as a table thaes ¢fieH| as discrete function
on the air temperature and the humidity. For opamat purposes Rothfusz (1990),
approximates Steadman’s table by 9-term and laW#SNhttp://idweather.net/hiwc.html)
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by 16-term polynomial multiple regression equatiobshoen (2005) offers an exponential
fit which more closely approximates the Steadméaitde and has only 3 fitting parameters.
The corresponding computational formula is:

whereHI is the heat index,is ambient dry bulb temperatuttg,is dew point temperature,

all in degree Celsius. Note that the valueHbfare computed for shady and light wind
conditions. Exposure to full sunshine can incrddksby up to 8.4 °C. A strong hot and dry
wind is extremely hazardous since it adds the eleat to the body. Old people and
children are more vulnerable to higth.

The World Meteorological Organization has not yefimed the term heat wave
(Koppe et al., 2004). Generally, a heat wave isréod of excessive heat and high humidity
relative to location and time of year. In Euroges tefinitions of heat wave are operational
and they are based on absolute or relative thrdsHok air temperature, air temperature
and minimum duraton, or indices that are combimatibboth air temperature and humidity
(Koppe et al., 2004). Robinson (2001) adopts thate is a heat wave if the conditions of
the NWS for excessive heat alert present for a rmim duration. The NWS issues
excessive heat alert when the daytiflereaches 40.6 °C and the nighttibestays above
26.7 °C for two consecutive days (NWS, 1994)). Ttase definition is for entire United
States but regionally the thresholds and the caatan vary considerably.

Data, preprocessing and preliminary analysis

We analyze the heat stress risks at 27 meteoralbgiations in Bulgaria for the
period 2003/01/01-2012/12/31. Figure 1 displayssimetial distribution of the stations. The
transliteration of station names is after recomnaéind of the Council of Science of the
Institute at the Bulgarian Academy of Science. Tilie stations Botev Vrah (2376 m),
Cherni Vrah (2290 m), Murgash (1687 m), Musala 98) and Rozhen (1723 m),
henceforth called “mountain”, are at the peaks. fibenbers in the parentheses are the
elevations above sea level. In determiningdla the simultaneous air temperature and
humidity are required. We extract the station rdsdior air temperature and dew point
temperature from respective station reports. Thegerts are downloaded from database of
the National Climatic Data Center of United States America (http://cdo.ncdc.
noaa.gov/CDO/cdo.). The observations are at primaigtermediate standard hours 00:00,
03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 2G6&Lnwich Mean Time.

The raw data have undergone automated quality @oamd erroneous or suspect
values are flagged. The original data coverage ieast 96% with exception of station
Rozhen where coverage falls to 90%. As a rule thesdn the records are short and
disconnected. We fill in the gaps or replace tloairect data by the linear interpolations of
adjacent correct values in respective records.

We compute the values @il by means of the exponential fit (1). To obtain
serially complete records, air temperature alongsexd when the air temperature is below
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23.9°C, whenHI is undefined. Next we extract the daily summaé&snaximum HI,
minimum HI and respective air and dew point temperatures. st is the 27
multivariate series of length 3653 days.

The HI is a continuous variable but after NWS weode it into 5 distinct ranges.
Each range corresponds to a level of the physicébgisk of heat stress. The categories of
heat hazard are: “Caution”, “Extreme caution”, “@an’ and “Extreme danger”. The NWS
advises Caution when Hl is 26.7-32.2 °C. In thisegdhe fatigue is
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®@ur. 1. Locations of the Bulgarian weather stations urdasideration.

possible with prolonged exposure and physical #gtivihe categoryExtreme caution
corresponds to amdl of 32.2-40.6 °C. Then sunstroke, muscle crampsl/canheat
exhaustion are possible. NWS issueanger warning whenHl is 40.6-54.4 °C. The
sunstroke and the heat exhaustion are likely amdhéiat stroke is possible in this case. The
category iExtreme danger whenHI climbs to 54.4 °C and over. Then heat strokesthed
sunstrokes become imminent. We set up also ad#tagory No stress’ for HI below 26.7
°C.

So, we categorizéll in 5 levels of hazard. A second categorical vaeidb the
place of the observations. Its 27 levels are tffferdint weather stations. We crosstabulate
on these two variables and build 3 frequency tabfesize 27x5. The stations index the
rows and the categories of heat risk index thernoki A shell contains the number of
observations that share a station and a level afrda First two tables are for daily
maximumHI and daily minimurmHl and all calendar days in the year. Third tabléois
daytime maximuniI but for warm period May-October only.

A survey of our frequency tables leads to followgeneral conclusions. There is
not any day of categorgxtreme danger in the data. The mountain stations Musala, Botev
Vrah and Cherni Vrah come totally under categbky stress. As for two other peak
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stations, there are only 5 days at Murgash and @lgys at Rojen when th#l reaches the
categoryCaution. The total count of stressed nights vary from zemrothe most of the
stations to 12 for Ahtopol, 14 for Burgas and 37 Kaliakra, 4.4 nights on average.
Finally, in practice there is not heat stress dythre cold season November-April. The few
stressed days in this period fall all into categBaytion and their count vary from zero for
Varna and Shabla to 6 days for Ruse and 8 dayssfwna Oriahovitsa, 2.3 days on
average.

Summing up, the heat hazard is dominant in theim@yturing the warm period
May-October and at non-mountain stations of ourpgantor that reason we focus only on
the frequency table for the observations at the-monntain stations during the warm
period May-October.

Biplot

So, we have a frequency table of size 22x4. Themountain stations index the
rows and four categories of heat hazBi@stress, Caution, Extreme caution and Danger
index the columns. Our goal is to reveal the stmadtdissimilarities and similarities
between different station profiles. A station piefis defined as the frequencies in
corresponding row of the table divided by its rawms Instead of working directly by the
frequency table we visualize it by the statistitsadhnique of the correspondence analysis
biplot. The mathematical basis of this method carfdund for example in the article of
Greenacre (1993). Here we use a variant of thetibipaf Gabriel and Odoroff (1990). In
the case the method optimally displays the stat&sngoints and the categories of hazard as
arrows on a two-dimension plot such that the sgadaduct between a point vector and an
arrow approximates the corresponding entry of thagrisn of deviations from average
profile. The average station profile is definedtas vector of column sums divided by the
grand total of the table.

Figure 2 displays the correspondence analysis tiglthe frequency table of the
non-mountain stations for period May-October. Tloings correspond to the stations and
the arrows to categories of risk. The points of stetions Pleven, Veliko Tarnovo and
Silistra are close to the origin of the plot bugythare not labeled in order not to clutter the
display. The categoripanger arises very rarely, from zero for Sofia, GornaaDivitsa and
Ahtopol to 8 cases for Sandanski and 10 for Rus&.D on average. For that reason we
mergeDanger with the Extreme caution in a single categorixtreme caution + Danger.
The biopot representation is perfect because shecetegories are only 3.

As mentioned, the projections of a station poirtbaa category arrow multiplied
by the arrow length, i.e. the scalar product betwdbese two vectors equals to
corresponding entry of the matrix of deviation fr@awerage profile. The average station
profile is 57.3%, 30.0% and 12.7% on the categoNesstress, Caution and Extreme
caution + Danger respectively. We see that nearly half of the déydng the period May-
October are stressed by heat. Looking at Fig. 3eeethat projections of the stations in the
left half-plane are in direction of the arrdvo stress and oppose in direction the arrows
Caution andExtreme caution + Danger. Thus these stations have positive deviations from
average on categomo stress and negative deviations d@aution and Extreme caution +
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Danger. Conversely, the projections of the station inrigat half-plane are in direction of
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®ur. 2. Correspondence analysis bipot of the non-mourstaitions with daytime risk categories
during the warm period May-October.

the arrowsCaution and Extreme caution + Danger and oppose in direction the arrdve
stress. All these stations have negative deviations feorarage on categofyo stress and
positive deviations orCaution and Extreme caution + Danger. The exceptions of this
classification are only Varna with its -0.1%.

Summing up, the biplot clearly splits our samplestattions into two groups. The
stations in the left half-plane of the display hawesitive deviations from average on
categoryNo stress and negative deviations dbaution and Extreme caution + Danger.
Conversely, the stations in the right half-planeehaegative deviations from average on
categoryNo stress and positive deviations dbaution andExtreme caution + Danger.

Has our biplot classification some geographical mmeg Figure 3 displays the
locations of the stations on the map of Bulgarigetber with some of the biplot
information. The empty markers represent the statieith higher percentage on category
No stress and lower percentage on categofiasition andExtreme caution + Danger. The
deviations of these stations from averdge stress range from 2.9% for Kyustendil to
14.2% for Sofia and 19.6% for Dragoman. We seeltwést hazardous stations are close
to west and east borders of Bulgaria. The filledngles mark stations with higher
percentage on categori€sution and Extreme caution + Danger and lower percentage on
categoryNo stress. The grey-scale filling of the triangles is acdagdthe magnitude of the
deviation from the average percentage of categatyeme caution + Danger. The darker
the filling the larger the deviation. As seen, istag with higher percentages on categories
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Caution and Extreme caution + Danger and lower percentage d¥o stress are at Danube
and in central belt between western and eastergaBal With exception of Sandanski we
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Fig. 3. Geographical partition of Bulgarian non-mountstiations via categories of daytime heat
hazard during the warm period May-October.

see also an increasing hazard of catedodyeme caution + Danger in direction south-
north. The deviations from averafgtreme caution + Danger of these stations vary from
0.3% from Kardzhali to 8.9% and 14.6% for Vidin aBdndanski respectively, 4.3% on
average. The stations Varna and Burgas are intaityomarked by squares since they
infringe to a certain extent our classification. Mtthe deviations of Varna are -0.1%, on
categoryNo stress, 2.5% on Caution and -2.5 @xtreme caution + Danger the deviations
of Burgas on the same categories are 0.6%, 4.1%4a8%b.

Summarizing, the stations with lower than averagat thazard are close to west
and east borders of Bulgaria. The more hazardeti®ss are at Danube and in central belt
between western and eastern Bulgaria. Their haxfacdtegory Extreme caution + Danger
generally increases in direction south-north.

Heat waves

In this section we deal with the heat waves in Brtily during the period 2003-
2012. To define a heat wave we use the criteri®dam the excessive heat alert of
National Weather Service, Chicado, IL (http://wwih.c0aa.gov/lot/?n=wwadef). Namely,
we recognize a heat wave if the maximtthreaches 37.8-40.6 °C and the minimttin
stays above 23.9 °C for three consecutive daythemaximumHI| reaches 40.6-43.3°C
for two consecutive days, or the maximiith climbs to 43.3 °C and over for one day. If
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there is a heat wave we define its duration asrtagimum number of successive days that
satisfy some of above mentioned criteria.

Generally the heat waves are comparatively raratsv&he heat wave during the
period 22-25 Jul 2007 is with broadest coverage iataghsity. It is depicted on Figure 4.
The bold face numbers give the duration of the heate at respective stations. The plain
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Fig. 4. Coverage and duration of the heat wave 22-22Q0Qi.

text indicates a lack of heat wave but presencthefdays that share some of our formal
criteria for a heat wave. As seen, at stationst&lj Sliven and Sandanski the duration of
the wave is 3 days, at stations Ruse and Kardih@lidays and at Vidin and Varna only
one day. The conditions are most severe at Sandahske daytimeH| reaches 42.2 °C
although the humidity is low. At Silistra the maxim daytimeHI falls to 39.6 °C but the
nighttime HI stays above 27 °C for three consecutive days. édeRand Kardzhali the
maximumHI vary from 40.8 °C to 42.0 °C and 41.8 °C respetyivAt Varna and Vidin
the heat waves are only one-day but with highest of 44.0 °C and 43.3 °C
correspondingly. Formally, at Vratsa, Oryahovo,vete Lovech, Veliko Tarnovo and
Ivaylo there are not heat waves in view of shomatlan. At Vratsa the maximurl is
38.6 °C and 39.5 °C and above 24.8 °C and 25.% @4 night for 2 consecutive days. The
daytimeHI climbs to 42.9 °C at Oryahovo, 41.0 °C at PlevEh? °C at Lovech and 40.9
°C at both Veliko Tarnovo and Ivaylo. There arettmai days nor nights with accordance of
our criteria at Kyustendil, Sofia, Dragoman, Plavdind Gorna Oryahovitsa. While in
Burgas and Ahtopol we have only one night withabove 23.9 °C, at Shabla the hot nights
are 3 and at Kaliakra 4.

The year 2012 is also with heat waves. The wav@=®23ugust covers Ruse,
Vratsa and Veliko Tarnovo. Its duration at Rus8 tkays where maximuidl reaches 41.3
°C on August 25. At Vratsa we have two consecutiaigs with maximunHl| of 40.6 °C.
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At Veliko Tarnovo the duration of the wave is omlge day but théll climbs to 49.3 °C
due to very high humidity. The July of 2012 is al&wy hot, but in out sample we find only
one heat wave. It is during 15-16 July at Kardzhétih maximumHI 42.9-41.5 °C.

The mid-August of 2010 is hazardous at the aredaoha. During 11-14 August
we have 4 days with maximuhdl of 38.0-39.3 °C and minimurdl of 26.0-27.7 °C. At
Kaliakra there is not formal heat wave, but thehtsgare very hot. During 11-20 August the
night-timeHI is above 25.4 °C on August 19 and 30.9 °C on Autidis

Summarizing, the heat waves in our sample of statare throughout the second
half of our ten-year period and they are mainlyhia North and South Bulgaria. Note, that
in contrast to the prolonged and intense heat vimweestern and southern Europe we do
not find any heat waves in our data during Jun-Aug003.

Summary and conclusion

The objective of this paper was an estimation &f Heat stress risks at 27
Bulgarian weather stations during 2003-2012 perldet HI was used for this purpose. We
categorize thédl into 5 levels of risk, cross-classify its dailytemes on the stations and
the risk categories and build 3 frequency tables.

The analysis of the frequency tables for daily maxnHI and daily minimunHl
shows that there is not any day of categBryreme danger in the data, the mountain
stations Musala, Botev Vrah and Cherni Vrah contallfounder categoryo stress and
there are only isolated cases of categBGeytion at stations Murgash and Rojen. The
survey of the tables shows also that the stresggutsnare only 4.4 on average and in
practice there is not some heat stress duringditeseason November-April. With a high
level of certainty we can conclude that the posdmisks of heat stress in Bulgaria are only
at the non-mountain stations and only during thesad the warm period May-October.

The frequency table for the non-mountain stationd the warm period May-
October shows that average station profile on thble categorieNo stress, Caution and
Extreme caution + Danger is 57.3%, 30.0% and 12.7% respectively. So, duttiregwarm
period nearly half of the days are stressed by eiathe cases of catega@aution exceed
more than two times that of the categd&ixtreme caution + Danger. In the context of
hazard this means that the chance for a fatigub piblonged exposure and physical
activity is at least two times more that a poss#lestroke, a muscle cramps or a heat
exhaustion. As for the days of categ@snger when sunstrokes and the heat exhaustions
become likely and the heat stroke possible, thewary rare, only 3.1 days on average for
the whole period under consideration. So, we carclode that despite of the fact that
during the warm period May-October nearly half leé lays at non-mountain Bulgaria are
on average stressed by heat, the days with highelsl of hazard are very rare events.

The biplot for the warm period May-October cleadplits the non-mountain
stations into two groups. While the stations istfigroup have positive deviations of their
profiles from average on categoNo stress and negative deviations oGaution and
Extreme caution + Danger, the stations in the second group have negativatitens on
categoryNo stress and positive orCaution andExtreme caution + Danger. This means that
the stations in the second group are more hazarthatisthe stations in the firs one. In
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geographical context the stations with lower theerage heat hazard are close to west and
east borders of Bulgaria. The more hazardous swtwe at Danube and in central belt
between western and eastern Bulgaria. More cane$ylection shows that generally the
hazard of higher risk categoigxtreme caution + Danger increases in direction south-
north

The analysis of the heat waves shows that theyxamparatively rare events in
Bulgaria. We detect only 4 heat waves that meetafjgirements of our definition of a heat
wave. The heat wave during the period 22-25 Jul7268s the broadest coverage and
intensity. The wave 23-25 August 2012 is next agecage. Two other registered heat
waves are during 11-14 August 2010 but only at afe¥arna and 15-16 July 2012 at
Kardzhali. We do not find any signs of prolonged amtense heat wave in western and
southern Europe during Jun-August 2003. Note that leat waves in our sample of
stations are only throughout the second half oteéheyear period under consideration
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Puckosere ot ropemunute B boarapus npe3 nepnoga 2003-2012

B. UBanos, C. EBTuMOB

Pe3rome: 3a omeHKa Ha PHCKOBETE OT TOILIMHEH cTpec B bhirapus npe3 mepuoma 2003-
2012 romunm, € M3MOI3BaH € HA0Op OT 27 METCOPOJIOTHYHH CTAHIIMH. 3a Ta3W IICII, ca
U3M0I3BaHu croliHoctuTe Ha heat indexma Steadmans ocHOBHHUTE M MEKIMHHUTE
CHHOIITHYHH CpOKOBe. MIHTepBabT OT cToHOCTH Ha heat indexe pekoaupaH B IeT HUBa
Ha PUCK, M HaOIIOJEHHATA ca KIAaCH(QHUIMPaHHU 110 CTaHIMH W KaTErOpHH Ha pucka. Tpu
YECTOTHH TaOJIMIM ca Ch3MaJeHU W aHamu3upaHu. HampaBeH e OWIioT Ha TabimumaTta Ha
HEIUIAHMHCKUTE CTAHIMU 110 BpEMe Ha TOIUIMAT Iepuox Maii-OKTOMBpH, U CTaHIIMHUTE Ca
KITbCTEPU3UPAHHM CIIOPE] PHCKOBETE. Y CTAHOBEHO € TeorpadcKoTo paslpeieieHde Ha
PHCKOBETE OT TOIUIMHEH CTpec. JIMCKYTHpaHdH ca TOIUIMHHHUTE BBJIHH II0 BPEME Ha
PasIIIEeKIAHUAT IEPHOLI.
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