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Abstract. Heat wave events are important temperature-ranges (e.g., Fritsch et al., 2008). In order to address this is-
related hazards due to their impacts on human health. Irsue, societies and policy makers must develop appropriate
2004, a Heat Health Warning System including three levelsadaptation and mitigation strategies both on national and lo-
of heat wave warning was developed on the basis of a reteal scales (Kovats and Ebi, 2006). For this purpose the very
rospective analysis of mortality and meteorological data infirst step could be to analyse the projected future changes re-
Hungary to anticipate heat waves that may result in a largdated to extreme temperature conditions. In this paper heat
excess of mortality. Projected changes in the frequency ofvaves are addressed from this aspect. Clark et al. (2006)
different heat wave warning levels are analysed for the 21stised GCM simulations to analyse extreme summer heat of
century. For this purpose, outputs of regional climate modelthe Northern Hemisphere, however, RCM outputs used here
PRECIS (Providing REgional Climates for Impacts Studies) provide more precise regional details due to better spatial
are used taking into account three different global emissionsepresentations.
scenarios (A2, A1B, B2). The results clearly show an in- Several different definitions of heat wave exist and are
crease in occurrence and length of heat waves with respeatsed throughout the world (Koppe et al., 2004). In general,
to the underlying emissions scenarios and regional climatehe applied approaches refer to a definite period of time dur-
model used. Moreover, the potential season of heat wave odng which the air temperature exceeds a certain threshold.
currences is projected to be lengthened by two months inThis threshold varies geographically: different countries, dif-
2071-2100 compared to 1961-1990. ferent regions apply different threshold values (e.g., Robin-
son, 2001; Pascal et al.,, 2013). The World Meteorologi-
cal Organization (WMQO) recommends the following defini-
tion; a heat wave is considered to have occurred during the
1 Introduction period when the daily maximum temperature exceeds the
1961-1990 daily maximum temperature normal (which is
Human health is very likely affected by regional conse- getermined for each day separately) byC5for more than
quences of global warming. One of the most severe impact$ye consecutive days (Frich et al., 2002). This definition
is probably associated with temperature-related climatologi-gng other heat wave related indices are used in the anal-
cal extremes such as heat waves (Haines et al., 2006). Bo%is suggested and accomplished in the framework of the
General Circulation Models (GCM) and Regional Climate gyrgpean Climate Assessment & Dataset (ECA&D) project
Models (RCM) project mean temperature increase for the(k|ein Tank and Konnen, 2003), as well as the regional anal-
coming decades (e.g., IPCC, 2007; Pamgret al., 2011).  ysis completed for Central/Eastern Europe (Bartholy and
In this regard, hot conditions are likely to occur more fre- Pongécz, 2007). Gosling et al. (2009) collected and crit-
quently, longer, and more intensely than in the recent decadega|ly reviewed various definitions of characterizing heat
in most of the regions (Meehl and Tebaldi, 2004; IPCC, yayes. Analysis of Brown et al. (2008) focused on the ob-
2012). Infants, elderly people and individuals with health seryed extreme daily temperatures and their detected in-

problems are especially vulnerable to extreme heat due t@reases since 1950, whilst Moberg et al. (2006) analysed
their lower capacities for adapting to unusual temperature
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Table 1. Heat wave warning levels of HHWS applied in Hungary
(Tmeanindicates the daily mean temperature).

Levels Temperature Minimum length of -

criteria fulfilled temperature
criterium

1: Alert (Internal use) Tmean> 25°C 1lday ™

2: Preparedness (Public alert)Tmean> 25°C 3 days

3: Alarm (Strict control) Tmean> 27°C 3 days

46N

detected trends of several extreme temperature and precips;: = { . -

itation indices for the entire 20th century. $ectet al. (2004) — T T T

compared the 2003 European heat wave to the projected cli-

matic conditions. Fig. 1. Topography and grid cell representation of the selected do-
Lowe et al. (2011) made a thorough internet-based searcf1&in covering Hungary.

of policy documents on early warning systems with respect to

heat waves in 33 European countries and identified such sys-

tems in 12 countries. The comparison concludes that despite. . . . .
S . gional climate change trends in the Carpathian Basin. Con-
many similarities among them (e.g., they involve meteoro-

logical institutions, they use similar indicators, they include sidering together the temperature and precipitation for the

I : . P past, PRECIS outputs are able to reconstruct the climatic
similar actions, and they identify similar vulnerable groups), s ) .
: . > conditions in the 1961-1990 reference period.
there are also some differences in key characteristics due to . ; T )
PRECIS is a high resolution limited area model using a

the unique climatic effects of particular regions, also, the . ; . :

. . - : hydrostatic approach with 19 vertical atmospheric levels and
available resources determine and may limit the possible ac;” . :
. . 4 soil layers (Wilson et al., 2007). The depths of the ap-
tions taken or offered. Within the Central/Eastern European ;. ; .

. ) plied soil layers were defined at 10cm, 25cm, 65cm, and
region, a Heat Health Warning System (HHWS) was devel- g ; o

. . . : 200 cm from the surface, which can result in realistic repro-

oped in 2004 on the basis of a retrospective analysis of MOuction of the seasonal and diurnal variation of thermod
tality and meteorological data@Rly et al., 2005) in Hungary Y

- : ?amical properties under the ground. The regional climate
to anticipate heat waves that may result in a large excess Ol odel was developed at the Hadlev Climate Centre (HCC)
mortality. In the framework of this introduced HHWS, three P y

) . .of the UK Met Office, and it has been adapted for a Eu-
levels of heat wave warning are applied. They are associ-

ated with the daily mean temperature values with different’ hean subdomain using 0:22 0.22” horizontal resolution

o . (~25km) covering the area between°3-55 N and 00—
minimum length of heat wave, as presented in Table 1. Th 2 E (Bartholy et al., 2009). The entire original integration
HHWS contains the following preventive actions and it is y p ’ g 9

. . area contains 128 96 grid cells, however, the selected re-
suggested that they should be taken within the country in ion covering Hungary is represented by>346 grid cells

case of issuance of the respective warning levels. Warnin hown in Fig. 1. PRECIS is based on the atmospheric mod-

level 1. .The emergency services ShOUId. prepare fgr .the XUle of the HadCM3 GCM,; consequently, this finer scale ver-
pected increase in patient traffic. Warning level 2: (i) Use

. L S sion uses the same formulation of the climate system as in
of media communications (TV, radio, internet), newsletters, ) .
. NPT ; the global scale GCM. Therefore, the regional scale climate
flyers to inform the public, (ii) Operation of telephone emer-

: e N . . simulations are consistent with the continental scale condi-
gency service, (iii) Distribution of water and fans in public

places, (iv) Opening of air conditioned rooms for public use,tlons simulated by the GCM. The consistency is strength-

(v) Suspension of the cut-off of non-paying clients by water ened by the applied initial and lateral boundary conditions for
S . . Z the RCM experiments, which are provided by the HadCM3

and electricity suppliers. Warning level 3: Strict control of

the Warning level 2 actions. ocean-atmosphere coupled GCM (Gordon et al., 2000) us-

ing 2.8 x 3.75 latitude-longitude resolution. Three differ-
ent emissions scenarios (B2, A1B, and A2) are taken into
2 Data and methodology account in the PRECIS experiments. The global,@0n-
centration level estimated for 2100 are 856 ppm, 717 ppm,
For the present analysis simulated temperature outputs aiind 621 ppm, for A2, A1B and B2, respectively (Nakicen-
PRECIS (Providing REgional Climates for Impacts Studies)ovic and Swart, 2000).
experiments are used. The selection of this RCM is based on For the 1961-1990 reference period, performance of the
the validation results of a national intercomparison projectHCC’s model is compared to other RCMs in Jacob et
(Kriizselyi et al., 2011). In the framework of this program al. (2007) and Kjellsiim et al. (2010) showing that the
four different RCMs have been adapted for assessing the reRCM developed by the HCC resulted in similar bias to other
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RCMs. In this study we used the standard reference period (a) E-OBS {control measurements)
(1961-1990) of climate change research. ‘:;“wss";;rl’l‘l’:t;‘i:““‘"'aﬁ""
In order to estimate the bias of the PRECIS simulation for 100% 1 —
the past, raw outputs from the 1961-1990 reference period 80% '
are compared to the E-OBS datasets (Haylock et al., 2008) r
containing gridded daily mean temperature values. The sea- g 60%
sonal average temperature bias values for the Central/Eastern £ 40%
European domain are small in winter and autumn; for in- % o
stance, the spatially averaged bias taking into account the &

grid cells located within Hungary is O°Z for both seasons. 0% T T T T
10 15 20 25 30 35 40

However, the mean temperature is underestimated in spring Temperature (°C)

(the bias is—1.4°C for Hungary) and significantly overesti-

mated in summer, especially in July and August (the average (b) bias corrected simulation
seasonal bias is +3°C for Hungary). Heat waves potentially —raw simulation
occur in summer, therefore, a reliable analysis of heat wave 14% ¢ [ —E-OBS (control measurem ents)
warning levels requires the reduction of the large temperature - :ﬁ: ]
bias of raw simulated data. § .. |

The bias of the raw PRECIS outputs is corrected using ;f g;_
the monthly empirical frequency distribution (Formayer and £ .
Haas, 2010), which is determined from the daily mean tem- f} 29 |
perature values for each month. Then, calculations of heat 0% . : | . h :
wave occurrence are accomplished from the corrected tem- 10 15 20 25 30 35 40
perature data sets for each grid cell. For instance, in the grid Temperature (°C)

cell plose to Budapest, .Hungary (gecagraphlcal l?t"[Ude anq:ig. 2. Effect of bias correction on the distribution of daily mean
Iongltgde of th? RCM grid cell are 434’ N and 192, re- temperature data for the grid cell representing Budapest (Hungary)
spectively), daily mean temperature values averaged over thg jyly, 1961-1990. Empirical distribution functi¢a) and empiri-
month July during the 1961-1990 reference period, are overcal density functior{b) of temperature time series.
estimated by 3.1C. The raw simulated temperature time se-
ries include daily mean temperature values exceedirfgdC25
with about 42 % frequency during the 30-year-long referencethe 1961-1990 reference period for each grid cell of the do-
period (Fig. 2a), whereas according to the observation-basethain.
E-OBS dataset this occurrence is much more rare (about The spatial structures of the average annual number of heat
11 % frequency only). 10 % of the raw simulated daily meanwarning cases based on simulated temperature with PRE-
temperature values in this grid cell exceeded@0uring  CIS, and thus, the projected changes for the target region
1961-1990, whereas this high temperature did not occur omre shown in Figs. 3 and 4 for warning levels 1 and 3, re-
the basis of the E-OBS control dataset. After applying the ad-spectively. In general, zonal structure can be recognised in
ditive bias correction factor to the distribution of daily tem- all levels, namely, from North to South the number of heat
perature values in July, the corrected simulation data perwarning cases is increasing and the projected changes are
fectly fits the control measurements as shown both in casalso increasing. The topography of the selected domain re-
of the empirical distribution functions (Fig. 2a) and the em- markably modifies these general zonal structures. The topo-
pirical density functions (Fig. 2b). graphical effect can be recognised as more heat wave warn-
ing cases occur in the lower elevated southern and central re-
gions of the domain than in the higher elevated hilly regions
3 Analysis of future trends in heat wave occurrence in the northern and eastern parts of the domain. Furthermore,
frequency and schedule due to the increasing warming, simulated changes are larger
for 2071-2100 than for 2021-2050. By the end of the 21st
Heat wave occurrences (cases) are calculated from the biaentury, simulated changes are larger when taking into ac-
corrected simulated temperature time series of PRECIS runsount a scenario with larger estimated £€dncentration by
for three periods (1961-1990, 2021-2050, and 2071-21002100 resulting in larger temperature increase in the region
for the three warning levels of HHWS. Frequency values in(Pieczka et al., 2011). In the period 2071-2100, weather con-
the period 2071-2100 are determined for the three emissionditions with respect to heat wave warning levels 1 and 2 are
scenarios, whereas in the period 2021-2050 only for the A1Bprojected to occur more frequently (in several subregions by
scenario (due to the small differences in projected tempera500—700 %) than in the 1961-1990 reference period. Sim-
ture for the different scenarios). Then, the projected changeslated frequency increase of warning level 3 conditions is
by 2021-2050 and by 2071-2100 are determined relative t@30-370 % on average.
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Fig. 3. Simulated occurrences of heat wave warning level 1 (left panel). Projected changes (right panel) are calculated relative to the 1961—
1990 reference period.

The simulated average durations of warning level 2 and 3ability of the length of different warning level conditions.
conditions for Hungary are summarised in Table 2. Since theThe remarkable intensity increase can be clearly identified
threshold values applied in case of warning levels 1 and 2 aréoth for the middle and the end of the 21st century compared
identical, we do not calculate durations for warning level 1 to the 1961-1990 reference period. For instance, level 2 heat
separately. The standard deviation values indicate the variwaves lasted typically 4 days, which is projected to increase
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Fig. 4. Simulated occurrences of heat wave warning level 3 (left panel). Projected changes (right panel) are calculated relative to the 1961—
1990 reference period.

by 50 % by the mid-century, and to double by the end of the Besides the evaluation of the frequency in heat wave oc-
21st century in case of the A1B and the A2 scenario. Thecurrence, the dates of the potential first and last warnings
variability of the average length of heat waves is also pro-against heat waves with respect to different levels within
jected to increase, which is partially due to the increased ocHHWS have been analysed for Hungary. The Box-Whisker
currences of heat waves in the future. plots in Figs. 5 and 6 summarise the results for the 229 grid
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Table 2. Simulated lengths of heat waves corresponding to warning levels 2 and 3 within HHWS in Hungary.

Period/Scenario  Level 2: Average length (days)

and standard deviation (days)

Level 3: Average length (days)
and standard deviation (days)

1961-1990/CTL 4 (1.3) 3(0.2)
2021-2050/A1B 6 (1.8) 4(2.1)
2071-2100/B2 6 (2.5) 5(2.1)
2071-2100/A1B 8 (3.9) 7 (4.0)
2071-2100/A2  8(3.3) 72.7)
WARNING WARNING  WARNING Similarly to the mean annual number of heat waves, the
240 —LEVEL1 LEVEL 2 LEVEL 8 spatial structure of the occurrence schedule can also be char-
8 5104 _ || A ' acterised by superposed zonal and topographical features.
< 50 l J | Mesimum _ Heat waves tend to occur earlier and last longer in the lower
s | L J g Upper quartie elevated southern regions of the domain than in the higher
g; 15&—.» * — Lower quartile elevated hilly regions.
120__§ | ?‘:’3 '5’3 M 1 Minimum In the 21§t century, the potential occurrence times of h_eat
0 8 2071-210013 2071-2100/S 2071-2100| A v;/ave rv]varnlngs are likely to be_ r(?_xterr:ded, na_mely,.the first
B g CHEF g CHEE g S (last) heat wave occurrence within the year is projected to

shift earlier (later) than during the 1961-1990 reference pe-

Fig. 5. Simulated first occurrences of heat wave warning levels forr'Od‘ F(_)r |nstance_, W‘?mmg level 1 _condltlons might occur
1961-1990 and for 2071-2100 according to three different emisi'0M Mid-May until mid-September in the late 21st century,
sions scenarios. A, M, J, J, and A on the right indicate April, May, Unlike in the reference period (when they occurred only from
June, July, and August, respectively. mid-June until mid-August). Thus, the total length of the
possible occurrence is likely to be extended by about 1-2

WARNING months.

LEVEL 1

LRSI

WARNING  WARNING
LEVEL 2 LEVEL 3

S
A Maximum
T—._ B Upper quartile

270

n
5
o

4 Conclusions

Heat wave related climatic conditions of the 1961-1990 (ref-

Day of the year
[\8]
=
-

e
o
o

i h B g | owerquartile erence), 2021-2050 and 2071-2100 (future) periods have
15012 2 2 Minimurm been simulated using the PRECIS model outputs. In the
120 8 2071-2100/8 2071-2100/2 2071-2100/ M present paper the projected changes of regional heat waves

a E d 8 E g 8 E P in Hungary (located in Central/Eastern Europe) for the 21st

century (compared to 1961-1990) have been analysed in case

Fig. 6. Simulated last occurrences of heat wave warning levels forof three different emissions scenarios (B2, A1B, and A2).

1961-1990 and for 2071-2100 according to three different emisBased on the results, the following main conclusions can be

sions scenarios. M, J, J, A, and S on the right indicate May, Junedrawn.

July, August, and September, respectively.

i. Heatwaves in the region are likely to occur significantly
more often in the 21st century than in the 1961-1990
reference period. The larger the estimatedG®el by
2100, the larger the projected increase.

cells located within the country. In general, the results sug-
gest that the interannual variability of the simulated time se-
ries is larger in the period 2071-2100 compared to 1961—
1990. The average start of heat warnings is projected to shift

i. The period of heat waves is projected to considerably

to the months May and June compared to the month of July
in the period 1961-1990 (Fig. 5). Meanwhile, the average
end of heat warnings is likely to shift from early August to
late August/beginning of September (Fig. 6). Thus the length ...
of the potential heat wave season is projected to remarkably
increase in Hungary.

Adv. Geosci., 35, 115322, 2013

lengthen. Typical duration is likely to double by the
2071-2100 period (especially in case of the A2 or A1B
scenarios) compared to the 1961-1990 reference period.

iii. By the end of the 21st century the average first heat

wave warning is projected to occur earlier, and the av-
erage last heat wave warning is projected to occur later
than in the reference period — hence the potential heat
wave season is projected to increase remarkably.
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