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DAILY HEAT STRESS IN KRAKOW IN THE WARM PERIOD
2012-2022 BASED ON HOURLY METEOROLOGICAL
MEASUREMENTS AND RADIATIVE FLUXES
DERIVED FROM SATELLITE SYSTEMS

JOANNA WIECZOREK* "/, BOGDAN BOCHENEK® "=/, TOMASZ STRZYZEWSKI*,
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Abstract. This paper aims to present an assessment of the hourly structure of the thermal environment in the warm period
of the year. Special attention was paid to the conditions potentially resulting in heat stress for citizens of Krakow’s central
district. Two approaches were used to analyse the hourly data: 1) a criterion of thermal threshold >30°C, as potentially gener-
ating heat stress, which is included in meteorological warnings issued in Poland, and 2) a criterion based on physiological
responses described by the value of the Universal Thermal Climate Index (UTCI) >32°C, which corresponds to conditions
of strong heat stress for the human thermoregulatory system. The data of basic meteorological characteristics of one-hour
timespan resolution from measurements in AGH station located at Reymonta Street in Krakoéw covering the period 2012-2022
were adopted in the study. Shortwave direct and diffuse and longwave radiation fluxes corresponding to the station's location
grid were derived from the Eumetsat LSA SAF MSG satellite remote-sensing system and used for Mean Radiant Temperature
(Tmrt) and UTCI hourly calculations. Thermal environment conditions expressed by Tair >30°C, which could lead to heat
stress, occurred in less than 2% of hourly terms (931 from 47,044) in the months April-September in the 11-year period.
Far more terms were assessed as “with adverse conditions leading to heat stress”: 2,215 cases when UTCI>32°C. In view
of the above, it is worth highlighting that more than half of the negative and oppressive weather conditions resulting in heat
stress may be neglected in risk assessments and predictions using only the basic thermal criterion.
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Introduction as the most vulnerable to progressing climate

change (Ministry of the Environment... 2023).

As the European Commission Project PESETA IV
Changes in the thermal environment pose one highlights, each year more than 100 million Euro-
of the biggest challenges of climate adaptation  peans (in southern Europe mainly) will be exposed
for citizens of urbanised regions. Almost all Polish ~ to an intense heatwave, compared to nearly
cities that joined the MPA44 project (Urban Ad- 10 million annually nowadays. And with the 2°C
aptation Plans for Climate Change), including scenario, which unfortunately seems feasible, this
Krakow, have identified the public health sector grows to nearly 170 million per year in 2100,
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which could be associated with mortality rates
as high as 50,000 per year, compared to 2,700
nowadays (EC, Peseta IV Project). In the Central
European area, such intense phenomena are likely
to occur less frequently, every 3-5 years, but this
does not change the need for population adapta-
tion. (Kruger et al. 2017). Europeans, most nota-
bly those living in northern regions, are not phys-
iologically equipped to deal with excessive heat
stress. In addition to the population, so too the in-
frastructure is not prepared; many cities, such
as Paris, were designed as “cool zone cities”.
Therefore, there is an urgent need to introduce
changes in the urban space that will improve
the population’s protection. Paris, for example,
is preparing for a 50°C scenario (Ville de Paris...
2023). An oppressive thermal environment that
forces the implementation of mitigation strategies
(e.g., additional cooling) occurs mainly (but not
only) during heat waves. If the problem of adapta-
tion is considered from a broader perspective —
— taking into account the days when the disparity
between the level of thermal comfort and thermal
conditions is significant (as described by the cool-
ing degree day index [CCD]) — it turns out that
the region of Central and Northern Europe will ex-
perience the greatest relative change, if the global
climate scenario of a2 °C increase comes true in-
stead of 1.5°C (Miranda et al. 2023). As stated by
Btazejczyk and Twardosz (2023), who analysed
the longest available data series for Krakow
(1826-2021), average annual Universal Thermal
Climate Index (UTCI) values increased at the rate
of 0.27°C/10years. This is in agreement with
a general regional trend (Hynéica et al. 2023),
while the mentioned growth is differentiated
for other Polish locations, as reported by Kuchcik
et al. (2021). On the days when the threshold
of UTCI>32°C is exceeded, there is an increase
in the mortality of residents in Polish cities
(Kuchcik 2021). A clear relationship was docu-
mented for June 2019 conditions. The number
of deaths attributed to strong heat stress was five
times higher than the average for the reference pe-
riod of 2010-2018. Thermal stress measures were
significantly higher — averaged noon UTCI value
was larger by 6.8°C and the number of strong heat
stress (UTCI 32.1-38.0°C) and very strong heat
stress (38.1-46.0°C) days was 5.6 days higher
than in the reference period (Btazejczyk et al.
2022).

Studies on the evaluation of the extreme heat
load cases, comprehensively shown by the UTCI
index and its variations in the Polish population,
have been carried out by many authors. A detailed

overview can be found in the work of Tomczyk
and Matzarakis (2023). In some works, periods
of the warmest months relative to multi-year
norms were analysed in detail, which was exhaust-
ively referred to in the paper of Twardosz (2023).
However, the daily variability of unfavorable con-
ditions potentially resulting in overheating
of the body is still insufficiently recognized,
as most studies are based on data for selected
hours only. A review of studies for cities in Poland
is available in the work of Okoniewska (2021).
An unfavorable thermal load may occur not only
around noon (Pecelj et al. 2020). Moreover,
the timing of exposure to thermal stress may be
crucial from a physiological point of view (Kruger
et al. 2017). Considering only the criterion of ex-
tremes, no such information is taken into account,
which may also limit the prominence of the impact
of meteorological conditions, if only in media cov-
erage, as pointed out by Sadeghi et al. (2021).
In addition, the evaluation of “sweltering” days
(Kossowska-Cezak 2014) may not be fine enough,
especially since the number of hours with a signif-
icant heat load can vary. Better recognition
of the anatomy of heat and its potential physiolog-
ical effects should aim to improve assessments
and increase awareness of meteorological risks
(Di Napoli et al. 2018, 2021; Urban et al. 2023).
While biometeorological studies assess
the thermal environment using various indicators
(Btazejczyk et al. 2012), most assessments issued
as warnings to the public are still based on thermal
threshold criteria, excluding the complex impact
of other meteorological elements. Only a few me-
teorological services (from ProClias materials, un-
published) use criteria based on values of biome-
teorological indicators such as Perceived Temper-
ature (Germany), UTCI (ltaly, Croatia), Heat In-
dex (USA, Switzerland) or WBGT (Australia).
From the perspective of climate change and ther-
mal challenges for the population, the implemen-
tation of detailed assessments is worth the effort.
Such assessments can support, for example, im-
pact warnings and recommendations and replace
the usual patterns and the use of simple indicators.
This is also supported by demographic challenges
as populations are ageing. According to Meade
et al. (2023): “older adults sustain greater in-
creases in heat storage and core temperature dur-
ing daylong exposure to hot, dry conditions com-
pared with their younger counterparts”.
Conditions that severely stress the human bo-
dy (classified as UTCI value >32°C) can occur
even before the air temperature reaches 30°C.
The level of physiological response and possible
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health effects at the level of UTCI>32°C are de-
scribed in detail by Jendrytzky et al. (2012),
and applications of UTCI as a prognostic tool
in medicine were reviewed in detail by Romaszko
et al. (2022). The impact of the last severe heat
wave, which occurred in June 2019, concerning
the Polish population — from an epidemiological
point of view was pointed out by Btazejczyk et al.
(2022).

The purpose of this study is to assess the ex-
posure of residents of downtown Krakow
to the occurrence of severe heat stress conditions
in the daily course in the months from April
to September. The objective UTCI will be used
as an assessment tool. Analysis of hourly data
from 2012-2022 will help answer the following
research questions:

1. When and how often does the strong heat load
occur in April to September in Krakéw in the daily
course?

2. To what extent are the conditions of strong
heat load limited to the hours around noon only?

3. Can the number of hours with a strong heat
load vary significantly on days defined as “swel-
tering”?

An important question that this paper will an-
swer is: how many potentially dangerous situa-
tions with abundant heat load are omitted if we
consider only the evaluation of the thermal envi-
ronment based on the criterion of 30°C instead
of UTCI value 32°C that is described as a realistic
physiological risk threshold (Kuchcik 2021). This
is, of course, a gross oversimplification; it is
impossible to directly compare the physiolo-
gyical effect of a situation with Tair>30°C
and UTCI>32°C. Such a juxtaposition is only
meant to indicate the need to move away from
thermal perception assessments to more compre-
hensive assessments of heat stress load, especially
in the field of warnings and recommendations.

Study area

Krakow is located in southern Poland, on the Vis-
tula River. The city is located in a river valley go-
ing east-west, i.e. in a concave landform. The his-
torical city centre is located at the river valley bot-
tom (at ~200 m a.s.l.) and on a tectonic limestone
horst (the Wawel Hill), which emerges from
the river valley. The northern part of the city be-
longs to the Krakéw-Czestochowa Upland.
The southern parts of the city belong partially
to the Carpathian Foothills. The Vistula River val-
ley is narrow in the western part of the city, with

a width of about 1 km, and widens to about 10 km
in the eastern part. In the western part of the val-
ley, there are several limestone horsts reaching
about 350 m a.s.l. Therefore, the city area is sur-
rounded by convex landforms from the south, west
and north. Height differences between the valley
floor and the hilltops next to the city borders are
about 100 m, and the built-up areas do not reach
those hilltops. On the valley floor, the land use is
most differentiated, while in the convex landforms
south and north of the valley, only selected land-
use forms can be found. Buildings with more than
four floors (districts with blocks of flats) are lo-
cated mainly in the suburbs. Densely built-up
areas are found mainly in the Old Town. The me-
teorological data used in the present study comes
from the meteorological station of AGH Uni-
versity of Krakow, located on the valley floor,
in the western part of the valley, and in the city
centre in a densely built-up area (Fig. 1).

There are numerous studies on the climate
and bioclimate of Krakow (e.g., Niedzwiedz et al.
1996; Bokwa 2019), and the following findings
are relevant for the present analysis. The location
of the city in a concave landform generates various
processes in the scale of the local climate which
in turn significantly modify the spatial pattern
of the meteorological elements, including air
temperature. The urban heat island is an element
of a complicated spatial pattern of air temperature
only and it has to be determined following
the method of RMUHI (Relief-Modified Urban
Heat Island; Bokwa et al. 2015). Heat load in Kra-
kéw is very diversified spatially, too. Bokwa
and Limandéwka (2014) analysed air temperature
measurements of 5-minute resolution from 21
points in Krakéw and its vicinities and showed
that significant differences occur in the number
of tropical nights (tmin>20°C), very hot days
(tmax>30°C) and number of heat waves, between
urban areas in the valley and rural areas, both
in the valley and on the slopes. In the valley bot-
tom with the urban built-up area, the numbers
of tropical nights and very hot days are 50%
greater than in areas with the same land use
but located 50 m higher. During the heat waves,
on the valley floor, the air temperature exceeds
30°C for about 30% of the heat wave duration.
During the nighttime, air temperature in urban ar-
eas is controlled by different factors than during
the daytime. In Krakéw, the nocturnal air temper-
ature pattern is further complicated by katabatic
flows, the formation of cold air reservoirs, and air
temperature inversions linked to the mentioned re-
lief impact. Heat stress conditions in Krakéw are
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Fig. 1. Location of AGH station within Krakow administrative boundary (A),
and meteorological and net radiometer sensors on the building (B)

more diversified spatially during the nighttime
than during the daytime. Bokwa et al. (2019) ana-
lysed heat load in Central European cities, includ-
ing Krakéw, during a heat wave. The study con-
firmed that during the daytime, higher heat load
occurs in the valleys’ floors than in areas located
above, both in rural and urban areas. Btazejczyk
and Twardosz (2023) analysed the time series
for Krakow from the period 1826-2021 using
UTCI and showed a significant increase in
the number of days with heat stress (UTCI>32°C)
which reached 0.5 days/10 years, but for the pe-
riod 1941-2021 the rate was much higher,
at 2.6 days/10 years. Bokwa et al. (2018) showed
the current and predicted spatial pattern of heat
load for the same cities; the heat load in urban ar-
eas of Central Europe, expressed in the mean an-
nual number of summer days, is expected to in-
crease by 2100, comparing to 1971-2000, by 20—
-50 days, depending on the scenario used (i.e.,
RCP8.5, RCP4.5 or RCP2.6). The results high-
lighted above show the need for further studies
of the heat load in Krakow, with a special focus
on its spatial and temporal variability. In particu-
lar, the varied relief in Krakéw will be a factor that
significantly modifies the variability of thermal
stress.

Materials

The basic material consisted of data obtained
from the AGH meteorological station located
at Reymonta Street in Krakow (50°04°N, 19°55’E,

220 m as.l., Fig. 1), in the built-up area of
the downtown zone. Data from hourly readings
of air temperature, relative humidity and wind
speed measured by Vaisala WXT520 compact
weather station were used in the analysis. The sta-
tion is installed on top of a small mast 5 m above
the building’s flat roof, which is covered with
roofing felt, 25 m a.g.l., ~2 m from the edge
of an upwind building side to minimise the heating
effect from the roof.

If at least one of the hourly air temperature
values exceeded 30°C, the day was considered
a “sweltering day”. The completeness of the data
set for the April-September period from 2012
to 2022 for the air temperature component was
97.4%. At the AGH station, total long-wave
and short-wave radiation fluxes are measured by
a Huxeflux NRO1 net radiometer, i.e., there are no
radiation fractions (direct and diffuse) available,
which makes it impossible to estimate the Mean
Radiant Temperature (Tmrt) according to the VDI
methodology (Kantor, Unger 2011). In addition,
the set for radiation elements for a given period
was incomplete, so it was decided to use alterna-
tive sources of measurement data. Since the radia-
tion measurement sensor installed at the AGH sta-
tion is located on the roof of the building and there
are no taller objects in the surrounding area, it was
decided to use satellite radiation flux measurement
data available for the coordinate area of the station
location. Satellite data on radiation fluxes are de-
rived from the measurements taken by the SEVIRI
instrument onboard the Meteosat Second Genera-
tion (MSG) geostationary satellite. The MSG/
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SEVIRI measurement is instantaneously per-
formed every 15 minutes and its spatial resolution
is 3 km at a subsatellite point on the equator.

The following EUMETSAT LSA SAF Satel-
lite Application Facility on Land Surface Analysis
(LSA SAF) satellite products with spatial resolu-
tion of 0.05°%0.05° (data access at Landsaf 2023)
were used:

e MSG Downward Surface Shortwave Radiation
Flux Total and Diffuse (MDSSFTD), available
every 15 minutes (Carrer et al. 2019);

e MSG Daily Albedo (MDAL), available every
day (Geiger et al. 2008);

e MSG Downward Surface Longwave Flux
(MDSLF), available every 30 minutes (Trigo
et al. 2010);

e MSG Emissivity (MEM), available every day
(Peres, DaCamara 2005; Trigo et al. 2008);

e MSG Land Surface Temperature (LST) All-
-Sky (MLST-AS), available every 30 minutes
(Martins et al. 2019) — the data were used only
for the period 1 January 2022-31 December
2022.

Additionally, the GLASS Land Surface Tem-
perature All-Sky (GLST-AS), available every
hour with a spatial resolution of 0.05°x0.05°
(Liang et al. 2020) from 1 January 2012 to 31 De-
cember 2021, was used. MDSSFTD data provides
the values of total downward surface shortwave
radiation flux (DSSF) together with a fraction
of diffuse DSSF. Direct DSSF may then be calcu-
lated as the difference between total and diffuse
DSSF (Carrer et al. 2019). MDAL data enables es-
timation of reflected DSSF (MDSSFTD multi-
plied by MDAL). The difference between total
and reflected DSSF gives the values of surface net
solar radiation. MDSLF data provides the values
of downward surface longwave radiation flux
(DLSF). MEM and LST (MLST-AS and GLST-
-AS) data enable estimation of upward
surface longwave radiation flux (ULSF) ac-
cording to the equation: ULSF = MEM-c-LST#,
where symbol o is Stefan-Boltzmann constant
5.67-10% [W-m2-K*]. Then, surface net thermal
radiation may be estimated as the difference
between DSLF and USLF. Both datasets — from
meteorological measurements at AGH station
and MSG satellite were expressed in universal
time (UTC).

Methods

The Universal Thermal Climate Index (UTCI) was
calculated following the original formula given

by Brode et al. (2012). It takes as inputs the ambi-
ent temperature, wind speed, vapour pressure
and Tmrt. The mean radiant temperature Tmrt was
calculated according to the approach of Di Napoli
et al. (2020), using the sixth-order polynomial re-
gression approximation given by Brode et al.
(2011). The calculations were approximated using
hourly (each hh:00 step) values of total downward
surface solar radiation (direct [fdir] and diffuse
[fdiff] separately), surface net solar radiation,
downward surface thermal radiation, surface net
thermal radiation, downward direct surface solar
radiation at the surface obtained from the satellite
measurements and estimated cosine of the solar
zenith angle (CZA) and the radiation intensity
of the Sun on a surface perpendicular to the inci-
dent radiation direction (dsrp). Both variables
were estimated using equations given by Brimi-
combe et al. (2022). In the hourly terms, when
the Sun was below the horizon, a “zero” CZA was
put in the main equation and dsrp values were cal-
culated as fdir/CZA if CZA>0.01. This approach
is not ideal and, depending on the specific atmos-
pheric conditions, may be subject to uncertainty
in estimating the incident flux on the perpendicu-
lar surface, especially at lower sun positions dur-
ing sunrise and sunset, which was mentioned
by Hogan and Hirahara (2016). In some parts, this
is still an unsolved problem, and Tmrt is the most
challenging to calculate (Kruger et al. 2014) or
even measure directly using global thermometers
(Lindner-Cendrowska, Baranowski 2023).

Two approaches were used to analyse
the hourly data in the context of potentially unfa-
vorable heat stress occurrence: 1) criterion of ther-
mal threshold >30°C, as it is used to define very
hot days in Poland and is applied in preliminary
meteorological warnings issued in Poland, and 2)
a criterion based on physiological responses de-
scribed by the value of the UTCI>=32°C, which
corresponds to conditions of strong heat stress
for the human thermoregulatory system. The anal-
ysis covered a total of 48,312 hourly terms (aggre-
gated in 2,013 days) from April to September
in 2012-2022. The data come from the meteorolo-
gical station of AGH in Krakow (50°04°N,
19°55’E). In this set, the number of 1-hour terms
with available values of air temperature (Tair)
and calculated UTCI wvalues was 47,044
and 44,366 records, respectively. Due to the lack
of air temperature or radiative fluxes measure-
ments needed to calculate UTCI, 54 days were ex-
cluded from the analysis.

The authors postulate that referring to
the overarching goal of the work, which is to indi-
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cate the physiological burden of heat and its tem-
poral variability, the results should be treated as
an approximation of the conditions that the organ-
isms of urban space residents in Krakow must
face, due to the mosaic of environmental condi-
tions and the use of urban space at varying levels.

Results

The share of hourly data with air temperature
>30°C does not exceed 2% (931 1-hour periods,
which were noted in 171 days). A total of 2,215
hourly terms in 448 days with strong heat stress
(UTCI=32°C) were experienced in Krakow
from 2012 to 2022. The mentioned disparity
and the number of terms in the following years are

summarised in Figure 3. In 1,435 cases when
UTCI=32°C, the air temperature did not exceed
the 30°C threshold. For the cases when the air tem-
perature at the station was >30°C, UTCI values
were assessed as moderate heat stress (MH) in 131
cases, strong heat stress (SH) in 652 cases, or very
strong heat stress (VSH) in 128 cases. Cases with
heat stress account for about 20% between April
and September (Fig. 2), while by far the largest
number occurs between June and August — from
moderate (MH) to very strong (VSH) heat stress.
The first appearance of strong heat stress (SH)
may be noted in April, but so far, it has occurred
only in April 2012 (3 times). Cold stress is still
more common in this month than heat stress.

Krakow 2012-2022
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Fig. 2. Monthly distribution of UTCI categories based on hourly intervals in Krakow 2012-2022
SC — strong cold stress -27<SH<-13), MC — moderate cold (-13<SH<0), SLC — slight cold (0<SH<9),
C — no stress (9<SH<26), MH — moderate heat stress (26<SH<32), SH — strong heat stress (32<SH<38),
VSH — very strong heat stress (38<SH<46)
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126



Daily heat stress in Krakéw in the warm period 2012-2022 based on hourly meteorological measurements...

The number of hourly data with the occur-
rence of abundant heat load is subject to variability
determined by the synoptic situation and var-
ied in Krakow in successive seasons (Fig. 3).
The highest number of cases with heat load oc-
curred in 2015, at 277, and the lowest number
in 2014, at 139. Usually, the highest number
of hours with UTCI>32°C occurs in August,
but there were years when it occurred in June
(2019) or July (2012, 2014, 2021). The pattern is
similar for Tair>30°C, but these conditions are
usually limited to June—August. The heat load usu-
ally occurs in a wider range of months in a given
year or in different proportions (such as in 2022).

During the warm half of the year (April-
—September), thermal conditions of Tair>30°C
occurred in Krakéow in the range of 8§ am to
7 pm UTC, with the highest number of 144
at 14 UTC (4 pm official time). In the case
of UTCI, the daily course is similar, but the values
>32°C occur from 6 am to 5 pm UTC. The larg-
est number of terms meeting conditions
of UTCI>32°C were counted for 12 UTC (308
cases). For each day with the occurrence of at least
one UTCI>32°C term, the time of occurrence
of the “highest hourly UTCI on a single day”
(UTCI_high.) was checked. The highest hour-
ly values were recorded most often at 13 UTC.

Krakow 2012-2022
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Fig. 4. Number of hours in the daytime with Tair>30°C (A) and UTCI>32°C (B)
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Fig. 5. A — Number of days with Tair/UTCI hour intervals 0-12 (heat stress duration),
exemplified by the unfavourable conditions
B — Number of days in successive June—August periods of 2012—2022 of daily count of UTCI>32°C
in ranges 1-2, 3-5, 6-8 and above 9 time intervals

In contrast, the highest UTCI value in the analysed
set (42.4 on 8 August 2013) occurred at 14 UTC.
To answer the question of whether the noon date
(UTC_12) can be used to approximate the greatest
load on the body, the value from 12 UTC was
compared with the UTCI_high., which came from
each day. Claiming that in 99 out of 308 cases

of UTCI>32°C terms, these values were equal.
On the remaining 136 days the UTCI_high. ex-
ceeded the 32°C threshold, while UTCI 12 was
still below. In 277 days of all 448 cases, conditions
of at least strong heat stress were noted when
the hourly Tair value was below the 30°C thresh-
old.
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Usually, severe heat stress occurs over
a longer period (if one accepts the generalisation
that heat load conditions between the following
measurement terms do not change) on days when
at the midtown AGH Tair>30°C. On days de-
scribed as “sweltering” (Tair>30°C) the dispro-
portion in heat stress duration may be sizable
(Fig. 4). The highest number of days with ex-
tended exposure to severe stress conditions
>6 terms occurs in August, while the incidence
of more than nine terms with SH was similar
in June, July and August. The most severe condi-
tions of heat stress duration — 12 hours — occurred
on 29 July 2013, when Tair>30°C and heat stress
appeared from 6 am to 5 pm, and UTCI_high.
reached 40.4 (Tair=36.3°C). The absolute heat
load daily maximum in 2012-2022 occurred
on August 8, 2013, when Tair was above
the threshold of 30°C for nine successive hours
and UTCI for 12 hours.

Discussion

Recently, the use of reanalysis data, offered
in the ERA Land-5 sets, among others, has be-
come increasingly popular, as it allows compre-
hensive analysis of thermal comfort studies
for longer time series and any location, and fur-
thermore with coverage of hourly data (Di Napoli
et al. 2020). The use of satellite data sets — e.g.,
MODIS, MSG, SARAH2, which offer data with
even better spatial resolution — is another alterna-
tive (Wang et al. 2020; Danni et al. 2024). There-
fore, in both cases, it should be borne in mind
that the values of radiation fluxes, and ultimately
the value of Tmrt estimated from them, may differ
from the value estimated from a ground-based
measurement (which may also be affected by
measurement equipment used). That is valid espe-
cially in an area of complex topography (Gal,
Kantor 2020) and also in areas with local climate
significantly influenced by the share of greenery,
e.g. adding vegetation decreases the mean radi-
ant temperature by 10.5 °C at noon (Jaafar et al.
2022). In addition, regardless of whether the data
comes from numerical models or satellite sound-
ings, such elements as biases due to clouds being
too transparent for shortwave radiation (Hogan,
Hirahara 2016), an underestimation of cloud oc-
currence, overestimation due to increased reflec-
tion or shortcomings in the simulated cloud micro-
physics may adjust the fluxes proportions (Carrer
et al. 2019) and finally the value of Tmrt. Moreo-
ver, taking measurements and obtaining direct so-

lar radiation by simplification from shortwave to-
tal radiation as the beam reached the perpendicular
plane in proportion to the solar zenith angle could
be significantly overestimated at low solar alti-
tude angles (Gal, Kantor 2020) and raise the val-
ue of Tmrt. In view of the above, the res-
ults of the occurrence of abundant heat load
in the morning hours (Fig. 3) could be approached
as possible but their number (total of 18 at 06 UTC
per 2012-2022 period) with a degree of criticism.
On the other hand, one cannot exclude the possi-
bility that undisturbed by cloud cover, the solar in-
put during these periods of the day was in fact sig-
nificant and affected the occurrence of strong heat
load conditions even before noon (Pecelj et al.
2020). An attempt to interfere with the value
of CZA as to limit the potential overestimation
of the flux on the perpendicular plane can lead to
underestimation of UTCI during hours of the high-
est sun position, especially at the warm period
of the year. That is why, in some cases, values
of heat load by UTCI from ERA5S datasets for
given locations and extreme occurrences seem
to be lower than expected (Kruger, Napoli 2022).
Evaluating the characteristics of UTClIs developed
using different ways of estimating Tmrt and based
on various input datasets (cloud cover or detailed
radiative fluxes) can make the task difficult (Bta-
zejezyk, Kuchcik 2021).

However, in addition to the problematic way
of estimating Tmrt and UTCI, the choice of data
analysed may raise questions about its representa-
tiveness. That refers in particular to body heat
loads (expressed by UTCI) related to a user lo-
cated in the street, while urban measurement sta-
tions are in great number located on roofs. To as-
sess such a reference, it is necessary each time
to take the surrounding conditions into account,
i.e., the density of buildings, the conditions of use,
and the characteristics of the ground. Results
of such comparison (Griffith, McKee 2000) indi-
cate that overcast skies lead to small rooftop-
-to-ground differences in both surface radiating
temperature and air temperature. Observations
show differences of ~1°C or less in radiating
temperature and less than 1°C in air temperature.
An exception was observed where a wall effect led
to more than a 2°C difference in air temperatures
between the roof and the ground. Differences
on sunny summer days could be greater, in ex-
treme conditions as high as 30°C in comparison
to shaded and elevated unshaded points. That is
related to solar energy absorbed by dark, unshaded
surfaces compared to partially shaded urban street
canyons. If the rooftop and pedestrian levels are
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located in an area with similar artificial surface
and albedo characteristics and well-ventilated,
the differences in air and radiative temperature
could be less than 1°C (Kim et al. 2022). In regard
to the AGH station location, a similar effect can be
expected.

For all the reasons mentioned above, alt-
hough the research period partially coincides (Au-
gust 2015 and June 2019), it is problematic to di-
rectly relate the results obtained to those presented
by Twardosz (2023) — for both months, the aver-
age of UTCI values at 12 UTC was higher
in the analysis presented here; 32.5+£5.6°C
and 31.5£3.5°C respectively. In the first case,
it corresponded to the same UTCI category
of moderate heat load and, in the second case,
to the higher category of strong heat load. How-
ever, the percentage frequency of total occurrence
of SH and VSH - 56% in August 2015 and 40%
in June 2019, is similar to the results by Twardosz
(2023). As summarised in Twardosz (2023), there
was no severe heat stress during the evening hours
in August 2015 and June 2019, selected as “unu-
sually warm summer months”, while analysis us-
ing satellite data on radiation fluxes showed that
it may have occurred four times in June 2019
at early morning (6 UTC). In general, based on
the 2012-2022 analysis, during the warm part
of the year (April-September), strong heat stress
occurs in around 10% of cases. Krzyzewska et al.
(2021) found out that Krakéw has a higher propor-
tion of such cases, as does Rzeszé6w, compared
to other major Polish cities. However, short-term
values may differ significantly depending on
the location and the synoptic situation on a given
day (Btazejczyk et al. 2022). This comparison
mentioned above, like most of the ones found
in publications, only applies to values of 12 UTC.
There is no publication analysing the occurrence
of SH in the daily cycle. Evanescent hourly anal-
yses are only available for selected locations,
months or limited to the heat wave period
(Rozbicka, Rozbicki 2018) but also indicate epi-
sodic occurrence of morning UTCI values exceed-
ing the severe heat stress threshold (Brys,
Ojrzynska 2016). What is worth emphasising
is that strong heat stress (SH) persists in Krakow
not only around the thermal noon. However, it cer-
tainly occurs more often in the hours following so-
lar noon (14-17 UTC), i.e., during thermal noon,
than before noon (06-09 UTC). Early occurrence
(06 UTC) of SH was reported in Serbia (Pecelj et
al. 2020); however, there were more occurrences
in July than in August, while in Krakow the pro-
portion was the opposite. The shortwave radiation

input with good atmospheric transparency and rel-
atively high sun position in the summer months
can be crucial and sufficient to generate a high
Tmrt value in the morning period. In addition,
the slightly higher humidity (e.g., just exceeding
40%) contributes to the occurrence of high ther-
mal load, although it drops significantly at mid-
day. During the evening hours (18 UTC or later),
even despite the increased contribution of upward
longwave radiation, the persistence of elevated air
temperature, and a renewed increase in humidity
and/or sparse ventilation (occurrence of sensation
of stuffiness) — the conditions assessed by UTCI
in Krakow did not qualify for the severe heat stress
category. Research on the temporal and spatial
distribution of heat stress incidence in Syd-
ney, which adopts an UTCI threshold of 26°C
and is based on RayMan Tmrt calculations, dem-
onstrates that it is subject to significant variation
within the city area and is strongly modified by
the complex of local meteorological and geo-
graphical conditions. And ultimately results
in variation in the number of hours of exposure
to heat stress — even by more than 100% (com-
pared among city's locations for the highest
and lowest frequency) with respect to exceeding
the adopted threshold within a single metropolitan
area (Sadeghi et al. 2021). Hence, it is advisable
to make reference to location and to move away
from using generalisations. Analogously, this ap-
plies to the approach to temporal data. On days de-
fined as a “hot day” (Tair>30°C), the disparity
in the duration of heat stress can be significant.
Hence, guided only by the value of the extreme,
some of the relevant information may be lost. As-
suming, moreover, the generalisation that days
with a higher hourly heat load will be proportion-
ally fewer than those with a “shorter” occurrence
of the significant heat load may not find coverage
in reality. In Krakow in July, there are more days
when the heat load persists for 3-5 hours in a 24-
-hour period than for just 1-2 hours. Those days
with single hours of UTCI>32°C in the analysed
time were of a similar number as those when
the heat load persisted for 6-8 hours in a 24-hour
period. When the information to the public is de-
livered that a hot day is predicted to occur,
but without additional information about the heat
load severity relative to time, especially about pro-
longed exposure to heat, then such information
is highly incomplete and may be misleading.
As Kampmann and Bréde (2022) point out, a reli-
able assessment of the body's heat load should
consider not only the momentary state but also
an assessment over a longer period of exposure.
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Also significant from the perspective of popula-
tion shielding are the timing of the first epi-
sode with a significant heat load and the length
of the season with the occurrence of such stressful
conditions (Katavoutas, Founda 2019). These is-
sues have been addressed in works where ad-
ditional heat assessment metrics were pro-
posed to be developed in weather warning sys-
tems (Sadeghi et al. 2021; Spangler et al. 2022).
The results presented here indicate that prolonged
daily abundant heat occurrence may occur with
different UTCI_high. (taken as the highest hour-
ly value of UTCI on a single day). Usually,
the higher the UTCI_high., the more hours with
the threshold of strong heat stress exceeded
(R?=0.72). Moreover, prolonged heat stress peri-
ods during the day may occur even on days when
the threshold >30°C is noted for one hour only
(Fig. 4). And conditions with excessive heat
burden, or unfavourable conditions conducive
to overheating, can also occur at times before
the air temperature exceeds the mentioned thresh-
old. That can happen when the solar radiation
is high enough, and the complex of other condi-
tions is not conducive to the dissipation of heat
from the surface of the skin. It can be then con-
cluded that the negative impact of the heat load
can be underestimated if the primary criterion
is Tair only and other meteorological elements are
excluded.

Conclusion

Given the availability of free hourly datasets de-
rived from satellite systems or sets of reanalysis
of numerical models, it would be advisable to ex-
tend bioclimatic analyses for Polish cities
with hourly characteristics in opposition to the ex-
isting pattern for selected hours or daily average
values. The introduction of impact assessments
is necessary in more than half of the cases of neg-
ative and oppressive weather conditions resulting
in heat stress that may be neglected in risk assess-
ments and predictions using the basic thermal cri-
terion only. The noon term value (UTCI_12) may
not give a sufficient view of the expected maxi-
mum heat load on a given day. Moreover,
the number of hours with a strong heat load varies
significantly, even on days defined as “swelter-
ing”. The above analysis demonstrates the urgent
need to develop analyses and forecasts of the inci-
dence of heat load based on comprehensive
assessment indicators, such as UTCI. The devel-
opment of such impact forecasts of heat load

on humans, undertaken by meteorological services
in Poland, should additionally (except hourly val-
ues and the extremes) take into account the period
of occurrence of excessive heat load conditions,
similar to those proposed by Sadeghi et al. (2021)
and Spangler et al. (2022), but including a thresh-
old of UTCI>32, as relevant to the potential nega-
tive effect in the Polish population as confirmed
by epidemiological data. Heat load conditions
during the warm season (April-September), occur
not only on days classified as hot, which require
proper shielding of the population and constant
monitoring. It should also consider the prediction
of the occurrence of a heatwave. However,
the heatwave should be defined as a deviation
from the norm. It represents a change in a rela-
tively short time (Di Napoli et al. 2019) and is bet-
ter justified from the point of view of the body's
reaction than the exceedance of air temperature
at the threshold. Forecasts for residents of urban
areas should include parameterisation at a detailed
spatial scale. Failure to include a detailed radiation
balance and, thus, to run simulations without de-
tailed topography and coverage will result in only
approximate predictions and at a level analogous
to a boundary layer urban heat island. The large
variation in the complex of meteorological condi-
tions can lead to significant differences in the cat-
egory of heat load. Residents of Krakéw should
be educated about the potential negative impact
of meteorological conditions on the body, the oc-
currence of which is not limited to hot days
as well, which could vary spatially. Excessively
stressful conditions for humans can appear
as early as April and still occur in September. Con-
sidering the high seasonal and inter-annual varia-
bility of heat load conditions, it would be advisa-
ble to undertake actions aimed at using detailed
heat load forecasts based on local urban morphol-
ogy. In addition, educating the population about
the effects of heat stress effects is needed.
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