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Abstract: Land surface temperature (LST) and Normalized
Difference Vegetation Index – satellite products retrieved by
Moderate Resolution Imaging Spectroradiometer (MODIS) –
were utilized to analyze thermal conditions in Warsaw during
a heat wave event on 08 August 2013. It was found that in-
habitants of Targówek, Ursus, and Ochota districts are heavily
exposed to thermal discomfort, caused by shortage of vegetation
cover (very high mean temperatures were observed: 39.4 ◦C; 38.9
◦C, and 38.9 ◦C accordingly). In the districts that are in the city
center (Żoliborz, Śródmieście) there are several locations with
dense vegetation cover, which have positive, lowering impact on
the observed mean temperatures (37.4 ◦C and 38.2 ◦C accord-
ingly), and consequently, reduce thermal discomfort. Suburban
districts like Wesoła, Wawer, Rembertów, Bielany, Wilanów, Bi-
ałołęka are less densely built-up and have a dense vegetation
cover, which decreases heat exposure.

1. Introduction

Nowadays, over half of the world’s population lives in cities, which puts urbanization
among the main issues that modern society has to face. One of the most apparent
features of urban areas is the urban heat island (UHI ), which is defined as a difference
in temperature observed in urban and rural areas.

The extra warmth in cities has several implications. Whether these are considered
to be positive or negative depends upon the macroclimate of the city. In cities with a
relatively cold climate, or with a cold season, the heat island can convey benefits such
a cheaper house heating costs, improved outdoor comfort, fewer road weather hazards
such as surface icing or fog, and more benign conditions for plant growth and animal
habitat. On the other hand, heat island may increase the cost of air conditioning
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and the demand for energy. Moreover, in relatively hot climates or seasons, thermal
anomalies in urban areas can increase discomfort and potentially raise the threat of
heat stress and mortality (Stewart and Oke, 2012).

The elderly are the group that is particularity affected by extreme temperatures.
Several studies documented that the morbidity and mortality rates among the elderly
increase during and after heat periods in many cities around the world. It is estimated
that the 2003 heat wave in Europe resulted in about 70 000 deaths among the elderly.
Therefore, reducing vulnerability of elderly people appears to be a high priority for
city administrators. The IPCC (The Intergovernmental Panel on Climate Change)
2007 report states that urban heat will become far more important on the global
level. It is projected that heat waves, hot days (with temperatures above 30 ◦C)
and tropical nights (with temperatures not below 20 ◦C) are going to become more
common during the 21st century in the temperate climate zone (Arnberger et al.,
2013).

Kyseli assessed the impact of hot summer periods on mortality in the Czech Re-
public in the years 1982 – 2000, and found that „the analysis clearly shows that heat
stress leads to a considerably elevated all-cause mortality” (Kyselý, 2004).

The aim of the present work is to analyze thermal conditions in the capital city of
Poland, Warsaw. The intention is to identify which district represented the highest
temperature discomfort during an extreme heat period on 08 August 2013.

2. Methodology

The parameter that is most apparent for inhabitants is air temperature. It is ob-
served and recorded with high frequency and accuracy by weather meteorological
stations. Unfortunately, the density of meteorological network is typically not suffi-
cient to asses a spatial pattern (Sahin, 2012). In contrast, space-borne remote sensing
observations may provide a full spatial pattern of physical fields across wide areas,
including modified land surfaces in the cities.
Land surface temperature (LST) modulates air temperature of the lowest layers of

the atmospheric boundary layers and plays a key role in the surface energy balance.
The term urban heat island is typically referred to urban and rural difference of
air temperature. For monitoring UHI with remote sensing data, the variable which is
analyzed is defined as surface urban heat island (SUHI) (Lazzarini et al., 2013). SUHI
is a direct driver of UHI through heat exchange with the atmospheric boundary layer,
and despite complex interactions across the scales, the physical coupling of surface
and atmosphere makes identification of SUHI a logical path to identifying mitigations
for UHI (Clinton and Gong, 2013).

2.1. MODIS (Moderate Resolution Imaging Spectroradiometer) LST
and Normalized Difference Vegetation Index (NDVI) products

In order to analyze thermal conditions in the districts of Warsaw, a land surface tem-
perature level 2 product (MOD/MYD 11 L2) was utilized. The MODIS instrument
is operating on both the Terra and Aqua satellites, which are maintained by NASA
(The National Aeronautics and Space Administration). It has a viewing swath width
of 2330 km and temporal resolution of about 12 hours. Its detectors measure 36
spectral bands between 0.405 and 14.385 µm, and it acquires data at three spatial
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resolutions: 250 m, 500 m, and 1000 m. MOD/MYD 11 L2 LST product’s accuracy
is approximately 1 ◦C, and it has a spatial resolution of about 1 km.

Vegetation indices are used for global monitoring of vegetation conditions and
are used in products displaying land cover and land cover changes. Higher NDVI
values typically indicate a larger fraction of vegetation in a pixel. The amount of
vegetation determines LST by the latent heat flux from the surface to the atmosphere
via evapotranspiration. Lower LSTs are usually found in areas with high NDVI. This
negative correlation between NDVI and LST is valuable for urban climate studies
(Yuan and Bauer, 2007).

In presented work a MODIS NDVI level 3 product (MOD13Q1) is related to
surface temperature observed in districts of Warsaw. The spatial resolution of the
product was 250 m.

2.2. Study area and synoptic situation

Warsaw is the capital of Poland, is has an area of 517.24 km2, a population of 1 714
446 people and an average population density of 4223 people/ km2. It is located in
the central part of the country, elevation is about 78 – 121 mamsl. The biggest river
in Poland, Vistula flows through the city. Warsaw has 18 administrative districts
(Table 1). The most populated is Mokotów with 225 571 inhabitants (population
density of 6372 people/km2and area of 35.4 km2) while the most densely populated
is Ochota – 9215 people/km2 (population of 89383 people and area of 9.7 km2).

In late July and early August 2013 very high temperatures (over 35 ◦C) were noted
in Central Europe. On 08 August Poland was under the influence of a high pressure
ridge established over Central Europe. Prevailing southern wind blew hot tropical
air from northern Africa. Observations from an automatic meteorological station in
Warsaw reveal extreme temperatures (Fig. 1).

Fig. 1. Air temperature observed at PL0140A meteorological station on 08 August
2013.

The PL0140A station is located in the central part of the city (Fig. 2) on Niepodległości
Street and it is maintained by the Voivodeship Inspectorate of Environmental Pro-
tection in Warsaw.
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Tab. 1. Districts of Warsaw sorted by population.

District Population
Population
density

[people/km2]
Area [km2]

Wilanów 19 146 522 36.7

Wesoła 22 757 994 22.9

Rembertów 23 230 1 204 19.3

Włochy 39 690 1 388 28.6

Żoliborz 48 060 5 654 8.5

Ursus 50 355 5 357 9.4

Wawer 69 898 877 79.7

Praga Północ 71 675 6 287 11.4

Białołęka 89 324 1 224 73.0

Ochota 89 383 9 215 9.7

Bemowo 113 066 4 523 25.0

Targówek 123 214 5 091 24.2

Śródmieście 126 143 8 086 15.6

Bielany 133 778 4 142 32.3

Wola 137 692 7 134 19.3

Ursynów 148 876 3 399 43.8

Praga Południe 182 588 8 151 22.4

Mokotów 225 571 6 372 35.4

WARSAW 1 714 446 4 223 517.2

3. Results

In order to analyze thermal conditions in the districts of Warsaw, a map of surface
temperature observed within and outside the city borders was prepared (Fig. 3).

3.1. Surface temperature

Fig. 3 reveals that elevated surface temperature was observed in the majority of the
city area. Very high surface temperatures (over 38◦C were observed in almost all
central districts (Targówek, Wola, Ochota, Śródmieście). In the residential districts
outside the city center (Wesoła, Wawer, Białołęka), much of the district areas had
surface temperatures significantly lower, but nevertheless high (about 30 – 34 ◦C).

The Vistula divides the city into two parts - the left and right. Vistula has a
noticeable cooling impact on the temperatures that are observed in the city.
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Tab. 2 and Fig. 4 show statistics of surface temperatures observed in each Warsaw
district. The observed temperature differs noticeably across the city. The highest
maximum and mean temperatures were noted in Targówek (41.5 ◦C and 39.4 ◦C
accordingly). The lowest maximum and mean temperatures were noted in Wesoła
(37.5 ◦C and 33.6 ◦C).

Temperatures differ within districts as well. The lowest range of temperatures was
noted in Ochota (1.3 ◦C and standard deviation of 0.4 ◦C ). The widest range was
noted in Białołęka (8.9 ◦C and standard deviation of 2.2 ◦C), mostly due to the fact
that in this district the lowest minimum temperature (30.7 ◦C) was observed. The
highest minimum temperature was observed in Ochota (38.0 ◦C).

Fig. 5 shows which districts of Warsaw had lower or higher mean temperature than
the city’s average. The comparison reveals that the hottest district is Targówek (+2.2
◦C), while the second and third hottest have significantly smaller temperature surplus
(+1.7 ◦C in Ursus and +1.7 ◦C in Ochota). The coldest district is Wesoła with a
temperature deficit of -1.6 ◦C. Districts with mean surface temperatures closest to
the city’s average are Żoliborz, Rembertów and Ursynów with differences lower than
+/- 0.25 ◦C.

3.2. Normalized Difference Vegetation Index

In order to broaden the analyses, a remotely sensed NDVI was utilized. We present
a map of NDVI observed in Warsaw and its surroundings (Fig. 6) and statistics of
NDVI values for each district.

Analysis of the NDVI map presented in Fig. 6 allows us to identify areas with
a dense vegetation cover. Although the mean NDVI values are low in central dis-
tricts, there are many parks with dense vegetation cover (Żoliborz, Śródmieście, Wola,

Fig. 2. Location of meteorological station PL0140A maintained by the Voivodeship
Inspectorate of Environmental Protection in Warsaw (Mapping Guide for a
European Urban Atlas, 2011).
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Fig. 3. Surface temperature retrieved by MODIS instrument on 08 August 2013 at
11:40 UTC.

Ochota, Praga Południe). In contrast, much less populated suburban Ursus has al-
most no vegetation cover. Water bodies lower the NDVI values in Żoliborz, Śród-
mieście, and Praga Północ).

Fig. 7 shows that the highest mean NDVI values were observed in Rembertów

Fig. 4. Comparison of maximum, minimum and mean surface temperatures observed
in each district.
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Tab. 2. Statistics of temperature observed in each district. Districts are sorted by
maximum temperature (◦C).

District MAX Mean MIN STD Range

Wesoła 37.51 35.59 33.15 1.45 4.36

Wilanów 38.73 36.63 34.87 1.00 3.86

Wola 39.19 38.25 36.61 0.78 2.58

Żoliborz 39.35 37.39 34.67 1.97 4.68

Ochota 39.37 38.89 38.03 0.44 1.34

Bielany 39.47 36.44 31.59 2.41 7.88

Ursynów 39.49 36.97 32.25 2.19 7.24

Wawer 39.53 36.04 32.95 1.75 6.58

Rembertów 39.59 36.99 33.87 1.72 5.72

Białołęka 39.61 36.25 30.69 2.20 8.92

Śródmieście 39.99 38.16 35.43 1.42 4.56

Mokotów 40.13 38.05 34.75 1.55 5.38

Włochy 40.41 38.77 36.19 1.18 4.22

Praga Północ 40.57 37.48 34.37 2.47 6.20

Praga Południe 40.71 38.62 35.23 1.76 5.48

Ursus 40.75 38.92 37.77 1.14 2.98

Bemowo 41.39 37.85 33.19 2.05 8.20

Targówek 41.47 39.35 36.89 1.28 4.58

WARSAW 41.47 37.19 30.69 2.06 10.78

(0.642), Wawer (0.664) and Wesoła (0.667) districts, which are situated in the eastern
part of the city. Praga Północ has the lowest mean NDVI value of 0.448, which is
0.105 less than the city’s average (0.553). In spite of noticeable vegetation areas in
Targówek district it had very high maximum temperature (41.5 ◦C).

4. Summary and conclusions

Thermal conditions in 18 districts of Warsaw during the heat wave event on 08 August
2013 were analyzed.

Surface roughness that is connected with high buildings, dense built-up structure,
and canyon geometry that are mainly observed in city centers alter the wind fields,
increase surface area and multiple reflections, as well as reduce the sky view factor.
Moreover, city centers are densely populated, heavily traffic congested and typically
there are commercial centers with many buildings that are air-conditioned.
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Fig. 5. Difference between the mean temperatures observed within the districts and
the mean temperature in the city.

Among others, these factors alter the energy balance and may increase tempera-
tures. Consequently, it might be expected that population living in the city centers
will be particularly exposed to thermal discomfort during a heat wave event. How-
ever, in the districts of Warsaw that are in the city center (Śródmieście, Żoliborz)

Fig. 6. Average 16 day NDVI across Warsaw (acquired by MODIS/Terra, 05 August
2013 – 20 August 2012).
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Fig. 7. Mean NDVI values and maximum temperature observed in each district.

with very high maximum temperatures observed (39.4 ◦C in Żoliborz and 40.0 ◦C
in Śródmieście) there are several locations with dense vegetation cover, which have
positive, lowering impact on the observed mean temperatures (37.4 ◦C in Żoliborz
and 38.2 ◦C in Śródmieście), and consequently, reduce thermal discomfort (Fig. 8).
Also, in those districts there is the Vistula river canyon, which has a cooling effect.

Very high mean and maximum temperature was observed in Ochota (39.4 ◦C and
38.9 ◦C). It is a district with dense built-up and little vegetation cover. Unfavorable
thermal conditions were noted in the districts with little vegetation cover, even though
they are not as densely populated or built-up as central districts. Such districts
are Targówek and Ursus, where the highest mean and maximum temperatures were
observed (in Targówek maximum temperature was 41.5 ◦C and mean temperature
was 39.4 ◦C and in Ursus 40.8 ◦C and 38.9 ◦C accordingly). In Praga Północ district,
despite the cooling effect of the Vistula river, lack of vegetation cover in the part of the
district distant from the river may cause increased heat stress (maximum temperature
was 40.6 ◦C).

In suburban districts with high mean NDVI values we observe much lower mean
and maximum temperatures (Wesoła, Wawer, Rembertów, Bielany, Wilanów, Bi-
ałołęka), which leads to the conclusion that these are the districts whose inhabitants
are less disposed to heat stress. Fig. 8 shows that Las Kabacki (a forest) in Ursynów
gives high mean NDVI values, and significantly decreases temperatures. But the other
part of the district is quite densely populated (almost 150 000 inhabitants).

In the scope of the analyzed data, severe thermal conditions were observed in
almost all districts of Warsaw, particularly in Targówek, Ursus, Włochy, Ochota. In
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Fig. 8. Spatial relation between NDVI and LST.

many locations across the city there are small parks or small water ponds that have
a lowering impact on temperatures. Such objects are not detected with 1 kilometer
resolution of the LST product or 250 m resolution of NDVI product, especially, if
they are surrounded by hot, artificial surfaces.

Also, it must be pointed out, that during cloudless hot days with no precipitation, a
peak of surface and air temperatures is typically expected in the afternoon (see Fig. 1).
Satellite image that was utilized here was obtained at 11:40 UTC, consequently, is
might be assumed that thermal conditions were much more severe later during that
day.
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