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Abstract
The frequency, strength and seasonal variations of surface-based temperature inversions (SBTIs) in Upper Silesia (Southern 
Poland) were examined using data from January 2001 to September 2020. Based on the air temperatures recorded at the 
meteorological station of the Institute of Earth Sciences in Sosnowiec (263 m a.s.l.) at heights of 2 m and 88 m above the 
ground, the vertical temperature gradient of the 100-m layer (γSos100 m) was determined. A lapse rate of γSos100 m > 0.5 K 
was defined as a temperature inversion. The measurements for 00 UTC (midnight) and 12 UTC (midday) were compared 
with data from the upper air station in Wrocław (116 m a.s.l.) located in the Lower Silesia Lowland, approximately 170 km 
NW of Sosnowiec. Based on soundings from Wrocław, in addition to the temperature gradient in the lower 100-m layer of 
air (γWrc100), three other characteristics of SBTIs were calculated: inversion depth (ID) or thickness in metres, inversion 
strength (ΔTi) in K and vertical temperature gradients across the whole SBTI layer γi in K 100 m−1. On an annual basis, the 
frequency of nighttime SBTIs (γ > 0.5 K 100 m−1) ranged from 47% in Sosnowiec to almost 59% in Wrocław. At both sta-
tions, the fewest SBTIs occurred in winter (23–38%) and the most in summer (64–75%). Moreover, they were more frequent 
in spring (52–61%) than in autumn (49–59%). The SBTI frequency was very low during the midday hours, amounting to 
0.6–0.7% days a year, and it increased to 1–2% only in winter. Annually, the depth of 81% of inversions ranged between 50 
and 300 m, varying seasonally from almost 67% in winter to 87% in summer. The presented research shows that SBTIs in 
winter were among the main factors contributing to a high concentration of particulate matter pollutants in the ground-level 
atmosphere. During nights with temperature inversions, the annual mean PM10 concentration reached 125% of the mean 
value, ranging from 114% in summer to 189% in winter.

1  Introduction

Air pollution is one of the critical problems in urban areas. 
Oppressive and health-endangering conditions are asso-
ciated with episodes of high air pollution concentrations 
enhanced by air temperature inversions (ATIs). An ATI 
occurs when the air temperature increases with altitude 
(Glickman 2000). Surface-based temperature inversions 
(SBTIs) are typical features of the atmospheric boundary 
layer and occur mostly at night (Zhang et al. 2011; Wang 
and Wang 2014; Fochesatto 2015). An SBTI usually forms 

because the lowest layer of the troposphere cools due to the 
strong irradiance of heat from the ground surface, and as 
a result, air temperature increases with height. Sometimes, 
inversions have an advection-radiative character, if warmer 
airflow is observed mostly from the S-SW sector, above the 
cooled ground layer. The rate of this increase sometimes 
reaches 5–10 K per 100 m. Under such conditions, there is 
a strong descent of air leading to the extreme concentration 
of particulate matter in the near-ground layer. Thus, SBTIs 
prevent dispersion and lead to an increase in air pollutant 
concentrations, particularly in winter (Janhäll et al. 2006; 
Milionis and Davies 2008; Olofson et al. 2009; Bokwa 2011; 
Zhang et al. 2011; Gramsch et al. 2014; Malingowski et al. 
2014; Wang and Wang 2014; Li et al. 2015; Largeron and 
Staquet 2016; Czarnecka and Nidzgorska-Lencewicz 2017; 
Czarnecka et al. 2019).

The vertical structure of air temperature in the lowest 
part of the atmospheric boundary layer in urban conditions 
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has infrequently been discussed in the literature (Wolf et al. 
2014) due to the specific information (vertical measure-
ments) it requires, but the problem is of high importance. 
The lapse rate can be used to determine the mixing layer 
height and atmospheric stability, both of which help to 
understand the distribution of air pollution at the surface-
based layer of the atmosphere (Wang and Wang 2014).

The existing studies usually use data from short-lasting 
experiments (Janhäll et al. 2006) or weather stations located 
at various altitudes (e.g. Largeron and Staquet 2016). Ver-
tical temperature profiles were also obtained by install-
ing temperature sensors on masts, e.g. in Moscow (Loko-
shchenko 2002), in Kraków (Bokwa 2011) and in Hamburg 
up to a height of 280 m (Brümmer et al. 2012; Brümmer 
and Schultze 2015). The vertical temperature structure in 
the lowest 1000 m of the atmosphere in the Bergen valley, 
Norway (Wolf et al. 2014), over 2 years was obtained by a 
microwave temperature profiler. The boundary layer struc-
ture was also researched based on radiosonde observations 
(Seidel et al. 2010; Wang and Wang 2014). Based on data 
from radiosondes, detailed studies on inversion climatology 
were carried out for Łeba (northern Poland) on the Baltic 
coast (Czarnecka et al. 2019), Germany (Gutsche 1983), 
Prague in the Czech Republic (Stryhal et al. 2017), Athens 
in Greece (Katsoulis 1988; Prezerakos 1998; Kassomenos 
and Koletsis 2005), Oman (Abdul-Wahab et al. 2004), Tehe-
ran in Iran (Tavousi and Abadi 2016), China (Li et al. 2019) 
and the Arctic (Kahl 1990; Bradley et al. 1992; Serreze et al. 
1992; Bourne et al. 2010; Malingowski et al. 2014). Palarz 
et al. (2018) investigated the climatology of SBTIs in Europe 
based on reanalysis.

There are a few studies that link air pollution concen-
trations to air temperature inversions and circulation types 
(Sheridan et  al. 2008; Caputa et  al. 2009; Leśniok and 
Caputa 2009; Leśniok et al. 2010; Kassomenos et al. 2014a, 
b; Grundström et al. 2015a, b; Li et al. 2015; Largeron and 
Staquet 2016; Pleijel et al. 2016; Liu et al. 2017). Accord-
ing to these studies, the PM10 concentration depends on the 
persistence and strength of the air temperature inversions 
that systematically occur during a high-pressure regime 
(Largeron and Staquet 2016). The near-ground accumula-
tion of aerosols particles is more strongly affected by anticy-
clonic patterns than by cyclonic patterns. Moreover, Grund-
ström et al. (2015a, b) found a strong association between 
low wind speeds, positive vertical temperature gradients 
and air pollution concentrations in Sweden. These authors 
also investigated the relationship between particle number 
concentration and other air pollutants (NOx, NO2 and PM10) 
using Lamb (1972) weather types. In the USA, there is also a 
significant linkage between tropical and polar weather types 
and air pollutant concentrations (Liu et al. 2017). The high 
air pollution episode that occurred on 4 to 11 February 2005, 
in Sosnowiec (southern Poland) was related to southeastern 

and southern air advection under the influence of a high-
pressure system and an accompanying air temperature inver-
sion (Widawski 2015).

The Upper Silesia Region is one of the most polluted 
regions in Poland. Exceptionally high concentrations of air 
pollutants commonly occur in winter during air temperature 
inversions. For example, the strongest SBTI (11.8 K) was 
recorded on 23 December 2010, at 5:40 UTC. According to 
the Inspectorate of Environmental Protection in Katowice 
on that night, the PM10 concentration reached 219 μg·m−3 
in Dąbrowa Górnicza and 377 μg  m−3 in Katowice and 
exceeded 700 μg·m−3 in Rybnik. Another episode of high 
air pollution concentrations occurred in Sosnowiec on 8 Feb-
ruary 2015, during an air temperature inversion. That time, 
the SBTI strength reached more than 8 K 100 m−1, and the 
maximum hourly concentrations of PM10 and SO2 equalled 
414 μg m−3 and 189 μg m−3, respectively. An even more 
extreme case occurred on 9 January 2017, in association 
with a high-pressure wedge and polar air masses over the 
region. That day was frosty with an average air tempera-
ture of − 19.2 °C. At night, the SBTI was as strong as 8.1 K 
100 m−1. This situation led to an extremely high concentra-
tion of air pollution. According to the Voivodship Inspector-
ate of Environmental Protection, the concentration of PM10 
amounted to 985 μg m−3 in Dąbrowa Górnicza (11 p.m.) and 
667 μg m−3 in Katowice (4 a.m.).

The study aims to determine the climatology of SBTIs in 
the lowest (approximately 100 m) ground layer of the atmos-
phere in the centre of one of the most urbanized areas in 
Poland (Śląsko-Zagłębiowska Metropolis) and to recognize 
their strength, spatial extent and impact on particulate matter 
concentrations. The representativeness of the measurements 
in Sosnowiec for southern Poland was assessed using data 
from radiosonde measurements from Wrocław representing 
Low Silesia Lowland in SW Poland. The study is based on 
unique, long-term data, thus delivering results that are also 
significant from a statistical point of view. The results of this 
study can be used for modelling and predicting air quality 
(Janhäll et al. 2006; Li et al. 2015; Liu et al. 2017).

2 � Data and methods

The research area covers the large Górnośląsko-
Zagłębiowska Metropolis (GZM) in Poland and is consid-
ered to be the most polluted region in Central Europe. The 
GZM is located in southern Poland in the Silesian Upland. 
Approximately, a dozen cities are concentrated in the centre 
of this district. Urban and industrial complexes are intercon-
nected via an extensive network of roads and railway lines 
with dense public transport. In winter, the area is frequently 
affected by episodes of high air pollutant concentrations. 
Radiosounding data come from Wrocław that represents 
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Lower Silesian Lowland in SW Poland. It is one of the 
warmest regions of Poland (Woś 2010) with mean annual 
temperature (1951–2000) exceeding 8.3 °C and monthly 
temperatures between − 1.5 °C in January to 18.1 °C in 
July. Upper Silesian climatic region is a little cooler than 
Lower Silesia with the annual temperature reaching 8.1 °C 
(− 2.4 °C in January and 17.8 °C in July). The upland loca-
tion of Upper Silesia is also manifested by much higher 
annual rainfall in this region (675 mm) compared to the 
eastern climatic region of Lower Silesia (570 mm), as well 
as a number of days with precipitation (respectively from 
175 to 159 days) and snow cover (64 to 49 days).

2.1 � Meteorological and air pollution data

The meteorological data were taken from the station located 
in Sosnowiec (50°17.49′N, 19°08.02′E) at an altitude of 
263 m above sea level. This station has been operating since 
1993 at ground level. The vertical measurements of air tem-
perature (every 10 min) started in 1996 after installing the 
second station located approximately 5 m above the roof of 
the building at a height of 88 m above the ground (Fig. 1). 
The building hardly impacts the measurements since the 
temperature and humidity sensors are placed on the plat-
form mounted approximately 5 m above the roof surface. 

Thus, the database used in this study contains meteorologi-
cal data from two levels (2 m and 88 m above ground). We 
used the almost 20-year long time series covering the period 
from January 2001 to September 2020. Measurement data 
is stored with a time resolution of 10 min. However, in this 
study, we included hourly data to compare them with air 
pollution data. For comparison with radiosounding air tem-
perature from Wrocław, we used data from 00 and 12 UTC.

The sensors type HMP45D of Vaisala (Finland) sheltered 
with a radiation protection shelters RPD14 were used to 
measure the air temperature and relative humidity. Temper-
ature measurements resistive platine sensors PT100. Their 
accuracy is ± 0.2 K. Before the installation of sensors on the 
2 m and 88 m levels above the ground, they were calibrated 
to each other. Temperature sensors were re-calibrated every 
time they were replaced approximately every 3-5 years and 
after any station failures. The quality check of the data set 
was performed after each month on the basis of compara-
tive graphs of the temperature course with resolution of 
10 minutes. There was no significant influence of the build-
ing heating on the air temperature values at the upper sta-
tion, as the sensors were located about 5 m above the roof of 
the building at its western end. Stronger winds at the 88-m 
level than at the lower station also counteracted the heat-
ing influence of the building on the sensor readings. This is 

Fig. 1   Location of the research area and measuring points. The pho-
tograph shows the building of the Institute of Earth Sciences and 
meteorological stations located in Sosnowiec at near the ground level 

(2  m) and 5  m above the roof of the building, DG, Dąbrowa Gór-
nicza; Sos, Sosnowiec; Kce, Katowice; Zbrz, Zabrze; Gce, Gliwice
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evidenced by the course of air temperature at both stations 
in periods without temperature inversion. In these situations, 
the temperature at 88 m was always about 0.5–1.5 K lower 
than at the bottom station. The dataset on the vertical pro-
file of air temperature and humidity in Sosnowiec is unique 
in Poland. Photographs of the meteorological station and 
graphics showing the real-time measurements are available 
on the following websites: https://​www.​us.​edu.​pl/​insty​tut/​
inoz/​ogrod​ek-​meteo​rolog​iczny-​us/ and https://​www.​meteo.​
us.​edu.​pl/​start/​inwer​sj.

We also used hourly and daily meteorological data from 
a synoptic station in the Katowice-Muchowiec local airport 
(WMO no 12560; 50°14′N, 19°02′E, Hs = 284 m above sea 
level (a.s.l.)) included in the measurement network of the 
Institute of Meteorology and Water Management-National 
Research Institute (IMWM-NRI). The station is located 
approximately 9 km to SW from Sosnowiec (Fig. 1).

The data from Sosnowiec did not allow the SBTI height 
to be assessed. To do so and to assess the spatial extent of 
the SBTI, the data from Sosnowiec were compared with 
the upper air soundings from the Wrocław IMWM-NRI sta-
tion (WMO number 12 425 Wrocław-I 51.13°N, 16.98°E, 
Hs = 116 m above sea level) located in the Lower Silesia 
Lowland, approximately 170 km NW of Sosnowiec (Fig. 1). 
The SBTIs simultaneously occurring at both stations were 
recognized as regional-scale inversions, while the SBTIs 
occurring at one of these stations were assumed to be local 
in character. The soundings only exist two times per day (00 
UTC and 12 UTC) and cover the period between January 
2001 and September 2020. But for 12 UTC, there is no data 
for the years 2001 and 2002. The sounding data were down-
loaded from the database of upper air soundings provided 
by the University of Wyoming, Department of Atmospheric 
Sciences (http://​weath​er.​uwyo.​edu/​upper​air/​sound​ings.​
html). In the case of gaps, Wrocław’s series was completed 
with data from the Prostejov station (WMO number 11 747, 
49.15°N, 17.13°E, Hs = 216 m above sea level) in the Czech 
Republic, located approximately 165 km SW of Sosnowiec. 
The accuracy of air temperature measured by radiosondes is 
currently about ± 0.1 K (Stryhal et al. 2017).

The hourly data on air pollution come from the archives 
of the Central Inspectorate of Environmental Protection 

(http://​www.​powie​trze.​gios.​gov.​pl/​pjp/​archi​ves) measured 
by a net of professional monitoring stations belonging to 
the Voivodship Inspectorate of Environmental Protection 
in Katowice (www.​katow​ice.​wios.​gov.​pl). We studied the 
data on the concentration of coarse particulate matter PM10 
(diameter of particles < 10 μm) from 5 monitoring stations 
(Table 1, Fig. 1) covering the period from January 2001 
to September 2020. Data concerning fine particulate mat-
ter PM2.5 (diameter of particles < 2.5 μm) have only been 
available for Katowice only since June 2009. The accuracy 
of measurements is about ± 1 μg·m−3. All these monitoring 
stations are typical urban (75%) and industrial (25%), evenly 
distributed throughout the Górnośląsko-Zagłębiowska 
Metropolis (Leśniok et al. 2010) over an area of approxi-
mately 50 × 30 km. The sources of pollution are both indus-
trial works, road transport and domestic in winter.

2.2 � Classification of circulation types and air 
masses

Circulation types and air masses also influence the inver-
sion depth and intensity (Prezerakos 1998; Caputa et al. 
2009; Kassomenos et al.2014a) as well as air pollution 
concentration (Sheridan et al. 2008; Leśniok and Caputa 
2009; Leśniok et al. 2010; Widawski 2015; Pleijel et al. 
2016; Liu et al. 2017). For Southern Poland, we have in 
the Institute of Earth Science (University of Silesia) archive 
calendar of circulation types since September 1876 and air 
masses since December 2000, prepared and updated by T. 
Niedźwiedź (available on request by e-mail: tadeusz.nied-
zwiedz@us.edu.pl). The classification of circulation types 
was partly based on the typology of atmospheric circulation 
developed by Lamb (1972) for the British Isles, with some 
modifications for non-advective situations in particular. Syn-
optic maps of Europe were used to determine the direction 
of air mass advection (N, NE, E, SE, S, SW, W, NW) and 
baric system type (a, anticyclonic situation; c, cyclonic situ-
ation). In addition to the sixteen advective situations, two 
non-advective anticyclonic types were distinguished: Ca, 
central anticyclonic situation and Ka, high wedge or anti-
cyclonic ridge, and two cyclonic types with differentiated 

Table 1   Location of the air pollution monitoring stations of the Voivodship Inspectorate of Environmental Protection in Katowice included in 
the paper

Station name Address International code Latitude °N Longitude °E Altitude m a.s.l

Dąbrowa Górnicza Tysiąclecia str. 25a PL0237A 50.320 19.231 293
Sosnowiec Lubelska str. 51 PL0529A 50.286 19.184 250
Katowice Kossutha str. 6 PL0008A 50.265 18.975 273
Zabrze M. Skłodowskiej-Curie str. 34 PL0242A 50.316 18.772 255
Gliwice Mewy str. 34 PL0238A 50.279 18.656 236

https://www.us.edu.pl/instytut/inoz/ogrodek-meteorologiczny-us/
https://www.us.edu.pl/instytut/inoz/ogrodek-meteorologiczny-us/
https://www.meteo.us.edu.pl/start/inwersj
https://www.meteo.us.edu.pl/start/inwersj
http://weather.uwyo.edu/upperair/soundings.html
http://weather.uwyo.edu/upperair/soundings.html
http://www.powietrze.gios.gov.pl/pjp/archives
http://www.katowice.wios.gov.pl
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advection: Cc, central cyclonic situation and Bc, cyclonic 
trough. Baric cols and low-gradient situations are marked 
with an “x” (Twardosz and Niedźwiedź 2001). Thus, the 
entire classification includes twenty-one types (ten anticy-
clonic types, ten cyclonic types and one indefinite type). 
Model synoptic maps for individual types of circulation can 
be found in the publication by Twardosz et. al. (2011) in 
Fig. 2 on pages 235–236.

We also used geographical classification of air masses 
(Glickman 2000) that indicates the source area of air masses 
inflowing to southern Poland and their thermal and moisture 
properties marked with c, continental; m, maritime and w, 
warm (Niedźwiedź and Łupikasza 2019). The weather in 
southern Poland during the period 1951–2020 is conditioned 
on about 58% of days by humid polar-sea air masses off the 
Atlantic. They are distinct for containing fresh polar mari-
time air (Pm 18%), old transformed polar maritime air (Pmo 
32%) and warm polar maritime air (Pmw 8%) flowing in 
from areas of the Atlantic between Madeira and the British 
Isles or from the Mediterranean basin. Dry polar continental 
air (Pc) from over Russia flows in for about 21% of the days. 
Cold Arctic air (A) flows in 8% days a year. Warm tropical 
air (T) appears most rarely (3%). Days with mixed air masses 
were recorded for approximately 10% of days a year.

2.3 � Surface‑based air temperature inversion 
characteristics and methods of their 
determination

To select days with SBTIs, the differences between air tem-
peratures registered at heights of 88 m above the ground 
(T88m) and 2 m (T2m) were calculated (ΔT86m = T88m − T2m). 
These differences describing the thermal structure of the 
atmosphere were extrapolated by multiplying ΔT86m by 1.16 

(100/86 = 1.16) to obtain a lapse rate (γSos100 m) defined 
as a change in air temperature expressed in K per 100 m. 
The analogous lapse rate was also calculated for Wrocław 
(γWrc100 m) based on temperature soundings.

A positive lapse rate (γ > 0) indicates an inversion, while a 
negative lapse rate stands for normal conditions—a decrease 
in air temperature in line with an increase in altitude. Com-
pensating possible measurement errors, we adopted the 
thresholds of ± 0.5 K for isothermal conditions (see below). 
The lapse rates (γ) were classified into the following six 
classes of air stability:

1. Strong instability γ <  − 1.0 K 100 m−1

2. Conditioned instability  − 1.0 K 100 m−1 ≤ γ <  − 0.5 K 
100 m−1

3. Isothermal conditions  − 0.5 K 100 m−1 ≤ γ ≤ 0.5 K 
100 m−1

4. Weak inversion 1.0 K 100 m−1 > γ > 0.5 K 100 m−1

5. Moderate inversion 5.0 K 100 m−1 > γ ≥ 1.0 K 100 m−1

6. Strong inversion (strong 
stability)

γ ≥ 5.0 K 100 m−1

Based on soundings, two main characteristics of SBTIs 
were calculated for Wrocław: inversion depth (ID = hi − h0) 
in metres (from the surface h0 to the inversion top hi—the 
level with the highest temperature in the vertical profile) and 
inversion strength or intensity (ΔTi = Thi − Th0) in K. Vertical 
temperature gradients across the whole SBTI layer γi in K 
100 m−1 were also calculated after formula: γi = ΔTi/ID*100. 
The SBTI with a temperature gradient of γi > 0.5 K 100 m−1 
were selected for further analysis. Figure  2 presents a 
vertical profile of air temperature in Wrocław with typi-
cal nocturnal inversions. The basic characteristics of the 
SBTIs used in this study are also included. During the night 
(Fig. 2), the strength of the SBTI at a depth of ID = 161 m 
was 12.0 K (Thi 16.4 °C − Th0 4.4 °C). Thus, the vertical 
temperature gradient calculated based on the entire inversion 
layer (γi) reached + 7.5 K·100 m−1. During the daytime (at 
12 UTC), the temperature at the ground (2 m a.g.l.) during 
clear weather increased by 17.6 K, reaching 22.0 °C. The 
rate of temperature increase quickly decreased with altitude, 
and above 750 m, the daytime temperature was the same as 
that at night. Above the altitude of 250 m, the vertical tem-
perature gradient was close to the dry adiabatic lapse rate 
(− 0.98 K·100 m−1).

To assess the spatial extents of SBTIs, we calculated the 
percentage of SBTI co-occurring (regional SBTI), occurring 
only at one station (local SBTI) and percentage of days with 
no SBTIs at the stations, based on lapse rates for the 100-m 
near-ground layer (γSos100 m, γWrc100 m). The frequencies 
of SBTIs at midnight (00 UTC) and midday (12 UTC) were 
calculated for each month and each station to recognize their 
annual course.

Fig. 2   Radiosonde temperature profiles in Wrocław on 9 April 2020 
representing situations with a strong surface-based nocturnal inver-
sion (00 UTC) and strong instability during the daytime (12 UTC)
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To assess relationships between SBTIs and air pollutants, 
data on particulate matter PM10 in the GZM for the period from 
January 2001 to September 2020 for terms 00:00 and 12:00 
UTC were selected. For these terms, representing midnight and 
midday conditions, the average values of PM10 and PM2.5 con-
centrations were also calculated for individual months, seasons 
(winter, DJF; spring, MAM; summer, JJA; autumn, SON) and 
years (Jan–Dec). For PM10, the regional mean was calculated 
as an average from 5 stations. In the case of Katowice, the con-
centrations of PM10 and PM2.5 were considered, but the data on 
PM2.5 existed for a shorter period (June 2009–September 2020). 
The average PM10 concentrations were also calculated for air 
stability classes to demonstrate the role of the SBTI in shaping 
the pollution level. Moreover, the concentration of pollutants 
was compared with the frequency of SBTI for each season.

3 � Results and discussion

3.1 � Comparison of the frequencies of the atmospheric 
stability classes in the lowest 100‑m layer 
of the atmosphere in Sosnowiec and Wrocław

The frequencies of the air temperature gradients in the 
lowest 100-m layer of the atmosphere at midnight (00 

UTC) were determined based on 6824 measurements in 
Sosnowiec (Table 2) and 7149 radiosonde soundings in 
Wrocław (Table 3). The annual frequency of nighttime 
SBTIs (γ > 0.5 K 100 m−1) reached 47% in Sosnowiec and 
almost 59% in Wrocław, similar to Łeba (50%) located on 
the Baltic coast (Czarnecka et al. 2019) and Krakow (57% in 
1972–1996 after Bokwa 2011) situated between the Vistula 
valley and the Carpathian Foothills. Lower frequency (by 
more than 10%) of the nocturnal SBTI in Sosnowiec than in 
Wrocław is connected with different physiographical factors. 
The frequency is usually higher in lowlands (Wrocław) and 
valleys (Kraków), than in uplands (Sosnowiec).

The data from the ERA-Interim reanalysis show that the 
frequency of SBTIs across most of Central Europe is 60% 
at 00 UTC (Palarz et al. 2018). Regional studies indicate 
a wide range of SBTI frequencies. For example, the fre-
quency of nocturnal inversions in Athens was lower than that 
in Sosnowiec, reaching 44% (Katsoulis 1988). In Tehran, 
Iran, the annual frequency of boundary layer inversions in 
2010–1014 was 62%, ranging from 54% in winter to 73% 
in summer (Tavousi and Abadi 2016). In the Bergen val-
ley in Norway at night during winter in 2012/2013, SBTIs 
accounted for more than 60% of all measurements (Wolf 
et al. 2014). An extremely high frequency of temperature 
inversion was found over the Sichuan Basin in Southwest 

Table 2   Seasonal and annual 
frequencies (in %) of the 
atmospheric stability classes 
in the lowest 100-m layer of 
the atmosphere in Sosnowiec 
(January 2001–September 
2020) at 00 UTC​

Lack of data from 1 February 2001 to 19 October 2001
Data for all inversions an annual data are printed in bold

γ in K 100 m−1 Stability and instability classes Winter Spring Summer Autumn Annual
DJF MAM JJA SON Jan–Dec

 <  − 1.0 Strong instability 5.4 1.4 0.2 0.9 2.0
 ≥  − 1.0 ^ <  − 0.5 Conditional instability 32.4 15.3 7.9 15.6 17.8
 ≥  − 0.5 ^ ≤ 0.5 Isothermal conditions 38.9 31.6 26.3 35.0 32.9
 > 0.5 ^ < 1.0 Weak inversion 5.5 6.6 9.3 5.8 6.8
 ≥ 1.0 ^ < 5.0 Moderate inversion 14.2 32.9 45.1 30.7 30.8
 ≥ 5.0 Strong inversion 3.6 12.2 11.2 12.0 9.7
 <  − 0.5 All instability 37.7 16.7 8.1 16.5 19.8
 > 0.5 All inversions 23.4 51.7 65.6 48.5 47.3
n Number of data 1717 1703 1739 1665 6824

Table 3   Seasonal and annual 
frequencies (in %) of the 
atmospheric stability classes 
in the lowest 100-m layer of 
the atmosphere in Wrocław 
(January 2001–September 
2020) at 00 UTC​

Data for all inversions an annual data are printed in bold

γ in K 100 m−1 Stability classes Winter Spring Summer Autumn Annual
DJF MAM JJA SON Jan–Dec

 <  − 1.0 Strong instability 5.0 2.2 0.9 1.9 2.5
 ≥  − 1.0 ^ <  − 0.5 Conditional instability 27.6 17.1 7.2 17.4 17.3
 ≥  − 0.5 ^ ≤ 0.5 Isothermal conditions 29.0 19.5 16.7 22.1 21.6
 > 0.5 ^ < 1.0 Weak inversion 8.2 8.3 9.4 7.9 8.5
 ≥ 1.0 ^ < 5.0 Moderate inversion 24.3 34.8 44.4 33.2 34.3
 ≥ 5.0 Strong inversion 5.9 18.1 21.4 17.5 15.8
 <  − 0.5 All instability 32.6 19.3 8.1 19.3 19.8
 > 0.5 All inversions 38.4 61.2 75.2 58.6 58.6
n Number of data 1765 1821 1817 1746 7149
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China (Feng et al. 2020), where the annual and winter fre-
quencies exceeded 74% and 95%, respectively.

Considering seasonal variability, SBTIs were rare in win-
ter (23–38%) and frequent in summer (64–75%). Similar sea-
sonal ranges of the SBTI frequency were recorded in Łeba 
(30 to 65%) and Prague (38% to more than 60%) (Stryhal 
et al. 2017; Czarnecka et al. 2019). This annual course of 
the SBTIs is typical over the predominant part of Europe 
(Palarz et al. 2018) and arises from a higher frequency of 
cloudless and calm nights in the summer than in winter. In 
spring, the frequency of SBTIs (52–61%) was higher than 
that in autumn (49–59%). The annual frequency of strong 
inversions (γ ≥ 5.0 K 100 m−1) was 10–16% and varied from 
4–6% in winter to 12% in spring and autumn in Sosnowiec 
and up to 21% in summer in Wrocław.

Isothermal conditions (γ ≥  − 0.5 ^ ≤ 0.5 K 100 m−1) were 
more common in Sosnowiec (33%) than in Wrocław (22%). 
Their frequency varied from 17–26% in summer to 29–39% 
in winter. In contrast, unstable conditions (γ < − 0.5 K 
100 m−1) occurred during approximately 20% of the nights 
at both stations and varied from 8% in summer to 33–38% 
in winter.

The frequencies of air temperature gradients in the low-
est 100-m layer of the atmosphere for midday (12 UTC) 

were determined based on 6827 measurements in Sosnowiec 
(Table  4) and 6429 radiosonde soundings in Wrocław 
(Table 5). At midday, SBTIs were very rare (0.6–0.7% of 
days a year). Their frequency increased to 1–2% only in 
winter. Similarly, low frequencies of midday inversions 
were characteristic of Prague (Stryhal et al. 2017), and the 
US Southern Great Plains area (ca. 0.3%) (Li et al. 2019). 
Daytime inversions occur more frequently on the Baltic 
coast in Łeba (8–9% in December and January) (Czarnecka 
et al. 2019). However, over most of Europe, the frequency 
of SBTIs does not exceed 2.5% (Palarz et al. 2018). Only in 
coastal zones and in the northern part of Europe does the 
frequency vary between 10 and 20%.

At midday, isothermal conditions were also infrequent, 
constituting 4–6% of days a year and peaking in winter 
(10–13% of days). The unstable conditions (γ <  − 0.5 K) 
prevailed on 93–95% of days a year. In winter, their fre-
quency decreased to 86–88%. Summer was characterized by 
a high frequency (83–87%) of days with strong instability 
(γ <  − 1.0 K). The annual frequency of these days reached 
69–71%, while in winter, it dropped to 40–53%.

Air temperature inversions mostly occur at night; there-
fore, in the next part of this paper, we focus on nocturnal 
SBTIs. The spatial extent of the SBTI was assessed by 

Table 4   Seasonal and annual 
frequencies (in %) of the 
atmospheric stability classes 
in the lowest 100-m layer of 
the atmosphere in Sosnowiec 
(January 2001–September 
2020) at 12 UTC​

Lack of data from 1 February 2001 to 19 October 2001
Data for all inversions an annual data are printed in bold

γ in K 100 m−1 Stability classes Winter Spring Summer Autumn Annual
DJF MAM JJA SON Jan–Dec

 <  − 1.0 Strong instability 53.4 81.9 83.2 66.1 71.2
 ≥  − 1.0 ^ <  − 0.5 Conditional instability 33.0 15.1 13.2 26.4 21.9
 ≥  − 0.5 ^ ≤ 0.5 Isothermal conditions 12.0 2.8 3.1 7.1 6.3
 > 0.5 ^ < 1.0 Weak inversion 0.6 0.1 0.2 0.2 0.3
 ≥ 1.0 ^ < 5.0 Moderate inversion 0.9 0.1 0.2 0.2 0.3
 ≥ 5.0 Strong inversion 0.1 0.0 0.1 0.0 0.0
 <  − 0.5 All instability 86.4 97.0 96.4 92.5 93.1
 > 0.5 All inversions 1.6 0.2 0.5 0.4 0.6
n Number of data 1718 1704 1739 1666 6827

Table 5   Seasonal and annual 
frequencies (in %) of the 
atmospheric stability classes 
in the lowest 100-m layer of 
the atmosphere in Wrocław 
(January 2003–September 
2020) at 12 UTC​

Data for all inversions an annual data are printed in bold

γ in K 100 m−1 Stability classes Winter Spring Summer Autumn Annual
DJF MAM JJA SON Jan–Dec

 <  − 1.0 Strong instability 40.0 83.2 87.3 64.4 69.0
 ≥  − 1.0 ^ <  − 0.5 Conditional instability 47.9 15.8 11.1 31.3 26.3
 ≥  − 0.5 ^ ≤ 0.5 Isothermal conditions 10.1 0.8 1.3 3.8 4.0
 > 0.5 ^ < 1.0 Weak inversion 0.7 0.1 0.2 0.4 0.3
 ≥ 1.0 ^ < 5.0 Moderate inversion 1.2 0.1 0.1 0.1 0.4
 ≥ 5.0 Strong inversion 0.1 0.0 0.0 0.0 0.0
 <  − 0.5 All instability 87.9 99.0 98.4 95.7 95.3
 > 0.5 All inversions 2.0 0.2 0.3 0.5 0.7
n Number of data 1581 1641 1637 1570 6429
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its simultaneous occurrence in both the Silesian Upland 
(Sosnowiec) and Lower Silesian Lowland (Wrocław). The 
seasonal and annual frequencies of various combinations 
of SBTI occurrences are presented in Table 6. The sym-
bol + in both the first and second columns means that SBTI 
occurred at both stations (regional inversions), while the 
symbol − means no inversion occurred at both stations. The 
SBTI is called local if it only occurs at one station. The 
regional SBTI constituted 40% of nights a year with a maxi-
mum of 57% in summer and 17% in winter.

The local SBTIs in Sosnowiec (no SBTI in Wroclaw) 
occurred during only 7% of the nights a year, with low 
seasonal variability from 6% in winter to 9% in summer. 
The local SBTIs in Wroclaw (no SBTI in Sosnowiec) were 
more frequent (19% of nights a year, 21% of winter nights). 
The total incidence of local SBTIs reached 26% and did not 
reveal apparent seasonal variability (25–27%). There were 
34% of the nights per year without SBTIs at both stations. 
The frequency of nights without inversions revealed appar-
ent seasonal variability, with a maximum in winter (56% of 
nights) and a minimum in summer (16% of nights).

The annual courses of local and regional SBTI frequency 
and days with no SBTI are presented in Fig. 3. The regional 

SBTI constituted more than 40% of nights from April to 
October, with a maximum in August (63%). In winter 
months, their frequency did not exceed 20%, dropping in 
January to 16%.

3.2 � Annual course of the SBTIs

The nocturnal SBTIs have a clear annual course (Fig. 4). At 
both stations, the maximum frequency of SBTIs (γ > 0.5 K 
100  m−1) was found in August; however, in Sosnowiec, 
it was approximately 20% higher than in Wrocław (Sos-
nowiec: 64%, Wrocław; 80%). The lowest number of inver-
sions was recorded in January and December (22–23% in 
Sosnowiec and 37–38% in Wrocław). The SBTI occurred 
with a frequency of more than 50% in the 6-month-long 
period between April and September in Sosnowiec and in 
the 8-month-long period between March and September 
in Wrocław. During these months, the SBTI frequency in 
Wrocław was higher by ca. 15% than in Sosnowiec. In Sos-
nowiec, the strongest SBTI (γ ≥ 5.0 K 100 m−1) appeared 
during a minimum of 3% in December to 16% of nights in 
September. In Wrocław, the highest frequency of strongest 
inversions was found in July (25%).

Table 6   The seasonal and 
annual frequencies (%) of 
regional (SBTI at both stations) 
and local (SBTI at one station) 
SBTI and nights with no SBTI 
in the lowest 100 m near the 
ground layer of the atmosphere 
(Jan 2001–Sep 2020) at 
midnight (00 UTC)

Explanations two first columns: + SBTI exist; − without SBTI
Annual data are printed in bold

SBTI Sos-
nowiec
γ > 0.5 K 
100 m−1

SBTI Wrocław
γ > 0.5 K 100 m−1

Winter Spring Summer Autumn Annual
DJF MAM JJA SON Jan–Dec

 +   +  17.4 44.8 57.0 40.8 40.0
 +   −  5.9 7.1 8.5 7.8 7.3
 −   +  21.1 17.7 18.9 17.8 18.9
 −   −  55.6 30.4 15.6 33.6 33.8
n Number of cases 1708 1686 1732 1654 6780

Fig. 3   Comparison of the 
annual course of the common 
structure of the vertical lapse 
rate of air temperature in the 
lowest 100 m near the ground 
layer between Sosnowiec and 
Wrocław (Jan 2001–Sep 2020) 
at midnight (00 UTC)
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3.3 � Depth and strength of the surface‑based 
inversions of temperature (SBTI) in Wrocław

The vertical measurements at only two points, as in Sos-
nowiec, did not allow the height of the inversion layer to 
be assessed. Therefore, this characteristic was investigated 
based on soundings from Wrocław. Due to the similar intra-
annual pattern of the SBTI frequency at both stations, we 
assume that Wrocław can also represent the general pattern 
of the SBTI depth in Sosnowiec. The Europe-wide study of 
SBTIs by Palarz et al. (2018) also indicates similarity in the 
characteristics of SBTIs over central Europe.

The deepest SBTI in Wrocław reached a height of 1561 m 
(Table 7) and a strength of 17.1 K. Five inversions were as 
deep as 1250 m. They occurred in the winter months and 
in November during anticyclonic situations with weakened 
polar continental air advection (Pc) or during advection of 
polar maritime warm air (Pmw) from the southwestern sec-
tor. The SBTI strength (ΔTi) reached 6–19 K and showed 
no dependence on the inversion layer depth (ID). In Łeba 

(Czarnecka et al. 2019), the maximum thickness of the noc-
turnal SBTIs was recorded in January (1632 m) and July 
(1397 m).

The vertical distribution of air temperature in Wrocław 
up to 3000 m above ground level for 2 days with a very 
thick and exceptionally strong SBTI (ΔTi 17–19 K) is 
shown in Fig. 5A. During midday (12 UTC), the SBTI dis-
appeared only in the near-ground level of the atmosphere 
due to insolation. During the first day, the SBTI disap-
peared up to approximately 250 m, and on the second day, 
it disappeared to 600 m. However, the elevated inversion 
reaching an altitude of 1000–1200 m remained. At night 
on 4 November 2015, the air temperature at the ground 
(2 m) dropped to − 2.1 °C again, while at an altitude of 
1561 m, it was + 15.0 °C. At midday on 4 November, at 
12.00 UTC, the inversion base was elevated to 600 m 
with its depth and strength reaching 600 m and 4.6 K, 
respectively.

The strongest SBTI (ΔTi 20.1–20.9  K) appeared at 
midnight on the 13th and 14th of January 2009 (Table 8). 

Fig. 4   Annual course of the surface-based air temperature inversions (SBTI) in Sosnowiec (Sos) and Wrocław (Wrc) from January 2001–Sep-
tember 2020 at 00 UTC with respect to the SBTI gradient (γ at K·100 m−1)

Table 7   Characteristics of the 
five thickest SBTIs in Wrocław 
at 00 UTC (Jan 2001–Sep 2020)

Explanations: ΔTi, inversion strength or intensity in K; γi, average vertical lapse rate for the whole SBTI 
layer (ID) in K 100  m−1; γWrc100 m, γSos100 m, lapse rate for the lowest 100 m in Wrocław and in Sos-
nowiec. Circulation types: Ka, anticyclonic wedge; Wa, Sa, SWa, anticyclonic situations with air advection 
from W, S and SW. Air mass: Pc, polar continental air; Pmw, polar maritime warm air (description of cir-
culation types and air masses is given in Sect. 2.2)

Date Circulation type Air mass ID m ΔTi γi γWrc100 m γSos100 m

Nov 4, 2015 Ka Pc 1561 17.1 1.1 10.8 9.3
Jan 9, 2017 Ka Pc 1388 6.0 0.4 4.2 8.9
Feb 4, 2014 Sa Pmw 1346 9.4 0.7 2.2 1.4
Dec 14, 2013 Wa Pmw 1313 10.3 0.8 4.7 2.1
Nov 3, 2015 SWa Pc 1254 19.1 1.5 11.5 8.2
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The depths of these inversion layers were 640 and 391 m, 
respectively. In the near-ground 100-m layer of the tropo-
sphere, the lapse rate (γWrc100 m) was exceptionally high, 
exceeding 10 K 100 m−1. The vertical profile of air tem-
perature for these SBTIs is presented in Fig. 5B. At mid-
day on 13 January 2009, the temperature inversion disap-
peared only in the near-ground 64-m-thick layer. Above 
this height, the elevated inversion with a thickness of 
490 m and a strength (ΔTi) of 8.7 K still existed. During 
these inversions, the synoptic conditions were similar to 
the deepest SBTIs on 4 November 2015 (described above).

The statistical distribution of the depth (ID) of noc-
turnal SBTIs (ΔTi > 0.5 K) in Wrocław calculated from a 
large number of cases (4559) is presented in Table 9. The 
average annual ID equal 207 m and vary from 186 m in 
spring to 249 m in winter. In spring, mean SBTI depths 
range from 100–150 m over Western Europe and increase 
to 150–200 m above the central and eastern parts of the 
continent (Palarz et al. 2018). Even higher SBTI depths, 
exceeding 200 m, were found in winter in Central and 
Eastern Europe and Scandinavia. In the Bergen Valley, 
Norway, the mean inversion top is located at 220 m a.s.l. 
(Wolf et al. 2014). In the Southern Great Plains in the 
USA, the mean SBTI depth is slightly shallow, reaching 

198 m (Li et al. 2019). In Łeba (Czarnecka et al. 2019) in 
2005–2014, the mean thickness of the nighttime inver-
sions varied from 143 m in December to 218 m in April. 

Fig. 5   Example of the thickest (A) SBTIs on 3 and 4 November 2015 (ID = 1254 and 1561 m) and the strongest (B) SBTIs on 13 and 14 January 
2009 in Wrocław. For comparison, the vertical profiles of temperature during midday are also presented

Table 8   Characteristics of the 
five strongest SBTIs in Wrocław 
at 00 UTC (Jan 2001–Sep 2020)

Explanations: as at Table 7

Date Circulation type Air mass ΔTi ID m γi γWrc100 m γSos100 m

14 Jan 2009 Ka Pc 20.9 391 5.4 10.6 1.0
13 Jan 2009 Wa Pc 20.1 640 3.1 7.7 2.8
3 Nov 2015 SWa Pc 19.1 1254 1.5 11.5 8.2
12 Jan 2009 Wa Pc 17.3 834 2.1 8.2 1.6
4 Nov 2015 Ka Pc 17.1 1561 1.1 10.8 9.3

Table 9   Statistical characteristics of the SBTI depth (ID in m) in 
Wrocław at 00 UTC (Jan 2001–Sep 2020)

Data averages, median and annual data are printed in bold

Percentiles and 
other elements

Winter Spring Summer Autumn Annual
DJF MAM JJA SON Jan–Dec

Max 1388 749 741 1561 1561
p = 99% 1058 532 514 754 740
p = 95% 677 350 364 466 447
p = 90% 538 302 308 378 344
p = 75% 309 233 233 262 246
p = 50% 175 174 173 191 178
p = 25% 114 122 131 135 127
p = 10% 67 79 95 99 87
p = 5% 46 58 77 70 65
p = 1% 22 33 35 41 33
Min 8 17 17 16 8
Average 249 186 192 221 207
n of data 772 1213 1458 1116 4559
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In Athens, on the other hand, in 1971–1983, the SBTI 
depth ranged from 140 m in December to 270 m in August 
(Katsoulis 1988); however, the data for the more extended 
period 1974–2001 (Kassomenos and Koletsis 2005) indi-
cated depths from 169 m in summer, 172 m in winter and 
190 m in transient seasons.

Similar results (175 to 198  m) were reported from 
Hemsby (UK) based on radiosonde data for the 1976–1980 
period (Milionis and Davies 2008). The deepest SBTIs, 
reaching an average of 212 m, were found over the Sichuan 
Basin in China (Feng et al. 2020) Please confirm that this is 
correct."-->, with seasonal variability from 177 m in win-
ter to 257 m in summer. Such a seasonal distribution dif-
fers from that in Wrocław, where the highest depths were 
recorded in autumn (1561 m on 4 November 2015) and in 
winter (1388 m on 9 January 2017). However, in summer 
and spring, they did not exceed 750 m (Table 9). The thresh-
old depths corresponding to quartiles (p = 25% and 75%) 
that encompass 50% of the sampling ranged from 127 to 
246 m for a year. In winter, the quartile range was the larg-
est (114–309 m). In summer, it ranged from 131 to 233 m. 
There was a 10% probability of SBTIs with a thickness 
exceeding 538 m in winter and a 5% probability that the ID 
was larger than 677 m.

The frequencies of SBTI depths within 50-m-wide ID 
ranges are shown in Table 10 and Fig. 6. In spring and 

Table 10   Seasonal and annual depth (ID) of the surface-based tem-
perature inversion layer frequency (in %) in Wrocław at 00 UTC (Jan 
2001–Sep 2020)

The ID with the highest frequency of inversion, maximum frequency 
of inversions, annual data and number of data are printed in bold

ID in m Winter Spring Summer Autumn Annual
DJF MAM JJA SON Jan–Dec

0–50 7.1 3.7 2.1 2.6 3.5
50–100 12.7 12.6 9.8 8.2 10.7
100–150 21.1 22.1 24.3 21.7 22.5
150–200 16.7 24.0 26.9 22.6 23.3
200–250 9.8 17.1 17.6 17.1 16.0
250–300 6.5 10.2 8.3 9.6 8.8
300–350 4.8 5.3 5.4 6.7 5.6
350–400 3.8 2.3 2.3 3.2 2.8
400–450 2.7 1.3 1.2 2.9 1.9
450–500 3.0 0.1 0.9 1.2 1.1
500–550 2.2 0.5 0.5 0.9 0.9
550–600 1.7 0.3 0.3 0.4 0.6
600–650 2.1 0.2 0.2 0.8 0.7
650–700 0.9 0.2 0.1 0.4 0.3
 > 700 4.9 0.1 0.1 1.7 1.3
n of data 772 1213 1458 1116 4559
50–250 60.3 75.8 78.6 69.6 72.5
50–300 66.8 86.0 86.9 79.2 81.3
100–250 47.6 63.2 68.8 61.4 61.8

Fig. 6   Seasonal frequency of the midnight SBTI layer depth (ID in m) in Wrocław. DJF, winter; MAM, spring; JJA, summer; SON, autumn
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summer, IDs exceeding 700 m were very rare (0.1%). Their 
annual frequency was 1.3% and varied seasonally between 
1.7% in autumn and 4.9% in winter. In winter, the most fre-
quent ID (21%) was within the range of 100–150 m. In other 
seasons and on an annual scale, the SBTI depth most often 
ranged between 150 and 200 m (23.3% in the year with a 
maximum in summer of 26.8%).

The ID frequency jointly for the ranges between 100 and 
250 m reached 61.9% on an annual scale and 68.7% in sum-
mer. In winter, when the ID distribution was most flattened, 
SBTIs of 100–250-m depth constituted the minimum of 
47.7% of all cases. Annually, the majority of SBTI depths 
fell within 50–300 m (81% ranging from almost 67% in win-
ter to 87% in summer).

Histograms of the ID frequencies for individual seasons, 
calculated for regional inversions occurring simultaneously 
at both stations (n = 2851) and local inversions in Wrocław 
(n = 4559), are presented in Fig. 6. The distributions of 
regional and local IDs were very similar, as evidenced by 
minor frequency differences in particular ranges. However, 
the depths of regional SBTIs were slightly thicker than those 
of local SBTIs. The ID frequencies for regional SBTIs were 
usually somewhat larger in deeper classes and lower in shal-
lower classes compared to regional SBTIs.

3.4 � Correlations between the characteristics of SBTI

In this section, the SBTI strength in the 100-m near-ground 
layer and depth was correlated with other characteristics 
of the vertical structure of the SBTIs (Tables 11 and 12) 
to check whether and which indirect information can be 
drawn based on the data from the 100-m near-ground 
layer. The basic characteristics of the SBTIs, includ-
ing its strength (ΔTi) and depth, were significantly cor-
related (α = 0.01) only in winter (r = 0.54) and autumn 
(r = 0.38), which means that strong inversions were deeper 
than weaker SBTIs (percentage of explained variability 
(r2*100): 54% and 38%). On the other hand, the vertical 
temperature gradient (γi) across the entire inversion layer 
was significantly but negatively correlated with ID in each 
season, with the highest percentage of explained variance 
in autumn. In other seasons, the percentage of explained 
variance was lower: 24% in spring and 17% in winter and 
autumn. The negative relations mean that the thicker the 
inversion layer was, the smaller the average temperature 
gradient for that layer.

The inversion strength (ΔTi) showed a positive corre-
lation with the vertical temperature gradient (γi) across 
the whole inversion (Table 11), especially in summer and 
spring (coefficient of determination r2*100 = 51–54%). 
Only in winter was the correlation coefficient low; how-
ever, it was still significant at 0.31 (r2*100 = 10%). This 
index (ΔTi) was the strongest correlated with the tempera-
ture gradient in the lowest 100-m near-ground air layer 
(γWrc100 m) (Table 12). The strength of the SBTI was also 
significantly related to the average lapse rate for the lower 
layer of the atmosphere from the ground surface to the 
isobaric level of 850 hPa (γ850) at an altitude of approxi-
mately 1500 m above sea level. In this case, the correlation 
coefficients ranged from 0.71 in autumn to 0.80 in winter 
(51–64% explained variance).

Table 11   Coefficients of correlation (r) and determination (r2*100 in 
%) between depth of the SBTI (ID) at 00 UTC in Wrocław and inver-
sion strength (ΔTi), as well as the vertical temperature gradient (γi) 
across the whole inversion layer

r > 0.32 are significant at the level α = 0.001

Season Number of data
n

ΔTi γi

Coefficients r r2*100 r r2*100

DJF 323 0.54 29  − 0.41 17
MAM 792 0.03 0  − 0.49 24
JJA 1033  − 0.01 0  − 0.52 27
SON 703 0.38 14  − 0.42 17

Table 12   Coefficients of correlation (r) and determination (r2*100 in 
%) between the SBTI strength (ΔTi) and vertical temperature gradient 
(γi) across the whole inversion layer, lapse rate for the lowest atmos-

phere layer up to 850  hPa level (γ850) and lapse rate for the 100  m 
near the ground layer (γWrc100 m) at 00 UTC in Wrocław

r > 0.32 are significant at the level α = 0.001

Season γi γ850 γWrc100 m

Coefficients r r2*100 r r2*100 r r2*100

DJF 0.31 10 0.80 64 0.74 55
MAM 0.71 51 0.75 56 0.93 86
JJA 0.73 54 0.79 63 0.90 82
SON 0.54 29 0.71 51 0.88 77
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3.5 � Lapse rates and weather conditions 
for the strongest local SBTI—comparison 
between the stations

In this section, we selected the strongest SBTI in Sosnowiec 
(6 cases, Table 13) and in Wrocław (6 cases, Table 14) and 
compared the lapse rates and weather conditions for that 
day at the stations. Interestingly, only one of these SBTIs 
(9 April 2020) was regional and occurred simultaneously 
at both stations. The highest values of γSos100 m in Sos-
nowiec ranged from 9.4 to 12.5 K·100 m−1. At the same 
time, in Wrocław, the gradients were smaller (from 5.0 to 
11.0 K·100 m−1). Most of these SBTIs occurred in anticy-
clonic synoptic situations.

The situation on 24 December 2010 was unusual due to 
a large difference in gradients between the stations: 10.4 K 
100 m−1 (Sosnowiec) and 0.7 K 100 m−1 (Wrocław). Such a 
difference was caused by a weather front located between the 
stations separating the tropical air mass (T) flowing in from 
the south to Sosnowiec and the old cooler polar maritime air 
mass (Pmo) flowing from the NE into Wrocław. In Wrocław, 
there was fog at the ground layer with a small temperature 
gradient. In the 100-m layer, the temperature increased 
from − 2.5 to − 1.8 °C at an altitude of 100 m. Above that 
level, there was a very rapid increase in air temperature that 
reached + 7 °C at an altitude of 200 m. The temperature 
increased further to + 8.6 °C at a height of 462 m. Thus, the 
strength of the inversion ΔTi reached 11.1 K.

Table 14 includes the strongest SBTI in Wrocław and 
compares them with the data from Sosnowiec for the same 
days. The γWrc100-m lapse rates ranged from 11.0 to 12.9 K 
100 m−1. In Sosnowiec, the air temperature gradients on 
those days were much smaller (from 2.8 to 8.2 K 100 m−1). 
The SBTI on 9 April 2020 was exceptional due to the 
large gradient that was also found in Sosnowiec (12.5 K 
100 m−1). Interestingly, despite many similarities, there were 
often large differences between the two studied regions in 
extreme cases. They were caused either by a differing syn-
optic situation (compare the example described above with 
24 December 2010) or local weather conditions. The SBTI 
and weather conditions on 5 December 2020 can serve as 
an interesting example. On that night (00 UTC), both sta-
tions were under the influence of anticyclonic situations 
with air advection from the SW. In Wrocław, the tempera-
ture gradient in the ground layer (γWrc100 m) was as high as 
11.0 K 100 m−1. In Sosnowiec, the SBTI appeared earlier 
during cloudless and frosty conditions at 21 UTC (γSos100 
m = 5.2 K 100 m−1). However, from 23 UTC, a radiation 
fog formed with a thickness exceeding 100 m, which led to 
a near-isothermal distribution of temperature in this layer. 
There is a high probability that the upper/elevated tempera-
ture inversion above the fog layer persisted, which was sug-
gested by the large ID in Wrocław amounting to 613 m.

The vertical profile of air temperature up to a height of 
1000 m above the ground in Wrocław is shown in Fig. 7 
for the nocturnal strongest SBTI on 19 March 2010. The 
strength of the inversion (ΔTi) with a thickness of 329 m was 

Table 13   Comparison of the 
six strongest SBTIs at the 
lowest 100 m in Sosnowiec 
in comparison with particular 
SBTIs in Wrocław at 00 UTC 
(Jan 2001–Sep 2020)

Explanations: as at Table 7 and Sc, cyclonic situation with air advection from S; X, baric col; Pmo, polar 
maritime old air; A, arctic air; T, tropical air

Date Circulation 
type

Airmass γSos100 m γWrc100 m ID m ΔTi γi

9 Apr 2020 Ka Pc 12.5 11.0 161 12.0 7.5
25 Oct 2019 Wa Pmo 11.9 7.2 162 10.8 6.7
1 May 2012 Ka T 10.5 5.0 273 8.2 3.0
24 Dec 2010 Sc T 10.4 0.7 462 11.1 2.4
13 May 2008 X Pmo/A 9.7 7.8 213 9.8 4.6
4 Feb 2002 Wa Pmw 9.4 5.1 76 5.2 6.8

Table 14   Comparison of the 
six strongest SBTIs at the 
lowest 100 m in Wrocław in 
comparison with Sosnowiec and 
other SBTI characteristics in 
Wrocław at 00 UTC (Jan 2001–
Sep 2020)

Explanations: as at Table 7

Date Circulation type Airmass γWrc100 m γSos100 m ID m ΔTi γi

19 Mar 2010 Wa Pmw 12.9 2.8 329 14.4 4.4
21 Apr 2019 Ka Pc 11.6 5.5 104 11.6 11.2
3 Nov 2015 SWa Pc 11.5 8.2 1254 19.1 1.5
5 Jul. 2015 SWa Pmw 11.5 5.4 150 12.0 8.0
5 Dec 2010 SWa Pc 11.0  − 0.2 613 15.0 2.4
9 Apr 2020 Ka Pc 11.0 12.5 161 12.0 7.4
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14.4 K. At midday (12 UTC), the SBTI disappeared within 
the entire profile due to the effect of solar radiation. Above 
100 m, the air temperature was reduced by approximately 
3–4 K.

To determine the detailed characteristics of the strong-
est SBTI in Sosnowiec where no soundings exist, cor-
relations were calculated between the gradient in the 
100-m near-ground layer (γSos100 m) and the SBTI char-
acteristics in Wrocław. It allowed assessing the degree of 

representativeness of the SBTI in Sosnowiec for a larger 
area of southern Poland. No relations were found between 
γSos100 m and the inversion layer thickness in Wrocław (ID). 
No such relationship was found between these characteristics 
(γWrc100 m and ID) in Wrocław.

On the other hand, the air temperature gradient in Sos-
nowiec (γSos100 m) showed significant relations at the level 
of α = 0.01 (Table 15) with comparable data for Wrocław 
(γWrc100 m). The percentage of explained variance reached 
its maximum of 23% in spring. Slightly stronger relation-
ships explaining 25% of the variance were found between the 
average temperature gradient for the entire inversion layer 
(γi). Weaker, although statistically significant, were the rela-
tionships between γSos100 m and temperature gradients in 
the layer up to 1500 m (isobaric level 850 hPa) in Wrocław. 
This relationship was stable all year round (r = 0.34–0.37; 
r2*100 = 12–14%).

3.6 � Impact of SBTIs on air pollution (PM10 and PM2.5)

Temperature inversions contribute to a high concentration of 
air pollution in this layer. This is particularly true in the case 
of SBTIs that are formed in winter at low temperatures. Such 
an episode of high pollution occurred on 9 January 2017, 
when, in a high-pressure situation (anticyclonic wedge) 
in a polar continental air mass, the air temperature in Sos-
nowiec at the ground dropped to − 19.2 °C. Then, an SBTI 
occurred, and at a height of 88 m above the ground, the air 

Fig. 7   Example of the midnight SBTI in Wrocław with the strongest 
gradient in the lowest 100-m layer during 19 March 2010 (γWrc 100m 
= 12.9 K 100  m−1). For comparison, the vertical profile of tempera-
ture during midday is also presented

Table 15   Coefficients 
of correlation (r) and 
determination (r2*100 in %) 
between lapse rate for the 100 m 
near the ground layer (γSos100 
m) during SBTI at 00 UTC in 
Sosnowiec, with other SBTI 
characteristics in Wrocław

r > 0.32 are significant at the level α = 0.001

Season γi Wrocław γ850 Wrocław γWrc100 m

Coefficients r r2*100 r r2*100 r r2*100

DJF 0.27 7 0.34 12 0.29 8
MAM 0.50 25 0.35 12 0.48 23
JJA 0.43 18 0.36 13 0.40 16
SON 0.44 19 0.37 14 0.43 18

Table 16   Comparison of the winter maximum PM10 concentration (max PM10 in μg·m−3) in the Upper Silesia Region with SBTI characteristics 
in Sosnowiec and Wrocław at 00 UTC (Jan 2001–Sep 2020)

Explanations: as at Tables 7 and 13 (Ca, centre of anticyclone). Italicized numbers are for the negative gradients (lack of inversion). Data for 
Katowice PM2.5 are from the shorter period Jun 2009–Sep 2020

Station Date Max PM10 Circulation type Air mass γSos100 m
K·100 m−1

γWrc100 m
K·100 m−1

ID m ΔTi
K

γi
K·100 m−1

Dąbrowa Górnicza PM10 29 Jan 2006 522 Ka Pc 9.4 10.3 190 12.0 6.3
Sosnowiec PM10 13 Feb 2012 772 Ka Pmo 4.9 6.8 226 7.8 3.4
Zabrze PM10 10 Jan 2017 1159 SWa Pc 2.4  − 0.6 - - -
Gliwice PM10 4 Jan 2002 799 Ca A 4.4 4.7 162 5.2 3.2
Katowice PM10 10 Jan 2017 516 SWa Pc 2.4  − 0.6 - - -
Katowice PM2.5 27 Jan 2010 641 Ka Pc 2.6 6.9 325 12.0 3.7
Average PM10 from 5 stations 10 Jan 2017 634 SWa Pc 2.4  − 0.6 - - -
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temperature was − 11.5 °C, and the vertical gradient (γSos100 
m) reached + 8.94 K 100 m−1. During that night, the hourly 
PM10 concentration reached 985 μg·m−3 in Dąbrowa Gór-
nicza and 945 μg·m−3 in Zabrze. In Katowice, at 04 UTC, 
the PM10 concentration was 667 μg·m−3, and the PM2.5 con-
centration was 600 μg·m−3.

This situation with a high PM10 concentration maintained 
by the SBTI lasted for 5 days (7–11 January 2017). The 
highest PM10 concentration amounted to 1159 μg·m−3 in 
Zabrze (Table 16) and occurred on 10 January 2017. On that 
day, the region was under the influence of an anticyclonic 
situation (Fig. 8) with air advection from the SW (SWa). The 
highest concentration of PM10 was also recorded in Kato-
wice (516 μg·m−3) and generally in Upper Silesia (average 
from 5 stations: 624 μg·m−3). The concentration of PM2.5 
in Katowice was also high (417 μg·m−3). On that day, the 
nocturnal SBTI (10 January 2017) was maintained only in 
Upper Silesia, while in Wrocław, a negative air temperature 
gradient was recorded in the near-ground 100-m atmos-
pheric layer (γWrc100 m =  − 0.6 K 100 m−1).

The highest concentration of PM2.5 in Katowice 
(641 μg·m−3) was recorded on 27 January 2010, in the mass 
of polar continental air (Pc) under the influence of an anticy-
clonic wedge (Ka). The air temperature gradients at 100-m 
near-ground level reached + 2.4 K 100 m−1 in Sosnowiec 
and + 6.9 K 100 m−1 in Wrocław. The inversion was 325-m 
deep, and its strength (ΔTi) amounted to 12.0 K.

Another episode of exceptionally strong winter SBTIs 
in southern Poland occurred from 25–30 January 2006. On 

29 January 2006 (Table 16), the air temperature gradients 
reached as much as 9.4 K 100 m−1 in Sosnowiec and 10.3 K 
100  m−1 in Wrocław. The inversion was 190-m deep in 
the near-ground layer. At 00 UTC in Dąbrowa Górnicza, 
the PM10 concentration reached 522 μg·m−3, which was 
the highest concentration during the entire measurement 
period in that city. A very high concentration on that day 
was also recorded in Zabrze (916 μg·m−3). During this epi-
sode (25–30 January 2006), high concentrations of PM10 
also occurred in Sosnowiec (515–614 μg·m−3) and Katowice 
(383–473 μg·m−3). On 25 January 2006, in Wrocław, a very 
strong inversion formed (ΔTi) with a gradient of 15.4 K and 
a depth of 472 m. At that time, vertical air temperature gra-
dients in the ground layer were also very high in Wrocław 
(γWrc100 m = 9.4 K 100 m−1) and in Sosnowiec (γSos100 
m = 5.1 K 100 m−1).

The highest concentrations of PM10 in Sosnowiec 
(772  μg·m−3) on 13 February 2017, and in Gliwice 
(799  μg·m−3) on 4 January 2002, were accompanied 
by the presence of SBTIs (Table 16). During these epi-
sodes of high concentration of air pollution, the vertical 
temperature gradients in Sosnowiec (γSos100 m) ranged 
from 4.2–5.8  K·100  m−1 (11–13 February 2012) and 
2.3–4.6 K·100 m−1 (4–6 January 2002). The strong influ-
ence of SBTIs on the high concentration of PM10 during 
the winter season was also found in selected cities located 
in the Polish Carpathians (Palarz et al. 2015; Palarz and 
Celiński-Mysław 2017). During the strongest episode of pol-
lution from 23 January to 2 February 2006, the maximum 

Fig. 8   Synoptic map of Europe 
10 Jan 2017 (00 UTC) with 
SWa circulation typical for the 
highest PM10 concentration in 
Zabrze. Isobars and atmospheric 
fronts (blue, cold; red, warm; 
violet, occlusion) were taken 
from the synoptic map of the 
German Meteorological Service 
(www.​wette​r3.​de/​archiv_​dwd.​
html). The arrows indicate the 
direction of the geostrophic 
wind in the advection of warm 
(red) and cool (blue) air. Expla-
nations: L, low centre; H, high 
centre. Air mass: A, arctic; Pc, 
polar continental; Pm, polar 
maritime; Pmo, polar mari-
time old; So, Sosnowiec; Wr, 
Wrocław

http://www.wetter3.de/archiv_dwd.html
http://www.wetter3.de/archiv_dwd.html
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concentration of PM10 was recorded on 29 January 2006, in 
Nowy Sącz (500 μg·m−3) and Żywiec (505 μg·m−3), simi-
lar to that recorded in Dąbrowa Górnicza (see Table 16). 
Additionally, in Wrocław, the maximum daily concentra-
tions of PM10 (Kamińska 2017) on 12 February 2017, and 
15 February 2017, occurred with strong temperature inver-
sions (ID = 266 m, ΔTi

. = 8.4 K, γWrc100 m = 7.0 K 100 m−1; 
ID = 935 m, ΔTi = 12.5 K, γWrc100 m = 5.6 K 100 m−1).

In spring (MAM), the maximum PM10 concentra-
tions at night (00 UTC) were lower (Table 17) than those 
in winter. The highest concentrations were recorded on 
22 March 2011, in Zabrze (564 μg·m−3) and Sosnowiec 
(376 μg·m−3). In Upper Silesia, the average concentration 
equalled 327 μg·m−3, and it was the spring maximum dur-
ing the research period. During this episode, the weakening 
anticyclonic wedge transformed into the NWa situation with 
the influx of polar maritime old air masses. On the night of 
21/22 March 2011, frost was registered at 2 m above ground 
level (Sosnowiec − 1.3 °C, Wrocław − 1.1 °C). In the upper 
layers, the temperature was positive.

The temperature gradient in the lower 100-m air layer was 
very large (γWrc100 m = 7.1 K; γSos100 m = 5.9 K). The ID 
and strength of SBTI reached 198 m and 7.9 K, respectively, 

in Wrocław. The SBTI also favoured high concentrations 
of PM10 in Gliwice (396 μg·m−3) on 4 March 2011 and in 
Dąbrowa Górnicza (357 μg·m−3) on 5 March 2011. This 
time, the maximum concentrations of PM10 and PM2.5 were 
also registered in Katowice (Table 17).

In summer (JJA), the maximum PM10 concentrations 
(Table 18) rarely exceeded 100 μg·m−3. The highest concen-
tration of PM10 occurred in Dąbrowa Górnicza (171 μg·m−3) 
on 26 August 2011 in the anticyclonic SEa situation with the 
inflow of tropical air (T). All the cases of maximum PM10 
were favoured by the occurrence of temperature inversion 
in both the Sosnowiec (γSos100 m 1.1–6.4 K 100 m−1) and 
in Wrocław (γWrc100 m 0.8–7.6 K 100 m−1). The thickness 
of the ID in these situations ranged between 120 and 264 m, 
and its strength (ΔTi) ranged between 4.2 and 7.9 K.

In autumn (SON), the maximum PM concentrations were 
slightly higher (Table 19) than those in spring. In this sea-
son, most SBTIs and accompanying high concentrations 
of PM10 were local, as evidenced by the negative values 
of temperature gradients in Wrocław at the same time. An 
interesting example is the case of the highest autumn con-
centration of PM10 in Zabrze (535 μg·m−3) on 10 November 
2016, under the isothermal vertical temperature distribution 

Table 17   Comparison of the spring maximum PM10 concentration (Max PM10 in μg·m−3) in the Upper Silesia Region with SBTI characteristics 
in Sosnowiec and Wrocław at 00 UTC (Jan 2001–Sep 2020)

Explanations: as in Tables 7 and 13. Data for Katowice PM2.5 are from the shorter period Jun 2009–Sep 2020

Station Date Max PM10 Circulation type Air mass γSos100 m
K·100 m−1

γWrc100 m
K·100 m−1

ID m ΔTi
K

γi
K·100 m−1

Dąbrowa Górnicza PM10 5 Mar 2011 357 NWa Pc 1.6 4.57 140 4.9 3.5
Sosnowiec PM10 22 Mar 2011 376 NWa Pmo 5.9 7.1 198 7.9 4.0
Zabrze PM10 22 Mar 2011 564 NWa Pmo 5.9 7.1 198 7.9 4.0
Gliwice PM10 4 Mar 2011 396 Ka Pc 4.2 5.5 180 6.5 3.6
Katowice PM10 4 Apr 2018 329 SWc Pmw 7.3 3.1 206 4.2 2.0
Katowice PM2.5 8 Mar 2015 206 SWa Pmw 2.1 4.8 197 5.6 2.8
Average PM10 from 5 stations 22 Mar 2011 327 NWa Pmo 5.9 7.1 198 7.9 4.0

Table 18   Comparison of the summer maximum PM10 concentration (PM10 in μg·m−3) in the Upper Silesia Region with SBTI characteristics in 
Sosnowiec and Wrocław at 00 UTC (Jan 2001–Sep 2020)

Explanations: as in Tables 7 and 13. Data for Katowice PM2.5 are from the shorter period Jun 2009–Sep 2020

Station Date Max PM10 Circulation type Air mass γSos100 m
K·100 m−1

γWrc100 m
K·100 m−1

ID m ΔTi
K

γi
K·100 m−1

Dąbrowa Górnicza PM10 26 Aug 2011 171 SEa T 1.1 4.1 201 5.2 2.6
Sosnowiec PM10 14 Jul 2016 123 Ka T/Pmo 5.7 7.6 139 8.0 5.8
Zabrze PM10 14 Aug 2003 120 Wc Pmo 1.3 1.0 120 1.2 1.0
Gliwice PM10 24 Aug 2002 145 Ea Pc 6.4 5.0 264 8.2 3.1
Katowice PM10 5 Aug 2004 155 Ec Pmo 3.5 5.2 211 6.4 3.0
Katowice PM2.5 22 Aug 2009 64 Bc T/Pmo 3.4 0.8 190 1.4 0.7
Average PM10 from 5 stations 14 Aug 2003 99 Wc Pmo 1.3 1.0 120 1.2 1.0
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in Sosnowiec. At that time, in Wrocław ID, the SBTI was 
154 m thick, and its strength (ΔTi) reached 3.9 K. This iso-
thermal temperature distribution in the Sosnowiec was due 
to the fog layer. Therefore, this situation is an example of 
smog defined as the simultaneous occurrence of high con-
centrations of PM10 (average for Upper Silesia: 228 μg·m−3) 
near the ground fog.

In autumn, in the period from 25 October to 9 Novem-
ber 2015, there was an extremely long episode of SBTI in 
southern Poland that formed under the influence of a long-
lasting (several days) anticyclonic wedge (Ka) with polar 
continental air (Pc). In the second part of this period, from 
30 October to 7 November 2015, the concentration of PM10 
in Upper Silesia exceeded 100 μg·m−3. The SBTIs on 3 and 
4 November 2015 were exceptional with respect to their 
strength (ΔTi = 19.1 K in Wrocław, 00 UTC) and depth 
(ID = 1254 m). Large SBTIs in the lower 100-m layer of air 
were found in both Wrocław (γWrc100 m = 11.5 K 100 m−1) 
and in Sosnowiec (γSos100 m = 8.2 K 100 m−1). The next 
day, the SBTI depth (1561 m) was the highest value in the 
entire research period. The SBTI strength (ΔTi) was also 

as large as 17.1 K (Table 19). In this situation, the highest 
concentration of PM2.5 in autumn, amounting to 313 μg·m−3, 
was recorded in Katowice.

The above-described examples show an apparent influ-
ence of SBTIs on PM concentration in the near-ground air 
layer. This is related to the settling of the air in these situ-
ations. To quantify the influence of the air stability in the 
lowest 100-m layer of the atmosphere and its seasonal vari-
ability on air pollution, the averages of PM10 concentrations 
were calculated for three classes of atmospheric stability: 
instability (γSos100 m <  − 0.5 K), isothermal conditions 
(γSos100 m ≥  − 0.5 ^ ≤ 0.5 K), and stable atmosphere with 
temperature inversions (γSos100 m > 0.5 K). In addition to a 
vertical temperature gradient, weather conditions, mainly 
wind speed (Grundström et al. 2015b), also significantly 
impacted the concentration of air pollution.

The annual average PM10 concentration (μg·m−3) in the 
Upper Silesia Region was 49.3 μg·m−3, varying from 27.7 
(std ± 13.3) μg·m−3 in summer to 72.5 (± 73.2) μg·m−3 
(± 73.2) in winter (Table  20). In all seasons, the low-
est concentrations of PM10 were found during unstable 

Table 19   Comparison of the autumn maximum PM10 concentration (Max PM10 in μg·m−3) in the Upper Silesia Region with SBTI characteris-
tics in Sosnowiec and Wrocław at 00 UTC (Jan 2001–Sep 2020)

Explanations: as in Tables 7 and 13. Data for Katowice PM2.5 are from the shorter period Jun 2009–Sep 2020

Station Date Max PM10 Circulation type Air mass γSos100 m
K·100 m−1

γWrc100 m
K·100 m−1

ID m ΔTi
K

γi
K·100 m−1

Dąbrowa Górnicza PM10 16 Nov 2013 260 NWa Pmo 2.0  − 0.5 - - -
Sosnowiec PM10 16 Nov 2013 421 NWa Pmo 2.0  − 0.5 - - -
Zabrze PM10 10 Nov 2016 535 Bc Pmo  − 0.2 3.0 154 3.9 2.5
Gliwice PM10 25 Nov 2003 447 SWa Pmw 7.2 4.3 220 6.0 2.7
Katowice PM10 15 Nov 2011 419 Ka Pmo 0.9  − 0.8 - - -
Katowice PM2.5 4 Nov 2015 313 Ka Pc 9.3 10.8 1561 17.1 1.1
Average PM10 from 5 stations 15 Nov 2011 311 Ka Pmo 0.9  − 0.8 - - -

Table 20   Seasonal and annual averages and standard deviations (std) of the PM10 concentration (μg·m−3) in the Upper Silesia Region (averages 
from 5 stations) for the three classes of atmospheric stability in Sosnowiec (γSos100 m) at 00 UTC (period Jan 2001–Sep 2020)

Annual and average data are printed in bold

γSos100 m
K 100 m−1

γSos100 m
 <  − 0.5

γSos100 m
 ≥  − 0.5 ^ ≤ 0.5

γSos100 m
 > 0.5

Average γSos100 m
 <  − 0.5

γSos100 m
 ≥  − 0.5 ^ ≤ 0.5

γSos100 m
 > 0.5

No. of data

Season PM10 concentration in μg·m−3 PM10 concentration in % of average

DJF
std

52.2
 ± 46.8

53.2
 ± 47.6

137.2
 ± 101.1

72.5
 ± 73.2

72.1 73.4 189.2 1701

MAM
std

31.2
 ± 25.1

36.6
 ± 26.5

64.5
 ± 46.5

50.1
 ± 40.5

62.3 72.9 128.8 1702

JJA
std

17.2
 ± 8.7

21.5
 ± 9.8

31.5
 ± 13.2

27.7
 ± 13.3

62.3 77.7 113.6 1739

SON
std

32.6
 ± 25.7

34.7
 ± 29.4

64.1
 ± 47.2

48.7
 ± 41.0

67.0 71.3 131.8 1660

Annual
std

40.1
 ± 38.5

37.9
 ± 34.7

61.7
 ± 59.1

49.3
 ± 49.4

81.4 76.8 125.1 6802
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atmospheres. In summer, the average concentration of PM10 
under these conditions was only 17.2 (± 8.7) μg·m−3; in win-
ter, it reached 52.2 (± 46.8) μg·m−3, which constituted 72% 
of the average winter concentration regardless of the state 
of the atmosphere. In all seasons, the mean PM10 concen-
trations during temperature inversions were higher than the 
seasonal means. They ranged from 31.5 (± 47.2) μg·m−3 
(114% of the average) in summer to 137.2 (± 101.1) μg·m−3 
(189% of the average) in winter.

The annual course of PM10 concentration depending on 
and regardless of air stability is shown in Fig. 9A. Dur-
ing the SBTI, the mean PM10 concentrations were lower 
than 50 μg·m−3 from May to September, while they were 
higher than 100 μg·m−3 from December to March, with 
a maximum exceeding 150 μg·m−3 in January. Similar 
differences were found in Katowice (Table 21) for both 
PM10 (Table 21; Fig. 9B) and PM2.5 (Table 22; Fig. 9C) 
concentrations. In Katowice, the average concentration of 

PM2.5 during the nights with temperature inversion was 
on average 17% higher than the annual mean, and these 
values changed from 13% in summer to 71% in winter. 
For example, in Santiago, Chile (Gramsch et al. 2014), 
the PM2.5 concentration was 35% higher on inversion days 
than on days without inversion.

Using a large number of measurements (from approxi-
mately 950 to over 1800), the relationships between the 
lapse rate at 100 m (γSos100 m) at 00 UTC in Sosnowiec 
and the PM10 and PM2.5 concentrations (μg·m−3) were 
investigated in the Upper Silesia region. The calculated 
coefficients of correlation (r) and determination (r2*100 
in %) are presented in Table 23. In winter, the tempera-
ture gradient explained approximately 30% of the variance 
in the PM10 concentration. The coefficient of determina-
tion for individual stations ranged from 21% in Katowice 
to 30% in Sosnowiec. In summer, the averaged coeffi-
cient of the determination reached 26% in Zabrze. The 

Fig. 9   Annual course of the PM10 concentration (μg·m−3) in the 
Upper Silesia Region calculated as averages from 5 stations (A), 
Katowice (B) and PM2.5 in Katowice (C) at midnight (00 UTC) for 

different stability conditions in Sosnowiec (g = γSos100 m). Data for A 
are for the period Jan 2001–Sep 2020, and for B and C for Jun 2009–
Sep 2020

Table 21   Seasonal and annual averages and standard deviations (std) of the PM10 concentration (μg·m−3) in Katowice for the three classes of 
atmospheric stability in Sosnowiec (γSos100 m) at 00 UTC (period Jan 2001–Sep 2020)

Annual and average data are printed in bold

γSos100 m
K 100 m−1

γSos100 m
 <  − 0.5

γSos100 m
 ≥  − 0.5 ^ ≤ 0.5

γSos100 m
 > 0.5

Average γSos100 m
 <  − 0.5

γSos100 m
 ≥  − 0.5 ^ ≤ 0.5

γSos100 m
 > 0.5

No. of data

Season PM10 concentration in μg·m−3 PM10 concentration in % of average

DJF
std

53.4
 ± 45.3

49.5
 ± 38.9

111.7
 ± 80.5

65.4
 ± 58.9

81.6 75.7 170.9 1599

MAM
std

31.4
 ± 25.2

36.5
 ± 28.3

59.4
 ± 40.3

47.5
 ± 36.5

66.0 76.9 125.1 1647

JJA
std

15.9
 ± 8.8

21.8
 ± 12.0

31.7
 ± 16.1

27.8
 ± 16.4

57.2 78.4 113.9 1539

SON
std

32.2
 ± 24.0

33.5
 ± 27.6

62.0
 ± 51.0

46.8
 ± 42.1

68.8 71.6 132.5 1542

Annual
std

40.5
 ± 38.3

36.7
 ± 33.4

57.1
52.0

47.1
 ± 44.8

86.1 78.0 121.3 6327
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Table 22   Seasonal and annual averages and standard deviations (std) of the PM2.5 concentration (μg·m−3) in Katowice for the three classes of 
atmospheric stability in Sosnowiec (γSos100 m) at 00 UTC (period Jun 2009–Sep 2020)

Explanation: Annual* PM10 in Katowice for the same period as PM2.5

Annual and average data arer printed in bold

γSos100 m
K 100 m−1

γSos100 m
 <  − 0.5

γSos100 m
 ≥  − 0.5 ^ ≤ 0.5

γSos100 m
 > 0.5

Average γSos100 m
 <  − 0.5

γSos100 m
 ≥  − 0.5 ^ ≤ 0.5

γSos100 m
 > 0.5

No. of data

Season PM2.5 concentration in μg·m−3 PM2.5 concentration in % of average

DJF
std

50.8
 ± 45.3

45.3
 ± 38.9

105.2
 ± 80.5

61.4
 ± 58.9

82.7 73.8 171.4 951

MAM
std

23.8
 ± 18.7

31.0
 ± 23.3

44.9
 ± 34.0

36.8
 ± 30.0

64.7 84.1 122.1 997

JJA
std

11.4
 ± 6.2

14.7
 ± 7.1

20.4
 ± 8.9

18.0
 ± 8.9

63.2 81.6 113.2 1051

SON
std

25.9
 ± 18.1

28.5
 ± 22.3

50.9
 ± 45.0

38.6
 ± 36.4

67.0 73.9 131.8 983

Annual
std

34.4
 ± 35.7

30.9
 ± 28.5

44.6
 ± 47.5

38.2
 ± 40.5

90.2 81.0 116.8 3982

Annual*
PM10
std

40.6
 ± 38.2

38.4
 ± 34.2

55.9
 ± 53.1

47.1
 ± 45.6

86.2 81.5 118.7 3977

Table 23   Coefficients 
of correlation (r) and 
determination (r2*100 in %) 
between lapse rate for the 100 m 
near the ground layer (γSos100 
m) at 00 UTC in Sosnowiec, 
with the PM10 and PM2.5 
concentrations (μg·m−3) in the 
Upper Silesia region

r > 0.32 are significant at the level α = 0.001
Averages for Upper Silesia are printed in bold

Season Winter
DJF

Spring
MAM

Summer
JJA

Autumn
SON

Number of data

Coefficients r r2*100
%

r r2*100
%

r r2*100
%

r r2*100
%

Stations

Dąbrowa Górnicza 0.51 26 0.33 11 0.27 8 0.33 11 1545–1756
Sosnowiec 0.55 30 0.39 15 0.39 16 0.38 15 1414–1543
Zabrze 0.53 28 0.43 18 0.51 26 0.36 13 1537–1763
Gliwice 0.47 22 0.32 10 0.41 17 0.33 11 1548–1605
Katowice PM10 0.46 21 0.37 14 0.43 18 0.36 13 1635–1782
Katowice PM2.5 0.44 19 0.27 7 0.40 16 0.32 10 958–1058
PM10 average 0.55 30 0.42 17 0.50 25 0.39 15 1754–1840

Fig. 10   An example of the 
smog situation in Sosnowiec 
on 6 February 2018 at 6:17 
UTC. View from the roof of the 
building of the Institute of Earth 
Sciences in NE direction (Fot. 
Tadeusz Niedźwiedź)
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relationships were weaker during the transitional seasons 
(explained variance: 17% in spring and 15% in autumn) 
and for PM2.5 in Katowice (Table 23).

An excellent example of temperature inversion promoted 
by air subsidence, leading to a high concentration of dust 
pollutants in the ground layer of the atmosphere during 
cloudless and frosty weather combined with low wind speed 
is presented in Fig. 10. The inversion layer also favoured 

the spreading of pollutants emitted by factory chimneys vis-
ible over the Katowice steelworks near Dąbrowa Górnicza. 
Sometimes, as shown in the photograph, factory chimney 
smoke can also penetrate the inversion layer.

In Sosnowiec, on 6 February 2018 (Fig. 10), the air tem-
perature at a height of 2 m above the ground at 00 UTC 
dropped to − 10.6 °C and the lapse rate (γ100Sos) was 4.0 K 
100 m−1. According to a radiosonde sounding in Wrocław, 

Fig. 11   An example of the 
smog situation in Sosnowiec 
on 17 December 2019 at 6:47 
UTC. View from the roof of the 
building of the Institute of Earth 
Sciences in the S direction (Fot. 
Tadeusz Niedźwiedź)

Fig. 12   Synoptic map of Europe 
17 Dec 2019 (06 UTC) for the 
smog situation in Sosnowiec 
(see Fig. 11). Isobars and 
atmospheric fronts (blue, cold; 
red, warm; violet, occlusion) 
were taken from the synoptic 
map of the German Meteorolog-
ical Service (www.​wette​r3.​de/​
archiv_​dwd.​html). The arrows 
indicate the direction of the 
geostrophic wind in the advec-
tion of warm (red) and cool 
(blue) air. Explanations: L, low 
centre; H, high centre. Air mass: 
A, arctic; Pc, polar continen-
tal; Pm, polar maritime; Pmo, 
polar maritime old; Pmw, polar 
maritime warm; So, Sosnowiec; 
Wr, Wrocław

http://www.wetter3.de/archiv_dwd.html
http://www.wetter3.de/archiv_dwd.html
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the inversion layer was 96 m deep (ΔT = 3.8 K), and the 
lapse rate was similar to that in Sosnowiec (γ100Wrcs = 3.8 K 
100 m−1). The discussed air temperature inversion devel-
oped during a high-pressure wedge (Ka) in the mass of polar 
continental air (Pc). The PM10 concentration in Sosnowiec 
at 00 UTC was 233 μg·m−3. In Katowice, between 07 and 
09 UTC, the PM10 concentration was very high, reaching 
153–179 μg·m−3, and for PM2.5, it was 132–153 μg·m−3.

Figure  11 shows a photograph illustrating a typical 
situation with an inverse air temperature distribution and 
accompanying shallow ground fog in the morning in Sos-
nowiec. On 17 December 2019, southern Poland was located 
between a high with a centre located over Turkey and a 
low with a centre over the Norwegian Sea (Fig. 12). The 
intensive inflow of a warm air mass (Pmw, polar maritime 
warm) from the SW (SWc situation, southwest cyclonal) 
favoured air temperature inversion development during clear 
sky conditions. In Sosnowiec at 00 UTC, the temperature 
at 2 m above ground level reached 1.7 °C, while at an alti-
tude of 88 m, the temperature equalled 8.2 °C. Thus, the 
near-ground lapse rate was considerable (γ100Sos = 7.5 K 
100 m−1). Similar conditions prevailed in Wrocław, where a 
temperature inversion with a thickness of 84 m (ΔTi = 7.2 K; 
γ100Wrc = 7.2 K 100 m−1) developed. On that day, the tem-
perature inversion lasted 24 h.

Such weather conditions favoured an increase in the con-
centration of air pollution. At 00 UTC PM10, the average 
concentration from 5 stations was 81 μg·m−3, and in Kato-
wice, it was 91 μg·m−3. The concentration of PM2.5, reach-
ing 73 μg·m−3, was relatively high. In the morning at 06–07 
UTC, when the photograph in Fig. 11 was taken, the con-
centration of PM10 in Katowice increased significantly up to 
147–161 μg·m−3, reaching a maximum of 220 μg·m−3 at 09 
UTC. On the other hand, the concentration of PM2.5 in the 
hours mentioned above amounted to 120–131 μg·m−3 and 
173 μg·m−3, respectively. The combination of such a high 
concentration of particulate matter with fog is an example 
of a typical smog situation.

4 � Conclusions

The strongest surface-based temperature inversions (SBTIs) 
in southern Poland were observed during nighttime (00 
UTC), with an annual frequency of 47–59%. The SBTIs 
usually developed due to strong radiative cooling of the 
Earth’s surface during a cloudless sky and advection of 
warm air masses in the higher levels of the atmosphere. 
The latter condition usually occurred in anticyclonic situa-
tions. At midday (12 UTC), the SBTI occurred sporadically 
(0.6–0.7%), usually only in winter (1.0–2.0%).

In the annual course, the frequency of SBTIs varied from 
23–38% in winter to 64–75% in summer, with a higher fre-
quency of clear and windless nights in summer than in win-
ter, when the weather is more dynamic.

According to the sounding data from Wrocław, the annu-
ally averaged depth of SBTIs at midnight equalled 207 m, 
varying from 186 m in spring to 249 m in winter.

Annually, 50% of the SBTI depth fell within the range 
of 127–146  m, varying from 114–309  m in winter to 
131–233 m in summer.

The deepest SBTIs were found in autumn (1561 m) and 
winter (1388 m). In spring and summer, their maximum 
thickness did not exceed 750 m.

The influence of SBTIs on the concentrations of par-
ticulate matter (PM10 and PM2.5) was observed mainly in 
winter and autumn. Exceptionally high concentrations were 
recorded during frosty nights when the air temperature 
dropped below – 10 °C or – 15 °C.

The mean annual PM10 concentration for the Upper 
Silesia region at midnight was 49 μg·m−3, ranging from 
18 μg·m−3 in summer to 73 μg·m−3 in winter. During 
unstable and isothermal conditions, the concentrations 
of PM10 and PM2.5 were lower than the average. On the 
other hand, during nights with a temperature inversion, the 
annual mean PM10 concentrations constituted ca. 125% of 
the annual mean, ranging from 114% in summer to 189% 
in winter.

The presented research shows that SBTIs in winter are 
among the main factors contributing to a high concen-
tration of particulate matter in the near-ground layer of 
the atmosphere, even during periods with relatively low 
emissions. The main factor leading to increased PM10 con-
centrations is descending air under inversion conditions 
during strong cooling of the air layers near the ground due 
to the negative balance of longwave radiation.
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