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Abstract. This study provides a comprehensive three-year analysis (2023–2025) of meteoro-
logical conditions and air quality parameters in the city of Plovdiv, Bulgaria. The research 
examines the interactions between temperature, humidity, precipitation, wind characteristics, 
and fine particulate matter concentrations (PM₂.₅), with the goal of improving the understanding 
of local atmospheric dynamics and pollution patterns. Recorded temperatures ranged from 
−7.0°C to 40.4°C. The highest pollution episodes were consistently observed during the coldest 
months, largely due to intensified household heating combined with reduced atmospheric 
dispersion under stable winter conditions. Wind speed and direction analyses revealed a sig-
nificant influence on pollutant dispersion, with lower wind speeds promoting the accumulation 
of airborne particles, particularly in the city’s low-lying zones. Precipitation intensity varied 
considerably across the study period, with the most intense events reaching up to 94.73 mm/h. 
These episodes were associated with temporary reductions in airborne particle concentrations 
due to effective washout processes. Overall, the results demonstrate a strong interdependence 
between meteorological variability and air pollution dynamics in Plovdiv. 
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Introduction 
Plovdiv is the second-largest city in Bulgaria. 

It has long been recognized as one of the most 
polluted urban centers in the country. Its geo-
graphical location in a valley surrounded by hills, 
combined with dense traffic, industrial activity, 
and seasonal heating, contributes to persistent air 
quality challenges. Numerous studies, including 
recent satellite-based assessments, have highlight-
ted elevated concentrations of particulate matter 
(PM10 and PM2.5) and sulfur dioxide (SO₂), under-
scoring the need for robust environmental moni-
toring systems (Georgieva et al., 2021; Ivanov et 
al., 2024; Mitev et al., 2025). 

Meteorological conditions play an important 
role in the dispersion and accumulation of air pol-
lutants. Parameters such as wind speed and direc-
tion, temperature, humidity, and precipitation di-
rectly influence pollutant transport, chemical trans-

formation, and deposition. For instance, low wind 
speeds and temperature inversions can trap pollu-
tants near the surface, increasing human expo-
sure, while rainfall events can temporarily reduce 
airborne particulate concentrations through wet 
deposition. Understanding these dynamics is es-
sential for improving the accuracy of pollution 
modeling and forecasting. 

Long-term in-situ monitoring remains essen-
tial for air quality management. Ground-based 
stations provide high-resolution temporal data 
that play a central role in validating satellite obser-
vations, calibrating models, and assessing poten-
tial health impacts (Dzhambov et al., 2023; Kho-
menko et al., 2025). 

The integration of satellite data has signifi-
cantly enhanced spatial coverage and enabled the 
identification of pollution hotspots across urban 
and rural areas. 
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Given the complex interplay between meteo-
rology and air pollution, long-term meteorolo-
gical monitoring is crucial. It not only facilitates 
the interpretation of air quality trends but also en-
hances the predictive accuracy of dispersion mo-
dels. Continuous tracking of atmospheric condi-
tions enables researchers and policymakers to an-
ticipate pollution episodes, implement targeted 
mitigation strategies, and safeguard public health. 
In cities like Plovdiv, where pollution levels fre-
quently exceed recommended thresholds, such in-
tegrated monitoring systems are not just beneficial 
but essential. 

 
Materials and methods 
Meteorological observations were conducted 

using professional high-precision stations to en-
sure accurate and reliable data collection. Spe-
cifically, the OTT HydroMet WS501 (Lufft WS501 
Smart Weather Sensor | OTT HydroMet, n.d.) 
sensor was employed for comprehensive meteo-
rological measurements, including wind speed 
and direction, air temperature, relative humidity, 
and atmospheric pressure. Precipitation monito-
ring was performed using the OTT HydroMet 
WS100 (Lufft WS100 Radar Precipitation Sensor / 
Smart Disdrometer - OTT Hydromet, n.d.), which 
provides precise rainfall intensity and accumu-
lation data. 

Air quality monitoring focused on particulate 
matter (PM) concentrations. For this purpose, we 
utilized in-house designed monitoring stations, 
which are protected as intellectual property. 
These custom-built systems allow for continuous 
measurement of PM10 and PM2.5 levels, by HPMA 
115S0-XXX sensor (International Inc., n.d.), ensu-
ring high-resolution temporal data and compa-
tibility with local environmental conditions. The 
integration of these stations into the monitoring 
network provides a robust dataset for analyzing 
pollution dynamics in relation to meteorological 
factors. 

The monitoring campaign was conducted 
over period (2023–2025, mid-September), follo-
wing established meteorological standards. Wind 
measurements comply with the World Meteo-
rological Organization (WMO) requirements for 
Class 1 stations, ensuring high accuracy and re-
presentativeness. 

The collected meteorological and air quality 
data are considered representative for the city of 

Plovdiv, as all sensors are installed on the roof of 
the University of Plovdiv, located near the geogra-
phical center of the city. This strategic positioning 
minimizes local biases and provides a reliable ba-
sis for assessing urban-scale pollution dynamics. 

Meteorological data were recorded at one-
minute intervals, while air quality measurements 
were updated every five minutes. This high tem-
poral resolution is critical for capturing short-term 
fluctuations in wind speed, temperature, and pol-
lutant concentrations, which often drive rapid 
changes in urban air quality. Such detailed data 
enhances the accuracy of dispersion patterns mo-
deling and improves the reliability of correlations 
between meteorological conditions and pollution 
episodes. 

The data presented here is analyzed using 
open-source tools available in the R language (R: 
The R Project for Statistical Computing, n.d.) 
using the integrated development environment 
(IDE) RStudio (RStudio Desktop - Posit, n.d.). 
Besides the basic functionalities, additional packa-
ges like openair (Carslaw & Ropkins, 2012) and 
lubridate (Spinu et al., 2024) are used. The lubri-
date package is used for parsing date-time data. 
All results are conducted using the openair 
package. This package is specifically developed 
for the analysis of data in the atmospheric scien-
ces, like analyzing air quality data and air pollu-
tion measurement data. 

 
Results 
Our study covers the period from 2023 to 

2025, focusing on detailed monitoring of ambient 
air temperature, relative humidity, precipitation 
intensity, wind characteristics, and particulate 
matter pollution. 

 
Ambient temperature monitoring 
Fig. 1 presents the daily average temperatu-

res recorded throughout the monitored period. 
The green curve represents the daily mean tem-
perature, while the red and blue curves indicate 
the highest and lowest recorded temperatures, 
respectively. These three datasets are compared 
against the corresponding climatological normal 
(BulgariaBGR - Climatology (CRU) | Climate 
Change Knowledge Portal, n.d.), indicated by the 
yellow line. 

Fig. 2 compares the observational years (2023 
– solid line, 2024 – dashed line, and 2025 – dotted 
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line) with the mean climatological normal (yellow 
line). The boundaries of the yellow shaded area 
represent the maximum and minimum tempera-
ture normals. 

Each year is represented by three lines: the 
upper line indicates the maximum measured tem-

perature, the lower line shows the minimum mea-
sured temperature, and the middle line represents 
the mean measured temperature. 

We encourage readers to refer to the follo-
wing source for more detailed temperature ana-
lyses: (Supplementary Data: Temperature, n.d.). 

 

 
 

Fig. 1. Temperature variations during the monitoring period 

 

 
 

Fig. 2. Temperature comparison and climatological normal. 
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Relative humidity 
Fig. 3 presents the relative humidity for all 

days of 2024 in a heatmap format. As expected, 
higher humidity levels are observed from January 
to May and from November to December. Rela-
tive humidity is a critical parameter to monitor, as 
it influences both the performance of particulate 
matter sensors and the formation of air pollutants. 
High humidity can impact sensor performance by 
altering particle adhesion and scattering charac-

teristics, while it also contributes to secondary 
aerosol formation and pollutant accumulation un-
der stagnant atmospheric conditions. 

Additional data and detailed humidity ana-
lyses are available at the following link: (Supple-
mentary Data: Humidity, n.d.). Readers are en-
couraged to refer to this source for extended data-
sets, methodological details, and high-resolution 
temporal records supporting the present findings.

 

 
 

Fig. 3. Daily averaged humidity map for 2024. 
 

 
Precipitation intensity 
In this study, detailed precipitation analyses 

were conducted using the OTT WS100 weather 
station, which measures rainfall intensity in milli-
meters per hour (mm h⁻¹). The following figure 
illustrates the daily average precipitation inten-
sity, displayed through a color scale ranging from 
0 to 1.6 mm/h (shown on the right-hand side). 
Precipitation amount and intensity are key factors 
in air quality assessment, as rainfall effectively 

removes atmospheric pollutants through wet de-
position processes, including scavenging of parti-
culate matter and soluble gaseous species. 

Additional data on precipitation intensity are 
available at the following link: (Supplementary 
Data: Precipitation, n.d.). Readers are encouraged 
to visit this source for access to extended temporal 
datasets and comparative analyses that further 
support the findings discussed in this study.
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Fig. 4. Daily averaged precipitation intensity in mm/h for 2024. 

 
 
Wind characteristics 
Wind characteristics are a key determining of 

air quality, as they govern the transport, disper-
sion, and dilution of atmospheric pollutants. 
Wind speed influences the rate of pollutant dis-
persion and mixing within the boundary layer, 
while wind direction determines the pathways 
through which emissions are transported from 
their sources to receptor areas. Calm wind con-
ditions often lead to pollutant accumulation and 
the formation of smog or haze episodes, whereas 
strong or turbulent winds enhance dispersion and 
improve air quality conditions. 

Detailed analyses of wind behavior were 
conducted using a wind rose representation, as 

shown in Fig. 5. The wind rose illustrates monthly 
statistics and mean wind vectors, providing in-
sights into dominant wind directions, frequency 
distributions, and their seasonal variability. 

Detailed analyses are provided in the supple-
mentary materials section, available at (Supple-
mentary Data: Wind, n.d.). Readers are encoura-
ged to consult these materials for a more compre-
hensive understanding of wind behavior in Plov-
div throughout the three-year monitoring period. 
The supplementary content includes extended 
datasets, monthly and seasonal wind rose dia-
grams, and statistical evaluations that further 
elucidate the spatial and temporal variability of 
local wind dynamics.
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Fig. 5. Wind rose representation for 2024. 
 
 
Particulate matter pollution 
During the three-year monitoring period, a 

continuous record of fine particulate matter 
(PM₂.₅) concentrations was collected. The next 
figure illustrates the daily PM₂.₅ levels observed 
throughout 2024. As shown, the most severe pol-
lution episodes occurred during the winter 
months, with daily mean concentrations occa-
sionally exceeding 60 µg m⁻³. 

Such elevated PM₂.₅ levels are of considerable 
health concern. Exposure to fine particulate mat-
ter is strongly associated with adverse cardiovas-
cular and respiratory outcomes, including asthma 
exacerbation, chronic obstructive pulmonary di-
sease (COPD), and increased risk of ischemic 
heart disease. Prolonged exposure, particularly 
during cold, stagnant atmospheric conditions, can 
aggravate existing medical conditions and con-
tribute to excess mortality in vulnerable popular-

tions such as the elderly, children, and individuals 
with pre-existing health issues. The observed win-
ter peaks likely correspond to increased domestic 
heating activities and reduced atmospheric dis-
persion, both common drivers of seasonal air pol-
lution in urban environments. 

In this study, we conducted an extensive ana-
lysis of the correlation between wind characteris-
tics and PM₂.₅ concentrations. Readers are encou-
raged to consult the supplementary materials 
available at (Supplementary Data: Pm2.5, n.d.) for 
additional figures and data. These materials pro-
vide detailed graphical representations illustra-
ting how wind speed and direction influence the 
dispersion and accumulation of particulate matter 
across different seasons. The supplementary ana-
lyses further demonstrate the significance of at-
mospheric circulation patterns in modulating 
local air quality dynamics in Plovdiv.
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Fig. 6. Particulate matter monitoring for 2024. 
 
 
Discussion 
In this study, meteorological data for the city 

of Plovdiv were, for the first time, systematically 
compared with particulate matter (PM₂.₅) concen-
trations as indicators of air pollution. As expected, 
the highest pollution levels were recorded during 
the coldest days of the year, likely attributable to 
the increased use of solid fuels such as wood in 
household stoves and heating appliances. Con-
versely, the study also highlights the occurrence of 
the highest air temperatures during summer 
heatwaves, which can have significant implica-
tions for both environmental conditions and hu-
man health. 

Prolonged exposure to high temperatures can 
lead to heat-related illnesses, including heat ex-
haustion, dehydration, and heat stroke. Elevated 
temperatures also exacerbate chronic cardiovas-
cular and respiratory diseases by placing addi-
tional strain on the body’s thermoregulatory sys-
tem. Moreover, heat accelerates photochemical 
reactions in the atmosphere, contributing to the 
formation of ground-level ozone and secondary 

pollutants, which further degrade air quality and 
compound health risks, particularly for sensitive 
populations such as children, the elderly, and 
individuals with pre-existing health conditions. 
However, on the other hand, we did not observe 
a significant temperature rise for the monitoring 
period. 

Wind speed and direction were also analyzed 
in detail, along with combined factors involving 
wind and PM₂.₅ concentrations. These analyses 
provide a comprehensive dataset that character-
rizes the meteorological and pollution dynamics 
over the monitoring period, offering valuable 
insights into the interactions between weather 
conditions and urban air quality in Plovdiv. 

 
Conclusions 
Over the three-year monitoring period (2023–

2025), several key meteorological parameters 
were continuously observed and analyzed. The 
recorded temperature extremes for each year were 
as follows: −6.8°C and 39.8°C for 2023, −6.7°C and 
39.5°C for 2024, and −7.0°C and 40.4°C for 2025. 
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These results indicate consistent interannual va-
riability, with both the lowest and highest tempe-
rature values remaining within a narrow range 
over the study period. 

The maximum wind speeds observed during 
the same period reached 15.1 m/s in 2023, 14.6 
m/s in 2024, and 18.7 m/s in 2025, reflecting 
moderate to strong wind events capable of influ-
encing the dispersion and transport of atmo-
spheric pollutants. Meanwhile, the most intense 
precipitation events were recorded at 53.22 mm/h 
(2023), 94.73 mm/h (2024), and 79.71 mm/h 
(2025), demonstrating substantial temporal varia-
bility in rainfall intensity. 

Overall, these results provide a valuable me-
teorological baseline for understanding local cli-
mate behavior and its interaction with air quality 
in Plovdiv. The dataset could serve as an impor-
tant reference for future studies on atmospheric 
processes, pollutant dynamics, and the potential 
impacts of climate variability on urban environ-
ments. 

All collected data adhere to the FAIR prin-
ciples—Findable, Accessible, Interoperable, and 
Reusable. By following FAIR principles, the data-
set access contributes to broader scientific collabo-
ration and policy development. 
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