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Abstract

This scientific paper aims to analyze the multilinear regression between the meteorological

parameters air temperature (T ), relative humidity (RH), wind speed (WS), and precipitation (P) to

statistically determine the impact on the concentration of PM, pollutant. Since the city of Skopje has

the most polluted air in the region, particularly in winter, this scientific research focuses on exploring

the correlations between the meteorological parameters and the air pollution from PM, . The results

proved the moderate negative correlation (r = -0.76, p = 0.0001) between air temperature and PM, |

versus the moderate positive correlation (r = 0.42, p = 0.24) between relative humidity and PM, and the

weak negative correlation between wind speed and PM | (r = -0.32, p = 0.06) and (r = -0.19, p = 0.001)

for precipitation. The model was tested with a goodness-of-fit test and ANOVA, and it was proved that

the model was adequate. It can be concluded that there can be different results in the correlation because

of different climate, geographical position, topography, and socioeconomic factors in the region.
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Introduction

Air pollution is a great environmental challenge
in today’s society. Air pollutants are a complex
combination of gases and particulate matter [1].
Particulate air pollution is a mixture of solid, liquid,
or solid and liquid particles suspended in the air [2].
PM is emitted directly into the atmosphere (primary)
or formed in the atmosphere through gas-to-particle
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°ORCID iD: 0009-0000-0605-8340

conversion (secondary) [1]. PM particles often contain
heavy metals such as Mn, Co, Ni, Cu, Cd, and Pb, with
their concentrations significantly higher in industrial
areas within urban settings [3]. Air pollution in cities is
a serious environmental problem where the air quality
is the result of a complex interaction between natural
and anthropogenic environmental conditions, especially
in developing countries [4, 5]. Today, Skopje is one of
the most polluted cities in Europe [5], where numerous
studies show that PM,  concentrations exceeded the
annual limit value, peaking during the winter [5, 6].
Often, these pollutants cause severe conditions in
human health, particularly respiratory diseases [7, 8].
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The consequences of air pollution with particulate
matter suggest that in selected North Macedonian cities
1,903 human lives (excess deaths) are lost annually due
to PM exposures [9], while the estimated economic
cost associated with mortality from exposure to air
pollution in North Macedonia is in the range of USS$
500-900 million annually, equivalent to 5.2-8.5% of
gross domestic product (GDP) in 2016 [10]. The air in
Skopje is one of the most polluted in the world because
of the city’s natural position and people’s reliance on
fossil fuels [11]. The geographical position of the city
plays a key role in the air pollution. Topography and
meteorological conditions contribute to poor air quality
in Skopje [12]. Skopje is geographically located in a basin
surrounded by mountains, which entraps the pollution;
there is insufficient aerial circulation that can otherwise
help in diluting the toxic air [13, 14]. Contemporary
studies have noted that the climate change impact is
more influential in the mountainous areas [15], which is
a main geographical characteristic in North Macedonia
as a country with around 80% hilly mountain surface.
The main anthropogenic sources of ambient PM air
pollution in North Macedonia in 2014 were identified
as: residential heating (36% of total primary emissions),
industrial processes (33%), and energy production (20%).
Traffic contributed 2% of the total emissions of PM
particles [9]. The low traffic effect was proven elsewise
in the neighboring countries [16]. The conducted studies
for the air pollution in Skopje provide indicative data
that domestic households’ biomass combustion has the
largest impact on the disturbed air quality in Skopje,
especially for the emission of suspended particles PM .
This also corresponds with the fact that households in
Skopje are using stoves with inefficient fuel combustion
and low-quality fuels of suspicious origin [17].

Many scientific studies confirm the impact of
meteorological factors on air pollution [18-20].

Although previously mentioned anthropogenic
factors contribute to the natural conditions in the
city of Skopje, the meteorological parameters exert a
substantial influence on the prevalence of air pollution
in Skopje. This is confirmed by the fact that the highest
concentrations of air pollution and PM,; pollutants
are measured during the winter period. The high
concentrations of air pollutants are observed during
stable atmospheric conditions, with emitted substances
accumulating in the basin. During these periods, there is
reduced circulation in the atmosphere due to prolonged
periods with weak winds, foggy days, and very little
rain, as well as the occurrence of temperature inversion
[21].

In general, the studies showed a negative correlation
of PM,; with the air temperature and the atmospheric
pressure, and a positive correlation with the relative
humidity [22-26].

Wider European study analyzed the effect of
geographical parameters on PM,, in European
landscapes. The results showed that in the cooling
season, air temperature, precipitation, and wind speed

are the most important factors for PM, concentrations
in suburban regions. Although all of the previously
mentioned climate parameters are important, the results
showed that precipitation has the highest impact on the
pollutant. In the urban areas, the effect of these three
climate variables is significantly lower [27].

Despite these findings, the specific relationship
between meteorological factors and PM,  concentrations
in Skopje remains underexplored. Given that climatic
factors influence each other as well as particulate matter
concentrations — for instance, the speed and direction
of the wind directly influence environmental factors
such as air temperature, humidity, and dust transport
[28], all of which play a crucial role in air pollution
dynamics — this study aims to fill this gap by analyzing
how meteorological parameters impact PM, levels in
Skopje’s unique geographical and climatic context.

This study enhances the understanding of PM,
variability by applying Multiple Linear Regression
(MLR) to quantify the impact of meteorological factors
while controlling for multiple variables simultaneously.
Unlike generalized assessments, it ensures statistical
validity through data transformation techniques
and addresses autocorrelation issues, improving the
reliability of the model. By tailoring MLR to Skopje’s
unique geographical and climatic conditions, this
research provides a more precise and data-driven
approach to analyzing air pollution dynamics.

Understanding  this relationship is vital for
developing targeted strategies to manage air pollution
in the city. The results will provide critical insights for
authorities to mitigate air pollution through a better
understanding of these correlations.

Study Area

The City of Skopje is situated in the Skopje Basin,
located in the northern region of the Republic of North
Macedonia, between 41°42°15”°N and 42°16°20’N,
21°09°40”E  and 21°49’15”E., along Greenwich
(Fig. 1 and 2). The geographical boundaries of this
area are defined by the mountain massif Karadzica and
Goleshnica from the south, Mountain Gradeshka from
east to the Ovche Pole (plain), the Kumanovo Valley
and the Skopska Crna Gora massif from north, and the
Zheden Mountain from west separates it from the Polog
Valley. Within this geographical frame, the Skopje basin
covers an area of 1924.2 km?, of which 343.9 km? are
flatland located in a hypsometric belt of 150-300 m.a.s.L.
[29].

From an administrative perspective, Skopje is a
key component of the Skopje region, one of the eight
statistical regions in the Republic of North Macedonia.
Within its boundaries, Skopje encompasses ten
municipalities, while the entire region covers an expanse
of 1812 km?; the city extends over an area of 571.97 km?
[30].

As of the most recent census conducted in 2021,
Skopje is home to a total population of 526,502 residents,
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Fig. 1. Geographical position of the city of Skopje within the Republic of North Macedonia. DEM Source: USGS 2015, Data Source:
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Fig. 2. Geographical position of the city of Skopje within the Skopje Basin. DEM Source: USGS 2015, Data Source: OSM.
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which is 27.7% of the entire population of the Republic
of North Macedonia [30]. However, it is estimated that
on a daily basis, the number is higher due to the fact
that a large number of residents from other regions
often migrate and stay in the city due to work
obligations, study, etc. Both the increasing population
and migration from rural to urban areas lead to the
inevitable opening of new areas for settlement in urban
centers [31]. Constant internal migrations to the capital
are also the main reason for the need to build new
housing facilities.

With the increase of the urbanization in the city,
the air purification is additionally interrupted, and with
the construction of high buildings in a narrow space in
the central area of the city, the natural and necessary
circulation of the winds, which would be used to purify
the air in a natural way, becomes more difficult [32].

The majority of industrial, commercial, and service
facilities are concentrated within the city. Functioning
as the capital of the Republic of North Macedonia,
Skopje serves as the nation’s economic, administrative,
and cultural hub.

Due to the constant expansion of the city, rapid
urbanization, and the adoption of a fast-paced, modern
lifestyle, Skopje has become a subject of research
regarding its longstanding issues with air pollution,
mainly focusing on analyzing the causes, consequences,
and potential solutions to address the present
environmental challenges in the capital.

The geographical position and orographic
peculiarities are the main modifiers of the climate in the
city of Skopje.

The Skopje basin is influenced by the continental
climate from the north, the Mediterranecan climate
from the south, and their modifications. The average
annual air temperature is 12.7°C [33]. Air temperature
inversions in the Skopje basin occur in all months, but
they are strongly expressed in the winter months, most
often during anticyclone weather situations.

The Skopje Basin is a specific area with frequent
occurrences of fog and temperature inversions. In such
weather conditions, air pollution increases. On the
days with temperature inversions, it is coldest in the
low parts of the basin, while the temperature increases
with altitude towards the higher regions of Vodno and
Skopska Crna Gora mountains [33].

Precipitation is unevenly distributed throughout
the year (monthly and seasonally). The lowest values
were registered in the months of February and July.
The average annual amount of precipitation (1951-2010)
ranges from 497.5 mm in the plains to about 700 mm
in the highest parts of Vodno and the low slopes of
Skopska Crna Gora Mountain [33].

In the Skopje Basin in the average multi-year wind
time series, the most frequent wind directions are from
the north and south, and a factor that contributes to the
higher air pollution is the fact that the urban part of the
Skopje basin has a much higher frequency of silences -
conditions without wind [33].

The relative humidity in the Skopje Dbasin
decreases from January to August and increases from
August to December. The highest monthly values of
relative humidity are in November, December, and
January at 82-84%, and the lowest average monthly
relative humidity values are in July and August, at 56-
57% [33].

The Skopje basin is characterized by an increased
frequency of days with fog. Fog occurs throughout the
day, but with the highest frequency in the morning.

The highest frequency of fog occurs in the winter
period, in December, with an average of 15 days with
fog, and in November, December, and January, with
61% of the total annual average number of days with fog
occurring. On average, there are 63 days with fog in the
Skopje basin [33].

Materials and Methods

In this scientific paper, the focus is placed on
analyzing the data predominantly sourced from state
institutions of the Republic of North Macedonia.
The data analysis for the meteorological parameters
for the period of nine years (2012-2020) was taken
from the main meteorological gauge “Zajchev Rid” —
Hydro meteorological Service of the Republic of North
Macedonia and the data for the concentrations of the
air pollutant PM, was gathered from the gauge for air
quality “Centar” — Ministry of Environment and Spatial
Planning of North Macedonia for the same time period
as the meteorological parameters. The problem of
the relatively short analyzed period of the time series is
a consequence of the short-term organized air pollution
measurement in North Macedonia, where continuous
measurement started in 2012.

The whole statistical analysis (descriptive statistics,
testing normality and multiple linear regression,
ANOVA testing) was run on the software “XLSTAT”.

Since all of the cities in the Republic of North
Macedonia, including the city of Skopje, have
serious issues with air pollution, especially with the
concentration of PM,  in the winter period, the standards
for permitted concentrations are shown in Table 1.

Descriptive statistics were used for summarizing,
organizing, and presenting data meaningfully and
concisely. It can be presented as measures of central
tendency (mean, median, mode, and range). In order
to complete the multiple linear regression on the
meteorological variables and PM, , a normality analysis
was conducted on the raw data using the Shapiro-Wilk
test.

The Shapiro-Wilk test has two hypotheses:

— Null Hypothesis (HO): The data follows a normal
distribution.

— Alternative Hypothesis (Ha): The data does not
follow a normal distribution

The Shapiro-Wilk test is particularly suitable for
small to medium-sized datasets [37].
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Table 1. Standards for permitted concentrations of PM, .

Community/ Air Period Limit Value
Variable Pollutant (ng/m?)

24 h 50

MKD PM,,
Annual 40
24 h 50

EU PM,,
Annual 40
24 h 45

WHO PM,,
Annual 15

Source: [34, 35, 36].

The main statistic W is estimated as follows:

W = (Cie, ai x(i))2

Y (x—%)? (1)

Where x, are ordered sample values, a, are constants
derived from the covariance matrix, and x  is the
sample mean.

For the Shapiro-Wilk test, the significance level is
0.05, which means that if the p value is higher than the
significance level, the data has a normal distribution
[37].

Since some of the parameters didn’t have a normal
distribution, we used the Box-Cox transformation on
the chosen data, and the results can be seen in Table 2.
The Box-Cox transformation is applied to stabilize the
variance and make the dataset closely approximate a
normal distribution. It was necessary to transform this
variable before attempting a multilinear regression [38].

) _ {y?—l,if)\;to,
yi In(y),if A=0, Q)

A determines the type of transformation (e.g., logarithmic
when A = 0). It is commonly used in regression and time
series analysis to meet normality and homoscedasticity
assumptions.

After the data had a normal distribution (tested again
with the normality test Shapiro-Wilk), the transformed
data of four meteorological variables and PM, particles,
similar time series data, were used in the multiple linear
regression analysis.

Table 2. Shapiro-Wilk normality test results.

Distribution of Parameters p—value
a" 0.051
RH 0.143
WS 0.1
P 0.6
PM,, 0.06

Source: authors.

Multiple regression analysis (MR) is a highly flexible
system for examining the relationship of a collection
of independent variables (or predictors) to a single
dependent variable (or criterion) [39, 40]. The equation
for multiple linear regression has the same form as that
for simple linear regression, but has more terms:

yi= B0+ Blxli+ B2x2i+ -+ Bpxpi +ei (2)

As for the simple case, 0 is the constant, which
will be the predicted value of y when all explanatory
variables are 0. In a model with p explanatory variables,
each explanatory variable has its own [-coefficient.
Again, the analysis does not allow us to make causal
inferences, but it does allow us to investigate how a set
of explanatory variables is associated with a response
variable of interest [41].

The degree of association is measured by a
correlation coefficient, denoted by r. It is sometimes
called Pearson’s correlation coefficient after its
originator and is a measure of linear association (Table
3). If a curved line is needed to express the relationship,
other and more complicated measures of the correlation
must be used [42].

The goodness of fit for the multiple linear regression
(MLR) model was evaluated using several statistical
metrics. The R? value was analyzed to determine
the proportion of variance in the dependent variable
explained by the independent variables. It contains
various variables, the most important of which are the
F-statistic and p-value [37].

The F-statistic tests the significance of the MLR
model as follows:

Explained variance per predictor

Unexplained variance per residual degree of freedom

3)

High F-value with a low p-value (<0.05) suggests
that the model is significant and at least one independent
variable is useful for predicting the dependent variable.
Additionally, the Adjusted R?, AIC, and BIC values
were examined to account for the number of predictors
and ensure model accuracy and parsimony [41].

Following the MLR analysis, we conducted an
Analysis of Variance (ANOVA) to test the significance of
the overall model and to identify which meteorological
parameters significantly influence PM,  levels. The
ANOVA  decomposes the total variability in PM,,
concentrations into components attributed to the model
and residual error, providing F-statistics to assess the
explanatory power of the predictors [43]:

F = MS model

"~ MSerror “)
The MS model is usually used when testing the MLR

model [44], which is the mean square of the model, and

MS error is the mean square of the error. This two-step
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Table 3. Detailed classification of Pearson correlation coefficient
(r) values.

r value Interpretation
r=1 Perfect positive linear correlation
1>r>0.8 Strong positive linear correlation
0.8>r>0.4 Moderate positive linear correlation
04>r>0 Weak positive linear correlation
r=0 No correlation
0>r>-04 Weak negative linear correlation
-04>r>-0.38 Moderate negative linear correlation
-0.8>r>-1 Strong negative linear correlation
R=-1 Perfect negative linear correlation

Source: [45].

approach allowed us to evaluate the relationship between
meteorological conditions and PM, | pollution rigorously.

Results

The descriptive statistics of the data collected from
January 2012 to December 2021 of the data collected
from the gauges Zajchev Rid and Centar are given in
Table 4.

The mean air temperature (T,,) measured at the
gauge Zajchev Rid was 13.8°C while the standard
deviation was 8.3°C. There is a huge range between
the minimum, which is -4.0°C, and the maximum,
which is 27.7°C. The mean RH was 65.3% while the
standard deviation was 10.9%. The minimal range for
the measured period was 39.0%, and the maximum
was 88.0%. The mean WS has a mean value of
2.5 m/s, and the standard deviation is 0.4 m/s. The
minimum was 1.8 m/s while the maximum was 3.5 m/s.
The mean precipitation measured for the given period
was 44.8 mm/m?, and the standard deviation was
34.0 mm/m?. For the PM,, the mean was 61.0 pg/m?
while the standard deviation was 40.0 pg/m?’.
The minimal range was 23.9 ug/m?® and the maximum

Table 4. Descriptive statistic of the collected data.

was 238.3 ng/m?, which is a difference of 214.4 pg/m?
(Table 4 and Fig. 3).

Since the descriptive analysis was made on raw data,
the next step was the normality test, which was applied
to the data. All of the parameters, except the data for
wind speed, didn’t follow a normal distribution, so the
Box-Cox transformation was applied to the chosen data.

After the data had a normal distribution, the Shapiro-
Wilk normality test was applied, which is shown in
Table 2.

After the normality test, the multiple linear
regression was conducted in order to test the significance
of the independent variables, i.e., the meteorological
parameters, in a linear regression where PM, is chosen
as the dependent variable.

From Table 5. It can be seen that air temperature has
the strongest negative correlation in comparison with the
other observed meteorological parameters, with PM,;
which is r = -0.76, (p = 0.0001), where, according to the
classification given in Table 3, is classified as a moderate
negative linear correlation. The negative correlation
between air temperature and PM,; concentration
indicates that higher average temperatures are associated
with lower PM,  levels, while lower temperatures
correspond to higher PM,  concentrations. The second
strongest correlation of all climate parameters is the
positive correlation between relative humidity and PM
which according to the classification signifies a moderate
positive correlation with correlation coefficient r = 0.42 (p
= 0.24). Contrary to the negative correlation between air
temperature and PM,, the positive correlation between
relative humidity and PM,; means that when the relative
humidity percentage is higher, the concentrations of PM,
in the air are also higher, and when the relative humidity
percentage is lower, the concentrations of PM, in the air
are also lower.

The other climate parameters — wind speed (WS)
and precipitation (P) have weak negative correlation
with PM, = where the correlation coefficient between
wind speed and PM, is r = -0.32 (p = 0.06), while the
correlation coefficient between precipitation and PM,; is
the lowest of all previously analyzed climate parameters,
which is r =-0.19 (p = 0.01).

From the previously analyzed results, it can be
noticed that in the investigated period for the given

Zajche\?lililc%e/ Centar Unit M=+SD Range [Min; Max]
e °C 13.78+8.27 [-4.00; 27.70]
RH % 65.28+10.92 [39.00; 88.00]
WS m/s 2.48+0.36 [1.80; 3.50]
P mm/m? 44.81+34.02 [0.00; 167.50]
PM, pg/m? 61.01+40.04 [23.90; 238.30]

Source: authors.
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Fig. 3. Box plots 1. The median (denoted by a horizontal bar in the box), the 25" percentile (denoted by the bottom edge of the box),
the 75" percentile (denoted by the top edge of the box), the 5" percentiles (denoted by the bottom edge of the whisker), the 95" percentiles
(denoted by the top edge of the whisker). Source: authors.

Table 5. Pearson correlation (r) between meteorological parameters and PM,  concentrations.

RH P ws . PM,,
RH 1 0.010 0.097 -0.659 0.415
P 0.010 1 -0.071 -0.007 -0.192
wS 0.097 -0.071 1 0.246 -0316
-0.659 -0.007 0.246 1 -0.763
PM,, 0.415 -0.192 -0316 -0.763 1

Source: authors.

gauges, the meteorological parameters: air temperature,
wind speed, and precipitation have a negative correlation
with  PM,, while relative humidity has a positive
correlation with PM, . The obtained MLR equation is as

follows:

PM,,=0.16 — 1.13*RH + 4.05*P
~327%WS -2.87*T,, 5)

This Equation represents the relationship between
PM,, concentration and the meteorological factors
(Relative Humidity, Precipitation, Wind Speed, and Air
Temperature) based on the coefficients obtained from
the regression analysis.

Where:

— The constant term (0.164) represents the intercept of
the regression equation, indicating the value of PM,
when all independent variables are zero;

— The beta values, or regression coefficients, indicate
the expected change in the dependent variable for a
one-unit change in the corresponding independent
variable, while holding other variables constant.

The goodness of fit procedure was performed (see
Table 6).

The sum of weights indicates that each observation
is equally weighted (weight of 1 per observation).
Degrees of freedom for the error term, which is the total
number of observations minus the number of parameters
estimated (including the intercept).

R? (Coefficient of Determination): 0.648 indicates
that 64.8% of the variability in PM, levels is explained
by the model.

Adjusted for the number of predictors in the
model, providing a more accurate measure than R?
when multiple predictors are involved. This value
indicates that 63.5% of the variability is explained by
the model after adjusting for the number of predictors.
The average of the squared differences between observed
and predicted values. This value, being very close to
zero, indicates a good fit. The square root of the MSE
provides a measure of the average magnitude of the
error in the same units as the response variable (PM,).
A small RMSE indicates a good fit of the multiple
linear regression, the average absolute percentage error
between observed and predicted values. A MAPE
of 3.476% indicates that, on average, the predictions
are within 3.476% of the actual values. The Durbin-
Watson statistic is a measure of autocorrelation in the
residuals. Values close to 2 indicate no autocorrelation,
while values closer to 0 or 4 suggest positive or negative
autocorrelation, respectively. A DW of 0.587 indicates
potential positive autocorrelation. Cp is a measure used
to assess the fit of regression models, ideally close to
the number of predictors plus the intercept. Here, Cp
being 5 suggests a model with potentially 4 predictors is
well-specified. AIC (Akaike Information Criterion) is a
measure of model quality, with lower values indicating a
better fit. Negative values suggest a very good model fit.
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Table 6. Goodness-of-fit of the data.

N Observations 108.000
1 Sum of weights 108.000
2 DF (degrees of freedom) 103.000
R? (ratio between the sum of explained
3 variation by the model and the actual 0.648
variation)

4 Adjusted R? 0.635

5 MSE (mean squared error) 0.000

6 RMSE (root mean squared error) 0.006

7 MAPE (Mean grbri(;;ute Percentage 3476

8 DW (Durbin Watson statistics) 0.587

9 Cp (Mallows’ Cp depends on the MSE) 5.000
10 AIC (Akaike Information Criterion) -1109.333
11 SBC (Schwarz Bayesian Criterion) -1095.923
12 PC (Amemiya Prediction Criterion) 0.386

SBC (Schwarz Bayesian Criterion/BIC) is similar to
AIC but includes a penalty for the number of parameters.
Lower values indicate a better model. PC (Prediction
Criterion) is another measure of model fit, with lower
values indicating better predictive accuracy.

The p-value (<0.0001) in ANOVA indicates the
probability that the observed F-value would occur if
the null hypothesis were true. A very small p-value
(less than 0.05) suggests strong evidence against the
null hypothesis, indicating that the model is statistically
significant. The ANOVA results (Table 7) indicate that
the model is highly significant (p<0.0001), meaning that
the variations explained by the model are much greater
than would be expected by chance. The model explains
a significant portion of the variability in PM,  levels.
A high F-value (47.449) suggests that the model provides
a good fit to the data. The degrees of freedom and the
sum of squares give insight into how much variation is
being explained by the model versus the error.

The results section offers a detailed analysis of
meteorological factors and their relationship with PM,
concentrations. Air temperature showed a moderate
negative correlation with PM,  (r = -0.76), indicating
reduced concentrations during warmer conditions.
In contrast, relative humidity displayed a moderate
positive correlation (r = 0.42), suggesting that higher

Table 7. Analysis of variance, ANOVA (PM ).

moisture levels contribute to increased PM . Wind speed
and precipitation had weaker negative correlations,
indicating limited effects on PM, dispersion or removal.
The multiple linear regression model explained 64.8%
of the variability in PM, levels, with goodness-of-fit
measures supporting its reliability.

The findings indicate a statistically significant
relationship  between  meteorological  parameters
and PM,  levels, yet the model’s explanatory power
(R? = 64.8%) suggests that nearly 35% of the variation
remains unexplained, potentially influenced by
unaccounted emission sources or secondary aerosol
formation. The strong negative correlation between air
temperature and PM, ; may reflect seasonal heating and
emission patterns rather than a purely meteorological
effect, warranting further investigation into emission
inventories. Additionally, the positive autocorrelation
(DW = 0.587) suggests potential temporal dependencies
in PM,; levels, indicating the need for time-series
modeling or non-linear approaches for improved
predictive accuracy.

Discussion

Several scientific studies proved that the
meteorological conditions can affect air pollution. More
precisely, some meteorological parameters affect the
atmospheric pollution [46-51]. Multiple linear regression
has been widely applied in various cities to investigate
the relationship between meteorological factors and air
pollution, as urban areas often face challenges with poor
air quality. Some other scientific research that analyzed
the correlation between the meteorological parameters
(T, WS, RH, and P) on PM, proved similar results to
this research (Table 8).

Table 8 contains the correlation data between
PM,, levels and key meteorological parameters
- air temperature (T, ), precipitation (P), relative
humidity (RH), and wind speed (WS) - across various
locations, including cities and regions. For instance,
in Tirana and Skopje, a strong negative correlation
with temperature indicates that higher temperatures
correspond to lower PM, levels, likely due to enhanced
atmospheric dispersion. In contrast, regions like
Northern Thailand and cities such as Athens show
positive correlations between air temperature and PM,
suggesting that warmer conditions may contribute
to increased particulate matter concentrations. Wind
speed generally has a negative correlation with PM

Source DF Sum of squares Mean squares F Pr>F
Model 4 0.006 0.002 47.449 <0.0001
Error 103 0.003 0.000

Corrected Total 107 0.010
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Table 8. Correlation coefficient (r) between PM, j and meteorological parameters in the researched cities.
Gauge/
T, P RH WS Citation
Parameters
Tirana -0.88 / 0.21 / [49]
Sosnowiec 0.08 0.03 / 0.25 [50]
Izmir 0.11 / 0.70 -0.41 [51]
Budapest -0.38 / 0.25 -0.44 [52]
Pécs -0.37 / 0.24 -0.33 [52]
Miskolc -0.48 / 0.30 -0.26 [52]
Athens 0.44 0.17 0.01 -0.59 [53]
Istanbul -0.15 / 0.01 -0.12 [54]
Transylvania -0.68 0.34 0.38 -0.47 [55]
Northern Thailand 0.53 / 0.60 0.04 [56]
Moldova region -0.34 -0.06 0.15 -0.14 [57]
China -0.36 -0.07 -0.18 -0.04 [58]
Pune -0.25 -0.17 -0.23 -0.37 [59]
Skopje -0.76 -0.19 0.42 -0.32 Own research

Source: authors.

in most areas, including Athens and Transylvania,
indicating that stronger winds help disperse pollutants.
These correlations highlight the varied influence of
meteorological factors on PM,  levels, shaped by local
geographical and climatic conditions.

In the Table 8, samples of research in different cities
are presented, using the same methodology.

From the given table, it can be noticed that the
correlation between air temperature (T ) and PM,,
varies from strong negative correlation (r = -0.88) in
Tirana to moderate positive correlation in Northern
Thailand (r = 0.53) and in Athens (r = 0.44). In the city
of Skopje, the correlation between the two variables is
(r = -0.76), which is a moderate negative correlation.
The similarity between the results from Tirana and
Skopje can be explained by the geographical closeness
between the two cities, although the cities have different
climates, they have similar population rates, and both
cities have bad air quality due to some anthropogenic
factors such as urbanization and residential heating. In
all of the researched areas, the correlation between PM, |
and air temperature was negative.

Skopje indicated a weak negative correlation between
PM,, and precipitation (r = -0.19), suggesting that
rainfall marginally helps reduce PM, levels by washing
particles out of the air. In comparison, regions like Pune
(r = -0.17) and Moldova (r = -0.06) show similar weak
negative correlations. In contrast, Transylvania (r = 0.34)
shows a moderate positive correlation, which is unusual
since rainfall typically reduces particulate matter.
This discrepancy may be related to local factors such as

soil composition or post-rain re-suspension of particles.
Other cities, such as Sosnowiec (r = 0.03) and Athens
(r = 0.17), also show weak positive correlations.

Considering the fact that relative humidity has
seasonal variability, which shapes the dynamics of
the local ecosystems, which then affects the urban life
quality [60], Skopje has a moderate positive correlation
between PM,  and relative humidity (r = 0.42).
As mentioned before, the Skopje basin has a lot of days
with fog, which suggests that in the winter period, the
fog could keep the PM,  pollutant longer in the air,
which could explain the positive correlation between
relative humidity and PM, .

This trend is mirrored in almost all of the researched
areas, for instance, regions like Izmir (r = 0.70), where it
was concluded that the RH affects the natural deposition
process of PM, , and Northern Thailand (r = 0.60), where
higher humidity is linked to higher PM,; levels. This
could be due to moisture facilitating the aggregation of
particles, increasing their size and concentration in the
air. However, in some cities such as Athens (r = 0.01)
and Istanbul (r = 0.01), the correlation is almost
negligible. In some studies, relative humidity has been
found to exhibit a negative correlation with PM,  levels
[61-63]. However, in locations such as Pune (r = -0.23)
and China (r = -0.18), the relationship is more varied,
displaying a weak inverse correlation.

The Pearson correlation between wind speed and
PM,, is generally negative, ranging from a moderate
negative correlation (r = -0.59) in Athens to a weak
positive correlation (r = 0.04) in Northern Thailand.
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In most of the studied areas, the correlation remains
negative, as observed in Skopje, where the correlation
coefficient is (r = -0.32).

We took into consideration the fact that the
relationship ~ between PM,;  concentrations  and
meteorological parameters differs between seasons, as
well as between years, i.e., have seasonal and annual
variation [64] and also the geographical position of the
region has a key role in the impact of the meteorological
parameters on PM,  as previously mentioned.

Comparing the seasonal differences, research made
in Shenyang, China, showed results where PM, had a
negative correlation with wind speed and air temperature
in autumn and winter, but no significant correlation in
spring and summer [48].

The very low number of MSE<0.0009 confirmed that
the model of MLR in this research is very well fitted,
which is complementary with a previous study about
the impact of meteorological factors on PM, in Kocaeli,
Turkey, where MSE varies from 0.00019 to 0.00086 [61].

The results of RMSE show a much lower value of
0.0006 and an excellently fitted MLR compared with
the results from Pune, India, where the RMSE = 20.5
[59].

Although, in the city of Skopje, air pollution is a
consequence of the geographical position, anthropogenic
factors such as high population density, urbanization
and the frequent usage of fossil fuels, in this paper
was also proved the contribution of the meteorological
parameters (air temperature, precipitation, wind speed
and relative humidity) on the concentration of PM, with
the correlation between all observed meteorological
parameters.

In future studies, these results could be combined
with other complementary methodologies like canonical
correlation analysis, which determines air temperature
as the best-correlated factor to PM, concentrations [65].

Conclusions

Air pollution is a significant problem in today’s city
of Skopje. A lot of factors cause the bad air quality,
which also has great consequences for the residents of
the city.

The Skopje basin is surrounded by mountains,
which entrap the pollution that is affected by insufficient
aerial circulation. The climate conditions, which are
characterized by frequent occurrences of fogs and
temperature inversions, worsen the air pollution.

To the mentioned geographical conditions, huge
contributors to the bad air quality are the anthropogenic
factors, which play a key role in the air pollution that
occurs during the winter, such as residential heating,
which is overall the main cause of the air pollution in
the city.

The results of the multilinear regression between the
meteorological parameters and PM,  showed that, mostly
in the researched areas, the meteorological parameters

were in negative correlation with PM,, except relative
humidity, which in the researched areas mostly had
positive correlation with PM, . The results showed that
in the city of Skopje, as the air temperature lowers, the
PM,; values go higher, i.e., the air quality worsens as
a consequence of frequent use of non-environmentally
friendly ways of residential heating. Precipitation
and wind speed also have a negative correlation with
PM,,. Although the correlation between precipitation
and wind speed is not significant it also showed that
precipitation and wind speed can have an impact on
the concentrations of PM,, which can be explained
with the fact that wind speed and direction significantly
influence local microclimates, thermal comfort and air
quality [28] where stronger winds help disperse airborne
pollutants, thus lowering PM,; levels, while rainfall
cleans the air by washing away particulate matter.
Humidity is positively correlated with PM, as a result
of the frequent days with fog, which can be explained by
the fact that the fog entraps the PM,

The methodology in this paper is complementary
to many studies that explored the correlation between
meteorology and PM  in many urban cities. It can be
concluded that variations in correlation may arise
due to differences in climate, geographical location,
topography, and socio-economic factors in the region.
The strong negative correlation between air temperature
and PM,  concentrations may be influenced not only
by meteorological conditions but also by seasonal
variations in emissions, such as increased heating-
related pollution in colder months. This highlights the
need for a more comprehensive analysis incorporating
emission inventories to distinguish meteorological
effects from anthropogenic influences. Additionally,
the positive autocorrelation (DW = 0.587) suggests that
PM,, levels exhibit temporal dependencies, meaning
past concentrations may influence future values.
This indicates that traditional regression models may
not fully capture the underlying patterns, and more
advanced time-series or non-linear modeling approaches
could improve predictive accuracy.

This study could be extrapolated to all Balkan
capitals in order to investigate the main causes for air
pollution, since the Balkan Peninsula, as a geographical
region, has the most polluted air in Europe.

Conflict of Interest

The authors declare no conflict of interest.

References

1. ZHANG R., WANG G., GUO S., ZAMORA M.L., YING
Q., LIN Y., WANG W., HU M., WANG Y. Formation of
Urban Fine Particulate Matter. Chemical Reviews. 115
(10), 3803, 2015.

2. BRUNEKREEF B., HOLGATE S.T. Air pollution and
health. The Lancet. 360 (9341), 1233, 2002.



Meteorological Parameters versus PM ..

3833

10.

11.

12.

13.

14.

15.

16.

17.

YU Y., JIAYING W., JIASHU Y., HONGQUAN C., MIN
L. Spatial and Temporal Distribution Characteristics
of PM,, and PM in the Urban Agglomeration of
China’s Yangtze River Delta, China. Polish Journal of
Environmental Studies. 28 (1), 445, 2019.
MAYER H. Air pollution in cities.
Environment. 33 (24-25), 4029, 1999.
UNEP. Air pollution in the Western Balkans. Available
online: https://zoinet.org/wp-content/uploads/2022/02/
Pollution-Balkans-EN2.pdf (accessed on 10.07.2024).
MANEVSKA E., DIMITROVSKA O., RADEVSKI
I. Analysis of the concentrations of PM, and PM,
particles in the air in the city of Skopje and their impact on
its quality. Geographical Reviews. 53, 65, 2020.

JIN X., JINGSEN F., HONGYA N., PEI L., QIANQIAN
Y. Analysis of Sources and Concentrations of Heavy
Metal Contents in PM,j over a Four-Season Cycle in a
Heavily Industrialised City in China. Polish Journal of
Environmental Studies. 28 (5), 3227, 2019.

SUN R., NA T., ZHIJUN C., XIAOWEI G., LIANHONG
Z., JUNHUA Z. Effects of Meteorological Factors and Air
Pollutants on Tuberculosis Incidence: A Distribution Lag
Non-Linear Analysis. Polish Journal of Environmental
Studies. 34 (3), 3269, 2025.

AVIS R. Causes and Consequences of Air Pollution in
North Macedonia. Available online: https:/mvdsi.seeu.
edu.mk/papers/K4D NM2.pdf (accessed on 27.08.2024),
2022.

WORLD BANK. Air Pollution Management in North
Macedonia.  Available  online:  https:/documentsl.
worldbank.org/curated/en/116521576516981237/pdf/Air-
Quality-Management-in-North-Macedonia.pdf  (accessed
on 01.06.2024).

EUROPEAN COMMISSION, CORDIS. Air pollution
in Skopje: how citizens spurred policymakers towards
the change. Available online: https:/cordis.europa.eu/
article/id/413275-air-pollution-in-skopje-how-citizens-
spurred-policymakers-towards-the-change (accessed on

Atmospheric

08.06.2024).
MARTINEZ G., SPADARO J, CHAPIZANIS D.
KENDROVSKI V., KOCHUBOVSKI M. MUDU

P. Health Impacts and Economic Costs of Air Pollution in
the Metropolitan Area of Skopje. International Journal of
Environmental Research and Public Health. 15 (4), 626,
2018.

CEE INSTITUTE. Macedonia Social briefing: Air
Pollution Crisis in Macedonia: Sources, Public Reaction
and Policy Responses. Available online: https://china-cee.
eu/2018/02/19/macedonia-social-briefing-air-pollution-
crisis-in-macedoniasourcespublic-reaction-and-policy-
responses/ (accessed on 04.06.2024).

ECOHUBMAP. Air pollution in Skopje, North
Macedonia, Available online: https://www.ecohubmap.
com/hot-spot/air-pollution-in-skopje-north-
macedonia/9mwrOmml9f94w25 (accessed on 11.02.2024).
GUR E., PALTA S., OZEL B.H., VAROL T., SEVIK H.,
CETIN M., KOCAN N. Assessment of Climate Change
Impact on Highland Areas in Kastamonu, Turkey.
Anthropocene. 46 (1), 100432, 2024.

BEZANOVIC V., MLADENKA N., DUSAN M., ZORAN
C., DRAGAN A. Effects of the COVID-19 Quarantine
Measures on PM, ;, PM,; and NO, Concentration Levels
in Serbia. Polish Journal of Environmental Studies. 31 (4),
3509, 2022.

TRPEVSKA-TRAJKOVSKA M., STEFANOVA E. The
influence of domestic fireplaces on air quality. Techolab

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

DOO Skopje, Proceedings - Macedonian Academy of
Sciences and Arts, 2019 [In Macedonian].

. PEREZ 1.A.,, GARCIA A., SANCHEZ L., PARDO N,

FERNANDEZ-DUKUE F. Key Points in Air Pollution
Meteorology. International Journal of Environmental
Research and Public Health. 17 (22), 8349, 2020.
GUTTIKUNDA S.K., GURJAR B.R. Role of meteorology
in seasonality of air pollution in megacity Delhi,
India. Environ Monit Assess. 184, 3199, 2011.

LIU Y., ZHOU Y., LU J. Exploring the relationship
between air pollution and meteorological conditions
in China under environmental governance. Scientific
Reports. 10, 14518, 2020.

FINNISH METEOROLOGICAL INSTITUTE,
MINISTRY OF ENVIRONMENT AND PHYSICAL
PLANNING. Air quality improvement plan for Skopje
agglomeration. Available online: https:/www.eeas.europa.
eu/sites/default/files/activity 3.2 benchmark 3.2.1
skopje_air_quality improvement plan.pdf (accessed on
14.07.2024).

KIRESOVA S., GUZAN M. Determining the correlation
between particulate matter PM10 and meteorological
factors. Eng. 3 (3), 343, 2022.

JIANG B., SUN C., MU S., ZHAO Z., CHEN Y., LIN
Y., QIU L., GAO T. Differences in Airborne Particulate
Matter Concentration in Urban Green Spaces with
Different Spatial Structures in Xi’an, China. Forests. 13
(1), 14, 2022.

YANG H., PENG Q., ZHOU J., SONG G., GONG X. The
Unidirectional Causality Influence of Factors on PM,
in Shenyang City of China. Scientific Reports. 10, 8403,
2020.

KIM M.J. Changes in the Relationship between Particulate
Matter and Surface Temperature in Seoul from 2002-2017.
Atmosphere. 10 (5), 238, 2019.

LUO H., ZHOU W, JISKANI .M., WANG Z. Analyzing
Characteristics of Particulate Matter Pollution in Open-Pit
Coal Mines: Implications for Green Mining. Energies. 14
9), 2680, 2021.

SOHRAB S., CSIKOS N. SZILASSI P. Effect of
geographical parameters on PM10 pollution in European
landscapes: a machine learning algorithm-based
analysis. Environmental Sciences Europe. 36 (1), 152,
2024.

CETIN Z.I. Wind Speeds of Bartin. Impacts of Climate
Change and Settlements. Menba Journal of Fisheries
Faculty. 10 (3), 223, 2024.

LAZARESKA M., MARKOSKI B. Chronology of the
urban expansion of Skopje, Acta Geobalcanica. 5-2, 57,
2019.

STATE STATISTICS OFFICE OF THE REPUBLIC OF
MACEDONIA. Census of the population, households and
apartments in the Republic of North Macedonia. Available
online: https:/www.stat.gov.mk/pdf/2022/2.1.22.10-mk-en.
pdf (accessed on 17.11.2023) [In Macedonian].
KILICOGLU C., CETIN M., ARICAK B., SEVIK H. Site
selection by using the multi-criteria technique — a case
study of Bafra, Turkey. Environmental Monitoring and
Assessment. 192 (9), 608, 2020.

LEAP OF THE CITY OF SKOPJE (2020-2026),
Skopje. Available  online: https://skopje.gov.mk/
media/6058/leap-2020-2026.pdf (accessed on 18.11.2023)
[In Macedonian)].

LAZAREVSKI A. Climate in Macedonia. 1st ed.;
Publisher: Kultura Skopje, North Macedonia, pp. 253,
1993 [In Macedonian)].



3834

Emilija Manevska, et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

MINISTRY OF ENVIRONMENT AND PHYSICAL
PLANNING. Available online: https:/air.moepp.gov.
mk/?page id=118 (accessed on 23.11.2023), 2023.
EUROPEAN COMISSON. Available online: https:/
environment.ec.europa.eu/topics/air/air-quality/eu-air-
quality-standards_en (accessed on 25.04.2024).

WHO. What are the WHO Air quality guidelines?
Available online: .https://www.who.int/news-room/feature-
stories/detail/what-are-the-who-air-quality-guidelines
(accessed on 27.06.2024).

SHAPIRO S.S., WILK M.B. An Analysis of Variance Test
for Normality (Complete Samples). Biometrika, 52 (3/4),
591, 1965.

BOX G.EP, COX D.R. An Analysis of
Transformations. Journal of the Royal Statistical Society.
Series B (Methodological). 26 (2), 211, 1964.

TRANMER M., MURPHY J., ELLIOT M., PAMPAKA
M. Multiple Linear Regression, 2nd ed.; Publisher: Cathie
Marsh Institute, Manchester, UK, pp. 59, 2020.
BOUNAKHLA Y., ABDELFETTAH B., FRANCESCA
C., MOUNIA T., BASSMA E.G, EL K.E.H., FATIHA Z.,
MOUSSA B. Overview of PM,, PM, ;and BC and their
dependent relationships with meteorological variables in
an urban area in Northwestern Morocco. Atmosphere. 14
(1), 162, 2023.

CAMPBELL M.J.,, SWINSCOW T.D.V. Statistics at
square one, 11th ed.; Publisher: John Wiley and Sons Ltd
Publication, Chichester, UK, pp. 193, 2009.

FROST J. Regression Analysis: An Intuitive Guide for
Using and Interpreting Linear Models, 1st ed.; Publisher:
Jim Publishing, Costa Mesa, CA, USA, pp. 340, 2019.
CUEVAS A., FEBRERO M., FRAIMAN R. An anova
test for functional data. Computational Statistics and Data
Analysis. 47 (1), 111, 2004.

JIE L., HOU K., WANG X., YANG P., Temporal-Spatial
Variations of Concentrations of PM, and PM, ,in Ambient
Air. Polish Journal of Environmental Studies. 25 (6), 2435,
2016.

MOORE D.S. The basic practice of statistics, 9th ed.;
Publisher: W. H. Freeman, New York, USA, pp. 800, 2004.
LEE S., HO CH., CHOI Y.S. High-PM,; concentration
episodes in Seoul, Korea: Background sources and related
meteorological conditions. Atmospheric Environment. 45
(39), 7240, 2021.

KAYES I, SHAHRIAR S.A., HASAN K., AKHTER M.,
KABIR M.M., SALAM M.A. The relationships between
meteorological parameters and air pollutants in an urban
environment. Global Journal of Environmental Science
and Management. 5 (3), 265, 2019._

LIX.,MAY., WANG Y., LIU N., HONG Y. Temporal and
spatial analyses of particulate matter (PM,; and PM, ) and
its relationship with meteorological parameters over an
urban city in northeast China. Atmospheric Research. 198,
185, 2017.

HYSENAJ M., DURAJ S. Spatiotemporal variations
of particulate matter in Tirana. Journal of Ecological
Engineering. 22 (11), 209, 2021.

ADAMEK A., ZIERNICKA-WOJTASZEK A. Comparison
of regression models of PM10 particulate concentration in
relation to selected meteorological elements based on the
example of Sosnowiec, Poland. Id6jaras/Quarterly Journal
of the Hungarian Meteorological Service. 123 (1), 127.
2019.

BIRIM N.G., TURHAN C., ATALAY A.S., AKKURT
G.G. The Influence of Meteorological Parameters on PM,:

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

A Statistical Analysis of an Urban and Rural Environment
in [zmir/Tirkiye. Atmosphere. 14 (3), 421, 2023.
FERENCZI Z., IMRE K., LAKATOS M., MOLNAR A.,
BOZO L., HOMOLYA E., GELENCSER A. Long-term
Characterization of Urban PM,  in Hungary. Aerosol and
Air Quality Research. 21, 210048, 2021.
VARDOULAKISA S., PAVLOS K. Sources and factors
affecting PM, | levels in two European cities: Implications

for local air quality management. Atmospheric
Environment. 42 (17), 3949, 2008.
UNAL Y.S., TOROS H. DENIZ A., INCECIK S.

Influence of meteorological factors and emission sources
on spatial and temporal variations of PM, concentrations
in Istanbul metropolitan area. Atmospheric Environment.
45 (31), 5504, 2021.

BODOR Z., BODOR K., KERESZTESI A. SZEP R.
Major air pollutants seasonal variation analysis and long-
range transport of PM,  in an urban environment with
specific climate condition in Transylvania (Romania).
Environmental Science and Pollution Research. 27, 38181,
2020.

SIRITHIAN D, THANATRAKOLSRI P. Relationships
between  Meteorological —and  Particulate = Matter
Concentrations (PM, ;and PM, ) during the Haze Period in
Urban and Rural Areas, Northern Thailand. Air, Soil and
Water Research. 15, 2022.

NISTOR A., NISTOR B., MIHAILA D., BISTRICEAN
P-A. Atmospheric levels of PMI10 in relation to
meteorological elements. Case study: Moldova Region,
Romania. Georeview. 33 (2), 95, 2023.

LIU Y., ZHOU Y. LU J. Exploring the relationship
between air pollution and meteorological conditions
in China under environmental governance. Scientific
Reports. 10, 14518, 2020.

YADAV S., PRAVEEN O.D., SATSANGI P.G. The effect
of climate and meteorological changes on particulate
matter in Pune, India. Environmental Monitoring and
Assessment. 187, 1, 2015.

CETIN Z.1. The effects of Sinop province relative humidity
values on bioclimatic comfort and urban and landscape
planning. Journal of Design for Resilience in Architecture
and Planning. 5 (3), 401, 2024.

OZDEMIR U., TANER S. Impacts of meteorological factors
on PM,: Artificial neural networks (ANN) and multiple
linear regression (MLR) approaches. Environmental
Forensics. 15 (4), 329, 2014.

KLIENGCHUAY W, WORAKHUNPISET S.,
LIMPANONT Y., MEEYAI A.C., TANTRAKARNAPA
K. Influence of the meteorological conditions and some
pollutants on PM,  concentrations in Lamphun, Thailand.
Journal of Environmental Health Science and Engineering.
19, 237, 2021.

COSKUNER G., SASSIM M.G, MUNIR S.
Characterizing temporal variability of PM, /PM, ratio
and its relationship with meteorological parameters in
Bahrain, Environmental Forensics. 19 (4), 315, 2018.
MALTAREN.N., VAHORA S., ANI K. Seasonal analysis of
meteorological parameters and air pollutant concentrations
in Kolkata: An evaluation of their relationship. Journal of
Cleaner Production. 436, 140514, 2024.

SHIHAB A.S. Investigating the relationship between
air pollutants and meteorology: A canonical correlation
analysis. Polish Journal of Environmental Studies. 31 (6),
5841, 2022.



