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Abstract

Forecasting air pollution in big cities is of great importance, and there are vari-

ous types of air pollution indices (APIs). In the present study, the level of air

pollution in winter 2011 at four point-locations in Belgrade, Serbia, was mea-

sured using wind speed data and non-standard and standard air temperature

data, measured at 10 and 2 m, respectively. Using multiple linear regression

(MLR) analysis, equations to forecast the API were obtained. This forecast was

verified using data from the winter of 2012/2013. The results obtained are well

aligned with the monitored API and verified by the root mean square error

(RMSE). It is shown that standard meteorological measurements representa-

tive of the city can accurately predict the API at individual point-locations as

well as using temperature and wind speed measured at each respective loca-

tion. Three locations, which measured SO2, NO2, PM10, O3 and CO, showed

poor air quality for > 78% of days observed. For the fourth location, the final

estimate of prevailing air quality could not be calculated due to the absence of

PM10 measurements. Forecasting the API on a short-term scale can be of great

help for long-term air-quality improvements.
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1 | INTRODUCTION

Nowadays more than half the human population lives in
urban areas. According to the 2018 Revision of the World
Urbanization Prospects (UN, 2018), 4.2 billion people live
in urban areas, with an expectation of 68% of all mankind
living in cities by 2050. Consequently, the number of
vehicles in cities will increase, as well as the concentra-
tion of air pollutants. This means that the unfavourable
effects of air pollution will impact an increasingly large
portion of the human population, causing multiple
health problems, such as cardiovascular disease, lung

cancer and acute respiratory infections (Kampa and
Castanas, 2008). Anderson (2009) correlated an episode
of heavy air pollution in London in 1952 with excess
deaths. Within three weeks of this episode, there were
more than 4,000 deaths. Because influenza was not prev-
alent during that period, it was concluded that the cause
of these deaths was due to air pollution. Gurjar
et al. (2010) evaluated the health risks in megacities due
to air pollution and concluded that South Asian mega-
cities have high health risks due to high concentrations
of total suspended particulates, which are more damag-
ing to health than gaseous pollutants. Kampa and
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Castanas (2008, 362) stated that “short- and long-term
exposures have also been linked with premature mortal-
ity and reduced life expectancy”. The World Health Orga-
nization (WHO) concluded that air pollution causes
disease and more than 2 million premature deaths
(WHO, 2006) each year. Hence, many cities monitor air
quality at several locations, particularly near crowded
traffic lines.

Numerous studies have examined the relationship
between urban air pollution and meteorological vari-
ables (Yadav et al., 2016; Squizzato et al., 2017; Zhang
et al., 2017a) and several air-quality indices are in use
(Stieb et al., 2012). Their common objective is to facili-
tate the interpretation of air quality and to help the gen-
eral public adjust to changes in air quality. Plaia and
Ruggieri (2011) reviewed several air pollution indices
(APIs). Cogliani (2001) developed an API for the pur-
pose of forecasting air pollution for the next day in three
cities in Italy. Deniz Genc et al. (2010) used and calcu-
lated the APIs for 10 stations in Ankara, Turkey. Kumar
and Goyal (2011) used a principal component regression
technique for short-term daily forecasts of API in Delhi,
India.

However, there is not a lot of this kind of research
in Serbia. Lazi�c et al. (2016) conducted one study for
the most populated city in Serbia: Belgrade. They used
the Operational Street Pollution Model
(Berkowicz, 2000) to measure the air pollution within
the urban city canyon. However, their study was lim-
ited to a 10 week period in summer when pollution is
generally less intense as compared with the cold part
of the year. Vujovi�c and Todorovi�c (2017) assessed
emissions of different pollutants released by air traffic
along with weather conditions over a period of eight
years. They concluded that “the number of days with
poor air quality increased during the cold part of year,
especially during anticyclones when temperature
inversions form near the surface” and wind speeds are
low (p. 93); consequently, emitted pollutants are not
adequately dispersed. During the cold part of the year,
high pressure, light winds, temperature inversions up
to 700 or 1,000 m in height, fog and drizzle are com-
mon conditions in Belgrade. These are the most
unfavourable weather conditions from the standpoint
of local air quality. This weather situation can last for
days, bringing warnings of excessive air pollution and
providing the motivation for this research.

Both emissions of pollutants and meteorological fac-
tors determine air quality at point-locations in a city. The
goal of this research was to find an appropriate way to
forecast the level of air pollution in Belgrade on a short-
term scale. In that way, city authorities would have
enough time to act regarding the improvement of air

quality at locations of concern in the city, and conse-
quently protect the health of the citizens.

2 | MATERIALS AND METHODS

2.1 | Data source

Belgrade is the capital of Serbia. According to the Census
Atlas (2014), Belgrade has 1,659,440 inhabitants
(513 inhabitants�km–2). In the last 30 years, it has experi-
enced rapid urbanization. As a result of the increase in
the number of inhabitants, the number of motor vehicles
more than doubled from 292,449 in 1985 to 595,053 in
2014 (source: Institute for Informatics and Statistics of
the City of Belgrade). The major sources of air pollution
in Belgrade are electricity production, heating and indus-
try; for oxides of nitrogen, the major source is traffic
(EIS, 2012, 2013).

The Environmental Protection Agency of Serbia, a
division of the Ministry of Environmental Protection
of the Republic of Serbia, provided the data for air
pollution used in the present study. Data were mea-
sured at four automatic stations situated in residential
areas in Belgrade: Novi Beograd, Stari Grad, Mostar
and Vračar (Figure 1). These four stations fall under
the local network of stations for air-quality monitor-
ing in Belgrade. The locations of the stations are
shown in Figure 1. Stations Mostar and Vračar are
located near crowded motorways. Stari Grad is in the
old city centre with a high number of individual
heating system units (as well as Vračar), while Novi
Beograd is in the new part of the city, with high build-
ings, a flat terrain and heavy traffic. Table 1 displays
the coordinates, latitudes and longitudes as well as the
elevations of the stations.

All stations measured hourly concentrations of sul-
phur dioxide (SO2), nitrogen dioxide (NO2), coarse partic-
ulate matter (PM10), ozone (O3) and carbon monoxide
(CO), with the exception of Vračar station, which did not
measure PM10 concentrations. An expert team from the
Environmental Protection Agency conducted a logical
control of the data. All the stations provided meteorologi-
cal measurements as well as hourly values of air tempera-
ture (non-standard measurements) and wind speed, both
at 10 m height.

However, we had and the standard meteorological
measurements of hourly values of air temperature at 2 m
height as well as wind speed at 10 m height . The source
of these meteorological data was Belgrade Meteorological
Observatory (BMO) at Karađorđev Park, which falls
under the network of synoptic stations of the Republic
Hydrometeorological Service of Serbia, which is by its
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status a location representative of Belgrade city. The loca-
tion of BMO is also shown in Figure 1.

The analyser GRIMM EDM 180 aerosol spectrometer
was used to measure PM10, while the Teledyne analysers
measured the other pollutants. The Teledyne API model
100E gas analyser measured SO2 concentrations, which
were determined by measuring the fluorescence of SO2 at
a wavelength of 330 nm. The Teledyne API Model 200A
gas analyser measured the concentration of nitrogen
oxides using the chemiluminescence detection of NO2.
The model T300M CO analysers measured the concentra-
tion of CO using non-dispersive infrared spectroscopy.
The API model 400 A ozone analyser was used to com-
pare the light absorption of the sample air with the light
absorption of the sample scrubbed to remove the O3. The
concentration of O3 was then calculated using the Beer–
Lambert Law.

The period selected for all stations was winter because
of its high air pollution. The two different halves of

winter were studied: January–March and October–
December 2011. Due to inoperative equipment at Mostar
station, the first winter was limited to March. For verifi-
cation of the obtained results, data from the winter
2012/2013 were used.

2.2 | Calculating the air pollution
index (API)

On a daily basis, the API of a single station is derived
from hourly measured concentrations of air pollutants.
Air Protection Law Regulation (2010) prescribes daily
threshold and tolerance levels for SO2, NO2, PM10 and
CO concentrations. Law Order (2006) prescribes the daily
threshold level of O3. Its daily tolerance level is consid-
ered to be equal to the threshold. The tolerance level is a
threshold raised by the tolerance threshold, that is, the
percentage of excess allowed above the threshold under

FIGURE 1 Locations of the

automatic stations for air quality

monitoring in Belgrade, Serbia

TABLE 1 Description of four monitoring stations in Belgrade

Station Type
Measured
pollutants Observation Longitude Latitude

Elevation
(masl)

Novi
Beograd

Residential SO2, NO2, PM10,
O3, CO

January–March, October–December
2011; winter 2012/2013

44 � 48 0 11
0 0 E

20 � 24 0 0
0 0 N

74

Stari Grad Residential SO2, NO2, PM10,
O3, CO

January–March, October–December
2011; winter 2012/2013

44 � 49 0 16
0 0 E

20 � 27 0 32
0 0 N

103

Mostar Urban
traffic

SO2, NO2, PM10,
O3, CO

January–March, October–December
2011; winter 2012/2013

44 � 47 0 55
00 E

20 � 27 0 0
0 0 N

83

Vračar Urban
traffic

SO2, NO2, O3,
CO

March, October–December 2011; winter
2012/2013

44 � 470 49
0 0 E

20 � 28 0 31
0 0 N

141
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prescribed conditions. The threshold is the highest con-
centration allowed for the air pollutant in order to avoid
harmful effects on human health and the environment.
According to pollutant thresholds and tolerances, air
quality is defined as good (clean or slightly polluted air),
acceptable (moderately polluted) or poor (over-polluted
air) (Table 2). Air quality is considered poor if only one
pollutant's concentration exceeds its tolerance at any
given station.

The concentrations of five air pollutants were mea-
sured at Novi Beograd, Stari Grad and Mostar stations.
Following Cogliani (2001), if the concentration of a sin-
gle pollutant was low, the score was 1; if the concentra-
tion was acceptable, the score was 6; and if the
concentration was high, the score was 31. Numerical
scores of one, six and 31 were selected to avoid super-
posing of the scores. If the concentration was missing,
the score was 0. According to the criteria presented in
Table 2, a capital letter indicates the air quality at a
given station with “G” for good air quality, “A” for
acceptable and “P” for poor. For all five pollutants:
5 was good air quality, 10–30 were acceptable air qual-
ity and 35–155 were poor air quality.

Subsequently, new numerical values were attributed
to each station to represent the station's daily API. When
the air quality score was good, the station index was
attributed the value of 0. For an acceptable air quality
score, the station index was attributed the value of
1. When the air quality score was poor, the station index
was attributed the value of 2.

The method was the same for Vračar station at which
four air pollutant concentrations were measured. PM10

data were not collected at this site, so there is a slight dif-
ference in the total score compared with the other sta-
tions. Because of this, a score of 4 represents good air
quality, 9–24 is acceptable and 34–124 when air quality
was poor.

Each API calculated with this method was dependent
on the number of air pollutants measured. If the number
of air pollutants differed from station to station, the sta-
tions’ APIs were not comparable. This means that
Vračar's API could not be compared with the indices of
the other three stations due to the absence of PM10 mea-
surements at Vračar.

2.3 | Selection of the correlation
variables

The selection of correlation variables was made according
to the method, analysis and results provided by
Cogliani (2001) and Genc et al. (2010), as well as data
from the local network for automatic air quality monitor-
ing and BMO. Three independent variables were selected:
diurnal temperature range (ΔT), daily average wind
speed (Vav) and the previous day's API (Id–1). ΔT is the
difference between daily maximum and minimum tem-
peratures. Although the relation between ΔT and human
health and mortality is well documented (Ge et al., 2013;
Zhang et al., 2017b), the present understanding of the
relation between ΔT and air pollution can be improved.
The API derived from the previous day's concentrations
is justifiably used as the basis for estimations of the cur-
rent day's air quality (Cogliani, 2001; Deniz Genc et al.,
2010; Kumar and Goyal, 2011), and it was shown to be a
reasonably good replacement for motor vehicle traffic
intensity, which produced the air pollution
(Cogliani, 2001). A station's daily API is a dependent vari-
able calculated from measured or forecasted independent
variables using multiple linear regression (MLR) analysis.
Relative humidity and total rainfall did not show statisti-
cally significant correlations with daily API, with excep-
tion of relative humidity for Vračar (significant at the
0.01 level).

2.3.1 | Multiple linear regression (MLR)

The MLR is a common variation of linear regression
(Wilks, 2006) in which there is a single predictand and
more than one predictor (in the present case, ΔT, Vav

and Id–1). Each predictor has its own coefficient. The
general form of the prediction equation with regression
coefficients illustrates the relation between the calcu-
lated station's daily API (Ic) and other variables:

Ic = aΔT + bV av + c Id – 1 + d ð1Þ

where Id–1 is the daily API obtained from the previous
day's concentrations of pollutants; ΔT is a diurnal

TABLE 2 Daily threshold and tolerance levels of the measured air pollutants

Air quality SO2 (μg�kg−1) NO2 (μg�kg−1) PM10 (μg�kg−1) CO (mg�kg−1) O3 (μg�kg−1)
Good < 125 < 85 < 50 < 85 < 5

Acceptable 85–125 50–75 5–10

Poor > 125 > 125 > 75 > 85 > 10

Note: Air Protection Law Regulation (2010).
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temperature range (�C); and Vav is daily average
wind speed (m�s−1). The regression constant
(or intercept) is denoted by d. The regression coeffi-
cients a, b, c, and the regression constant are often
called the regression parameters. They are calculated
by minimizing the sum of squared residuals. For this,
the statistical software SPSS (Statistical Package for
the Social Sciences), Version IBM SPSS was used. To
implement the MLR, the residuals should be nor-
mally distributed, the independent variables should
not be highly correlated with each other
(no multicollinearity) and variance of error terms

should be equally distributed. In order to check
whether the residuals of the regression follow a nor-
mal distribution, a normal predicted probability plots
was examined. A condition index > 15 can indicate
multicollinearity problem, while > 30 is a very strong
sign for problems with multicollinearity.

2.3.2 | Root mean square error (RMSE)

An API forecast was assessed by determining the mean
square error. Forecasted values deviate from observed

(a) (b)

(c)

(e)

(d)

FIGURE 2 Average monthly concentrations of measured air pollutants for 2011: (a) SO2, (b) NO2, (c) PM10, (d) O3 and (e) CO at the

Mostar, Novi Beograd, Stari Grad and Vračar stations
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APIs and the difference between them is residual. The
lower the RMSE, the better the API forecast. Thus, the
RMSE is a good measure of how accurately the model
predicts the variable.

2.3.3 | Pearson correlation

To find the degree of association between two variables,
the Pearson product-moment coefficient of linear

TABLE 3 Descriptive statistics of

monthly averaged concentration of

pollutants

SO2av (μg�m−3) Novi Beograd Stari Grad Mostar Vračar

Mean 17.6654 19.4222 25.2211 25.6318

Median 12.3615 17.7311 19.9362 19.331

Standard deviation 10.0085 9.5399 12.2725 15.0475

Sample variance 100.17 91.01 150.6136 226.4284

Minimum 8.8899 9.2163 12.5915 9.9658

Maximum 38.7426 36.6874 44.7371 50.4474

W/S ratio 4.36 3.98 3.55 5.06

NO2av (μg�m−3)

Mean 34.9165 35.2674 53.8133 39.9332

Median 36.0423 35.3263 54.8318 40.3472

Standard deviation 7.5097 7.4474 8.2250 6.3424

Sample variance 56.3952 55.4636 67.6502 40.2264

Minimum 24.2344 25.4637 31.1551 29.9063

Maximum 46.1327 45.0174 64.0899 49.6776

W/S ratio 1.90 1.77 2.06 1.66

PM10av (μg�m−3)

Mean 41.4680 50.6589 51.1623

Median 33.7361 43.9150 39.0666

Standard deviation 24.2359 27.8120 27.0814

Sample variance 587.3801 773.5078 733.4044

Minimum 16.7055 15.3077 25.9480

Maximum 87.1219 96.1473 98.7640

W/S ratio 5.21 6.28 3.81

O3av (μg�m−3)

Mean 47.7585 48.7141 27.0742 43.2783

Median 54.7722 55.4055 30.8182 51.0956

Standard deviation 19.1704 19.1433 13.6314 16.9479

Sample variance 367.5042 366.4661 185.8163 287.2301

Minimum 18.9107 16.1043 5.9841 16.4653

Maximum 72.7973 72.6932 43.7243 62.9677

W/S ratio 3.85 4.51 7.31 3.82

COav (mg�m−3)

Mean 0.6819 0.4527 0.8067 0.7357

Median 0.4051 0.3192 0.8295 0.6485

Standard deviation 0.4578 0.2950 0.3905 0.4224

Sample variance 0.2095 0.0870 0.1525 0.1784

Minimum 0.2601 0.1746 0.3173 0.2503

Maximum 1.5448 1.1074 1.5578 1.5166

W/S ratio 5.94 6.34 4.91 6.06

Note: W/S ratio = winter-to-summer ratio.
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correlation, or Pearson correlation, was used. It is
between –1 (a perfect negative linear relationship
between variables) and 1 (a perfect positive linear rela-
tionship). What is often lost sight of is that the correla-
tion coefficient does not provide any explanation about
the relationship between variables, at least in some physi-
cal or causative sense (Wilks, 2006). If the correlation
coefficient is > 0.5, the correlation is good.

3 | RESULTS AND DISCUSSION

3.1 | Seasonal variations in pollutant
concentrations

The analysis began by observing the behaviour of air
pollutants throughout the year. Average monthly con-
centrations obtained from hourly concentrations mea-
sured at four automatic air pollution monitoring
stations in Belgrade are displayed in Figure 2, with
descriptive statistics given in Table 3. Observed values
for pollutants SO2, PM10 and CO have variations,
ranging from summer lows to winter highs. The oppo-
site is the case for variations in O3, which range from
winter lows to summer highs. As for NO2, there are
no such specific seasonal differentiations. These sea-
sonal variations are in a tight relation with meteoro-
logical variables as well as with the number of motor
vehicles and combustion heating systems in opera-
tion. The winter heating season in Belgrade occurs
between mid-October and mid-April. Heating systems
are considered operationally inactive between mid-
April and mid-October. Therefore, winters are charac-
terized by greater emissions of air pollutants and spe-
cific meteorological conditions such as frequent
temperature inversions, lower mixing height and anti-
cyclonic atmospheric circulation. Air pollution con-
centration easily reaches peak values under
conditions of increased emissions and inadequate sur-
face level dispersion.

SO2 is a combustion product of fossil fuel. Its winter-
to-summer average monthly concentration ratios (W/S

TABLE 4 Correlation coefficients and statistical significance for all point-locations for: (a) January–March 2011 (for Mostar station only

March 2011); and (b) October–December 2011

Ic Ic Ic Ic

Novi Beograd p-value Stari Grad p-value Mostar p-value Vračar p-value

(a)

Ic 1.000 1.000 1.000 1.000

Id–1 0.419 0.000 0.439 0.000 0.291 0.060 0.513 0.000

Vav −0.320 0.001 −0.301 0.002 −0.600 0.000 −0.151 0.078

ΔT 0.343 0.001 0.272 0.005 0.517 0.002 0.526 0.000

(b)

Ic 1.000 1.000 1.000 1.000

Id–1 0.518 0.000 0.519 0.000 0.490 0.000 0.510 0.000

Vav −0.514 0.000 0.288 0.000 −0.358 0.000 −0.314 0.001

ΔT 0.377 0.000 −0.448 0.003 0.190 0.035 0.546 0.000

Note: Ic: calculated air pollution index (API); Id–1: previous day's API; Vav: daily average wind speed; and ΔT: diurnal temperature range.

TABLE 5 Point-location air quality percentages

Novi Beograd January–March 2011
October–
December 2011

Good 6.7 39.1

Acceptable 14.4 10.9

Poor 78.9 50

Stari Grad

Good 5.6 16.3

Acceptable 10 18.5

Poor 84.4 65.2

Mostar

Good 6.5 15.2

Acceptable 12.9 19.6

Poor 80.6 65.2

Vračar

Good 51.1 58.7

Acceptable 16.7 16.3

Poor 32.2 25
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ratio, the maximum concentration divided by the mini-
mum concentration), ranged from 3.5 to 5.1. All W/S
ratios are given in Table 3. Higher winter concentrations
are due to an increase in the number of active heating
units. Lower summer concentrations are due to the inac-
tivity of heating units and more favourable meteorologi-
cal conditions with less frequent temperature inversions.
A W/S ratio of 5.1 was obtained at Vračar station located
in a part of the city where the number of individual
households with heating system units is large compared
with parts of the city heated by city heating plants. The
smallest W/S ratio of 3.5 was obtained at Mostar station
(Figure 2a).

NO2is mostly attributed to motor vehicle exhausts.
The W/S ratios of average monthly concentrations ranged
from 1.6 to 2.1. As can be seen in Figure 2b, there are no
significantly differentiated winter highs or summer lows.
Still, higher concentrations measured during winter are
related to specific meteorological conditions. The highest
NO2 concentration was at Mostar station due to its loca-
tion near the highroad.

PM10 is a primary air pollutant considered to have
higher concentrations during winter due to home heating
and industrial enterprise. Average monthly W/S ratios
ranged from 3.8 (Mostar) to 6.3 (Stari Grad). Vračar sta-
tion lacks PM10 measurements. Three other station's

TABLE 6 Regression parameters for the equation Ic = a ΔT + b Vav + c I–1 + d for all stations

Temperature and wind measurement a b c d R2

Novi Beograd

January–March 2011 AS 0.024 −0.163 0.329 1.282 0.250

October–December 2011 0.051 −0.589 0.364 1.260 0.457

January–March 2011 BMO 0.036 −0.085 0.339 1.129 0.286

October–December 2011 0.061 −0.155 0.436 0.573 0.405

Stari Grad

January–March 2011 AS 0.022 −0.288 0.364 1.317 0.261

October–December 2011 0.033 −0.521 0.401 1.140 0.369

January–March 2011 BMO 0.023 −0.097 0.376 1.219 0.296

October–December 2011 0.041 −0.204 0.337 1.151 0.442

Mostar

March 2011 AS 0.040 −0.491 0.197 2.100 0.523

October–December 2011 0.014 −0.114 0.406 0.995 0.252

March 2011 BMO 0.015 −0.205 0.066 2.045 0.185

October–December 2011 0.033 −0.210 0.352 1.214 0.424

Vračar

January–March 2011 AS 0.097 −0.106 0.348 0.249 0.386

October–December 2011 0.108 −0.160 0.336 0.020 0.461

January–March 2011 BMO 0.081 −0.088 0.359 0.301 0.402

October–December 2011 0.110 −0.112 0.291 0.065 0.507

Note: AS: automatic station; and BMO: Belgrade Meteorological Observatory.

TABLE 7 Root mean square error

(RMSE) for the forecasted air pollution

index (API) for January–March and

October–December 2011

Ic_Vračar Ic_automat Ic_Vračar Ic_automat

January–March (only March for Mostar) October–December

Novi Beograd 0.469971 0.487065 0.681850 0.654319

Stari Grad 0.444235 0.455050 0.567146 0.602803

Mostar 0.462669 0.509612 0.564980 0.600544

Note: Ic_Vračar: API calculated using concentrations measured at automatic stations and meteoro-
logical data from Belgrade Meteorological Observatory (BMO) at Vračar; Ic_automat: API calcu-
lated using both concentrations and meteorological data measured at automatic stations.
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(a) (b)

FIGURE 3 Novi Beograd: (a) January–March and (b) October–December 2011

(a) (b)

FIGURE 4 Stari Grad: (a) January–March and (b) October–December 2011

(a) (b)

FIGURE 5 Mostar: (a) January–March and (b) October–December 2011
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measurements show well-differentiated winter highs and
summer lows (Figure 2c).

Surface O3 is not a primary air pollutant. It is consid-
ered a secondary photochemical air pollutant. Therefore,
as expected, winter lows and summer highs are well dif-
ferentiated due to changes in atmospheric circulation
and solar radiation (Figure 2d). Summer-to-winter aver-
age monthly concentration ratios ranged between 3.8
(Novi Beograd and Vračar) and 7.3 (Mostar). This indi-
cates higher values of surface-level O3 during summer
despite more favourable (from the standpoint of air qual-
ity) meteorological conditions such as thermal
convection.

CO is a fossil fuel combustion and motor vehicle
exhaust product. Therefore, average monthly concentra-
tions show well-differentiated winter highs and summer
lows (Figure 2e). Its W/S ratios ranged between 4.9
(Mostar) and 6.3 (Stari Grad).

3.2 | Correlation analysis

The Pearson correlation coefficients are given in Table 4.
Values were obtained from pollutant concentrations and
meteorological data measured at automatic stations and
analysed using the MLR. Values of statistical signifi-
cance led to the conclusion that the correlation between
dependent and independent variables could not be
ascribed to a series of random events.

The API was positively correlated to the ΔT for all
stations (with the exception of Stari Grad for October–
December 2011). A higher ΔT in winter reflects cloudless
weather conditions, usually with weak winds and the
occurrence of fog. That is a typical condition for air pollu-
tion increasement. The API was positively correlated

with the previous day's API, too, for all stations. It proved
to be the predictor most strictly correlated with the API,
except for Vračar, and for Mostar in January–March.
Only for Vračar, in both winter half-seasons, is the API
the best correlated with ΔT. Negative correlations were
established between the stations’ daily API and daily
average wind speed, which was expected considering the
wind's dispersion of air pollutants. The opposite was true
for Stari Grad for October–December 2011, at which time
the correlation was positive. The API is most strictly cor-
related with the wind speed only for Mostar (Table 4a).
This is a result of Mostar's location: its topography is
channelled in a south–east direction, which is the
direction of a strong local wind named koshava (košava
in Serbian), usually observed in coldest part of year
over a large part of Serbia (Romani�c et al., 2016;
Romani�c, 2019). Correlations showed high statistical
significance at 95% confidence intervals using the MLR
analysis. The only one that is not statistically signifi-
cant within a 95% confidence interval is that between
the API and Vav for Vračar, January–March 2011.
Meteorological variables that did not show a high cor-
relation with the API included relative humidity and
rain (Cogliani, 2001).

The Pearson correlation coefficients calculated for
pollutant concentrations measured at automatic sta-
tions and meteorological data measured at BMO are
similar or slightly better than previous ones (data not
shown).

3.3 | Observed air quality

The air-quality appraisal was determined at all four
point-locations. Table 5 displays the air quality (%) found

(a) (b)

FIGURE 6 Vračar: (a) January–March and (b) October–December 2011
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at these locations for specific periods. The air-quality
appraisals were performed in correlation with the
API dependant only on observed pollutant
concentrations.

Table 5 reveals the prevalence of poor air quality in
two winter seasons at stations Novi Beograd, Stari Grad
and Mostar. From the aspect of air pollution, January–
March was less favourable than October–December 2011
(84.4% of days observed), so the air quality at Stari Grad
was considered poor, followed by Mostar (80.6%) and
Novi Beograd (78.9%) in January–March. A final estimate
of prevailing air quality at point-location Vračar cannot
be given due to absence of PM10 measurements.

The air quality assessment combined with the
observed API results show that the area represented by
Stari Grad station is the most polluted among the

comparable three. The reason for that is the much larger
number of individual heating units and its low elevation.
Consequently, on cold winter days, temperature inver-
sions are frequent, as well as heavy fog (Veljovi�c
et al., 2015).

3.4 | Regression parameters

Linear regression equations were obtained for winter.
They were calculated for two cases: one with meteoro-
logical data measured at automatic stations; the other
with meteorological data measured in the standard
way, at BMO. The idea was to determine whether air
quality data at point-locations could be analysed using
meteorological data from a single, representative

FIGURE 7 Correlation plots between Ic_Vracar and I for all locations with correlation co-efficients
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station. Specific regression equations for all point-
locations are given in Table 6. The residuals are nor-
mally distributed, according to the normal predicted
probability plots. Collinearity check was performed
for all linear regression equations. The condition
index was far below 15 in all cases, so the absence of
multicollinearity was concluded.

3.5 | Air pollution forecast assessment

Using the data acquired by non-standard meteorologi-
cal measurements of the automatic stations for fore-
casting API and the data acquired by standard
meteorological measurements at BMO, the RMSE of
the two can be calculated and a conclusion rendered,
that is, data acquired by standard meteorological mea-
surements can be used for short-term forecasting of
API at point-locations. Table 7 shows the RMSE of the
API forecasted using standard meteorological mea-
surements from BMO located at Vračar, Ic_Vračar, and
the data from non-standard meteorological

measurements at automatic stations. The Ic_automat

RMSE for the API acquired from standard meteoro-
logical measurements at BMO is less than the API
RMSE acquired from the automatic station data at all
locations and time periods, except Novi Beograd in
October–December 2011. These results show that use
of meteorological data acquired by standard meteoro-
logical measurements (i.e. BMO data) from Vračar to
forecast API at all point-locations is justifiable.

Figures 3–6 display the three different APIs for the
observed time periods. I is the station's daily API
obtained from measured pollutant concentrations at
the automatic station; Ic_Vračar is the station's daily
API calculated from concentrations measured at the
automatic station plus meteorological data measured
at BMO; and Ic_automat is the station's daily API calcu-
lated from concentrations and meteorological data
measured at the automatic station. Both calculated
APIs follow the observed values very well. Figure 7
presents the correlation between Ic_Vračar and I for all
stations. The best fit was for Vračar, October–
December 2011, with a correlation coefficient of

TABLE 8 Correlation between I and Ic_automat and between I and Ic_ver

I � Ic_automat I � Ic_ver I � Ic_automat I � Ic_ver
January–March (only March for Mostar) October–December

Novi Beograd 0.484a (0.000) 0.590a (0.000) 0.673a (0.000) 0.168 (0.110)

Stari Grad 0.511a (0.000) 0.578a (0.000) 0.608a (0.000) 0.535a (0.000)

Mostar 0.502a (0.005) 0.436a (0.014) 0.609a (0.000) 0.511a (0.000)

Vračar 0.580a (0.000) 0.588a (0.000) 0.662a (0.000) 0.498a (0.000)

Notes: Numbers in parentheses are the significance.
aCorrelation is significant at the 0.01 level (two-tailed).
aIc_automat: air pollution index (API) calculated using both concentrations and meteorological data measured at automatic stations during the winter 2011; Ic_ver:

API forecasted from 2011 equations, but with 2012/2013 measured data from the automatic stations; and Ic_ver: API forecasted from 2011 equations, but with
2012/2013 measured data from the automatic stations.

TABLE 9 Correlation between I and Ic_Vračar and correlation between I and Ic_Vrver

I � Ic_Vračar I � Ic_Vrver I � Ic_Vračar I � Ic_Vrver
January–March (only March for Mostar) October–December

Novi Beograd 0.535a (0.000) 0.399a (0.000) 0.636a (0.000) 0.583a (0.000)

Stari Grad 0.544a (0.000) 0.481a (0.000) 0.664a (0.000) 0.657a (0.000)

Mostar 0.641a (0.000) 0.585a (0.001) 0.651a (0.000) 0.814a (0.000)

Vračar 0.634a (0.000) 0.497a (0.001) 0.712a (0.000) 0.695a (0.000)

Notes: Numbers in parentheses are the significance.
aCorrelation is significant at the 0.01 level (two-tailed).
aIc_Vračar: air pollution index (API) calculated using concentrations measured at automatic stations and meteorological data of Belgrade Meteorological
Observatory (BMO) at Vračar during winter 2011; and Ic_Vrver: API calculated using concentrations measured at automatic stations and meteorological data
measured at BMO from a 2012/2013 sample.
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0.712; the worst was for Novi Beograd, March 2011,
with a coefficient of 0.535.

3.6 | Verification

The calculated correlation between the station's daily API
obtained from measured concentrations of pollutant, I, and
the calculated daily API, Ic, was verified at all point-
locations and during all designated time periods using data
from winter 2012/2013. Namely, the requirement for using
the obtained equations for the forecasting of air pollution is
that the Ic calculated for one period should keep a similar
correlation with I when ΔT, Id–1 and Vav were measured
outside that period. Correlations between I and the daily
API forecasted from the 2011 Ic_automat (2011 coefficients
and data), and correlations between I and the API fore-
casted from 2011 coefficients and 2012/2013 data from auto-
matic stations, Ic_ver, are shown in Table 8. Comparing these
correlations, no relevant changes in their values are indi-
cated, except for station Novi Beograd for October–
December 2011. This confirms the validity of the correlation
equations obtained for the winter in 2011.

It can be concluded that the application of these
equations for forecasting API at these point-locations,
even when air pollution concentrations and meteorologi-
cal data were not measured for several periods in 2011,
was affirmed, except for station Novi Beograd for
October–December when the correlation coefficient was
substantially different.

However, the air pollution forecast assessment and
the RMSE affirmed the use of BMO data at all point-
locations to forecast the API, and made it necessary to
verify the validity of the correlation equations obtained
this way. The correlations were calculated between
I and Ic_Vračar (the station's daily API forecasted from
2011 automatic air pollution and BMO meteorological
data) and I and Ic_Vrver (the station's daily API fore-
casted from 2012/2013 automatic air pollution and
BMO data, using correlation co-efficients obtained from
the 2011 sample). Table 9 shows these results. The cor-
relation coefficients are similar and slightly higher for
winter 2011 as expected (with the exception of Mostar
in March), for which the coefficients in the MLR are
originally calculated. However, by comparing these API
correlations, the validity of the correlation equations
obtained from the 2011 sample can be affirmed.

4 | CONCLUSIONS

Combining air pollution concentrations and meteoro-
logical variables in relation to each other and using

statistical multiple linear regression (MLR) methods,
empirical equations for forecasting the air pollution
index (API) in areas represented by specific automatic
stations were obtained. Since the air temperature mea-
sured at the automatic stations was not obtained using
standard meteorological measurements (i.e. it was
measured at a height of 10 masl), Belgrade Meteorolog-
ical Observatory (BMO) data obtained by standard
meteorological measurements were used for the pur-
pose of API forecasting because these data are consid-
ered representative of the city of Belgrade. These data
were proven to produce slightly more precise APIs,
with lower root mean square errors (RMSEs). That
means measurements of temperature and wind speed
representative of the whole city of Belgrade, as well as
the use of temperature and wind speed data measured
at each respective station, can accurately predict the
API at individual monitoring stations. This may be
counterintuitive, but it is perhaps the most interesting
finding in the study.

Differences in correlation between the observed and
calculated API, I and Ic at different point-locations can be
ascribed to the location of the station, which should be
more or less representative of the surrounding area.
Technical issues such as equipment failure may also
affect the reliability of the measurements. In order to
improve the API forecasting, it is necessary to select sta-
tion locations wisely in order to monitor air quality effec-
tively and easily maintain equipment.

Using forecasted meteorological variables obtained
from numeric weather forecasting models enables the
forecasting of API. The API forecast can be used in efforts
to lower the concentration of air pollutants in certain
areas of the city and to protect citizens from unhealthy
air. Since motor vehicle traffic is a great source of air pol-
lution, practical use can be gained by regulating and
reducing the number of vehicles that circulate in certain
parts of the city when conditions unfavourable to human
health arise. During winters, when air pollution is
highest, API forecasting may encourage more ecological
solutions, leading to short- and long-term air-quality
improvements.
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Lazi�c, L., Aniči�c Uroševi�c, M., Miji�c, Z., Vukovi�c, G. and Ili�c, L.
(2016) Traffic contribution to air pollution in urban street can-
yons: Integrated application of the OSPM, moss biomonitoring
and spectral analysis. Atmospheric Environment, 141, 347–360.

Plaia, A. and Ruggieri, M. (2011) Air quality indices: A review.
Reviews in Environmental Science and Biotechnology, 10,
165–179. https://doi.org/10.1007/s11157-010-9227-2.

Romani�c, Đ., �Curi�c, M., Lompar, M. and Joviči�c, I. (2016) Contrib-
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APPENDIX

API = air pollution index
ΔT = diurnal temperature range
RMSE = root mean square error
MLR = multiple linear regression
BMO = Belgrade Meteorological Observatory
I = monitored air pollution index
Ic = calculated air pollution index
Id–1 = previous day's air pollution index

Ic_Vračar = API calculated using concentrations mea-
sured at automatic stations and meteorological data of
BMO at Vračar during winter 2011

Ic_automat = API calculated using both concentrations
and meteorological data measured at automatic stations
during winter 2011

Ic_Vrver = API calculated using concentrations mea-
sured at automatic stations and meteorological data mea-
sured at BMO from a 2012/2013 sample

Ic_ver = API forecasted from 2011 equations, but with
2012/2013 measured data from the automatic stations
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