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Abstract
Urban air quality is composed of a complex interaction of factors associated with anthropogenic emissions, atmospheric circulation,
and geographic factors; also, most of the urban pollution presents aerosols and trace gases toxic to human health and responsible for
damaged flora, fauna, and materials. The air quality system based on the state-of-the-art Weather Research and Forecasting model
coupled with chemistry (WRF-Chem) has been configured and designed forMacedonia. An extensive set of experiments have been
performed with different model settings to forecast simultaneously the weather and air pollution over Macedonia. For the present
work, a numerical simulation of extreme pollution episode over the urban area in Skopje has been simulated using 1-km WRF-
Chem model and a newly developed set of urban mobile emissions. The modeled results implied that the model is very sensitive to
the initial meteorological conditions, grid spacing, andmobile emissions. The results are validated against available observations for
meteorological fields and pollutant concentrations.While themodel forecasts with coarser horizontal grid resolution well fit with the
hourly values of some air quality monitoring stations, these experiments tend to underpredict the peak level of about 1250 μg/m3

evidenced at the air quality station BKarpos.^ AWRF-Chem 5-km simulation shows increased PM10 concentrations with a peak
value of about 1325 μg/m3 a few hours before the evidenced extreme concentration while 2.5-km grid run indicates the initial
accumulation of air pollution with relatively high concentration with peak PM10 on 5 February 2017 at 0100 UTC. The 1-kmmodel
configuration well captures the PM10 distribution over Skopje valley and the location and timing of the maximum measured air
pollution. The verification analysis indicates that the best performance in the sense of the correlation coefficient is achieved with the
5-km WRF-Chem v.3.91 forecast. Numerical simulations with coarser grid resolution show less confidence and lower CC. The
results suggest that model initialization and initial data using a mobile source emission provide a better quantitative assessment of
extreme air pollution in urban areas. Overall, the present case study shows that the WRF-Chem model has an acceptable perfor-
mance for meteorological variables as well as PM10 concentration over Skopje. This study provides a general overview of WRF-
Chem simulations and can serve as a reference for future air quality modeling studies.
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Introduction

The urban air quality has become one of the main concerns of
the local authorities of Macedonia cities due to the poor air
quality, especially during the winter season, where the pollu-
tion is higher causing a negative impact on human health
(Mindell and Joffe 2004). The problem associated with air
pollution is very complex as many factors contribute to in-
creases concentrations of the main pollutants (e.g., urbaniza-
tion, specific topography, emissions sources, environmental
factors, meteorology). The main pollutants emitted into the
atmosphere in urban areas such as Skopje are sulfur oxides
(SO2), nitrogen oxides (NOx), carbon monoxide (CO), and
particulate matter (PM/aerosols), mostly consisting of black
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carbon, sulfates, nitrates, and organic matter. From these rea-
sons, it is necessary to carry out advanced research based on
observational, theoretical, and modeling studies in the evalu-
ation and estimation of the impact of different emissions (an-
thropogenic, biogenic, and especiallymobile emissions) on air
pollutant concentrations in urban areas, since the urban
sources of variety of gaseous and particulate matters have
the largest contribution to anthropogenic emission (Seinfeld
and Pandis 1998). These chemical pollutants include primary
PM10 and PM2.5, which are directly emitted in the atmosphere
from various sources (e.g., road traffic, construction sites, soil
dust, fires, fuel consumption), and secondary PM, which is
formed in the atmosphere via chemical reactions in gas and
aqueous phases, leading to the oxidation of precursors such as
sulfur dioxide (SO2) and nitrogen oxides (NOx). The recent
economic developments in Macedonia and the increasing ur-
banization will potentially cause wide-ranging consequences
in terms of environmental and health problems in the urban
areas (especially in the city of Skopje).

Real-time forecast of urban air quality is a relatively new
discipline in atmospheric science and highly important to the
public as advanced information for both air quality and safety
assessment. The rapid computer development in the past years
allowed the use of advanced offline deterministic 3-D chemical
transport models (CTMs), leading to more accurate air quality
forecast, replacing the previous empirical and statistical approach
which has some limitations and misses to adequately represent
the physical and chemical processes of pollutants. Nevertheless,
thesemodels aremore expensive regarding the computation time
they consume; they show significant advances as they are capa-
ble of simulating the complex physical-chemical processes
(Zhang et al. 2012; Spiridonov et al. 2018).

Many of these were offline which implies that the CTM is
running after the meteorological simulations such as EMEP
(Simpson et al. 2012), SILAM (Sofiev 2000) (http://silam.fmi.
fi, AERMOD) (Cimorelli et al. 2004), TM5 (Krol et al. 2005),
CMAQ (Byun and Schere 2006; Matthias 2008), CHIMERE
(Bessagnet et al. 2008; Menut et al. 2014), LOTOS-EUROS
(Schaap et al. 2008), REMOTE (Langmann et al. 2008), and
ENVIRON (2011). The online coupled models have been
developed to better understand the physical-chemical process-
es of gas-phase species and particulate matter and are being
applied in different parts of the world (e.g., MCCM, Grell
et al. 2000; GATOR-GCMM, Jacobson 2001; Meso-NH-C,
Tulet et al. 2003; WRF-Chem, Grell et al. 2005; Enviro-
HIRLAM, Baklanov et al. 2008; GEMAQ, Kaminski et al.
2008; WRF-Chem-MADRID; Zhang et al. 2010). A more
detailed information regarding the strengths and constraints
of offline or online CTMs could be found in the studies by
Zhang (2008), Kukkonen et al. (2012), Grell and Baklanov
(2011), or Baklanov et al. (2014).

Here, we propose the air quality forecast and alert system
based on the WRF-Chem model with optimum settings

(meteorology and chemistry) and determined through exten-
sive testing, which best simulates both meteorological and air
quality available measurements. In the present study, we have
focused on the simulation of high PM10 episode that occurred
at nighttime between 4 and 5 February 2017. The evaluation
of modeled meteorological variables and PM10 concentration
is based on the comparison with ground-based observations of
various chemical species established by the Ministry of
Environment and Physical Planning (MOEPP). There are
many reasons for focusing on Skopje, such as rapid urbaniza-
tion and population of the city, complex topography of the
valley surrounded with the mountains where frequently, under
stable atmospheric conditions, winter fog and smog are com-
monly found with increased pollution accumulation, and mo-
bile traffic emissions which significantly increase the levels of
air pollutant concentrations well above the national ambient
air quality standard, especially for PM10 particulate matters.
The other reason arises from the fact that this is the first at-
tempt in developing of the air quality system based on WRF-
Chem model to simulate the urban air pollution across the
country of Macedonia and its major city, Skopje.

Design of the system

The organizational structure of the prototype of this system
depicted in Supplemental Material Fig. S1 includes four com-
ponents: meteorology, chemistry, emissions, and advanced air
quality visualization tool. The system is designed for regional-
and urban-scale air quality forecast. It incorporates the
Weather Research Forecast non-hydrostatic mesoscale model,
coupled with the chemistry model, emission data set, and the
air quality information module.

WRF meteorological model

The meteorological module is based on the Advanced
Research WRF (ARW) core developed by the NCAR
(Skamarock et al. 2008). The ARW is a non-hydrostatic me-
soscale model with a compressible equation on C-grid stag-
gering, using a terrain-following hydrostatic pressure-vertical
coordinate. It conserves mass, momentum, dry entropy, and
scalars using a flux-conserving form for all prognostic equa-
tions. The numerical methods utilize third-order Runge-Kutta
split-explicit time differencing, together with higher-order ad-
vection. The ARW supports a two-way interacting moving
nested grids and offers numerous physical packages. The
model uses WSM6 microphysics developed by Hong and
Lim (2006). The planetary boundary layer (PBL) parameteri-
zation scheme is based on Yonsei University (YSU) (Hong
et al. 2006). The land surface model (LSM) is according to
Chen and Dudhia (2001). The atmospheric shortwave and
longwave radiations were computed according to the scheme
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proposed by Dudhia (1989) and by the Rapid Radiative
Transfer Model (RRTM) scheme (Mlawer et al. 1997), respec-
tively. More about the technical details of the ARW system
could be found in Skamarock et al. (2005).

WRF-Chem model

The Weather Research and Forecasting model ARW is
coupled with chemistry (WRF-Chem), as an efficient and
flexible system for weather and air quality forecast in
Macedonia. WRF-Chem was developed at the NOAA/ESRL
(National Oceanic and Atmospheric Administration/Earth
System Research Laboratory). Detailed descriptions of the
model were given in Grell et al. (2005). Fast et al. (2006)
updated WRF-Chem by incorporating complex gas-phase
chemistry, aerosol treatments, and photolysis scheme. The
air quality component of WRF-Chem is fully consistent with
the meteorological component; both components use the same
transport scheme (mass and scalar preserving), the same hor-
izontal and vertical grids, the same physical schemes for
subgrid-scale transport, and the same time step for transport
and vertical mixing.

In our system, we have employed the last WRF-Chem
v.4.0 released at the NCEP in June 2018 as a basis for the
chemical transport forecast. The Regional Acid Deposition
Model version 2 (RADM2) chemical mechanism for gas-
phase chemistry schemes (Stockwell et al. 1990) is without
kinetic pre-processor (KPP). In addition, the present air qual-
ity modeling system includes also the Modal Aerosol
Dynamics Model for Europe (MADE), as aerosol mechanism
proposed by Ackermann et al. (1998), coupled with the
SORGAM (Secondary Organic Aerosol Model) parameteri-
zation (Schell et al. 2001) for PM10 simulations.

Emissions data setup

The urban air quality was derived from daily inventories built
in the emission pre-processor-denominated PREP-CHEM-
SRC. The PREP-CHEM-SRC is a tool developed to estimate
the emission fields of aerosols and trace gases from biomass
burning (by satellite observations and inventories), biogenic,
urban-industrial, biofuel use, and volcanic and agricultural
waste burning sources for regional and global transport
models based on available inventories and products (Freitas
et al. 2017). The main objective of PREP-CHEM-SRC is to
estimate the emission fields of the main trace gases and aero-
sols for use in atmospheric-chemistry transport models, such
as WRF-CHEM.

In this work, we used the global anthropogenic emission
data for gaseous species (CO2, CO, NOx = NO + NO2, SO2,
NH3) compiled and distributed by the Emission Database for
Global Atmospheric Research (EDGAR) system (http://www.
mnp.nl/edgar) (Olivier et al. 2005). The EDGAR-HTAP

project compiled a global emission data set with annual inven-
tories for CH4, NMVOC, CO, SO2, NOx, NH3, PM10, PM2.5,
BC, and OC and covering the period 2000–2005 for 10 ag-
gregated sectors and on a global 0.1° × 0.1° resolution. The
global emission data comes from the Reanalysis of the
Tropospheric (RETRO) (http://retro.enes.org) (0.50 × 0.50)
monthly 1960–2000 emission base and GOCART back-
ground emission data. The model uses anthropogenic emis-
sions from a number of global and regional inventories, bio-
mass burning emissions from the Global Fire Emission
Database, and biogenic emissions from Model of Emissions
of Gases and Aerosols from Nature (MEGAN). The detailed
description of the different emission datasets, model configu-
ration, and processes are described by Emmons et al. (2010).
This data set is inserted in PREP-CHEM-SRC to estimate the
emission fields over the user-specified simulation domain.
The novelty in the emission data setup is the development of
the mobile emission inventory in the urban areas in
Macedonia with special emphasis on Skopje city (the most
populated), as described above.

Urban mobile emissions

The novelty in the emission data setup is the development of
the method for the representation of the mobile emission in-
ventory in the urban areas in Macedonia, with special empha-
sis on Skopje city as the most populated. The mobile emission
implemented in the system represents an emission inventory
updated by the Ministry of Environmental and Physical
Planning (MOEPP). The data emissions distributed by the
GNFR sectors with a grid resolution of 0.1° × 0.1° lat/long
are part of the Central Data Repository of European
Environment Information (EIONET) and Observing
Network of Long-Range Transport and Pollution
Convention (CLRTAP). The inventory data set represents
emissions in kt (kilotons) per year for each grid cell by chem-
ical species (including CO and NOx). The emission rates and
the coordinates are positioned in the central point of each
given grid. Two approaches of the creation of mobile emission
data were used. The first set of emissions uses the gridded
mobile inventory data provided by the MOEPP with a resolu-
tion of 0.1° × 0.1° lat/long with a surface area of about
11.10 km × 8.539 km or 94.78 km2 approximately which cor-
responds at 40° latitude. The domain-averaged emission rates
of CO and NOx for the central point of each grid box are then
calculated by the given emission rates from the four adjacent
points, using a bilinear interpolation method.

The second one is developed for this study by creating
polygons of the major municipalities in Macedonia with def-
inition of exact boundaries and the total rural and urban sur-
face area km2 and estimation of the corresponding mobile
emissions rates of CO and NOx averaged over the selected
urban area.
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The configuration of the system

The system employed four single model configurations defined
on a Lambert projection. The basic numerical integration is per-
formed with 5-km horizontal grid resolution centered at 41.55°
N, 21.45° E (see Fig. 1a) and covers Macedonia, with parts of
Serbia, Bulgaria, Albania, and Greece. The grid network con-
tains 70 × 70 grid points in both the east-west and north-south
directions. The vertical grid in the model is composed of 35
levels from the surface to about 30 km with 10 levels within
1 km above the model surface. The three other configurations
are specified for sub-regions as the urban area of Skopje agglom-
eration (D2) with a very fine-grid spacing of 1 km and the ref-
erence lat/long coordinates of the municipality Bcenter^ (see Fig.
1b). Other two domains cover the western agglomeration (D3)
and eastern zone and with a grid resolution of 2.5 km. Model
integration domains are chosen tomatch themain agglomeration
zones in Macedonia where air quality monitoring is performed
(see Supplemental Material Fig. S2). The system also allows
three two-way nested domains with spatial resolution changing
from 9 km, 3 km, to 1 km. The WRF-Chem version 4.0 model
was built over a mother domain (D1) with a 5-km spatial reso-
lution, 35 columns and 35 rows, centered at 41.99° N, 24.34° E.
It covers Macedonia, parts of Serbia, Bulgaria, Albania, and
Greece. The first nested domain (D2) has a 3-km spatial resolu-
tion and comprises thewholeMacedonia. The innermost domain
(D3) is centered over Skopje valley, which includes all munici-
palities of Skopje city, with 1-km× 1-km grid cells. The vertical
structure of the model includes 35 layers covering the whole
troposphere. Topography, land use, and land water datasets were
interpolated from US Geological Survey (USGS) with the ap-
propriate spatial resolution of each domain (10′, 2′, and 30″ for
D1, D2, and D3, respectively). The model is initialized by the
real boundary conditions using NCAR-NCEP’s final analysis
(FNL) data (NCEP-DSSI, 2005) having a spatial resolution of
0.25° × 0.25° (~ 27.7 km× 27.7 km) and a 6-h temporal resolu-
tion or NCEPGFS data with the same spatial resolution. There is
also a possibility to use ECMWF initial meteorological fields
and boundary conditions for the selected model domains. The
maximum forecast duration with 5- and 2.5-km (Fig. 2) WRF-
Chem runs is 120 h, while for the 1-km forecast of Skopje city,
the urban air quality forecast is 48 h in advance (Figs. 2 and 3).

Results

The air quality modeling system has been extensively tested
on different weather cases related to air pollution, using vari-
ous configurations and model initializations. However, in or-
der to avoid any overloading of our work due to the large
volume of data, we only present the results of the specific case
related to the extreme urban air pollution episode that occurred
in Skopje on 4 February 2017.

Observational and forecast dataset

Atmospheric systems play a crucial role in determining the
status of the atmosphere, stability, and meteorological condi-
tions. They act as a primary driving force and influence the

Fig. 1 Configuration of the WRF-Chem model domains. a Larger do-
main. b Skopje agglomeration
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dispersion of air pollution. As it is shown on Supplemental
Material Fig. S3, the synoptic situation on 4 February 2017
was associated to high-pressure ridge at 500-hPa transit across
South-eastern Europe, accompanied by warm advection at

850 hPa above valleys, the stable atmospheric conditions, a
non-gradient surface pressure field, and stagnant air with a
very weak wind flow, favoring the formation of persistent
pools of cold air in Skopje Valley (see Supplemental

Fig. 2 Spatial distribution ofWRF-Chemmodel (RADM2 scheme) of PM10 forecast with 7.5-, 5.0-, 2.5-, and 1.0-km grid resolution spatial distributions
of PM10 with three separate peaks and more accurate quantitative assessment
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Material Fig. S4). Therefore, the existence of a very stable
nocturnal condition over steep topography, under such mete-
orological conditions, results in air pollution accumulation
and the maxima concentrations at some locations in Skopje.
The persistence of high atmospheric pressure for a few days,
with stable and stagnant atmospheric conditions with large
moisture and weak (calm) wind, was favorable for pollution
accumulation and increased concentrations in the Skopje val-
ley. The specific topography of the Skopje valley surrounding
with mountains also stimulated the process of accumulation of
homogeneous air pollution inside the valley, causing extreme
air pollution episode as the highest PM10 concentrations in
Europe. For the night between the fourth and fifth of
February 2017 in the Karpoš municipality, pollution levels
were recorded high and were 24 times higher than the permit-
ted level, i.e., the level of PM10 particles was 1218μg/m

3. The
particulate matter with a size smaller than 2.5 μm (PM2.5) was
206 μg/m3 which is 10 times higher than the permitted levels.
The situation with the pollution was also bad in other munic-
ipalities, and in the center, the level of PM10 particles was
421 μg/m3 and PM2.5 −356 μg/m3. The air particle with a size

of less than 10 μm in Lisiče was 667 μg/m3 and in Gazi Baba
618 μg/m3. As it is shown in Fig. 4, the synoptic situation on 4
February 2017 was associated with high-pressure ridge at
500-hPa transit across South-eastern Europe, accompanied
by warm advection at 850 hPa above the valleys, the stable
atmospheric conditions, a non-gradient surface pressure field,
and stagnant air with a very weak wind flow, favoring the
formation of persistent pools of cold air in the Skopje valley
(Fig. 5). The existence of a very stable nocturnal condition
over steep topography, under such meteorological conditions,
results in air pollution accumulation and the maxima concen-
trations at some locations in Skopje.

Forecast of the extreme air pollution episode

The simulation was conducted for a high particulate matter
episode, from 04 February at 1200 UTC to 05 February
2017 at 1200 UTC. The first 6 h of forecast period is consid-
ered spin-up time, while the remaining hours are used for
analysis. The selection of temporal domain for particulate ep-
isodes is based on a 24-h average PM10 concentration

Fig. 3 The spatial distributions of CO, PM2.5, NO2, and SO2 concentrations on 4 February 2017 2300 UTC obtained with 1-km WRF-Chem forecast
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exceeding 50 μg/m3 at a minimum of two monitoring stations
for at least two consecutive days across the study area. This
approach allows for the evaluation of the chemical transport
model under different atmospheric conditions, which are rel-
evant for air quality.

Figure 2 shows the spatial distribution of 24-h average PM10

for RADM2 gas-phase chemistry scheme, over Macedonia
using a different horizontal resolution. It is evident that WRF-
Chemmodel is able to show the spatially distributed PM10 very
well and that the WRF-Chem model with the RADM2 scheme
shows a good performance in a 24-h average PM10 concentra-
tion over the study domain. The simulations with a courser
resolution tend to underpredict the PM10 concentration. A
2.5-km run indicates a slight increase of the 24-h average
PM10 with similar pattern distribution as 5-km run. WRF-
Chem forecast employing 1-km grid spacing shows a more
realistic assessment of the 24-h averaged PM10. It is also seen
that a peak concentrations are partially shifting from the time of
the observations (not shown). It may be due to the biasness in
the simulated wind direction by the model and the selected
pattern of hourly emissions. The spatial patterns of CO,
PM2.5, and NO2 shown in Fig. 3 indicated that 1-km WRF-
Chem configuration correctly captured the areas affected with
high pollution, except for SO2 where the model overestimates
the observed level. However, slight underestimation or overes-
timation may also be the result of the initial chemical input and
model initialization or the complex urban meteorology in the
Skopje valley. Therefore, the inclusion of data assimilation
techniquesmay improve the overestimation or underestimation.

The model sensitivity to different horizontal
discretization

A set of experiments have been performed using a different
horizontal grid resolution of the model.

As seen from Fig. 4, the rapid increase of PM10 concentra-
tion at the station BKarpos^ (red solid curve) started at about
1900 and lasted to 0100 on 5 February 2017 with a peak of
1260 (μg/m3), measured at around 2200 UTC. There are also
high PM10 concentrationmeasured at the BRectorate^ and also
at the station BLisice^ located 10 km away. It is evident that 1-,
2.5-, and 5-km runs show a relatively higher PM10 concentra-
tion compared with the observation and some coinciding in
the rest of the simulation time. This overestimation occurs as
the result of a fine resolution used and the time required for the
model to redistribute the emissions in the model integration
domain (spin time). The model runs with coarser resolution
underestimating the maximum concentration, while reason-
ably fit with time evolution PM10 at the other stations. It im-
plies that small-scale atmospheric processes in the atmospher-
ic boundary layer (ABL), meteorological conditions, and the
local features of the terrain play a significant role in pollution
accumulation and therefore on the generation of poor ambient
air quality. In the Supplemental Material Fig. S5, we have also
displayed an hourly concentration of other pollutants for
Skopje agglomeration versus modeled values. While the tem-
poral evolution of PM2.5 particles and NO2 shows a certain
similarity with the observed values, the model tends to under-
estimate CO and overestimate the value of the SO2, although
the distribution of the SO2 fits well with the observed values at
the rural station BMiladinovci.^ The general picture is that the
WRF-Chem model has shown a good performance in fore-
casting the air pollution transport and redistribution processes
in the urban areas. Certain differences are probably the result
of the initial and boundary conditions of mobile emissions of
pollutants, better representation of complex terrain that strong-
ly affects the accumulation of pollutants, and the proper selec-
tion of PBL scheme that would best parameterize atmospheric
processes in the terrestrial layer of the atmosphere. However,
the initial results are really encouraging and with the further

Fig. 4 WRF-Chem model
forecast with a different
horizontal grid resolution vs
measured PM10 concentration in
the Skopje agglomeration on 4th
and 5th of February 2017 at 1200
UTC
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improvement of the abovementioned issues, it is not disputed
that the urban air quality forecast system will further improve
and adapt to best simulate atmospheric and chemical
processes.

The evaluation of the results with verification

The evaluation of this study is carried out with the focus on the
fine-grid domain (D3). There are seven air quality stations,
namely Centar, Gazi Baba, Karpos, Lisice, Rektorat,
Miladinovci, and the mobile station Butel which were selected
to provide the surface air pollutant observations on an hourly
basis over Skopje. The locations of these stations in Skopje
agglomeration and in the whole country are depicted in
Supplemental Fig. S3. Meteorological and chemical

observational datasets from the aforementioned monitored
stations are used for model evaluation.

The chemical species evaluated is the 24-h average PM10.
The model is evaluated using a discrete evaluation. Bias error
(BIAS), the mean absolute error (MAE), the root mean square
error (RMSE), and the correlation coefficient (CC) are calcu-
lated against all available meteorological observations. We
have evaluated WRF-Chem predictions for PM10, PM2.5,
CO, NO2, and SO2 as the most significant pollutants in terms
of the urban air quality measurements. In this initial phase of
developing the air quality forecast system in Macedonia, we
only focused on system configuration, setup, and verification
for the air quality forecast results with measurements. Our
next task will be to develop an algorithm as a program inter-
face for the assessment of the air quality and weather output

Fig. 5 Dispersion plots between
observation (a) and forecast (b) of
CO converted to PM2.5 and PM10,
respectively
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data in order to define the appropriate health indices for the air
pollution impact on health. Table 1 lists the statistical verifi-
cation scores for domain-averaged PM10 concentration vs ob-
servation using the standard verification methods. The first set
shows the domain-wide performance statistics for a 1-day
forecast of 1.0-km WRF-Chem model of these pollutants vs
observation. The results indicate a goodmodel performance of
a 1-km run (BIAS, MAE, RMSE, and CC of 5.64, 9.94, 17.94
(μg/m3), and 0.45 for an hourly value of PM10, respectively).
The CC is also reasonably good for SO2 of 0.327, with lower
BIAS and RMSE. During the high pollution episode in the
city of Skopje, CO and PM10 observations show a high cor-
relation than PM2.5. This trend is also seen in the WRF-Chem
1-km prediction of CO and PM10 but with a lower correlation
of both PM10 and PM2.5 as the result of underprediction of
CO.

It is also interesting to note that a 5-km run of WRF-Chem
v.3.9.1 shows the best CC of 0.59, which is higher than the last
released v. 4.0 using the same model configuration, initial
meteorological and chemical fields, and boundary conditions.
Obviously, with the increasing resolution, the correlation co-
efficient for PM10 is decreasing as seen from Table 1, because
the local-scale atmospheric processes which have an influence
on air pollution are not well represented (resolved) in a model
with a coarser grid resolution. Another reason is that we used
two sets of CO emissions in this study. The first one is the
emission inventory provided by the MOEPP as gridded mo-
bile source emissions data set with a resolution of 0.1° × 0.1°
lat/long which contributes about 90% of total CO emitted. The
second set prepared in the present study is the same total
annual amount of CO and NOx but with a different spatial
distribution in created polygons of urban municipalities with
exact boundaries. Therefore, by accurately predicting CO, a
good estimation of PM10 and PM2.5 24-h mean can be made
using a linear conversion with two proposed approaches sug-
gested by Saide et al. (2012). The dispersion plots shown in
Fig. 5 are in that direction implying that during nocturnal high
pollution episode between 4 and 5 February 2017 in the
Skopje valley, CO and PM10 hourly observations indicate a
relatively good correlation that is also the case with forecast
dispersion plots, where a quite good correlation is determined
for PM10 particulate matters. However, these are only initial
tests, and the results should be understood as preliminary. It is
realistic to expect that the future experiments, with improved
emissions, initial data, and model configurations, will show
even better results.

Advanced visualization tool

Advanced graphical visualization tool has been developed as
an integral component of a developed air quality forecast sys-
tem. The novelty of the system is regarding the innovative Ta
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solutions of the contemporary approach and presentation of
the modeled output weather and air quality data (SO2, NOX,
PM10, PM2.5, O3, CO, etc.) in Macedonia, a few days in ad-
vance. There are various available graphical software for read-
ing the results obtained from the simulation. As such, we can
mention Panoply netCDF, HDF and GRIBData Viewer, NCO
Tools, GrADS, and CDAT. Despite all these tools for reading
the output data, of great importance for the present system is
data extracting from the model and its dynamic display on a
web page (without the need for a single file-by-file loading),
processing, and chart preparation.

Technologies and programming tools

In the present system, we use the Spring Framework, an ap-
plication framework for the Java platform along with Maven
tool for building and managing Java-based projects, MySql—
an open-source relational database management system,
NetCDF—Java 4.2.20 library, Angular—typescript-based
open-source front-end web application framework, Leaflet—
JavaScript open-source library for interactive maps, and the
d3.js—JavaScript library for producing dynamic, interactive
data visualizations in web browsers.

Description of the technical solution

The next steps that are listed below describe what is being
implemented in this web-based application shown in the
Supplemental Material Fig. S6, in order to automate the visu-
alization process of the air quality forecast outputs for
Macedonia as much as possible:

& Rename the output files of the model. Adding nc—
NetCDF extension;

& Creating a database of tables for the files, pollutants, and
values;

& Enter the pollutant and file data tables;
& Loading the forecast files using the NetCDF—Java 4.2.20

library with a variety of variables with different dimen-
sions (e.g., PM10, PM2.5, RAINC, SNOW, XLAT,
XLONG, SO2, T, NO, NH3). For example, variables, such
as RAINC—total accumulated precipitation, SNOWH—
physical height of snow, XLAT—latitude, and XLONG—
longitude, have three dimensions: time, west-east, and
south-north. While variables such as PM10, PM2.5, and
SO2 have four dimensions: time, west-east, south-north,
and bottom top. For our case, we have considered only the
surface level and therefore, we always take the bottom top
to be equal to 1. After we get the necessary values, we
place them in the data table for the values given in the
image above;

& Adjustment of output products of the model and their in-
terpolation within the defined boundaries of individual
municipalities;

& Developing of the design of the web application for an open
access to all visualized data of the BAir quality forecast in
the Republic ofMacedonia,^withmany opportunities (e.g.,
selection of a date, time, and name of the variable) for the
generation of an appropriate display. The example refers to
a random date as given—October 1, 2018, at 10:00 AM
UTC for PM10 particles. There is also another option
BMunicipalityMapView,^ for the generation of a map with
marked markers, which allows more detailed information
about pollutant concentrations in some municipalities. The
next is BGraphic View^ option, for graphical visualization
of the time evolution of any pollutant concentration.

The present system is under continuous development with
the application of innovative solutions and sophisticated web
design which will allow direct access, to understandable and
valuable weather and air quality information.

Conclusions

A prototype air quality modeling system for Macedonia is
developed based on the state-of-the-art coupled WRF-Chem
model. It is designed for high-resolution weather and air pol-
lution forecast over a regional domain which covers the whole
country ofMacedonia and three other selected domains which
well fit the organization of the air quality measurements in
Macedonia. A high-resolution version of the model with 1-
km grid spacing has been configured and applied to simulate
the urban air quality over Skopje agglomeration during ex-
treme PM10 concentration episode on 4 February 2017.

The model has been also tested for other case studies. The
simulations were evaluated in terms of domain-wide discrete
evaluation, as well as site-specific spatial and temporal eval-
uation. Sensitivity simulations were performed using RADM2
gas-phase chemistry scheme. A set of numerical runs implied
that the model is very sensitive to the initial conditions and
horizontal grid resolution. The results are validated against
available observations for meteorological fields and pollutant
concentrations. The meteorological variables (e.g., air temper-
ature, relative humidity, and wind) indicate a small bias.While
the 7.5-km run shows a quite good agreement between
modeled and observed hourly PM10 concentrations monitored
at several stations, it tends to underpredict the extreme air
pollution episode of about 1250 μg/m3 evidenced at the air
quality station BKarpos.^ A WRF-CHEM 5-km simulation
shows increase PM10 concentrations with a peak value of
about 1325 μg/m3 a few hours before the evidenced extreme
concentration while 2.5-km grid run indicates the initial accu-
mulation of air pollution with a relatively high concentration
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with peak PM10 on 5 February 2017 at 0100 UTC. The 1-km
model configuration well captures the PM10 distribution over
the Skopje valley and the location and timing of the maximum
air pollution. The results suggest that model initialization and
initial data using a mobile source emission provide a better
quantitative assessment of extreme air pollution in the urban
areas. The WRF-Chem model with the RADM2 scheme
shows a good performance with respect to all statistical errors
for PM10 concentration. Errors in simulating PM10 can be
attributed to errors in simulating the PM10 components.
Improving the simulations for PM10 species can help improve
PM10 simulation overall. Bias in the simulations of PM10 spe-
cies may compensate, leading to seemingly good PM10 simu-
lations. The likely sources of errors in the forecasted PM10

components include uncertainties in both anthropogenic and
biogenic emissions of PM precursors, which depend on me-
teorological predictions; uncertainties in emissions and chem-
istry over different locations (e.g., rural, urban, suburban);
meteorological factors which can influence concentrations
(e.g., T2, radiation for photochemistry, and PBL height);
biases in cloud properties and precipitation which influence
formation of PM components and their wet deposition; and
the different properties of the sites from different sampling and
measurement networks. Accurate emissions are also essential
to improve air quality simulations. Continuous real-time emis-
sions that feed into the models are ideal; however, this may not
be feasible. Errors may arise in the estimates of anthropogenic
and biogenic emissions, which should be minimized.
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