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ASSESSING THE IMPACT OF WIND SPEED
AND MIXING-LAYER HEIGHT ON AIR QUALITY
IN KRAKOW (POLAND) IN THE YEARS 2014-2015

The paper discusses the role of wind speed andhgilgyer height in shaping the
levels of pollutant concentrations in the air ofakow (Southern Poland). The
hourly averaged measurements of concentrationsletted air pollutants and
wind speed values from the period of 2014-2015)naed at two of the air quality
monitoring stations within Krakow (both industriahd urban background) were
used for this purpose. Temporal variability of mixilayer height in the area of the
monitoring stations was determined using numerioadlelling with the CALMET
model and the measurements derived from, i.a., dpper air stations. It was
found that wind speed and mixing-layer height aratileast moderate agreement
with the concentration values for some pollutafts. PM,y, PM, 5, NO,, NO,, CO
and GHgs correlation coefficient is of negative value, whiadicates that the low
wind speed and low mixing-layer height may be tbenhant reason for elevated
concentrations of these substances in the aircidlyein the winter months. Mod-
erate but positive correlation was found betwegrc@centrations and analysed
meteorological parameters, proving that the avditalof appropriate precursors
and their inflow from the neighbouring areas haweiraportant role in the for-
mation of tropospheric ozone. On the other handase of SQ a weak both posi-
tive and negative correlation coefficient was aftai, depending on the period and
location of the station concerned.
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1. Introduction

Air quality conditions within the given area ardeated by numerous mete-
orological parameters, among which wind speed hadtight (depth) of mix-
ing layer are of great importance. These factoterdene the pace of air masses
movements and the potential processes of conciemtrand dilution of air pollu-
tants comprised within, as a result of an air wflirom neighbouring areas,
more or less polluted [1, 13, 15, 44]. Wind is adsfundamental dispersing fac-
tor defining the spread direction of air pollutgiitmes emitted from various
emission sources, which leads to considerable sliyenf pollution levels in the
air caused by their influence.

For most substances, at higher wind speeds obseorexkntrations in the
air decrease [22, 25, 32, 45], due to the intezgsifiilution of pollutants. The
ventilation effect is of particular importance letheating season, during which
an increased emission from household fuel combustim petrol vehicles cause
the accumulation of pollutants in the city centdigher wind speed may also
lead to the inflow of pollutants from further distaes [13, 17] and can contribute
to a possible increase in their concentrationféndir within the area where they
were initially lower. On the other hand, in casesath secondary pollution as
ozone, an increased wind speed may involve highecentrations as a result of
the inflow of precursors (mainly hydrocarbons) apating in the formation of
this compound in tropospheric air together with phesence of nitrogen oxides
[2, 10, 24, 37].

In the urban areas building configuration playsgaificant role, as its un-
favourable setup may considerably restrict the \gtatilation [12]. Disturbance
of ventilation conditions specific for high-densitities, where buildings block
natural wind corridors, leads to accumulation ofiytants in the city centres
[6, 25]. Significant variation in terms of the wirsgpeed influence on the pollu-
tant concentrations is observed depending on tbatitm of the measurement
point [15]. For example, within urban street cargjowhere road transport is
primary emission source, air pollutants propagatieréntly compared to the
open area [14, 16, 21, 30, 39, 41].

Mixing-layer height and the atmospheric stabilitgcorring within the
planetary boundary layer are relevant as well imseof shaping processes of
the air quality conditions in the areas subjectesttong anthropogenic pressure.
Low height of mixing and stable atmosphere, whiichitl the vertical move-
ments of air masses are, next to low wind speedsapy factors responsible for
episodes of elevated pollutant concentrations @& dhr (including PM, and
PM,s) in many cities around the world, observed paldidy in the winter
[4,11, 17, 18, 28, 29, 35, 38].
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Krakow city (Southern Poland) is characterized loyably adverse local
meteorological conditions due to its location ie Mistula valley and specific
landform associated with numerous hills and moungdopes around the city.
This positioning, combined with excessive conddgoratf multi-storey building
clusters in Krakow are not conducive to the natueditilation of the city, which
is one of the main reason for frequent calm wingisagles and elevated pollu-
tant concentrations in the air, especially in theter period [25].

The aim of this study was to determine the efféchomentary wind speed
and mixing-layer height on the observed conceminatiof pollutants recorded at
the two of air quality monitoring sites located Kmakow (Southern Poland):
urban background station and industrial stationagneng the impact of indus-
trial facilities). In the paper the results of doobus measurements from 2014
and 2015 of hourly averaged pollutant concentrati@Vho, PM, 5, SG,, NO,,
NOy, CO, GHs and/or Q) and wind speed were analysed along with the mod-
elled values of mixing-layer height for the locatiof those stations during the
corresponding period.

Studies assessing the impact of selected metedcalgoarameters on air
guality for other large Polish cities are known 5,8, 21, 33, 45], but the sub-
jected area was usually characterized by a moreufable location with better
ventilation properties. Similar analysis was alaoried out several times for the
city of Krakow [7, 25, 31], but for the earlier jpat. In these studies the atten-
tion was drawn to the importance of meteorologmaiameters (including tem-
perature, wind speed and/or synoptic situation}tiervariability of some pollu-
tant concentrations and to significant differentehie nature of the relationship
between these concentrations and meteorologicanpers. In [25] it was
proved that mixing-layer height had a significanpact on air pollution in 2012
in Krakow.

2. Materials and methods

The analysis was conducted for the results of naptis measurements of
pollutant concentrations in the air carried ou@14 and 2015 at two of the air
guality monitoring stations belonging to the Voiestiip Inspectorate of Envi-
ronmental Protection (WIOS) in Krakow [42]: Nowa tdundustrial station and
Kurdwanow urban background station (Table 1, Figlyewhere during the
period mentioned above some of meteorological patars (including wind
speed) were recorded concurrently. Measuremeriteatations are performed
using reference methods specified in the law imbliglly for each substance
[34].

The Nowa Huta station measures the impact of tlaebyeindustrial facili-
ties (situated along the dominant wind directioasil other emission sources,
including:
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 an industrial complex (steel mill with heat and gowlant, coke plant, rolling
mills, foundries and cement plant) located at &adise of approx. 2.0-4.5 km
to the east and northeast,

* a coal-fired combined heat and power plant located distance of approx.
3.6-3.8 km to the southwest,

* local road transport (approx. 30-35 m to the neastoget, 90-100 m to the
busy junction),

« a fuel station located approx. 60 m toward the lswast,

* single individually heated buildings in the distaraf approx. 75-300 m to the
south and southeast,

* residential areas of single-family detached holsegted at a distance of ap-
prox. 0.5-1.2 km to the south, and 1.0-1.5 km wgbutheast.

Table 1. Description of the analysed WIOS air dualmonitoring stations in Krakow
(based on [3])

Parameter Nowa Huta station Kurdwanow station
Country code MpKrakBulwar MpKrakBujaka
International code PLO039A PLO501A
Zone Krakow agglomeration
Station name/address Krakow, Bulwarowa St. Krak®waka St.
Location coordinates ® 50.069308 ® 50.010575
(WGS84) A 20.053492 A 19.949189
Altitude 195 ma.s.l. 223 ma.s.l.
Station type industrial urban background
Substances measured PMyo, PM, s, SO, PMyo, PM, 5, SO,
continuously * NO,, NQ,, CO, GHg NO,, NO,, O

* automatic 1-h measurements

The Kurdwanow station measures typical urban baukuyt related to the
impact of:

* low emission sources (local road traffic, the matay bypass located at
a distance of approx. 1.1-1.2 km to the south, Isifgmily detached houses
located in a distance of approx. 0.2-0.9 km toribgh and northwest, com-
pact residential area with individually heated hemusituated in a distance of
approx. 0.9-1.2 km to the north and approx. 1-2tknthe northwest, south-
west and east),

* high point sources (two large combustion plantsied approx. 11 km to the
southwest and approx. 6 km to the northeast).
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Fig. 1. Location of the analysed WIOS air qualitgnitoring stations in Krakow

Due to the lack of the mixing-layer height measugrts in the area of the
analysed air quality monitoring stations, its valueiere estimated using
CALMET model [36]. Input measurement data for thaLGMMET model were
obtained from two upper air stations (Wroclaw amgjionowo) and six surface
meteorological stations (Krakow — Balice, KrakowAGH, Bielsko-Biala, Ka-
towice, Nowy Sacz, Tarnow). These data were derfvaoh National Climatic
Data Center (NCDC) [21] and NOAA Earth System Resed.aboratory
(ESRL) [23] databases, as well as from the METE@i8e belonging to AGH,
Faculty of Physics and Applied Computer Sciencd.[#8cation of the used
meteorological stations is shown in Figure 2.

Gridded geophysical data prepared on the basi®R®Ms and Corine Land
Cover database with a resolution of 200 m accordinthe methodology de-
scribed in [26] and [27], were used for the caltalaof three-dimensional me-
teorological data.

Depending on the case, the strength of correladtetmveen measured pa-
rameters was determined using nonparametric Spe&gmank correlation coef-
ficient (ry) at the significance level qf < 0.05, Pearson correlation coefficient
(r) and/or coefficient of determination?. Analysis was carried out with diver-
sity occurring in different months of the year takito account.
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Fig. 2. Location of the meteorological stationsduar calculations of mixing-layer height in the
area of air quality monitoring points in Krakow

3. Results and discussion

3.1. The impact of wind speed

In the case of most substances measured contiyuatishe analysed air
guality monitoring stations an exponential relasioip between concentration in
the air and wind speed was observed. This reldtipris particularly evident in
the winter months (Figures 3 and 4). For this reaite strength of the correla-
tion for the analysed parameters was determinedjubke Spearman’s rank cor-
relation coefficient ) with differences during particular periods of thear
taken into account. Calculated correlation coeffits rs (at the significance
level of p < 0.05) obtained for each measuring station agegurted in the Tables
2 and 3 (monthly and annual values) and Figureobh&ating and non-heating
season).

Based on the calculated correlation coefficianis can be concluded, that
the concentrations of P PM,5, NO,, CO and GHe in the air (and for the
Kurdwanow station N@as well) generally decrease with increasing wipekesl
(rs < 0), with the greatest absolute values of cotimiacoefficients obtained for
the winter months. The strongest inverse relatigmsh particular during the
heating season was found for RMPM, s and CO. Important sources of their
emission are household fuel combustion and autemotehicles. For those
substances analysed correlation coefficient througthe heating season for the
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Nowa Huta station reaches the valuergfy 0.6 (Figure 5), and in some winter
months the value of| exceeds 0.7 (Table 2).
This indicates a significant influence of low wisdeed episodes on deteri-
oration of aerosanitary conditions in Krakow aggbwation in the heating sea-
son. During that period, wind speed is seemed toffendamental importance
in shaping the levels of pollutants in the air, avith the limited possibilities of
air masses vertical movements it can strongly deter the presence of exceed-
ances of PNy and PM sconcentrations in the air of Krakow.
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Fig. 4. Scatter plots of 1-hour concentrations ki NO, and Q aggregated relatively to wind
speed values for the Kurdwanow station in Decergbén

During the analysed period (2014-2015) in the afdae analysed air qual-
ity monitoring stations the calm and weak wind egdis (wind speed up to
1 m-$") were predominant, which constitute, dependinghenstation and year,
approx. 50-64 % of all observations and refledgpical situation for the city of
Krakow [25]. The monthly averaged wind speeds, ddjyg on the month and
the station, changed in the range of 0.5 to 1.6'rirrespective of the season.
At the Kurdwanow station they were approx. 22 %dowompared to the Nowa
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Huta station. This may be the one of the reasonsifther NQ and NQ con-
centrations in the air during 2014-2015 in the avkahe Kurdwanow station
compared to the Nowa Huta station (16 % and 38%pactively) [3, 42].

Table 2. The Spearman’s rank correlation coefficiedues between hourly averaged pollutant
concentrations and wind speed for the Nowa Hutéostin 2014-2015( < 0.05)

Year | Month | PMyy | PMys SO, NO, NO, CcO CsHs

1 -0.742 | -0.734| 0.258 -0.560 -0.747 -0.588 -0.628
2 -0.694 | -0.687| 0.290 -0.316 -0.614 -0.6y5 -0.392
3 -0.689 | -0.681| 0.183 -0.506 -0.555 -0.653 -0.418
4 -0.332 | -0.383| 0.474 -0.326 -0.437 -0.487 -0.297
5 -0.475| -0.556| 0.20§ -0.419 -0.456 -0.521 -0.410

< 6 -0.490 | -0.489| 0.230 -0.110 -0.219 -0.388 -0.209

§ 7 -0.405 | -0.464| 0.290 -0.379 -0.399 -0.441 -0.164
8 -0.477 | -0.508| 0.524 0.059* -0.102 -0.401 -0.065*
9 -0.268 | -0.324| 0.240 -0.229 -0.461 -0.331 -0.116
10 -0.636 | -0.628/ -0.326 -0.10L -0.491 -0.668 -0.397
11 -0.400| -0.373] -0.211 -0.104 -0.499 -0.5P9 -0.383
12 -0.749| -0.759| -0.233 -0.458 -0.584 -0.745 -0.115

1-12 | -0.352| -0.338] 0.213 -0.264 -0.448 -0.447 B.29

1 -0.712 | -0.692| 0.070f -0.410 -0.485 -0.705 -0.651
2 -0.583 | -0.581| 0.064f -0.384 -0.582 -0.634 -0.566
3 -0.560 | -0.572| 0.247 -0.418 -0.483 -0.5y1 -0.507
4 -0.513 | -0.543| 0.13q -0.31y -0.293 -0.291 -0.547
5 -0.410 | -0.465| 0.164 -0.311 -0.356 -0.4p9 -0.352

o 6 -0.393 | -0.673| 0.195 -0475 -0499 -0.4p6 -0.483

—

Q ; wind speed measurements unavailable
9 -0.267| -0.322] 0.087f 0.057 -0.173 -0.262 -0.191
10 -0.311| -0.433 0.432 0.000* -0.487 -0.542 -0.511
11 -0.717| -0.7200 0.311} -0.228 -0.593 -0.765 -0.741
12 -0.698| -0.695 0.20§ -0.274 -0.573 -0.688 -0.655

1-12 | -0.478]| -0.475 0.243 -0.277 -0.441 -0472 B.46

* statistically insignificant value
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Table 3. The Spearman’s rank correlation coefficieues between hourly averaged pollutant
concentrations and wind speed for the Kurdwanotiostan 2014-2015 < 0.05)

Year | Month | PMiy | PMys SO, NO, NO, 0,

1 0593 | -0599 | -0.159| -0.640  -0.720 0.571

2 -0.386 | -0.337| -0.351| -0.542  -0.568 0.237

3 -0.661 | -0.651| -0.571| -0.714  -0.720 0.637

4 -0.441 | -0.489| -0.096| -0.703  -0.754 0.783

5 -0.447 | -0.466| -0.0684 -0.708  -0.723 0.657

< 6 -0.525 | -0.497 | -0.0494 -0.636  -0.679 0.598
§ 7 -0.255 | -0.318| -0.331| -0.69§  -0.731 0.667
8 -0.336 | -0.406| -0.329| -0.552  -0.607 0.693

9 -0.280 | -0.349| -0.649| -0.682  -0.806 0.702

10 -0.477 | -0450| -0.399| -0.556  -0.738 0.677

11 -0.437 | -0.367| -0.317| -0.632  -0.761 0.470

12 -0.685 | -0.682| -0.691 -0.683  -0.724 0.637

1-12 | -0.419 | -0.427| -0202] -0522  -0.53p 0.627

1 -0.644 | -0.682| -0.546| -0.60§  -0.636 0.612

2 -0.550 | -0.550| -0.407| -0.679  -0.774 0.745

3 -0.604 | -0.574| -0579| -0.714  -0.740 0.705

4 -0.584 | -0.608| -0.283| -0.61§  -0.587 0.640

5 -0.520 | -0571| -0.180| -0.62d  -0.663 0.633

o 6 -0.153 | -0.394| -0.325| -0.687  -0.717 0.703
§ 7 -0.341 | -0.482| -0.143| -0695  -0.670 0.607
8 -0.227 | -0.352| -0.132| -0.743  -0.795 0.683

9 -0.437 | -0511| -0.247| -0587  -0.675 0.675

10 -0.428 | -0.429| -0.366| -0.60§  -0.789 0.699

11 -0.675 | -0.688| -0.442| -0.566  -0.721 0.699

12 -0.634 | -0.635| -0.423 -0.622  -0.754 0.635

1-12 | -0.444 | -0518| -0.224/ -0529  -0.538 0.631

* statistically insignificant value

Considerably higher concentrations of N@corded at the Kurdwanow sta-
tion may also indicate that it is subjected to tgeamissions from the road traf-
fic and industrial facilities (e.g. large combustiplants) than the Nowa Huta
station, especially since the differences mentioaleove occur throughout the
year. On the other hand, increased wind speed fsayaacelerate the oxidation
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of NO to NQ, as a result of the inflow of larger amounts oidaxts (including
ozone and radicals) and catalysts (hydrocarbomgh&process from other areas
[2]. This may partially account for the weaker niagacorrelation between NO
and wind speed observed at the Nowa Huta statidrf@msmaller annually av-
eraged NQ@NO; ratio in the analysed period (at the level of Z@npared to the
Kurdwanow station (equal to 2.7).
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Fig. 5. Spearman’s rank correlation coefficiemgsfor hourly averaged pollutant
concentrations in relation to wind speed at the &ldduta station (a) and the
Kurdwanow station (b) in the heating (I-1ll and X#)Xand non-heating season
(IV-IX) for 2014 and 2015 < 0.05)

In the case of SP the positive correlation coefficient in relatiom wind
speed obtained for the Nowa Huta station appedoge twaused by the inflow of
this substance from other parts of Krakow and resgining municipalities with
dense detached housing, and by accelerated traasporof this pollutant from
more distant industrial emission sources. It isangnt to emphasize that $O
concentration in the air is strongly associatedhwiher meteorological parame-
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ters (including relative humidity and air temperady which under specific con-
ditions with availability of adequate amounts oftalecompounds (promoting
conversion of S@to SQ) and ammonia, contribute to the secondary inogani
aerosols formation (mainly to ammonium sulphatdje Tntensification of this
process can be particularly observed at night, whenwater vapour contained
in the air turns into liquid phase. This may cafis¢gher weakening of correla-
tion between S@and wind speed.

For the Kurdwanow station significantly positiveriaation between ©
concentrations in the air and wind speed was obthiithe reason behind this
may be associated with more intense inflow of & in NO, and Q at high
wind speeds (e.g. from less urban, wooded and maneds characterized by
higher molar ratio of NMVOCs/NQin the air than in urban areas). This occur-
rence is possible to take place mainly during leasen together with adequately
high insolation. On the other hand, it is possfoleNO to be blown away from
urban areas, which otherwise, after being emittedchflocal sources (e.g. road
transport) and, could react with; @nd consequently reduce its concentration in
the air. This situation is always present, but rhayof particular importance at
low insolation (winter, clouded sky etc.). Duringese conditions, formed NO
is not able to undergo photodissociation, and tthesyecreation of 9is impos-
sible. Simultaneously, wind can change the stateeadilibrium between
NO-NO,-O; concentrations by stripping away the air abundarNO from the
analysed area and inflowing over this area theicter in oxidising substances
(including radicals HO*, Hg¥, O* or organic radicals, etc.).

Given the Figures 3 and 4 it may be concluded,diction in air concen-
trations of some pollutants with the increase afidvépeed cannot be observed
beyond a predetermined point. Ventilation of thgioa affects the level of dilu-
tion of the substance, which is however limiteditisybackground concentration
present within the area (or within a given winderegctor).

At high wind speeds during dry period, concentratid particulate matter
in the air can possibly increase again, which masequently weaken the nega-
tive nature of the relationship between these patars. Explanation of this
phenomenon is associated with wind erosion anceiiteainment of dust from
the ground including the roads (fugitive dust efoiss which occur at high
wind speeds. However, the frequency of higher veipeed episodes in the area
of analysed monitoring stations is usually very I&wr example, in 2014 for the
Nowa Huta and Kurdwanow stations those episodesuated for 4.0 and 1.7 %
(wind speed above 3 nm¥)sand 0.7 and 0.1 % (wind speed above 4%nirs
relation to all observations with maximum of houalyeraged wind speed equal
to 5.3 and 4.4 m-s respectively.
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3.2. The impact of mixing-layer height

Cyclic changes in the height (depth) of mixing layehich characterizes
the range and intensity of air masses vertical mmerds, are responsible for
significant daily variation of air pollutant condeattions in Krakow. This height
may vary from tens of meters in case of surfacedasmperature inversion
(at night) to more than 1000 m in situation withoag vertical movements of
thermodynamic origin (convection), primarily ocdog in the daytime. The
most unfavourable conditions appear to be conneettd high-pressure situa-
tions, low horizontal pressure gradient and thepenature distribution during
inversion (sometimes throughout the day), whichilteés a significant deteriora-
tion of dispersion properties of air pollutants,[38].

Figure 6 shows the monthly averaged variabilitynaking-layer height,
calculated for the location area of the analysedjaality monitoring stations.
It reveals that this parameter is also subjectesignificant fluctuations during
the year with lowest values in the cold months.
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Fig. 6. The variability of the monthly averaged mgclayer height for the location area of the
analysed air quality monitoring stations in Krak@wmodelling results)

The Spearman’s rank correlation coefficients olg@difor each of the sta-
tions between modelled 1-hour averaged mixing-léngght and measured con-
centrations of pollutants are presented in Tablesd 5 (monthly and annual)
and Figure 7 (divided into heating and non-heasiegson).

Similarly to the results of the wind speed impassessment, the PM
PM, s NO,, NO,, CO and @Hg concentrations in the air decrease with increas-
ing mixing-layer height, especially in the winteonths (for the N@and NQ
concentrations measured at the Nowa Huta statio®,cbrrelation is weaker).
For SQ concentrations a weak positive correlation intrefato the mixing-
layer height was found for the measurements froenNbwa Huta station, and
a weak negative correlation during the heating@eagth no correlation in the
non-heating season for measurements at the Kurdwstation (Figure 7).
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Table 4. The Spearman’s rank correlation coefficieadues between hourly averaged pollutant
concentrations and mixing-layer height for the Nddga station in 2014-201% € 0.05)

Year | Month | PMyy | PMas | SO, | NO, | NO, | CO | CeHse

1 | -0.636| -0.651| 0.249 -0.424 -0.540 -0.461 -0.531
2 | -0467| -0492| 0265 -0.171 -0.319 -0.457 -0.237
3 |-0573| -0.604| 0.242 -0.418 -0.422 -0.618 -0.315
4 | -0334| -0422| 0.395 -0.297 -0.296 -0.465 -0.220
5 |-0.363| -0523| 0.24 -0.370 -0.357 -0.477 -0.353
< 6 |-0.382| -0531| 0.264 -0.261 -0.343 -0.457 -0.446
§ 7 |-0367| -0529| 0.235 -0.227 -0.246 -0.388 -0.168
8 |-0481| -0592| 0531 -0.064* -0.150 -0.469 -0.090
9 |-0286| -0.384| 0.235 -0.088 -0.212 -0.393 -0.116
10 | -0.442| -0.478 -0.169 -0.12f -0.342 -0.4p8 -0.234

11 | -0.236| -0.246 -0.100 -0.067* -0.308 -0.340 -0.19
12 | -0.725| -0.734| -0.222 -0.392 -0.480 -0.693 -0.699

1-12 | -0.449| -0.497| 0.072 -0.262 -0.351 -0.4p1 -D.34
1 | -0637| -0641| 0.117 -0.261 -0.286 -0.627 -0.615
2 |-0508| -0523| 0.185 -0.325 -0.417 -0.520 -0.486
3 |-0546| -0565| 0.315 -0.375 -0.371 -0.455 -0.594
4 | -0417| -0563| 0.159 -0.306 -0.244 -0.307 -0.594
5 |-0.313| -0467| 0.384 -0.244 -0.242 -0.259 -0.356
o 6 |-0.242| -0406| 0.289 -0.317 -0.261 -0.352 -0.375
§ 7 | -0229| -0492| 0425 -0.156 -0.134 -0.462 -0.288
8 |-0259| -0415| 0.387 -0.455 -0.497 -0.474 -0.415
9 |-0422| -0485| 0277 -0.236 -0.268 -0.410 -0.379
10 | -0.364| -0.468) 0.532 -0.003* -0.288 -0.504 -0.509
11 | -0.618| -0.637| 0.279 -0.106 -0.362 -0.508 -0.643
12 | -0.616| -0.632| 0.254 -0.144 -0.362 -0.555 -0.610

1-12 | -0.444| -0511] 0.207 -0.278 -0.335 -0.459 ©.48

* statistically insignificant value

The concentration of {Ymeasured only at the Kurdwanow station) increas-
es with the increase in mixing-layer height. lirigportant to highlight the fol-
lowing facts related to the formation of ozone:
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» mixing-layer is the deeper the higher isolatiorelewhich causes the increase
of temperature and intensification of updrafts #mese conditions are always
favourable to the formation of{@nd conversion of SQo SQ,

* increase in the mixing-layer height is related tst@ng convection, which
promotes mixing of the pollutants and improveskimetics of the NO to N®
conversion — and consequently the kinetics of timétion of Q and oxida-
tion of SQ to SQ as well,

* increase in the mixing-layer height in urban argest island) always drags in
from surrounding areas the air rich in hydrocarb@ml oxidation of hydro-
carbons is the source of radicals significantlyesémating the conversion of
NO to NO,, hence shifting the photostationary equilibriuntviEzen NO-NG-

05 toward the production of £and organic peroxides (including PAN).

In existing atmosphere all of these phenomena odeywending on the
complexity of meteorological conditions and the pasition of atmosphere
determined by characteristics of emission sources.

In general, the increase in height of mixing lagauses similar effects as
the increase in wind speed. However, the mixingdapeight remains in
a slightly weaker correlation with the concentrai@f most substances (exclud-
ing O;) compared to the results for the wind speed, bothe heating and non-
heating season. This may be partially due to tog fhat the height of mixing
layer was determined using mathematical modellirith WCALMET model,
based on the datasets derived from measuring rstdtbcated at a great distance
from the city of Krakow. Existing studies show tliaé CALMET model may
cause an overestimation of mixing-layer height mmaxh values and is charac-
terized by a strong variability during the afternocompared to the observed
values [9]. Research conducted for the mixing-ldyeight measurement data
indicates that this parameter may determine theeamnation levels of pollu-
tants in the air to much greater extent within street canyon (in particular for
the case of PM) [39].

Similar impact on air quality of wind speed and mg¢layer height values
results from the fact that these parameters at@lharcorrelated with each other
(especially in the winter months). Thus, their iipgan be accumulated, affect-
ing exponentially the variability of the pollutanbncentrations within the air
near to the surface in reference to only one ddalmarameters shown in Figure
3 and 4 and proved in [25], among others. Detadlealysis of this issue is pre-
sented in the next chapter.

3.3. Cumulated impact of wind speed and mixing-layeheight

The Pearson correlation coefficients between mixing-layer height and
wind speed obtained for both of the stations in the period of 2014-2015
amounted to 0.62 during the heating season and 0.40 in the non-heating
season (Table 6). The highest value of Pearson’s linear correlation coeffi-



330

R. Oleniacz, M. Bogacki, A. Szulecka, M. RzéskpuM. Mazur

cient (r > 0.83) with coefficient of determination at r2 [10.7 was obtained for
analysed data in December 2014 (Figure 8).

Table 5. The Spearman’s rank correlation coefficietues between hourly averaged pollutant
concentrations and mixing-layer height for the Kuatiow station in 2014-201% € 0.05)

Year | Month PM 1o PM; 5 SO, NO, NOy O3

1 -0.676 -0.688 -0.221 -0.57§ -0.652 0.476

2 -0.446 -0.449 -0.256 -0.389 -0.45Y 0.337

3 -0.580 -0.563 -0.353 -0.555 -0.528 0.655

4 -0.380 -0.434 -0.0274  -0.535 -0.503 0.692

5 -0.361 -0.372 0.061%  -0.581 -0.54% 0.674

< 6 -0.296 -0.324 0.040%  -0.487 -0.502 0.720
§ 7 -0.253 -0.276 -0.203 -0.55§ -0.545 0.699
8 -0.335 -0.384 -0.220 -0.52( -0.499 0.703

9 -0.269 -0.378 -0.348 -0.415 -0.464 0.597

10 -0.351 -0.390 -0.165 -0.351 -0.425 0.545

11 -0.339 -0.323 -0.270 -0.444 -0.50f 0.454

12 -0.688 -0.674 -0.549 -0.553 -0.588 0.685

1-12 -0.419 -0.427 -0.202 -0.527 -0.53p 0.627

1 -0.616 -0.664 -0.291 -0.441 -0.470 0.653

2 -0.497 -0.509 -0.332 -0.545 -0.578 0.634

3 -0.549 -0.544 -0.412 -0.537 -0.512 0.648

4 -0.459 -0.591 -0.111 -0.49(Q -0.436 0.660

5 -0.396 -0.541 0.076 -0.468§ -0.45Y 0.640

o 6 -0.252 -0.492 -0.0014  -0.492 -0.46% 0.650
§ 7 -0.244 -0.408 -0.001%  -0.576 -0.531 0.665
8 -0.199 -0.361 -0.070%  -0.651 -0.651 0.69/7

9 -0.361 -0.503 -0.118 -0.46(Q -0.467 0.610

10 -0.475 -0.521 -0.217 -0.492 -0.565 0.662

11 -0.593 -0.601 -0.324 -0.429 -0.528 0.566

12 -0.571 -0.580 -0.277 -0.392 -0.506 0.533

1-12 -0.444 -0.518 -0.224 -0.529 -0.53B 0.631

* statistically insignificant value
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Fig. 7. Spearman’s rank correlation coefficientg) (for hourly averaged
pollutants’ concentrations in relation to mixingsa height at the Nowa Huta
station (a) and the Kurdwanow station (b) in theatimg (I-Ill and X-XII)
and non-heating season (IV-IX) for 2014 and 2Q15 0.05)

In practice, rather strong relationship betweendwspeed and mixing-layer
height present during several months of the yedes#@ impossible to conduct
multivariate regression analysis, which providestfee determination of their
simultaneous impact on the pollutant concentrati@eerded at the monitoring
stations. However, the cumulative effect of theammeters can be graphically
presented, as an example of the;P&bncentrations in relation to wind speed
and mixing-layer height values for the Nowa Hutal éfurdwanow stations
during the heating season in 2014 shown in Figure 9

Similar effects can also be observed for other taugegs, which concentra-
tions in the air are significantly dependent on Waeiability of the parameters
mentioned above. An exemplary episode associatddomnsiderable reduction
in initially high concentrations of certain air hdhnts as a result of great in-
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crease in the wind speed and the height of mixaygr during the second half of
December 2014 is shown in Figure 10 (Nowa Hutaicstatand Figure 11
(Kurdwanow station).

Table 6. Pearson correlation coefficientsgnd coefficients of determinatior?Y for wind speed
and mixing-layer height obtained for the period26fl4-2015 in the area of analysed air quality
monitoring stationsg< 0.05)

Nowa Huta station Kurdwanow station
Analysed 2014 2015 2014 2015
period
r r? r r? r r? r r?
1 | 0716 0513 0748 0550 0694 0481 0.649 0422
2 | 0.449| 0202 0609 037D 0463 0214 0.705 0,497
3 | 0549| 0301 0496 0246 0576 0382 0487 0p37
4 | 0380 0144 0434 0188 0465 0216 0478 0p28
5 | 0467| 0218 0478 0220 045 0207 0406 0164
< 6 | 0.358| 0.128) 0.455 0207 0.4% 0206 0.392 0M154
[y
g 7 | 0.393] 0.154)  wind speed| 0.348 | 0.121] 0.608 0.368
measurements i |
g | 0501| 0251 | novailable | 0503 0253 0501 0.251
o | 0302| 0091 0397 0.157 03%9 0.1p9 0563 0817
10 | 0.470| 0221 0487 0237 0518 0268 0660 0436
11 | 0567 0322 0700 049 0723 0522 0691 0477
12 | 0.835] 0.698 0652 0425 0720 0518 0.656 0430
Heating 0.632| 0.399| 0.603 0.368 0.611 0.374 0.620 0.884
season
Non-heating | o 3ca | 0108| 0403 0162 0373 0189 0463 0.p14
season
Year 0.340| 0.115 0.421 0177 0374 0.1040 0.394 €015

In addition, Figures 10 and 11 illustrate the ddnteffect of pollutants re-
sulting from the daily cyclic changes in the heigiitmixing layer during the
period with very low wind speeds (14-16.12.2014).

Conducted analysis shows that low mixing-layer heigip to 100 m) oc-
curred in the area of the analysed monitoring atatifor aprrox. 38-40 % of the
time throughout the year, and was most frequembid months. Low mixing-
layer height was often associated with low windespér calm wind) episodes.
Therefore, such adverse aerosanitary conditionsbeayne of the major causes
for significant deterioration of air quality in Kkaw during the heating season.
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Fig. 8. Relationship between the mixing-layer heigihd wind speed obtained for the Nowa Huta
station in December 2014 (1-hour averaged data)

4. Conclusions

Krakow, due to its unfavourable location in thelexaland high level urban
density, is a city characterized by poor ventilatmroperties, which combined
with large amounts of local emission sources cbutd to the occurrences of
significant air pollution, especially in the heafiseason. In such situation the
variability of meteorological parameters is of dgreaportance, as it determines
the potential dilution of pollutants in areas witiygh concentrations. On the ba-
sis of studies and analysis carried out for a jpeabtwo years (2014-2015) it
can be concluded, that the concentrations of miogcdlutants present in Kra-
kow in the area of industrial station (Nowa Hutajlairban background station
(Kurdwanow) are correlated with wind speed and ngxiayer height.

The strongest negative correlation between the exdrations of certain
pollutants in the air and the wind speed/heighinofing layer occurs in winter
months and concerns the following substances;oPRM, s and NQ (measured
at both of the stations) and CO angHg(measured only at the Nowa Huta sta-
tion). This conclusion is evidenced by relativelgh Spearman’s rank correla-
tion coefficients |t > 0.5) obtained for analysed data with a temp@sblution
of 1 hour.

During the heating season the cumulative impabtiotfi meteorological pa-
rameters mentioned above is observed, which irfteaghe dilution and con-
centration processes of pollutants within the ngxaone. These factors are mu-
tually partially correlated, which is especiallyidant in the winter months. In
extreme cases, the Pearson correlation coeffidietveen wind speed and
mixing-layer height reaches the level of 0.83 (NomMuata station, December
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2014), with the average value for both of the asedystations throughout the
heating season equal to 0.62.

a)

(VAN B LOYE UV AM\NA

b)

3

L oiy VORR UV OM\NA

Fig. 9. The cumulative impact of wind speed andingxayer height on the P)levels in the air
recorded during the heating season at the ana$taédns: a) Nowa Huta, b) Kurdwanow (1-hour
averaged data from 2014)
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In the case of ©concentrations, measured only at the Kurdwanotiosta
for all of the months in the year a relatively higbsitive correlation was found
in relation to both of the analysed meteorologigatameters. This may be in-
volved, among others, with the inflow of the aihriin & and other oxidising
substances or hydrocarbons (which are the sourfcedimals accelerating the
conversion of NO to N@and ozone formation). On the other hand, it maylte
from blowing away the air rich in NO from the ansdy area, which could react
with O; and reduce its concentration in the air. Duringnaexr months the in-
crease of the mixing-layer height is associatedh witong convection that re-
sults from increased insolation level and highergerature, which promotes the
formation of ozone.

At this station, a significant reduction in the N&nd NQ concentrations
during the non-heating season with an increaseothf tvind speed and mixing-
layer height was observed. This information caricae that this station is sub-
jected to a significant impact of the nearby roadfit and industrial emission
and may point to dilution processes of pollutaarsd(air pollution plumes from
point sources) resulting from an increase in wipeesl and mixing-layer height.
During the months characterized by intense soldiat@n NG undergoes pho-
todissociation, thus causing the formation of ozqezoxyacetyl nitrate (PAN)
and other organic peroxides which is also prombiethixing effects.

The weakest relationship between the concentratiotise air and the wind
speed or the mixing-layer height was obtained 105, &ind periodically for the
Nowa Huta station in case of N@s well. Furthermore, these correlations de-
fined for individual months are characterized bydaticeable variability and,
example given, for SOconcentrations measured at the Nowa Huta station i
2014-2015 they were generally of positive valuee Tritrease in S{concentra-
tions in the air with increasing wind speed andingxayer height appears to be
caused by intensified inflow of this substance (a@sses with its higher concen-
trations) from other regions, including more distegsidential areas of single-
family detached houses and industrial emissioncgsulocated along the domi-
nant wind directions. On the other hand, periotiicatcurring lack of correla-
tion of analysed meteorological parameters with, d@nhcentrations may partly
be due to the mutual neutralisation of two effedikition of this substance in
the air and accelerated oxidation of NO to. N8 a result of the inflow of oxi-
dants from the areas where they are in abundandkelcase of the Nowa Huta
station, direct impact of vapour emissions of vdabrganic compounds and
other pollutants from a nearby gas station, roaassport and industrial plants
may also be crucial.

Impact assessment of wind speed and mixing-layighhen the pollutant
concentrations conducted in the paper for two measent points located in the
city of Krakow provides partial explanation for theasons behind the episodes
with elevated concentrations of certain pollutdant¢he air, which are recorded
at the analysed monitoring stations. Furthermoeefiopmed analysis allowed for
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the examination of both causes and nature of pieabid occurring noticeable
improvement of air quality in the city. However,rther analysis taking into
account greater number of parameters and measurgroaris is advisable,
together with the evaluation of mixing-layer heigbmporal variability deter-
mined in the paper using mathematical modelling.

This paper has been prepared within the scope of the AGH UST statutory
research no. 11.11.150.008.
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OCENA WPLYWU PREDKO SCI WIATRU | WYSOKO SCI WARSTWY
MIESZANIA NA JAKO SC POWIETRZA W KRAKOWIE (POLSKA)
W LATACH 2014-2015

Streszczenie

W pracy oméwiono rel, jaka petni pedkaos¢ wiatru i wysokdé warstwy mieszania w ksztal-
towaniu poziomow sten zanieczyszczew powietrzu w Krakowie (Potudniowa Polska). W tym
celu wykorzystano 1-godzinne wyniki pomiarowzgh wybranych zanieczyszczgowietrza oraz
predkosci wiatru z okresu 2014-2015, realizowanych w obszaniasta Krakowa w dwéch sta-
cjach monitoringu jakézi powietrza (stacji przemystowej i tta miejskieg@zasow zmiennd¢
wysokaici warstwy mieszania w rejonie danej stacji momitgowej wyznaczono metgdnode-
lowania z wykorzystaniem modelu CALMET i wynikow mpé@aréw pochodgcych m.in. z dwoch
stacji aerologicznych. Stwierdzono co najmniej ukuiavarg zaleznos¢ pomidzy prdkoscia
wiatru i wysokdcia warstwy mieszania orazegeniami niektorych zanieczyszazpowietrza. W
przypadku takich substancji, jak RMPM, 5, NO,, NQ,, CO i GHs korelacja ta jest ujemna, co
swiadczy o tym,ze niska pgdkos¢ wiatru i mata wysok& warstwy mieszania nie byt giown
przyczyry podwyzszonych stzen tych substancji w powietrzu, zwtaszcza w mjeach zimo-
wych. Dla Q otrzymano korelagj dodatni z analizowanymi parametrami meteorologicznymi,
swiadczcg o tym, ze w tworzeniu s ozonu istotg role odgrywa dospnas¢ do odpowiednich
prekursoréw i intensywr$é ich naptywu z ssiednich terenéw. Z kolei w przypadku S@ryska-
no stabe korelacje dodatnie lub ujemne w zadéci od rozpatrywanego okresu roku i lokalizaciji
stacji.

Stowa kluczowe:zanieczyszczenie powietrzag/gnia zanieczyszcag parametry meteorologicz-
ne, analiza korelacji, przewietrzanie miasta, CALME
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