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Abstract

In this work, the first long-term (eight years) record of hourly concentrations of carbon monoxide
(CO), nitrogen dioxide (NO;) and particulate matter with diameter less than 10 pm (PMjg) from
three sites in the city of Buenos Aires is analysed. Considering the short-term guidelines
suggested by the WHO, the daily mean PM1g concentrations present a relatively large number of
exceedances at the three sites. Different statistical techniques are combined to study the
relationship between these relatively high PMjg concentrations and relevant surface
meteorological variables. For all pollutants and sites, wind speed shows the largest differences
between the lowest and highest concentration quartiles. To further explore its role on daily mean
PMjq concentration, a k-means algorithm is applied, grouping days with similar surface 1h-wind
sequences. Five wind sequence clusters are found, presenting distinctive air quality data
features. Two clusters (1 and 2) show that PM;g exceedances occurring with winds entering the
city from the river represent between 10-21% of total events at the three sites. The frequency of
exceedance under these conditions decreases with the distance to the coast. For cluster 1, the
hourly PM3o concentration profile and its associated daily wind sequence suggest an important
contribution to exceedance events from the city’s southernmost power plant. Two clusters (3
and 4), exhibiting continental winds, account for 49-59% of the exceedances and co-occur with
relatively drier air conditions. The correlation between CO and PMy, for days belonging to cluster
3 supports the hypothesis of a potential remote or distributed source contribution with SW
winds. For cluster 4, differences among sites in the number of events under NNW winds suggest
an important contribution from the city’s widest avenue to the PMyq levels at the most coastal
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site. A large contribution coming from urban sources is also indicated for these winds. Finally,
cluster 5, exhibiting low wind speed sequences, accounts for 23-33% of the exceedances at the
three sites. The average PMy, concentration increases with persistence of this cluster, which
could be a driver for exceedances. These results contribute to show the importance of simple
methods such as clustering analysis to obtain insights into air quality features such as
exceedances and their potential drivers. They also suggest that further efforts in monitoring,
modelling and emission estimates may help to better understand local, urban and regional
source contributions to these events in the city of Buenos Aires.

Keywords: air quality data; Buenos Aires; exceedance conditions; meteorological data
1. INTRODUCTION

Air pollutants can cause adverse effects on human health and the environment if their
concentrations are relatively large. According to the World Health Organisation (WHO), nine out
of ten people worldwide breathe polluted air. The combined effects of poor outdoor and indoor
air quality cause around seven million deaths annually (WHO, 2018). The largest negative impact
of atmospheric pollution occurs in urban areas because they not only present the highest air
pollutant levels but also the largest number of people exposed to them. Given the increasing
evidence of negative effects on the health of the population (e.g., Lelieveld et al., 2019;
Papadogeorgou et al., 2019; Sun and Zhu, 2019), more governments are taking action for which
interaction with the scientific community may be crucial.

Although air quality improvement strategies rely on emission abatement measures,
meteorological factors play a major role on high concentration values (Borge et al., 2018). Urban
air quality is the result of a complex combination of different scale processes and local factors
(Borge et al., 2016) that cannot be extrapolated across cities and must therefore be evaluated for
each particular case. The study of the role of meteorological conditions on high concentration
events requires long-term (i.e., several years) series of observations. Usually, air quality data
availability is the main limitation for such analysis. Exceedances over a given threshold typically
represent a small fraction of the data set (the higher the threshold the lower the fraction). A
long-term record guarantees that all possible outcomes (resulting from the countless
combinations of meteorological and emission conditions) are included in the analysis.

The city of Buenos Aires (CBA) is part of the Metropolitan Area of Buenos Aires (14,967,000
inhabitants, 3830 km?), the third mega-city in Latin America (UN, 2019). Compared to other
South American cities, the air quality and its relationship with meteorology in the CBA has been
poorly studied. Most works (e.g., Bogo et al.,, 1999; Mazzeo et al.,, 2005; Arkouli et al., 2010)
analyse air pollutant concentrations using observations from short-term (i.e.,, a few months)
monitoring campaigns. A few studies using long-term series have focused on meteorological
aspects of air pollution. For example, Venegas and Mazzeo (1999) analyse stagnation,

2



80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

recirculation and ventilation conditions using two years of meteorological data from several sites
of Argentina including Buenos Aires, and conclude that the frequency of occurrence of these
conditions accounts for 10%, 6% and 40% of the time, respectively. Gassmann and Mazzeo (2000)
study the air pollution potential using four years of observations and find that Buenos Aires has a
frequency of days with low ventilation conditions of 8.5%. Finally, Mazzeo and Venegas (2004)
analyse the persistence of different wind and stability conditions in the CBA using three years of
meteorological data and highlight that while all wind directions present long persistence periods,
some of them may lead to worse air pollution conditions.

At regulatory level, the environmental protection agency of the CBA (APRA, in Spanish) monitors
ambient concentration levels of carbon monoxide (CO), nitrogen dioxide (NO,) and particulate
matter with an aerodynamic diameter less than or equal to 10 um (PMyp) at three air quality
stations, simultaneously since 2009. While current air quality is adequate to protect human
health according to the present regulation (Res. 403/APRA/13), air quality standards in the CBA
are expected to be updated in the coming years to follow the guidelines suggested by the World
Health Organisation (APRA, personal communication). In this context, knowledge of the
mechanisms responsible of high concentrations [i.e., those exceeding the WHO levels (WHO,
2005)] is fundamental. In addition, a comprehensive study of the relationship between air quality
and meteorology may contribute to identify potential source regions of air pollutants.

In this work, we present a study of the first long-term air quality data set recorded in the CBA
consisting of 8 years of 1-hour NO,, CO and PMq ambient concentration records measured by
the APRA at the three monitoring sites. The methodology includes simple statistical analyses and
clustering of daily wind sequences. The relationship between observed air quality features and
meteorological conditions is discussed with a focus on the PM;g concentrations exceeding the
daily mean WHO guideline. The objective is to gain knowledge on the underlying meteorological
drivers of high air pollutant concentrations in the atmosphere of Buenos Aires that should be
considered for air quality management in the city.

Air quality data are described in Section 2. The statistical analyses used four our research are
presented in Section 3 and the results discussed in Section 4. A discussion on the advantages and
limitations of the methodology is presented in Section 5 and the main conclusions of the work
are summarised in Section 6.

2. AIR QUALITY DATA

Air quality data consist of eight years (01/05/2010 - 30/04/2018) of continuous hourly
concentrations of CO, NO, and PM;o measured at three sites in the city of Buenos Aires (Table 1).
These monitoring stations are regarded by the local environmental authority (APRA) as: urban
background (CEN: Parque Centenario), urban traffic (COR: Cérdoba) and urban industrial (LB: La
Boca). Parque Centenario is located in the geographical centre of the city, in a residential-
commercial area, 60 m away from a large park (see Figure 1). Cérdoba station is located on a
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busy avenue through which 38,000 vehicles circulate daily in an east-west direction (Mazzeo and
Venegas, 2012). This site is surrounded by buildings with varying heights (10-80 m) in a
commercial area of the city. Finally, La Boca station is located near the coast (where three
thermal power plants operate) and 160 m away from a highway.

Correlation between stations of hourly concentration values is greater than or equal to 0.5 for all
pollutants and sites, except for CO between COR and LB sites (0.38) (see Figure S.1). Note that
relatively high correlations within the city are expected because all stations are subject to similar
influences of diurnal and seasonal variations in both the meteorological conditions and the
emissions. However, correlations are not perfect, implying that local features still account for a
substantial amount of the variation in concentration values. In general, at each site, the following
correlation order is verified: CO < NO, < PMy,, as expected from the nature of these pollutants.
NO, and CO concentrations are larger in COR (Figure 2). As expected, in all sites, these species
present diurnal variations which follow that of road traffic emissions with two maxima at peak
hours and larger concentration during winter months mainly due to reduced dispersion
conditions, as previously suggested in other studies (e.g., Venegas and Mazzeo, 1999; Mazzeo
and Venegas, 2004). However, the amplitude of the mean monthly concentration values varies
differently for the two pollutants. The maximum-to-minimum NO, concentration ratio is
considerably larger at COR (104%) than at CEN (56%) and LB (70%); while the CO variation is
rather similar across sites (74-85%). These differences must be related with local features.

PMyo presents hourly and monthly variations that are similar across sites and contrast with the
traffic-related profile of the other species. On average, hourly PMj, concentration values show
small variations during diurnal hours, except at LB where larger levels in the afternoon are
observed, peaking at 18h. These characteristic small diurnal variations suggest a large
contribution of sources other than traffic (secondary formation and/or non-local sources). The
monthly variation of PM1g shows larger values in June, July and November, with a maximum-to-
minimum PM;iq concentration ratio varying between 26% (COR) and 45% (CEN). The relatively
larger concentration values observed in warm months could be due to photochemical reactions
leading to a larger fraction of secondary aerosols.

During weekdays, the concentration of the three species is larger as a result of greater human
activities, mainly traffic. Despite similar temporal patterns, some differences among pollutants
and sites are observed. At CEN, COR and LB, the weekend reductions relative to the weekday
mean are respectively: 16%, 14% and 16% for NO, (ratio=1.14); 11%, 25% and 11% for CO
(ratio=2.27); and 11%, 14% and 7% for PMyq (ratio=2).

3. METHODOLOGY

In order to explore the role of relevant meteorological variables on daily pollutant
concentrations, simple statistical techniques and clustering analysis are combined. Due to the
lack of meteorological observations at the air quality stations, in this work we assume that data
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from the meteorological station that is located in the local airport (see Figure 1) is representative
of that at the three sites. These data consist of: air temperature (AT), sky cover (SC), relative
humidity (RH), precipitation (PP), wind speed (WS) and wind direction (WD). The assumption of
horizontally homogeneous ambient wind conditions in the area has been used satisfactory in air
quality modelling studies (e.g., Pineda Rojas, 2014) and relies on the fact that the Metropolitan
Area of Buenos Aires is located over flat terrain.

Days presenting two or more consecutive hours with missing data are discarded; otherwise linear
interpolation is applied. Daily averages are computed for all variables, obtaining N=2347 days
with complete (i.e., 24 hours) meteorological data and air quality data of each species in at least
one site. Since wind is a circular variable, average values are obtained separately for its zonal and
meridional components.

In order to identify the atmospheric variables that are mostly associated with low and high air
pollutant levels, an analysis of their distributions by concentration quartiles for each species and
site is first performed. For each meteorological variable, the statistical difference between the
distributions of the 1st and 4th quartiles is assessed using the Mann-Whitney U-test. Significant
effects indicate an influence of the meteorological variable on concentration levels for a given
pollutant and site.

Since wind is the most important variable for dispersion of air pollutants, and its hourly variation
(along with that of emissions) may contribute to the observed daily mean concentration values, a
clustering analysis is then performed on the daily 1h-wind sequence. Clustering analysis is among
the methods most widely used to study the relationship between air pollution and
meteorological conditions using long-term series when a reduction of data dimensionality is
required (e.g., Davies et al., 1998; Beaver and Palazoglu, 2006; Borge et al., 2007; Beaver et al.,
2008; Rimetz-Planchon et al., 2008; Pakalapati et al., 2009; Khedairia and Khadir, 2012). This
methodology allows grouping elements taken from a high dimensionality data set based on their
similarity. In the case of daily 1h-wind sequence, each day is described by 48 variables (= 2 wind
components x 24 hours). A k-means algorithm is applied to group them according to their wind
sequences. The elbow method (Kaufman and Rousseeuw, 2009) is used to select the optimum
number of clusters (k). It relies on the analysis of within-cluster sum of squares (WCSS)
representing the sum of the squared distance between each member of the cluster and its
centroid. WCSS is calculated for different numbers of cluster starting at k = 2 and plotted against
k. According to this method, an optimum k value (i.e., that providing an optimum trade-off
between a significant cluster separation and a manageable number of groups) is given by the
inflexion point in the curve. In order to get a more complete description of the wind fields in the
area that are associated with the clusters, the daily mean sea level pressure (SLP) field is
computed for each cluster using data taken from the NCEP-NCAR Il Reanalysis dataset
(Kanamitsu et al., 2002).

Once days are classified according to the method described above, the statistical difference of air
pollutant concentrations among clusters is assessed for each pollutant and site in order to
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determine whether different wind patterns are associated with different air pollutant levels. For
a given cluster, the centroid represents the wind dynamics during a stereotypical day belonging
to it, and interactions with mean hourly variations of concentration values can be analysed. In
addition, as highlighted by other authors (e.g., Carslaw and Beevers, 2013), further insights on
the air quality data may be obtained through the evaluation of inter- and intra- cluster variability.
In order to elucidate the meteorological conditions associated with PM;g events, we analyse:

- differences among clusters in: i) the mean diurnal species concentration profiles, ii) the
variation of mean pollutant concentration with the cluster persistence period, and iii) the PMg
exceedances over the WHO guideline at each site,

- within-cluster differences among exceedance and non-exceedance days of: iv) relevant
meteorological variables and v) correlations between PMyy and CO daily mean concentrations.
While analyses i) to iii) are performed for each site, observations from all sites are pooled
together in the analyses iv) and v) to gain a comprehensive view of the exceedances at city level
and to increase the statistical power given the reduced overall number of events.

4, RESULTS

4.1. Local meteorological conditions associated with different air pollutant levels

In order to get a general picture of the relationship between air pollutant concentrations
measured at each site and relevant surface meteorological variables recorded at AEP station, the
distributions of the meteorological variables corresponding to each daily mean concentration
guartile are analysed. As shown in Figure 3, NO, and CO upper quartile concentrations occur
more frequently with lower daily mean air temperature (AT) values compared with their lower
quartile levels. While the distributions of AT for the two extreme concentration quartiles show
significant differences, those of sky cover (SC), relative humidity (RH) and precipitation (PP)
present a more complex behaviour. For example, larger CO levels associated with larger RH
values are only evident at CEN and COR stations. In the case of PM;g, differences in AT are not
robust and those in SC and RH show a clear inverse relationship with the daily mean
concentrations. Larger PMo concentrations, occurring more frequently with lower SC (clearer sky
conditions) and RH values, could be related to the role of precipitation. At the three sites, the
impact of PP is stronger on PMg than on NO, and almost no effect on CO concentrations is
observed (Figure 4), which is expected due to the different efficiency of rain to remove these
pollutants from the atmosphere (Yoo et al., 2014).

The three species show larger concentration values with lower values of wind speed (WS), and
this variable is the one showing the most significant statistical difference between extreme
guartile concentrations, as shown by its low p-value compared to other meteorological variables
(Figure 4). The distributions of wind direction (WD) also show some similarities among pollutants
and sites: in general, lower concentrations occur mostly with winds from the 1st and 2nd
quadrants (i.e., winds entering the city from the river) and larger differences between the upper
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and lower concentration quartiles (i.e., the difference between the red and blue curves in Figure
3) occur more frequently with winds from the 4th quadrant. An exception to this typical
behaviour is observed in the WD distributions for CO and PMyg in COR which show greater upper
- lower differences with S winds. This can be attributed to the street canyon effect that has been
previously reported for this monitoring site (e.g., Mazzeo and Venegas, 2012; Venegas et al.,
2014) and is expected due to the street having an east-west orientation and the monitoring
station being located on its south side. NO, concentrations at traffic hotspots can be affected by
a variety of combined micro-scale phenomena (e.g., Sanchez et al., 2017).The fact that these
concentrations are less affected by the street canyon effect suggests that at COR they may be
more influenced by urban background levels.

Considering the important role of wind on air pollutant concentrations and the fact that daily
averages may prevent from understanding important features linked to hourly variations, the
relationship between concentrations and surface wind sequences is investigated in the following
sections.

4.2. Surface wind sequence patterns and associated synoptic pressure fields

As described in Section 3, clustering analysis is performed to find groups of similar daily
sequences of hourly wind during the analysed period. A number of k (number of clusters) =5 is
identified as an adequate value for the k-means algorithm applied (see Figure S.2). Figure 5
presents the accumulated hourly mean wind vector obtained for each of the five clusters along
with the corresponding 95% confidence interval along the day. Clusters are ordered clockwise
starting at the 1st quadrant (cluster 1) and ending at sequences including the lowest wind speeds
(cluster 5). The first two clusters present larger hourly mean wind speeds. Cluster 1 shows
uniform wind direction from NNE during night and early morning hours and with wind rotating
clockwise around 15 h so that ESE direction dominates during the afternoon. Clusters 2, 3 and 4
show nearly constant wind directions from SE, SW and NNW, respectively. Finally, cluster 5
includes winds with the lowest mean speeds along the day. The direction is SSE at night, it
rotates to ENE at around 12 h and to ESE at 18 h. Examples of how this wind sequence
classification performs at individual days are shown in Figure S.3.

In order to describe these clusters at synoptic scale, Figure 6 displays the horizontal fields of the
mean sea level pressure (SLP) averaged for each cluster using daily SLP data from the NCEP-NCAR
Il Reanalysis. The SLP pattern corresponding to cluster 1 (Figure 6.a) is characterised by a well-
defined high pressure system over the South Atlantic waters, east of the study area, and winds
prevailing mostly from the NE and ENE. A high pressure system is also present in cluster 2 (Figure
6.b), although its strength is weaker compared to cluster 1 and its location is displaced onto the
continent, slightly to the south of the study region. In this scenario, prevailing winds come mainly
from the E and SE. In turn, the SLP patterns corresponding to clusters 3 and 4 are associated with
more dynamical conditions: cold fronts propagating over the study area (Escobar and Bischoff,
1999). In these two scenarios, surface winds have a continental origin and blow from the SW
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(NW) in the case of cluster 3 (cluster 4). Both cases may lead to the uplift of fine soil particles,
especially under dry soil conditions, providing a natural source of particulate matter (from the
regions that are highlighted in the Figure) which may eventually reach the city of Buenos Aires
and increase the concentration of PMy,. Lastly, the pattern associated with cluster 5 (Figure 6.e)
is characterised by a high pressure system located over the city of Buenos Aires leading to light
and variable winds over the study area. Overall, the obtained SLP fields are consistent with the
surface wind sequences shown in Figure 5 and provide an insight on the potential source regions
and stagnation conditions that may contribute to increased pollution levels in the city. Still, it
should be taken into account that hourly variations in the wind components (Figure 5) are
expected on top of the synoptic, daily-mean wind direction, since the location of the wind
measuring site close to the river shore makes it much more prone to be affected by the diurnal
cycle of the river breeze.

4.3. Variation of air quality with surface wind sequence patterns

Once individual days have been distributed among the five wind sequence patterns described in
the previous section, differences in the air pollutant concentrations among these clusters must
be investigated in order to determine whether the classification can be useful to further explore
the role of meteorology on air quality at the three sites. As shown in Figure 7, the concentrations
of the three chemical species are larger (in terms of their means) in clusters 4 and 5 at CEN and
LB stations, while at COR (the street canyon site) a less clear pattern is observed: NO, is larger in
clusters 3 to 5, and CO and PMy, levels are higher in clusters 3 and 5. From this Figure, it can be
concluded that average pollutant concentrations are relatively lower during surface winds
conditions corresponding to clusters 1 and 2, and relatively higher for clusters 4 and 5, except at
COR where cluster 3 is also associated with high concentration values.

It is interesting to note that differences among clusters are present not only in the concentration
levels but also on the profiles of variation along the day (see Figure 8). For NO, and CO, for
example, the concentration profile of cluster 1 presents a second daily peak considerably larger
than the first one (except at LB), that of cluster 2 shows comparatively lower diurnal variation
and those of clusters 3, 4 and 5 look like those of typical traffic emissions (see for example the
vehicle emissions profile at COR presented by Venegas et al., 2014). In turn, the hourly variation
of the PMyo concentration presents less smoothed profiles with no clear order in the cluster
curves (they cross each other at different times of the day). At the three stations, in the night and
during the morning, cluster 1 has the lowest concentrations and cluster 5 the largest one. Shortly
after 6 h, PMy concentrations of cluster 1 start to increase, reaching values comparable to those
of cluster 5 towards 18 h. At LB, a clear contribution of cluster 1 to the highest 18h-peak
(previously noticed in Figure 2) is observed. Other clusters present only small diurnal variations,
while only cluster 5 at LB shows a profile similar to the emissions from the road transport.

Since persistence in wind conditions has been suggested to affect AQ in the CBA (Mazzeo and
Venegas, 2004), the role of cluster persistence on average air pollutant concentrations was also
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explored. The daily variation of the cluster number at each site (with a brief description) is
presented in Figure S.4. Some common features are observed in the daily mean NO, and CO
concentrations: they show significant decreases with persistence of cluster 2 at CEN, and
increases with persistence of cluster 5 at COR (see Figure 9 and Table 2). NO; also decreases with
persistence of cluster 1 at all sites, while CO increases with persistence of cluster 5 at CEN. Daily
mean concentrations of PMig at the three sites decrease (increase) with persistence of clusters 2
(cluster 5), with the strongest statistical trend found for cluster 2. At LB, the most coastal site, an
increase of the average PMy, concentrations with persistence of clusters 1 and 4 is also observed.

4.4. PM;o exceedances over the WHO guideline

While a few exceedances of the local air quality standard occur in the 8-year period under study
(with frequencies < 0.1, not shown), the WHO guideline (50 pg/m?) is exceeded much more
often, with frequencies varying between 5.8% in CEN and 8.2% in LB (computed over the total
analysed days at each site), totalling 368 PMg exceedances in 229 days (Table 3). 57% of these
days presents exceedances at only one monitoring site, 25% at two sites and 18% at the three
sites simultaneously (see Figure 10). The average daily concentration when the WHO standard is
exceeded varies between 68-69 ug/m3 across sites. When looking at the distribution of the PMyq
exceedances by cluster (Figure 11), the largest number of exceedances at CEN and LB are related
to cluster 4 (winds from the 4th quadrant), followed by cluster 5 (low wind speeds) and cluster 3
(winds from the 3rd quadrant), while a larger exceedance frequency for cluster 3 is found at COR.
In total, 90%, 82% and 79% of the events occur in clusters 3 to 5 at CEN, COR and LB,
respectively. Only a few exceedances occur in clusters 1 and 2, except at LB where these clusters
amount for 21% of the events.

While the occurrence of clusters is quite homogeneous in the whole period (see upper panel of
Figure 11), the relative frequency has considerable seasonal variations. Figure 12 shows a clear
dominance of clusters 1 and 2 during austral spring and summer (Sep-Feb) that could be
explained by the fact that during the warm season, the climatological position of the Atlantic
Subtropical High pressure system favours the occurrence of easterly winds over CBA. Clusters 3
and 4 dominate during the cold season (Jun-Aug) when the passage of cold fronts is much more
frequent. Cluster 5 dominates in May but also shows relative peaks in February and August,
which can be explained by the fact that higher pressures over CBA occur in both the cold and
warm seasons. As shown in Figure 12, PM,y exceedances at CEN and COR occur more frequently
during cold months, mainly related to clusters 3 to 5. In turn, at LB, the number of exceedance
days is more homogeneously distributed both along the year and among the five clusters, except
in June and July when a larger contribution from clusters 3 and 4 is observed. The monthly mean
PM;, exceedance frequencies (computed over the monthly number of days with complete data)
vary between 0.7-13.3% (CEN), 1.3-14.5% (COR) and 3.1-17.0% (LB).
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Within each cluster, exceedances occur during a very small fraction of days, as evidenced by
comparing the lower and upper panels of Figure 11. This suggests that, within a given cluster,
variables other than the mean surface wind sequence may contribute to explain the occurrence
of these events.

4.5. Within-cluster variation of other meteorological variables

This section analyses differences between meteorological variables occurring in exceedance vs.
non-exceedance days for each cluster. Interestingly, exceedance days co-occur with relatively
larger air temperature values under wind conditions of cluster 1 and the opposite is observed for
clusters 4 and 5 (see Figure 13). This feature of cluster 1 suggests a potential contribution of
secondary sources when the wind comes from the river and is not observed if the wind
classification is not considered (not shown). Differences in the mean relative humidity are only
evident in cluster 3 and 4; while those of wind speed are statistically significant in clusters 1, 3
and 4. Despite significant differences in SC and PP values between the lower and upper PMjq
concentration quartiles (Figure 4), differences in their average values among exceedance and
non-exceedance days are not significant under this wind classification. This could be due to the
relatively low number of events.

The synoptic pressure fields (Figure 6) associated with SW winds in cluster 3 and NW winds in
cluster 4 suggest that these continental winds are efficient in providing a natural source of
particulate matter entering the city of Buenos Aires. In order to check this hypothesis, the
correlation between daily mean concentrations of PM;g and CO during exceedance and non-
exceedance days, are computed. As shown in Table 4, correlation for cluster 3 not only decreases
but also becomes not-significant in exceedance days. This supports the hypothesis of an
important contribution from remote emission sources under SW winds conditions. In turn, the
correlation analysis does not support the hypothesis for cluster 4 because the correlation is
higher during these PMjo events. Note that the relatively higher average concentrations of NO,
and CO at CEN and LB for this cluster (Figure 7) suggest a larger contribution of urban pollution
under NW winds, which could also be the case for PMyo.

5. DISCUSSION

Advantages of the methodology

In this work, different statistical techniques are combined to provide novel insights into the air
quality (AQ) in the CBA. The rationale behind their choice is related to specific significant
information provided at each step. First, meteorological variables with a high influence on daily
concentration of pollutants are identified. To do this, the data distributions of each
meteorological variable corresponding to the first and last pollutant concentration quartiles are
compared. While significantly different distributions for several meteorological variables are
found, the daily mean wind speed is identified as the most influential factor for all pollutants and

10
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sites. Next, to further understand the role of wind in determining daily pollutant concentration
values and exceedances, the impact of different surface hourly wind sequences on daily
concentration values is studied. A k-means algorithm is applied to group days having similar 1h-
wind sequences with the aim of assessing potential differences in AQ data among these groups.
The discriminating power of the clustering analysis comes from its capacity to classify multi-
dimensional datasets, making no a priori assumptions as to how the data are distributed. The
method proves itself useful if differences among the clusters are found in AQ variables, as
exemplified in Carslaw and Beevers (2013). This is also the case for the data analysed here.

The main result of this work is that different typical hourly wind sequences, grouped by the k-
means algorithm, are associated with distinct AQ features, as shown in figures 7 to 9 and 11 to
13. As an example of the advantage of the clustering approach applied to wind sequences, Figure
14 shows that the daily mean PMjg concentration profile during exceedance days in cluster 1
presents strong hourly variations, which can be associated with the wind rotation characterising
the cluster (Figure 5). In this case, a daily mean concentration above 50 IJg/m3 results from very
large values (up to 140 IJg/m3) during the evening rather than moderately high but constant
hourly concentration values along the day (Figure 14), as also suggested by examples of
individual days belonging to the cluster. The interpretation of the mechanisms behind this
particular class of exceedance would be obscured in a daily mean value analysis.

Cluster differences among sites highlight local features

Assuming that the wind measured at the local meteorological station may be representative for
the whole city, cross-site differences in PMyq levels and in the number of daily exceedances for a
given cluster are expected to result from differences in local source contributions. This simple
reasoning allows us to draw some interesting conclusions regarding the impact of specific
emission sources at different monitoring sites. First, the number of exceedances in clusters 1 and
2 decrease in the order: LB — COR - CEN (Figure 11). The location of the stations (Figure 1) and
the dominant wind directions in these clusters (Figure 5) suggest an important contribution of
emissions from the city’s three power plants, located along the coastline. However, the clearly
defined PMyq diurnal variation (Figure 14) occurring with the wind rotating conditions of cluster 1
(Figure 5) suggests that these exceedances are dominated by an emission source located at ESE
of the city, highlighting the potential impact on AQ of the southernmost power plant (Costanera).
Second, while COR and LB are approximately aligned along cluster 4's dominant wind direction
(NNW), thus expected to receive the same air parcel from distant sources, they differ significantly
in the number of PM;o exceedances on days belonging to this cluster (Figure 11). This difference
can only be explained by the presence of an important PMg emission source between the two
sites. Arguably this source may be related to traffic emissions at Av. 9 de Julio (see Figure 1),
regarded as the widest avenue in the world accommodating 14 car and bus lanes. Third, the
number of exceedances under wind conditions of clusters 3 and 5 are quite homogeneous among

11
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sites, suggesting similar source contributions that are either distant or spatially distributed
relative to the specific locations of the monitoring sites.

More and better data are essential

Several statistical tests in this work suggest significant effects when considering the complete 8-
year dataset but non-significant effects when analysing exceedance days alone. This brings up
the issue, often overlooked in the literature, of which of these two datasets best describes urban
AQ. This is the case, for example, for the difference in PP between the two extreme PMyg
quartiles (Figure 4), or for correlations between daily mean PMyy and CO concentrations (Table
4). A strong possibility behind the loss of significance is the simple fact that there is less data
when only exceedences are considered. Note that lack of significance does not provide positive
evidence in favour of the null hypothesis, but rather states that the null hypothesis cannot be
rejected with the present data. This also highlights the need for larger records of AQ data, to be
able to analyse exceedance events and the mechanisms behind them with enough statistical
power, especially if data are further divided into smaller groups representative of specific
conditions (as in the clustering analysis).

The 2010-2018 data suggest that the total number of exceedances over the WHO suggested
guideline for daily PMyo concentration (50 ug/m?) is decreasing over time at CEN and COR. In
contrast, exceedances at LB seem to increase since 2014 (Figure S.4). This calls for further efforts
in monitoring and analysing particulate matter levels and their main drivers around this site.
Understanding the role of specific emission sources on PM;q concentrations requires detailed
knowledge about emission sources in the whole Metropolitan area of Buenos Aires, currently not
available. In order to correctly account for the local contribution (using air quality models) and
confirm the hypothesis of potentially important contributions from specific sources, in-situ wind
measurements at the air quality monitoring sites are also needed.

6. CONCLUSIONS

In this work, a relatively large number of daily mean PMy, concentrations exceeding the World
Health Organisation (WHO) guideline (50 pg/m?) is found at the three air quality (AQ) sites in the
city of Buenos Aires (CEN: 110, COR: 100 and LB: 158) in a 8-year period (2010-2018). Simple
guartile and clustering analyses of the three pollutants (NO,, CO and PMjg) measured at the sites
and relevant meteorological variables measured at the AEP station, are combined to study the
main drivers of these events.

The analysis of meteorological values corresponding to each pollutant concentration quartile
shows different relationships for two groups of pollutants. On one hand, NO, and CO (local
pollutants) present larger daily mean concentrations most frequently with lower temperatures
(which is probably related to the lower dispersion capacity of the atmosphere during winter). On
the other hand, PMjy most frequently exhibits higher concentration levels with lower sky cover

12
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and relative humidity, highlighting the role played by wet removal. The statistical comparison of
the extreme quartile distributions confirms that the impact of precipitation is stronger on PMyg
than on NO,, and that wind speed is the variable showing largest differences between low and
high concentration distributions for all pollutants and sites.

In order to better understand the role of wind on the daily mean pollutant concentrations, a k-
means algorithm is applied to find groups of days having similar surface 1h-wind sequences. Five
wind sequence patterns (clusters) are obtained and significant differences in the AQ among them
are found at the three sites. From the combined analysis of: a) PM;o event frequency distribution
by cluster, b) synoptic pressure fields associated with the clusters, c) cluster profiles of pollutant
hourly concentrations, d) pollutant levels vs cluster persistence period, and e) intra-cluster
differences of relevant variables between exceedance and non-exceedance days, we arrive to the
following conclusions:

- Two clusters (1 and 2) represent winds entering the city from the river (i.e., bringing "clean
air") that are associated with a breeze-type circulation. Exceedances under these conditions
account for 10-21% of total events at each site. Those presenting with winds from the 1st
guadrant (cluster 1) co-occur with relatively lower wind speeds and higher temperatures
(compared with similar wind conditions during non-exceedance days) which suggests a
potential contribution of photochemical formation. The decrease in the number of
exceedances with the distance to the coast and the strong diurnal profiles of both PMyq
concentrations and wind during exceedance days, suggest an important contribution from
the southernmost power plant.

- Two clusters (3 and 4) represent continental winds from the SW and NW sectors which are
associated with cold fronts. Exceedances in these cases represent 49-59% of total events and
co-occur with lower relative humidity values. SW winds (cluster 3) are suggested to provide
a natural source of PMjq for the city of Buenos Aires; while a larger contribution from urban
sources to the concentrations of the three pollutants is suggested under NW wind
conditions (cluster 4). In this last case, a large difference in the number of exceedances
between COR and LB highlights an important contribution from Av. 9 de Julio to the PMjq
events at LB.

- The fifth cluster (5) represents days with low wind speeds and calm conditions. PMyq
exceedances in these situations account for 23-33% of total events at the three sites, and
they co-occur with relatively lower air temperatures and wind speeds compared with non-
exceedance days.

- At the three sites, the average PMj, concentrations are positively correlated with
persistence of cluster 5 and negatively correlated with that of cluster 2. A positive
correlation is also observed in cluster 1 (breeze-prone conditions) at the most coastal site.
These relationships are not statistically significant when only exceedance days are
considered. Larger records of AQ measurements will help to determine the reason, as
discussed in the previous section.
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Further research, for example utilizing air quality deterministic modelling tools, may contribute
to confirm the role of different emission sources within the Metropolitan area of Buenos Aires.
To do this, both a high resolution emissions inventory and further monitoring efforts (including a
larger number of air quality monitoring sites and in-situ wind measurements) are necessary.
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TABLES

Table 1: Basic statistics obtained from hourly time series of NO, (ppb), CO (ppm) and PMyg
(pg/m3) concentrations at each monitoring site (CEN: Parque Centenario, COR: Cérdoba, LB: La
Boca) during the analysed period (2010-2018). [The number of observations (N) and data
availability (%) at each site is indicated]

NO; (ppb) CO (ppm) PMyo (Hg/m°)

CEN COR LB CEN COR LB| CEN COR LB
Hourly values
Min 0 0 1 0.05 0.05 0.05 4 4 4
Median 18 23 16 0.50 0.50 0.26 24 24 24
Mean 19 26 19 0.56 0.61 0.34 30 30 31
Max 112 190 129 6.80 5.21 8.76| 492 744 880
N 58499 46674 57131 51669 54604 50831|56245 52284 60915
% 83 67 81 74 78 72 80 75 87
Daily values
Min 3 2 2 0.16 0.08 0.07 9 9 7
Median 18 22 16 0.52 0.6 0.34 25 26 27
Mean 18 25 18 0.56 0.64 0.39 29 29 30
Max 54 102 75 1.85 2.59 2.9 280 174 243
N 1809 1497 1800 1726 1587 1332| 1882 1657 1936
% 62 51 62 59 54 46 64 57 66




Table 2: Pearson correlation coefficient between the average concentration and the cluster
persistence period, for each pollutant and site. Positive (negative) correlation values indicate
positive (negative) trends in the curves of Figure 9. Bold numbers indicate that the correlation is
significant (i.e., the p-value obtained from the Kendall test is lower than 0.05)

Cluster

1 2 3 4 5
NO,
CEN -0.13 -0.13 0.09 0.09 0.06
COR -0.12 -0.04 0.02 0.08 0.10
LB -0.10 -0.07 -0.01 0.07 0.02
co
CEN -0.06 -0.18 0.02 0.09 0.20
COR 0.02 0.02 -0.05 0.04 0.12
LB 0.11 -0.07 -0.08 0.05 0.01
PMy,
CEN -0.03 -0.22 0.00 0.05 0.08
COR 0.05 -0.21 -0.03 0.06 0.10
LB 0.10 -0.20 0.02 0.07 0.09

Table 3: Number and relative frequency (%) of daily mean PM;o concentration exceedances over
the guideline suggested by the WHO (50 pg/m®) at each monitoring site, in the studied period.
[N: number of complete days (with 24 hours of data)]

Monitoring site N Number of events Frequency (%)
CEN 1882 110 5.8
COR 1657 100 6.0
LB 1936 158 8.2

Table 4: Pearson correlation coefficient between PMjg and CO daily mean concentrations, for
each cluster, stratifying by WHO guideline non-exceedance (Non-EXC) and exceedance (EXC)
days. Bold numbers indicate that the correlation is statistically significant (p < 0.05)

Cluster
1 2 3 4 5 All
Non-EXC 0.15 0.19 0.33 0.25 0.28 0.29
EXC 0.41 -0.43 0.16 0.45 0.12 0.19

Days
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Figure 1: Map of the Metropolitan Area of Buenos Aires, including the city of Buenos Aires (CBA)
and location of the three air quality monitoring stations (CEN: Parque Centenario, COR: Cérdoba,
LB: La Boca) from the “Agencia de Proteccion Ambiental (APRA)’. The locations of the AEP
meteorological station (Domestic Airport) and three thermal power plants (triangles) are also

indicated. [Source: Google Maps]
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Figure 2: Temporal variation of air pollutant concentrations at hourly, monthly and weekly scales,
at each monitoring site (CEN: Parque Centenario, COR: Cdrdoba, LB: La Boca).
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Figure 3: Distributions of surface daily mean meteorological data associated to each quartile
interval of daily mean (a) NO,, (b) CO and (c) PMyo concentrations, at each monitoring site. The p-
value in each figure indicates the statistical significance of the difference between the average
values of the 1st (blue) and 4th (red) quartiles.
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Figure 6: Sea level pressure (SLP) averaged for each cluster a) 1 to e) 5. The number of days
within each cluster is indicated between brackets. SLP units are hPa. Shaded regions indicate
potential natural sources of PM for the area of the city of Buenos Aires. In Figure 6.a), Argentina
(AG), the CBA (star) and neighbour countries (UY: Uruguay, PY: Paraguay, BZ: Brazil, BO: Bolivia,

CH: Chile) are indicated.
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Figure 7: Matrix of p-values obtained from the Dunn-Sidak multi-comparison test applied to the
cluster mean concentrations (upper panel; white indicates no statistical difference between the
mean pollutant concentrations of two clusters) and box-plot of the cluster concentrations (lower
panel; the p-values obtained from the Kruskal-Wallis test is indicated), for each pollutant and
monitoring site.
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Figure 8: Hourly variation of air pollutant concentrations at each monitoring site (CEN: Parque
Centenario, COR: Cérdoba, LB: La Boca), by cluster.
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Figure 9: Mean pollutant concentration occurring with different wind sequence persistence
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Figure 10: Percentage of days with PMyy concentration exceeding the WHO guideline (50 ng/mS,
24 h) at one, two and the three sites simultaneously, relative to the total number of exceedance
days (229).
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Figure 11: For each cluster (colour code): day count (upper panel), exceedance day count (middle
panel) and percentage of days with exceedance (lower panel), at each monitoring site (columns,
as indicated).
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Figure 12: Monthly distributions of: (a) cluster occurrence (%); and number of PMy, exceedance
days by cluster at the three monitoring sites: (b) CEN, (c) COR and (d) LB.
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Figure 13: Mean values of a) temperature (AT, °C); b) relative humidity (RH, %); c) precipitation
(PP, mm/day); and d) wind speed (WS, m/s) considering days with PMo concentration below
(blue) and above (red) the 50 llg/m3 threshold in at least one of the monitoring stations, by
cluster. Asterisks next to the cluster number indicate that the differences are statistically
significant at the 99% confidence level according to a two-sided t-Student test.
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Figure 14: Hourly variation of PMy, concentrations during exceedance days at each monitoring
site (CEN: Parque Centenario, COR: Cérdoba, LB: La Boca), by cluster.



Highlights

- Hourly AQ data and surface wind sequence are analysed over a 8-year period
- Large number of PM;g exceedances over the WHO guideline at the three sites
- Five 1-h wind sequence clusters with distinctive AQ features

- Wind and AQ variations suggest specific local source contributions

- Two clusters highlight potential urban and regional contributions to the events
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