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Abstract: Levels of urban pollution can be influenced largely by meteorological conditions and
the topography of the area. The impact of the relative humidity (RH) on the daily average PM; 5
concentrations was studied at several sites in a mid-size South American city at a high elevation
over the period of nine years. In this work, we show that there is a positive correlation between
daily average urban PM; 5 concentrations and the RH in traffic-busy central areas, and a negative
correlation in the outskirts of the city in more industrial areas. While in the traffic sites strong events of
precipitation (>9 mm) played a major role in PM; 5 pollution removal, in the city outskirts, the PM; 5
concentrations decreased with increasing RH independently of rain accumulation. Increasing PM; 5
concentrations are to be expected in any highly motorized city where there is high RH and a
lack of strong precipitation, especially in rapidly growing and developing countries with high
motorization due to poor fuel quality. Finally, two models, based on a logistic regression algorithm, are
proposed to describe the effect of rain and RH on PMj; 5, when the source of pollution is traffic-based
vs. industry-based.

Keywords: relative humidity; precipitation; combustion efficiency; urban PM; 5

1. Introduction

The cities of the developing world with populations greater than 100,000 dominate the list of urban
areas at high elevations (>2000 m.a.s.l.). Small- and mid-size cities (<5 million people) in these regions
are currently among the fastest growing areas in the world and are often more polluted than major
urban conglomerations [1,2]. Most often, this is due to a lack of strict regulation, inappropriate urban
planning, the age of the motorized fleet or engine technology, and poor quality fuel [3,4]. In these areas,
traffic is frequently a major source of ambient PM; 5 (particulate matter with aerodynamic diameter
less than 2.5 pm) pollution, and can account for as much as 37% of observed levels [5].

High elevation urban areas are conditioned to different meteorology compared to low elevation
regions. At high altitude, more intense solar radiation causes more active photochemistry and a high
diurnal temperature variation. Even at tropical and subtropical climate zones, temperature is lower
compared to the same latitude at sea level. Moreover, relative humidity (RH) at high altitude varies
during the day depending on temperature and formation of clouds. The same RH at higher elevation,
however, contains less water vapor. In addition, atmospheric pressure decreases with elevation,
causing lower air density and less oxygen.
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It has been shown that levels of urban pollution can be strongly influenced by both meteorological
conditions and the topography of the area [6]. Temperature, wind speed, and precipitation may have
negative effects on the PM; 5 concentrations due to better diffusion and wet deposition [7-13]. However,
a study in the Chinese city Zanzhou (elevation 1520 m.a.s.l.), indicates that precipitation scavenging
effect on different size PM is dependent on the strength and accumulation of precipitation [14].
Several studies conclude that an increase in the RH reduces urban PM; 5 pollution [11,15-20].
In contrast, others indicate a positive effect, especially during episodes of high pollution in
wintertime [21-23]. Those periods are known to have low precipitation. Some studies show how the
concentrations of PM; 5 of different chemical composition increase as a function of the RH due to
the aqueous-phase reactions (secondary inorganic species) and gas-particle partitioning associated
with water uptake (secondary organic aerosol) [21,24,25]. These effects could explain a fraction of the
enhanced aerosol formation due to increased RH. However, most of the studies carried out on an urban
scale are limited to short-term investigations of regions that use cleaner fuels in low elevation cities.

Decades of research at the vehicle scale point out both RH and elevation enhanced particulate
emissions from internal combustion engines [26-29]. Increased RH results in lower temperature
due to the increased heat capacity of the cylinder air charge [26]. Furthermore, an increase in soot
particles, hydrocarbons, and other unburnt fuel compounds that form primary particles is also due
to higher atmospheric moisture content reducing the air density at intake and causing a decrease in
oxygen content, influencing the air-to-fuel ratio of the combust mixture [9,28]. Increased elevation
also reduces ambient temperature, air density and the oxygen available in the air. A study on diesel
emissions at high elevation showed that particulate matter emissions at elevations between sea level and
1000 m.a.s.l., and sea level and 3200 m.a.s.]. increased by 142.3% and 203.5%, respectively [30]. It was
further concluded that smoke emissions in heavy-duty diesel engines increase at higher elevations [31].
There are reports proving RH effects on the post-combustion, dilution, and secondary aerosol processes
of PM formation [8-10,32-34]. While the impact of RH or elevation on gasoline engine emissions has not
been explored, it may be assumed that high RH and elevation have a similar effect on both gasoline and
diesel engine PM emissions due to incomplete combustion [29]. However, it was recently concluded that
gasoline cars produce more carbonaceous particulate matter than modern filter-equipped diesel cars [35].

Although several studies show the increased emissions at the vehicle scale, there is a general
lack of studies on the effect of RH on PMj 5 pollution in high elevation cities at the urban scale [36].
Moreover, most of the existing studies on PM, 5 pollution focus on the large cities or megacities
where the sulfur content in fuel is often strictly regulated [37]. The impact of RH on internal engine
combustion could be more of concern at high elevations and more so in the developing countries where
fuels with a high sulfur content are more common. This means that traffic related pollution could
become more of an issue in those countries during episodes of high relative humidity. While sulfur
content in the developed world is under 10-15 ppm, corresponding to Euro 6 vehicle technologies,
developing countries are circulating much higher sulfur content fuels corresponding to Euro 0-3
vehicle technologies. For example, in 2017, rapidly growing Ecuador, with fuels with sulfur content
over 500 ppm, passed a new regulation of Euro 3, which was the standard implemented in Europe
in the 1990s. Quito, the capital of Ecuador, therefore offers a perfect site for studying mid-sized
cities at high elevations that violate the World Health Organization (WHO, Geneva, Switzerland) and
national annual PM; 5 standards due to transport-related (80%) PM; 5 emissions [36,38]. Quito also has
relatively consistent weather conditions throughout the year, with the only exception of the seasonal
variation of RH and rain accumulation (the rainy and dry seasons). The goal of this work was to study
the contrasting effect of RH and precipitation on fine urban particulate pollution in a high elevation
mid-size city, using Quito as the model. We first searched for more traffic-busy urban areas and focused
on how the rain might affect the relationship between the RH and PM; 5 concentrations. We then
separated the rain component from the dataset to better illustrate the RH impact on different PM 5.
Finally, models based on logistic regression were proposed to describe the contrasted effect of rain and
RH on urban PMj; 5 pollution in different parts of the city.
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2. Materials and Methods

2.1. Site Description

Quito is among the top five most populated cities at high elevations in the world. It stretches north
to south over a broad slope of the Pichincha volcano (the summit of which is 4800 m.a.sl.), which forms
part of the Andes, and has an average elevation of 2815 m.a.s.1. [39]. The city is currently experiencing
expansion of the metropolitan area (4218 km?) and is host to a population of 2,239,191 according to the
last census taken in 2010 [40]. The city extends over several terraces that vary in elevation between 2700
and 3000 m.a.s.l, and expands through to the surrounding valleys that stand at 23002450 m.a.s.l. A
motorized fleet of around 0.5 million vehicles creates serious rush-hour problems due to the limitations
placed on the city sprawl as a result of the complex topography. Due to its location on the Equator, the
solar height at midday is between 66.5 and 90 degrees throughout the year with high solar intensity levels.
However, thanks to the elevation, it has a spring-like climate all-year round with an average temperature
of 14.5 °C [39]. Quito is located in a high-elevation tropical region and consequently has two seasons: dry
(June-August, with average rainfall of around 14 mm/month) and rainy (September-May, with average
rainfall of 59 mm/month) with most of the rainfall occurring in afternoons.

PM; 5 pollution in the city can be generated by different sources such as traffic, wood combustion,
mining, industrial parks, and thermoelectric power plants (Figure 1). The center of Quito is predominated
by residential areas with heavy vehicular traffic. The industrial parks are mainly located in the northern
and southern outskirts of the city. In addition, in the surroundings of the city, there are quarry areas that
produce aggregates for the building construction sector and two thermal power stations.
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Figure 1. Locations of air quality measurement sites (blue dots) in the metropolitan area of Quito,
Ecuador, in relation to the industrial parks (pink areas), thermoelectric power stations (red points)
and mining areas (yellow areas). The white color lines represent the main transport routes.



Sustainability 2018, 10, 64 4 of 21

2.2. Instrumentation and Data Analysis

To account for the variability of the Quito’s complex terrain, air quality and meteorological
data were collected from five sites over a period of nine years, 2007-2016. The selected sites vary
by elevation and vehicle traffic densities. Two northern sites (Cotocollao (elevation 2739 m.a.s.l.,
coordinates 78°29'50"" W, 0°6'28"" S) and Carapungo (elevation 2660 m.a.s.l., coordinates 78°26'50"" W,
0°5'54’" S)), one central site (Belisario, (elevation 2835 m.a.s.l, coordinates 78°29'24"" W, 0°10'48"" S)),
and two southern sites (Camal (elevation 2840 m.a.s.l., coordinates 78°30/36"" W, 0°15’00"" S) and
Chillos (elevation 2453 m.a.s.l., coordinates 78°27'36"" W, 0°18’00" S)) were studied (see Figure 1).
The latter site has only been operating since 2014. The measurement stations were located on the roofs
of relatively tall buildings in line with the criteria for air quality monitoring set by the Environmental
Protection Agency of the United States (USEPA, Washington, DC, USA).

For PM; 5 concentration data, Thermo Scientific FH62C14-DHS continuous ambient particulate
monitor 5014i was used based on beta rays’ attenuation method (EPA No. EQPM-0609-183). Crucial to
this study is that the sample was drawn at a flow rate of 16.67 L/min through a heated sampling
tube, the purpose of which was to reduce particle-bound water and to decrease the margin of error
in the measurement due to RH. The RH threshold of the sampling tube heater was 35%. For SO,
concentration data collection, ThermoFisher Scientific (Waltham, MA, USA) 43i high level SO, analyzer
based on ultraviolet florescence (EPA No. EQSA-0486-060) was used. For concentration data collection,
ThermoFisher Scientific 491 ozone analyzer based on ultraviolet absorption (EPA No. EQOA-0880-047)
was used. For NO, concentration data collection, ThermoFisher Scientific 42i NOy analyzer based
on a chemiluminescence method (EPA No. RFNA-1289-074) was used. Finally, for CO concentration
data collection, ThermoFisher Scientific 48i based on infrared absorption (EPA No. RFCA-0981-054)
was used. All meteorological parameters were measured using Vaisala WXT536 instrumentation.
Kipp&Zonnen (Delft, The Netherlands) pyrometer was used to measure global solar radiation.

Carto Enterprise map application (www.carto.com) was used to produce the map of Quito.
Igor Pro (Wavemetrics) and Microsoft Excel (MS Office) software applications were used to perform
daily data correlation analyses and descriptive statistics. The air pollution and meteorological data
were compiled as 3-h (0:00-3:00, 3:00-6:00, 6:00-9:00, 9:00-12:00, 12:00-15:00, 15:00-18:00, 18:00-1:00
and 21:00-24:00) and 24-h averages. Python statistics module of the SciPy library was used to carry
out the inferential statistics (i.e., interaction test). A data mining approach was applied to classify the
PMj, 5 concentrations between the values above and below long-term median in relation to RH and
precipitation. The classification of data was obtained through a machine learning algorithm called
logistic regression. The Scikit-learn machine learning library for Python programming language was
used to implement the classifications and build the respective models.

3. Results and Discussion

3.1. Long Term Air Quality and Meteorological Data Analysis

The statistical analyses of daily data show that the 2007-2016 average RH for central Quito
is relatively high at 69.9%, and that the annual average PM,5 concentration is elevated at
17.1 4 6.05 pg/m> (median 17.0 ug/m3). The area has been undergoing some changes in climate,
with ambient temperature increase from 13.5 °C to 14.8 °C in the past decade. In the same period, the
annual RH average steadily decreased from about 76% to 64% in all the monitored sites. The overall
decreasing trend in PM; 5 concentrations is registered in Belisario and Camal districts by 12.6% and
2.8%, respectively, while, in northern Cotocollao and Carapungo, we see a steady increase by 12.9%
and 11.4%, respectively. As reported in an earlier study, these changes in annual concentrations are due
to the implemented fuel and traffic regulations in the city of Quito and all of Ecuador, and a continued
growth of the city at the outskirts [4]. The gaseous criteria pollutants tend to be elevated depending on
the location or season. For example, ozone tends to exceed WHO’s recommendations in September
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due to the high UV radiation (dry season, no cloud cover combined with direct sun angle), or SO, is
elevated in the Chillos site located close to the thermoelectric power plant (see Figure 1).

Although the city suffers from long-term elevated PM, 5 pollution, mostly due to mobile sources
coming from poor quality fuels and old technologies [4,36], it has limited resources to study chemical
composition of particulate matter. To confirm the PM; 5 correlation with other common mobile source
emissions in an urban area, correlation analyses of PM; 5 concentration data and CO, NO,, SO,,
and O3 concentrations was performed for all the sites (Tables A1-A10, Appendix A). The results
contrast for different sites. The best linear correlation was obtained at the Belisario site, where daily
PM, 5 concentrations were best correlated with NO, (r = 0.67), CO (r = 0.56) and SO, (r = 0.52)
(Tables A1l and A2, Appendix A). In addition, stronger ozone effect on weekends [41] and increases
in PMjy5, SOy, NO; and CO concentrations on weekdays were observed in Belisario, Cotocollao
and Camal (Table 1). These results support the fact that these contaminants originate highly from
anthropogenic sources, with mobile sources being the main contributor. This analysis helped identify
more traffic related areas in the city. The Chillos area contains a thermoelectric power plant, the
alternators of which are driven by diesel-cycle internal combustion engines powered by diesel, fuel-oil,
and reduced crude oil. This thermoelectric plant functions all week long and might not show a weekend
drop in pollutant concentrations (Table 1). In addition, this monitoring site has been functioning since
2014, thus providing fewer data, possibly influencing different trends. Our findings are consistent
with the previous study resuming elemental composition of PM, 5, where, depending on the zone, the
contributing sources varied from natural, to traffic and industrial emissions [36,42]. Specifically, high
enrichment factors for Zn, V, Ni, As, and Pb implied that the industrial and vehicular emissions are a
major source in the Quito urban air shed.

Table 1. Air pollution concentration increment (positive values) or reduction (negative values) during
the work days (Monday-Friday) if compared to Sundays.

Belisario Carapungo  Cotocollao Camal Chillos
% % % % %
PM, 5 33.26 17.04 25.03 29.40 13.56
O3 —20.56 —6.28 —12.63 —11.74 —6.11
SO, 38.63 25.35 40.68 19.47 15.29
NO, 31.12 19.40 26.27 18.51 13.35
cO 31.82 9.11 13.03 14.56 8.02

Correlations of criteria pollutants (PMy 5, O3, SOz, NO; and CO) with all the meteorological
parameters were also studied (Tables A1-A10, Appendix A). The best correlation with meteorological
parameters was obtained for the central Belisario site, with an exception for insignificant impact of
atmospheric pressure and precipitation on PM; 5 and SO;. At this site, once RH increases, all criteria
pollutants increase with the exception of ozone (Tables A1 and A2, Appendix A). At all sites except
Carapungo, while temperature, wind speed and solar radiation have negative correlation with air
pollution, the precipitation positively correlates with NO,, SO, and CO, and negatively with Os.
The region experiences windy conditions during the sunny days, confirmed by the pollution negative
correlation with wind speed and solar radiation.

3.2. RH Impact on Urban Pollution

Significant positive RH vs. PM;5, CO, SO, and NO; correlations were found in the central
Belisario area (Tables A1 and A2, Appendix A). An additional 3-h average analysis also showed
a stronger positive correlation during the rush hours for all the sites (except PM; 5 in Carapungo)
(Figure A1, Appendix B). The two sites showing the most different correlations between RH and
pollution are Belisario, a lightly residential area surrounded by a dense urban street network, and
Carapungo, a highly industrial area (Figure 1). A t-test shows a strong significant interaction effect
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between these two sites (Belisario vs. Carapungo) for relative humidity and PM; 5 (p = 0.000) and CO
(p = 0.000) concentrations. This outcome is a statistical confirmation that, the more the RH increases,
the more the PM, 5 and CO concentrations increase in the traffic-busy Belisario site, while it is opposite
in the industrial Carapungo site (Figure 2).
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Figure 2. Interaction effect between RH and site (Belisario vs. Carapungo) regarding: CO concentration
(a); and PM; 5 (b) concentration (studied period: 2007-2016).

To further study the RH effect on fine particulate pollution, the average daily PM, 5 concentrations
and the daily RH data correlation analysis for the period 2007-2016 were performed (Figure 3). For the
traffic-busy Belisario site, data show that, the higher the daily average RH, the higher is the PM; 5
concentration (r = 0.46) (see Figure 3a). In addition, the same positive dependence trend was identified
for the effect of absolute humidity on the PM; 5 pollution (r = 0.46). However, the daily PM; 5
average concentrations begin to decrease when RH reaches a certain high threshold level around
70%. Although the average daily RH varies from 40% to 95%, at high RH, it is difficult to identify
a trend in the PMj; 5 concentrations. While the highly residential Cotocollao and Chillos sites had a
similar positive correlation trend to the traffic-busy Belisario site, the industrial Carapungo and Camal
sites had a negative correlation between RH and PM, 5 concentrations (Figure 3b and Appendix A).
This suggests that the RH effect on PM; 5 concentrations depends on the type of the aerosol source,
which is coherent with the nature of the urban areas depicted in Figure 1.
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Figure 3. Correlation analysis of average daily PM; 5 concentrations and the average daily RH over the
period 2007-2016 in the central traffic-busy Belisario site (a); and in the northern industrial Carapungo
sites with precipitation accumulation considered (b). The color scale of the correlation markers shows
daily precipitation accumulation.
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As high RH and elevation both reduce the oxygen in the intake air of internal combustion
engines, this results in incomplete combustion, producing greater PM; 5 emissions at the level of
each individual vehicle. Any increase in the RH also favors nucleation of sulfuric acid during the
exhaust dilution, thereby increasing the formation of PM [10,30]. This effect is of greater relevance
in cities with motorized fleets that consume fuels with a high sulfur content, common in developing
countries. Since the RH reduces the motor performance, it suggests that the source of pollution is
(mostly) traffic based in Belisario (and Cotocollao and Chillos) and more industry based in Carapungo
(and Camal). In addition, previous study has suggested that the principal source of air pollution in
Carapungo seems different from the central Quito site, since it is minimally brought by the main traffic
highway [12]. These differences over quite a small area are caused by the fact that the city is positioned
in very complex terrain, forming microclimates with different weather conditions. Moreover, in most
Latin American urban areas, there is a strong social segregation. Therefore, a different pollution
correlation was found in the two poorer areas of Quito, the outskirts in the south and north, where,
in addition to industrial activities, the other pollution sources might be more difficult to identify, for
example charcoal cooking (in the streets), worse roads, older vehicles, poorer maintenance, etc.

3.3. Contrasted Precipitation Effect on RH Impact on PM; 5 Concentrations

Since high RH is often a predictor of precipitation events, precipitation accumulation was added
as a third component (color scale) in Figure 3. In the case of the traffic-busy Belisario site (Figure 3a),
high RH with precipitation decreases PM, 5 concentrations due to wet deposition processes such as
precipitation scavenging of particles and below-cloud scavenging of gases [43]. In the case of the
industrial Carapungo site, the overall influence of the rainfall on the RH and PM; 5 correlation is
negative (see Figure 3b).

We argue that the effect of the RH on PM, 5 concentrations may be masked in data interpretation
by the cleaning effect of rain events, thus making it necessary to differentiate the rainfall. Therefore, to
further study the precipitation effect on RH impact on PM; 5 pollution, we split the daily data into
two separate analyses: (i) the RH and PM; 5 correlation with daily rain accumulation; and (ii) the
RH and PMj 5 correlation without daily rain accumulation. In the traffic-busy areas of central Quito,
the level of rain accumulation affects the PM; 5 pollution (see Figure 4 for Belisario). We estimated that
PM; 5 and RH correlation coefficient changes from positive values to negative when daily precipitation
accumulation is over 1 mm, confirming the findings in Zanzhou, China (elevation 1520 m.a.s.1.) [14].
The latter study indicates that, while the coarse particles (>2.5 um) are scavenged by almost any
amount of precipitation, to remove the fine and submicron aerosols they have to be exposed to a much
stronger rain event. Thus, with daily rain accumulation of up to 1 mm (red markers, Figure 4a) and low
RH, the daily average PM; 5 concentrations increase with increasing RH. The correlation coefficient
stabilizes from 1 mm to 8 mm of daily precipitation accumulation (at # = —0.26), and becomes more
significantly negative after 9 mm, which was identified in this study as a threshold for a strong rain
event. As an example, during days of light to moderate rainfall (1-8 mm), the average RH is 76% and
the PM, 5 concentrations are 18.9 pg/m> whereas during days of stronger rain events (>9 mm), the
average RH is 83% and the PM; 5 concentrations are 17.7 ug/ m3. In the case of more substantial rain
accumulation, the average daily PM; 5 concentrations decrease notably (v > —0.29) with higher RH
(rainbow markers, Figure 4b), indicating a cleaning effect of precipitation. This type of analysis was
not necessary for the industrial Carapungo site, as the correlation is always negative and increasing
RH independently of precipitation always helps reduce the concentrations of all atmospheric criteria
pollutants (Figure 3b).
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Figure 4. Belisario correlation analysis of PM, 5 concentrations and RH for the period 2007-2016:
during days with rain events: all rain events (a); and only rain events of total daily cumulative rainfall
of over 9 mm (strong rain events) (b).

In the case of rain-free days in Belisario, the daily average RH varies from about 40% to 85%
(averaging 62%) with daily average PM, 5 concentrations varying from 8 to 22 ug/m? (averaging
15.9 pg/m3) (Figure 5a). This analysis confirms that daily average concentrations of PM, 5 increase
(r = 0.62) with increasing average RH. The better correlation coefficient of PM; 5 concentrations to RH
on days with no rain events confirms the scavenging effect of precipitation. We can also conclude
that daily average PM, 5 concentrations above healthy limits (>25 pg/m?) are commonplace in the
presence of high RH. We also highlight that the average daily PM, 5 concentration is higher during
the days with rain events, independently of the rain accumulation, if compared to the days without
precipitation. This could be explained by higher relative humidity during those days, causing reduced
combustion efficiency. For the industrial Carapungo site, Figure 5b shows that the increasing relative
humidity even during the days of no rain events results in a negative correlation, suggesting other
removal processes in the area. Carapungo is prone to night fog episodes, which might explain the
PMj; 5 removal effect of high relative humidity in the absence of rain events.
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Figure 5. Correlation analysis of the average daily PMj 5 concentrations and the average daily RH
during 2007-2016: for days with no rain events in the traffic-busy Belisario (a); and the industrial
Carapungo (b) sites.
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A 3-h average data analysis was performed separately for the days with rain events and no rain
events. First, the data show that RH is higher during the days with rain events, and more so for the
central traffic-busy Belisario site (10-20% higher) (Figure 6a). In addition, the precipitation events
are common in the afternoon, and are stronger (more accumulation) at this site. The only similarity
between the two contrasting sites is ozone that is present in significantly lower concentrations during
the rainy days, due to the reduced photochemistry, caused by the drop in solar radiation (Figure 6¢,d).
The data show that, at night and early morning the PM, 5 (Figure 6a,d), CO (Figure 6¢,d), NO, and
SO, (Figure 6b,e) concentrations are higher during the days with no rain if compared to the days with
rain. Meanwhile, during the daytime, the fine particle and gas pollution is relatively higher if it rains
that day in the traffic-busy Belisario site. In the industrial Carapungo site, the NO, and CO increases
during the rush hours, suggesting the effect of reduced combustion efficiency. This confirms our
previous findings of categorization of rain event strength, showing an increase in PM; 5 concentrations
during the minimum rain accumulation at 9:00-12:00. The latter depends on solar radiation, which is
reduced during the rainy days, due to an increased cloud cover, and due to NO,-containing products
transferring to particle phase during the high RH events [44]. It can be noted that the RH variation is
lower, and overall values are higher in industrial Carapungo without rain events, if compared to the
traffic-busy Belisario site. The precipitation accumulation is lower in this area, suggesting other type of
particle removal mechanisms, such as fog and low clouds. This high altitude region is often covered by
clouds during the dark hours of the day. Finally, in both contrasting sites (and the rest of Quito), there
is less diurnal variation in PMj 5 concentrations during the days with precipitation events, or lack of
rush hour traffic peak. The PM, 5 concentrations decrease during the days with rain events, indicating
the clearing effect of precipitation. In the central traffic-busy Belisario site, in addition, the morning
rush hour peak shifts one hour later, which can be explained by an increase in traffic in general, traffic
collapse, people being late, and increased taxi use (longer rush hour).

According to the IMPROVE formula [45-53], the light extinction factor of the atmosphere depends
on the chemical composition of the particles, and its hygroscopic growth ability as a function of relative
humidity. Thus, depending on the chemistry of the particle, it might contain more water in the events
of increasing relative humidity. This would result in an increase in concentrations with increasing RH.
In our study, we registered a clear increase in the particle concentrations with an increasing RH in the
traffic-busy residential areas, while, in the industrial areas, we see a decreasing effect. This suggests
a contrasting effect of PM and RH due to different particle chemistry. This confirms the findings of
other studies in industrial and rural [11,20], and urban [15-20,24,54] areas. While we are not able to
provide a chemical composition analysis of PM; 5 due to limited resources, we see that in traffic-busy
areas concentrations of PM; 5 and combustion gases increase with increasing RH. This suggests that
both come from primary motorized traffic emission. In addition, several studies state that most urban
particulate pollution is generated by the motorized fleet, the emissions of which increase with the
increasing RH and elevation [26-35]. In addition, the diurnal trends of PM, 5 display a clear morning
rush hour peak, which might confirm that a significant fraction of PMj 5 is of primary origin [55,56].
The IMPROVE formula is strongly based on the secondary aerosol (ammonia and nitrate) fraction,
which might suggest that it would not greatly change the variation in PM; 5 concentrations due to
water content [24,54,57]. Finally, our instruments are equipped with the heated sampling tube that
removes water in the events of RH above 35%.

In addition to the effect of RH on aerosol pollution in cities at high elevations, there are several
other transport-related factors that trigger higher emissions, such as road surface quality, brakes and
tire wear due to more speeding and braking required where the roads are on slopes. In the case of
Quito, the driving style and the conditions result in more braking and accelerating and, thus, more
PM,; 5 emissions, all of which are amplified by elevation [30]. Furthermore, vehicle exhaust emissions
may impact the surrounding engines” combustion efficiency in conditions combining high elevation
and RH, a fact of even greater significance in cities with multiple traffic jams.
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Figure 6. Three-hour evolution of the average relative humidity (RH), rainfall, PM; 5 (a,d), and
pollutant gases concentrations and solar radiation (SR) (b,c,e,f) during the days with no rain events
(dotted lines) and the days with precipitation (solid lines) for the central traffic-busy Belisario (a—c) and
the industrial Carapungo (d—f) sites.

3.4. RH Effect on PM 5 at Different Altitudes

For Quito, which contains several valleys and slopes at different elevations, an additional
analysis was performed to investigate the elevation impact on PM; 5 concentrations in relation to RH.
We present a correlation analysis for three sites at different elevations: Chillos (elevation 2453 m.a.s.L.),
Cotocollao (elevation 2739 m.a.s.l.) and Belisario (elevation 2845 m.a.s.l.) (Figure 7). We found a
positive correlation between the elevation and PM; 5 and RH regression slopes. Figure 7 shows the
differentiated analysis of all the data (blue markers) and the data without rain events (red markers).
We can see that the PM; 5 and RH regression slope increases—the RH humidity effect is stronger
on PM; 5 concentrations—as the site elevation increases. The relationship between the PM, 5 and
RH correlation slope and altitude is better (r = 0.96 vs. r = 0.85) for the days with no rain events.
In addition, we can see that PM; 5 and RH regression slopes are larger (40-107%) and positive when
rain events are removed from the data (red markers, Figure 7).
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Figure 7. Correlation analysis of altitude and PM;5 and RH regression slopes at three different
areas of Quito: Chillos (elevation 2453 m.a.s.l.), Cotocollao (2739 m.a.s.l.), and Belisario (2845 m.a.s.l).
Blue markers show the correlation analysis of all the data, and red markers show only the data of days
without rain. The data presented for two years: 2014-2016.

3.5. Models

The long-term median PM, 5 concentration of 17.0 pg/m? for Quito was used to study the
dependence of PM; 5 concentrations on daily precipitation and the RH (Figure 8). This classification
boundary indicates whether the PM; 5 concentrations are above or below the median value, which is
preferred to the average, because it allows us to get fully balanced classes (same number of instances
or observations in each class). In machine learning, if the classes are not balanced, there is a risk that
the algorithm classifies on the majority class. In other words, by using the median, we assure that the
classification baseline is 50% (random choice between the two possible classes). Thus, the objective is
to produce a model that provides an accurate classification significantly better than 50%. Moreover,
the long-term median (17.0 ug/ m3) and the average (17.1 pug/ m3) values are very close to each other,
therefore the classification boundary in this case will result in similar boundary even if the average
value was used. A logistic regression was used to minimize a cost function J(#) such as:

o) = -

m

I8

I
—

[—y(i)log(he(x(i))) — (1 =y log(1 — hg(x'"))] M)

where m is the number of observations, y is the actual value and the hypothesis (or prediction) fy(x) is
given by the sigmoid model as follows:

ho(x) = g(0"x) @)
where the sigmoid function g is defined as:

_ 1
T 14ez

8(z) 3)

A batch gradient descent algorithm was used to perform this minimization, in which each iteration
executes the following update:

S
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6, = m e =y )
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With each step of gradient descent, the parameter 6; comes closer to the optimal values that
achieve the lowest cost J(0). The 6; that provides the lowest J(6) represents the slope of the logistic
regression, which best separates the two classes of PM; 5 concentrations. Equations (5) and (6) represent
the boundary, obtained using the logistic regression method, for Belisario and Carapungo, respectively.
The positive value of the slope for Belisario (slope = 1.132) and the negative value of the slope for
Carapungo (slope = —0.572) were calculated:

Daily precipitation accumulation = 1.132 x Daily relative humidity — 76.029 @)

Daily precipitation accumulation = —0.572 X Daily relative humidity + 44.25 (6)

The accuracy of this classification is 69% for Belisario and 65% for Carapungo. These values are
calculated through the equation as follows:

TP+ TN
TP+ TN+ FP+FN

Accuracy = (7)
where TP are the true positives (>17.0 ug/ m3) and TN are the true negatives (<17.0 ug/ m3).
These variables are the correctly classified instances. The wrongly classified instances FP and FN
are false positives and false negatives, respectively. The confusion matrix in Tables 2 and 3 represent the way
the logistic regression model classifies the data for Belisario and Carapungo, respectively. A t-test showed
that the classification accuracy for both models is significantly different from the baseline (p < 0.05).

Table 2. Confusion matrix of the PM, 5 classification through a logistic regression algorithm for
Belisario. It is to note that the majority of instances were classified as true positive (TP) and true
negative (TN), which is expected from an appropriate model.

Classified as
<17 pg/m3 >17 ug/m?3
<17 pug/m3 TN =264 FP =155
Realdata 017 o/m*  FN=104 TP = 303

Table 3. Confusion matrix of the PM, 5 classification through a logistic regression algorithm for
Carapungo. It is to note that the majority of instances were classified as true positive (TP) and true
negative (TN), which is the expected from an appropriate model.

Classified as
<17 pg/m3 >17 pg/m3
<17 pg/m3 TN =225 FP = 149
Realdata 17 0/m3  FN=121 TP = 264

These models showed that, while, in the traffic-busy Belisario region, stronger precipitation events
are necessary to reduce the PM; 5 pollution when the RH increases, in the industrial Carapungo site,
the higher the RH the lower is the pollution independently of the presence of rain. In addition, in all
sites of Quito, except Carapungo, rain has an overall positive effect on the gaseous pollution, while, in
most of the sites (Belisario and Chillos insignificant effect), it reduces the PM; 5 concentrations.

In the traffic-busy Belisario, the daily average PM;5 concentrations were usually below
17.0 ug/ m? with RH under 67% (the blue area, Figure 8a), as can also be confirmed in Figure 3a. If the
RH is over this threshold (the brown area), there must be rain to reduce the PM, 5 concentrations to
less than the median. Equation (5) identifies precisely the minimum daily precipitation accumulation
required to keep PM, 5 under 17.0 pg/m?3 in relation to the RH. In the industrial Carapungo site, the
effect was the opposite (Figures 3b and 8b). In this industrial zone the level of rain accumulation had
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little effect and pollution got smaller with an increasing RH (see Equation (6) for the mathematical
boundary between PM, 5 > 17.0 ug/ m3 vs. <17.0 ug/ m3). Interestingly, similar results were achieved
for the analysis of other chemical pollutants such as CO. This difference in the process of pollution
removal between the traffic-busy Belisario and the industrial Carapungo sites suggests a distinct nature
of pollution source in each site.

a) b)
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= 4 40 I
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8 g 2
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> >
= 20E =
a8 820
10}
0
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Figure 8. Logistic regression models of the PM; 5 concentrations built from the average daily RH and
precipitation features over the period 2007-2016: in the central traffic-busy Belisario (a); and in the
northern industrial Carapungo (b). The blue region indicates the days when PM, 5 concentrations are
below 17.0 pg/m? and the brown region when the PM, 5 concentrations are above 17.0 pg/m3.

4. Conclusions

To the best of our knowledge, this work is the first attempt at studying the long-term impact
of RH on PM; 5 concentrations at an urban scale in a high elevation city considering the role of
precipitation. There is a lack of urban pollution research at high elevations in general, while low
elevation urban studies focusing on the effect of RH on pollution do not factor the precipitation
component into the RH effect on the PM,5 concentrations. Therefore, depending on the local
precipitation trends and the pollution sources, the studies may conclude a positive or a negative
effect of RH on PM; 5 concentrations.

A positive correlation between the PM; 5 concentrations (and CO, NO; and SO;) and the RH
was observed in the case of residential areas with high traffic densities, while the more industrial
areas showed the opposite effect. This points to the two contrasting types of sites with different
PM, 5 sources, as confirmed by interaction analysis. However, given the global trend of motorization,
a positive RH effect on the PM; 5 concentrations should be foreseen in any city but may be masked by
the precipitation effect.

In the traffic-heavy area, the strong rain events played a major role in removing the fine particulate
pollution. This suggests that, with future motorization and changes in climate, we may witness
unpredictable mutations in urban pollution patterns. In the more industrial sites, the overall reduction
of PM; 5 concentrations was correlated with high RH regardless of the strength of the rain event.
An additional analysis using a machine learning algorithm (logistic regression) allowed us to model
the threshold of 17 ng/m?3 for two opposite sites between high and low concentration of PM, 5 from
RH and precipitation values. These models clearly demonstrate an opposite pattern regarding the
effect of the RH and precipitation on the levels of different sources of air pollution.
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We see that during morning rush hours the precipitation increases the PM; 5, CO, NO, and SO,
pollution in the traffic busy areas due to two possible reasons: worsening traffic and the reduction of
combustion efficiency. This means that, during the active traffic hours, the cleaning effect of the rain is
not strong enough (common rain events in late afternoon), and only in the cases of strong rain events
(>9 mm) is its cleaning effect notable. During the hours of low traffic, the rain effect is always notable.

Interestingly, in the traffic zones, the lowest average PM; 5 concentrations were observed in the
absence of rain, even though these PM; 5 concentrations had the best positive correlation with the
RH. This indicates that, regardless of the cleaning effect of the rain event, the PM; 5 concentrations
before and after the rain event are elevated in relation to the greatly increased RH and may thus
constitute a health concern. It would be worthwhile to study the transport apportionment to PM; 5
as evaluated during high RH events since, even in the case of lesser motorized cities, the fraction
of transport-related emissions may increase during high RH episodes. Finally, this effect becomes
stronger with increasing altitude.

This study concludes that RH plays a major role in producing elevated PM; 5 concentrations in
traffic congested urban areas. Therefore, the findings of this study are of greater relevance to tropical,
subtropical, coastal and high elevation cities, because of reduced combustion efficiency. They should
greatly apply to developing countries due to the higher sulfur content of the fuels, suggesting a serious
need for investing in improving fuel quality. Based on the results of this study, it is recommended
that rainfall be factored in as a third component when analyzing the effect of RH on PM, 5 pollution,
especially in cities at higher elevations, since the effect of rain events does not always result in lower
average PMj; 5 concentrations, especially if the rain event is not particularly strong.
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Appendix A

Table A1. Belisario correlation analysis of all the meteorological and pollution parameters for 2007-2016
(values in bold & = 0.05). RH, relative humidity; Temp, temperature; Pres, atmospheric pressure; WS,
wind speed; WD, wind direction; SR, solar radiation.

Variables PM;;5 RH Rain Temp Pres WS WD SR O3 SO, NO, Cco
PM, 5 1 0.46 0.02 —0.27 —0.03 —0.45 —0.16 —0.23 —0.26 0.52 0.67 0.56
RH 0.46 1 0.42 —0.75 —0.01 —0.77 —0.45 —0.68 —0.65 0.25 0.39 0.48
Rain 0.02 0.42 1 —0.45 0.04 —0.25 —0.1 —0.32 —0.18 0.03 0.15 0.27
Temp —0.27 —0.75 —0.45 1 —0.06 0.59 0.23 0.68 0.41 —0.28 —04 —0.46
Pres —0.03 —0.01 0.04 —0.06 1 0.03 —0.01 0 0.03 0.02 —0.02 0.01
WS —0.45 —0.77 —0.25 0.59 0.03 1 0.23 0.63 0.65 —0.33 —0.44 —043
WD —0.16 —0.45 —0.1 0.23 —0.01 0.23 1 0.2 0.21 —0.09 —0.03 —0.14
SR —0.23 —0.68 —0.32 0.68 0 0.63 0.2 1 0.56 —0.19 —0.31 —0.39
O3 —0.26 —0.65 —0.18 0.41 0.03 0.65 0.21 0.56 1 —0.28 —0.19 —0.37
50, 0.52 0.25 0.03 —0.28 0.02 —0.33 —0.09 —0.19 —0.28 1 0.48 0.54
NO, 0.67 0.39 0.15 —0.4 —0.02 —0.44 —0.03 —0.31 —0.19 0.48 1 0.58

cO 0.56 0.48 0.27 —0.46 0.01 —0.43 —0.14 —0.39 —0.37 0.54 0.58 1
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Table A2. Belisario correlation analysis of all the meteorological and pollution parameters during all
the days with no rain events for 2007-2016 (values in bold « = 0.05). RH, relative humidity; Temp,
temperature; Pres, atmospheric pressure; WS, wind speed; WD, wind direction; SR, solar radiation.

Variables PM, 5 RH Temp Pres WS WD SR (02 SO, NO, co
PM;5 1 0.62 —0.41 —0.04 —0.53 —0.29 —0.27 —0.27 0.56 0.65 0.61
RH 0.62 1 —0.59 —0.05 —0.75 —0.52 —0.54 —0.65 0.43 0.4 0.48
Temp —0.41 —0.59 1 —0.04 0.48 0.23 0.51 0.28 —0.41 —0.39 —0.37
Pres —0.04 —0.05 —0.04 1 0.06 —0.01 0.04 0.05 —0.01 —0.04 —0.04
WS —0.53 —0.75 0.48 0.06 1 0.27 0.53 0.65 —0.45 —0.46 —0.44
WD —0.29 —0.52 0.23 —0.01 0.27 1 0.2 0.22 —0.18 —0.08 —0.2
SR —0.27 —0.54 0.51 0.04 0.53 0.2 1 0.5 —0.26 —0.26 —0.29
O3 —0.27 —0.65 0.28 0.05 0.65 0.22 0.5 1 —0.34 —0.16 —0.32
SO, 0.56 0.43 —0.41 —0.01 —0.45 —0.18 —0.26 —0.34 1 0.49 0.57
NO, 0.65 0.4 —0.39 —0.04 —0.46 —0.08 —0.26 —0.16 0.49 1 0.57
CcO 0.61 0.48 —0.37 —0.04 —0.44 —0.2 —0.29 —0.32 0.57 0.57 1

Table A3. Cotocollao correlation analysis of all the meteorological and pollution parameters for
2007-2016 (values in bold « = 0.05). RH, relative humidity; Temp, temperature; Pres, atmospheric
pressure; WS, wind speed; WD, wind direction; SR, solar radiation.

Variables PM;s5 RH Rain Temp Pres WS WD SR (02 SO, NO, (e(0]
PM;5 1 0.06 —0.13 0.04 —0.08 —0.27 0.09 0.05 0.04 0.31 0.5 0.3
RH 0.06 1 0.23 —0.68 0.17 —0.69 —0.32 —0.48 —0.53 —0.09 0.01 0.14
Rain —0.13 0.23 1 —0.29 0.25 —0.09 —0.1 —0.18 —0.04 0.04 0.02 0.1
Temp 0.04 —0.68 —0.29 1 —0.31 0.48 0.18 0.54 0.31 0.01 —0.17 —0.16
Pres —0.08 0.17 0.25 —0.31 1 —0.11 —0.07 —0.23 0.05 0.21 0.05 0.11
WS —0.27 —0.69 —0.09 0.48 —0.11 1 0.09 0.5 0.49 —0.21 —0.25 —0.28
WD 0.09 —0.32 —0.1 0.18 —0.07 0.09 1 0.27 0.1 0.08 0.12 0.11
SR 0.05 —0.48 —0.18 0.54 —0.23 0.5 0.27 1 0.38 —0.08 —0.11 —0.19
O3 0.04 —0.53 —0.04 0.31 0.05 0.49 0.1 0.38 1 —0.01 0.11 —0.12
SO, 0.31 —0.09 0.04 0.01 0.21 —0.21 0.08 —0.08 —0.01 1 0.35 0.29
NO; 0.5 0.01 0.02 —0.17 0.05 —0.25 0.12 —0.11 0.11 0.35 1 0.52
cO 0.3 0.14 0.1 —0.16 0.11 —0.28 0.11 —0.19 —0.12 0.29 0.52 1

Table A4. Cotocollao correlation analysis of all the meteorological and pollution parameters during
all the days with no rain events for 2007-2016 (values in bold « = 0.05). RH, relative humidity; Temp,
temperature; Pres, atmospheric pressure; WS, wind speed; WD, wind direction; SR, solar radiation.

Variables PM, 5 RH Temp Pres WS WD SR (0 SO, NO, co
PM;5 1 0.3 —0.19 —0.03 —0.39 0.02 —0.05 —0.03 0.26 0.48 0.31
RH 0.3 1 —0.56 0.1 —0.72 —0.23 —0.35 —0.54 0.06 —0.01 0.15
Temp —0.19 —0.56 1 —0.26 0.46 0.06 0.37 0.24 —0.13 —0.2 —0.15
Pres —0.03 0.1 —0.26 1 —0.08 0.02 —0.17 0.09 0.23 0.04 0.06
WS —0.39 —0.72 0.46 —0.08 1 0.04 0.45 0.51 —0.29 —0.26 —0.29
WD 0.02 —0.23 0.06 0.02 0.04 1 0.2 0.06 0.02 0.09 0.1
SR —0.05 —0.35 0.37 —0.17 0.45 0.2 1 0.35 —0.17 —0.08 —0.18
O3 —0.03 —0.54 0.24 0.09 0.51 0.06 0.35 1 —0.08 0.13 —0.12
SO, 0.26 0.06 —0.13 0.23 —0.29 0.02 —0.17 —0.08 1 0.34 0.27
NO, 0.48 —0.01 —0.2 0.04 —0.26 0.09 —0.08 0.13 0.34 1 0.49

CcO 0.31 0.15 —0.15 0.06 —0.29 0.1 —0.18 —0.12 0.27 0.49 1
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Table A5. Chillos correlation analysis of all the meteorological and pollution parameters for 2007-2016
(values in bold « = 0.05). RH, relative humidity; Temp, temperature; Pres, atmospheric pressure; WS,
wind speed; WD, wind direction; SR, solar radiation.

Variables PM;s5 RH Rain Temp Pres WS WD SR (02 SO, NO, co
PMy5 1 0.24 0.06 —0.17 —0.07 —0.33 0.05 —0.07 —0.09 0.4 0.52 0.38
RH 0.24 1 0.26 —0.66 0.17 —0.66 0.56 —0.62 —0.36 0.39 0.35 0
Rain 0.06 0.26 1 —0.32 0.11 —0.18 0.01 —0.16 —0.02 0.03 0.35 0.1
Temp —0.17 —0.66 —0.32 1 —0.22 0.55 —0.26 0.59 0.19 —0.11 —0.39 —0.07
Pres —0.07 0.17 0.11 —0.22 1 —0.05 —0.03 —0.2 —0.09 —0.07 0.2 —0.09
WS —0.33 —0.66 —0.18 0.55 —0.05 1 —0.29 0.53 0.36 —0.26 —0.47 —0.26
WD 0.05 0.56 0.01 —0.26 —0.03 —0.29 1 —0.33 —0.05 0.29 0 —0.27
SR —0.07 —0.62 —0.16 0.59 —0.2 0.53 —0.33 1 0.37 —0.15 —0.19 —0.05
O3 —0.09 —0.36 —0.02 0.19 —0.09 0.36 —0.05 0.37 1 —0.29 —0.05 —0.22
SO, 0.4 0.39 0.03 —0.11 —0.07 —0.26 0.29 —0.15 —0.29 1 0.38 0.03
NO; 0.52 0.35 0.35 —0.39 0.2 —0.47 0 —0.19 —0.05 0.38 1 0.35
CcO 0.38 0 0.1 —0.07 —0.09 —0.26 —0.27 —0.05 —0.22 0.03 0.35 1

Table A6. Chillos correlation analysis of all the meteorological and pollution parameters during all
the days with no rain events for 2007-2016 (values in bold « = 0.05). RH, relative humidity; Temp,
temperature; Pres, atmospheric pressure; WS, wind speed; WD, wind direction; SR, solar radiation.

Variables PM, 5 RH Temp Pres WS WD SR (02 SO, NO, co
PMy5 1 0.35 —0.22 —0.08 —0.37 0.19 —0.13 —0.09 0.45 0.49 0.3
RH 0.35 1 —0.48 0.05 —0.58 0.68 —0.52 —0.38 0.52 0.22 —0.05
Temp —0.22 —0.48 1 —0.18 0.41 —0.28 0.46 0.14 —0.14 —0.25 0.03
Pres —0.08 0.05 —0.18 1 0.04 —0.07 —0.13 —0.05 —0.06 0.18 —0.29
WS —0.37 —0.58 0.41 0.04 1 —0.41 0.44 0.35 —0.34 —0.36 —0.19
WD 0.19 0.68 —0.28 —0.07 —0.41 1 —0.32 —0.09 0.33 0.06 —0.2
SR —0.13 —0.52 0.46 —0.13 0.44 —0.32 1 0.36 —0.16 —0.1 —0.06
O3 —0.09 —0.38 0.14 —0.05 0.35 —0.09 0.36 1 —0.32 0.02 —0.21
SO, 0.45 0.52 —0.14 —0.06 —0.34 0.33 —0.16 —0.32 1 0.42 0.08
NO, 0.49 0.22 —0.25 0.18 —0.36 0.06 —0.1 0.02 0.42 1 0.25
CcO 0.3 —0.05 0.03 —0.29 —0.19 —0.2 —0.06 —0.21 0.08 0.25 1

Table A7. Carapungo correlation analysis of all the meteorological and pollution parameters for
2007-2016 (values in bold « = 0.05). RH, relative humidity; Temp, temperature; Pres, atmospheric
pressure; WS, wind speed; WD, wind direction; SR, solar radiation.

Variables PM,;s5 RH Rain Temp Pres WS WD SR (02 SO, NO, co
PM; 5 1 —0.25 —0.14 0.17 0.08 0.09 —0.16 0.16 0.23 0.36 0.45 0.22
RH —0.25 1 0.29 —0.69 0.01 —0.44 0.34 —0.46 —0.44 —0.2 —0.24 —0.09
Rain —0.14 0.29 1 —0.32 0.03 —0.18 0.11 —0.22 —0.07 —0.12 —0.04 0.02
Temp 0.17 —0.69 —0.32 1 —0.04 0.45 —0.27 0.59 0.26 0.12 0.09 —0.06
Pres 0.08 0.01 0.03 —0.04 1 0.11 —0.27 —0.04 0.05 —0.04 0.21 —0.01
WS 0.09 —0.44 —0.18 0.45 0.11 1 —0.46 0.52 0.33 —0.03 0.06 —0.12
WD —0.16 0.34 0.11 —0.27 —0.27 —0.46 1 —0.2 —0.08 —0.2 —0.44 —0.1
SR 0.16 —0.46 —0.22 0.59 —0.04 0.52 —0.2 1 0.33 0.11 0.09 —0.05
O3 0.23 —0.44 —0.07 0.26 0.05 0.33 —0.08 0.33 1 —0.03 0.14 —0.03
SO, 0.36 —0.2 —0.12 0.12 —0.04 —0.03 —0.2 0.11 —0.03 1 0.56 0.33
NO, 0.45 —0.24 —0.04 0.09 0.21 0.06 —0.44 0.09 0.14 0.56 1 0.45

cO 0.22 —0.09 0.02 —0.06 —0.01 —0.12 —0.1 —0.05 —0.03 0.33 0.45 1
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Table A8. Carapungo correlation analysis of all the meteorological and pollution parameters during all
the days with no rain events for 2007-2016 (values in bold o = 0.05).

Variables PM; 5 RH Temp Pres WS WD SR (02 SO, NO, co
PM;5 1 —0.1 —0.01 0.1 0.03 —0.07 0.04 0.18 0.3 0.38 0.21
RH —0.1 1 —0.6 —0.09 —0.42 0.42 —0.32 —0.46 —0.1 —0.27 —0.12
Temp —0.01 —0.6 1 0.02 0.37 —0.29 0.45 0.22 0.01 0.05 —0.05
Pres 0.1 —0.09 0.02 1 0.21 —0.32 0.04 0.09 0 0.21 —0.01
WS 0.03 —0.42 0.37 0.21 1 —0.5 0.46 0.31 —0.06 0.09 —0.08
WD —0.07 0.42 —0.29 —0.32 —0.5 1 —0.22 —0.09 —0.18 —0.41 —0.1
SR 0.04 —0.32 0.45 0.04 0.46 —0.22 1 0.27 0.07 0.07 —0.04
O3 0.18 —0.46 0.22 0.09 0.31 —0.09 0.27 1 —0.03 0.16 —0.01
SO, 0.3 —0.1 0.01 0 —0.06 —0.18 0.07 —0.03 1 0.54 0.3
NO, 0.38 —0.27 0.05 0.21 0.09 —0.41 0.07 0.16 0.54 1 0.45
CcO 0.21 —0.12 —0.05 —0.01 —0.08 —0.1 —0.04 —0.01 0.3 0.45 1

Table A9. Camal correlation analysis of all the meteorological and pollution parameters for 2007-2016

(values in bold « = 0.05). RH, relative humidity; Temp, temperature; Pres, atmospheric pressure; WS,

wind speed; WD, wind direction; SR, solar radiation.

Variables PM;s5 RH Rain Temp Pres WS WD SR (02 SO, NO, co
PMy5 1 —0.15 —0.07 0.04 —0.1 0 —0.13 0.11 0.14 0.33 0.48 0.41
RH —0.15 1 0.32 —0.67 0.02 —0.44 0.25 —0.46 —0.42 —0.05 —0.09 —0.02
Rain —0.07 0.32 1 —0.4 —0.17 —0.23 —0.02 —0.28 —0.11 0.08 0.17 0.16
Temp 0.04 —0.67 —0.4 1 0.26 0.46 —0.01 0.61 0.3 —0.21 —0.24 —0.21
Pres —0.1 0.02 —0.17 0.26 1 0.23 0.53 0.23 0.22 —0.59 —0.57 —0.48
WS 0 —0.44 —0.23 0.46 0.23 1 —0.2 0.54 0.38 —0.2 —0.17 —0.22
WD —0.13 0.25 —0.02 —0.01 0.53 —0.2 1 0.02 0.12 —0.39 —0.54 —0.35
SR 0.11 —0.46 —0.28 0.61 0.23 0.54 0.02 1 0.39 —0.12 —0.17 —0.17
O3 0.14 —0.42 —0.11 0.3 0.22 0.38 0.12 0.39 1 —0.21 —0.09 —0.15
SO, 0.33 —0.05 0.08 —0.21 —0.59 —0.2 —0.39 —0.12 —0.21 1 0.63 0.53
NO; 0.48 —0.09 0.17 —0.24 —0.57 —0.17 —0.54 —0.17 —0.09 0.63 1 0.69
CcO 0.41 —0.02 0.16 —0.21 —0.48 —0.22 —0.35 —0.17 —0.15 0.53 0.69 1

Table A10. Camal correlation analysis of all the meteorological and pollution parameters during all
the days with no rain events for 2007-2016 (values in bold « = 0.05). RH, relative humidity; Temp,
temperature; Pres, atmospheric pressure; WS, wind speed; WD, wind direction; SR, solar radiation.

Variables PM, 5 RH Temp Pres WS WD SR (02 SO, NO, co
PM;5 1 0 —0.08 0 —0.02 —0.01 0.05 0.15 0.23 0.38 0.36
RH 0 1 —0.57 0.05 —0.41 0.33 —0.31 —0.44 0 —0.17 —0.06
Temp —0.08 —0.57 1 0.24 0.36 —0.07 0.46 0.24 —0.25 —0.18 —0.16
Pres 0 0.05 0.24 1 0.23 0.54 0.23 0.22 —0.64 —0.55 —0.44
WS —0.02 —0.41 0.36 0.23 1 —0.23 0.46 0.38 —0.21 —0.11 —0.15
WD —0.01 0.33 —0.07 0.54 —0.23 1 —0.02 0.07 —0.38 —0.53 —0.32
SR 0.05 —0.31 0.46 0.23 0.46 —0.02 1 0.34 —0.14 —0.12 —0.14
O3 0.15 —0.44 0.24 0.22 0.38 0.07 0.34 1 —0.22 —0.02 —0.11
SO, 0.23 0 —0.25 —0.64 —0.21 —0.38 —0.14 —0.22 1 0.6 0.52
NO, 0.38 —0.17 —0.18 —0.55 —0.11 —0.53 —0.12 —0.02 0.6 1 0.64
CO 0.36 —0.06 —0.16 —0.44 —0.15 —0.32 —0.14 —0.11 0.52 0.64 1
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Figure Al. Correlation coefficient during the 24-h period for different sites in Quito. Dotted lines
represent all 3-h averaged data for all the sites of Quito, while solid lines represent the data without rain
event days, showing an improved correlation coefficient (R) for PM; 5. Chillos site was only operative

for two years, thus was excluded from this analysis.
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