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Abstract: On 4 and 8 January 2014, at the height of the austral summer, intense wildfires in forests
and dry pastures occurred in the Melipilla sector, located about 70 km to the southwest of Santiago,
the Chilean capital, affecting more than 6 million inhabitants. Low level winds transported the
forest fire plume towards Santiago causing a striking decrease in visibility and a marked increase in
the concentration of both primary (PM;jp and CO) and secondary (Ozone) pollutants in the urban
atmosphere. In particular, ozone maximum concentrations in the Santiago basin reached hourly
averages well above 80 ppb, the national air quality standard. This ozone increase took place at the
three sampling sites considered in the present study. These large values can be explained in terms
of high NOx concentrations and NO, /NO ratios in biomass burning emissions.
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1. Introduction

Air plumes originating in forest fires are rich in primary pollutants such as particles, carbon
monoxide (CO), non-methane volatile organic compounds (VOCs), and nitrogen oxides (NOx) [1-3]
Photochemical transformations of those air masses can produce secondary pollutants, including
ozone [4], that are transported over large distances [1,3,5-9]. These plumes can also affect nearby
cities leading to ground level concentrations that largely surpass air quality standards [8,10,11].
Nevertheless, there are few evaluations regarding ozone behavior in large cities exposed to polluted
masses transported from nearby forest fires [3,8,11,12] Results range from moderate decreases at
Arizona and Central Texas, US, and western Mexico, when the cities are located less than 400 km
from fire [12], to large increases as in the city of Edmonton, Canada, when the city is located
300 km from the fire [11]. On the other hand, measurements in Mexico City (MCMA) did not
demonstrate significant differences in ground level ozone concentrations in periods with active
fires [13]. Evaluation of the effect of nearby wild fires on the concentration of pollutants in the air
at ground level of large cities is particularly complex due to the mixing of local emissions with the
fire derived polluted plumes [14]. Interestingly, it has been reported that in western U.S, the ozone
was significantly correlated with forest fires in the surrounding 5° x 5° and 10° x 10° grids, but not
with wild fires in the nearest 1° x 1° region (110 x 110 km, approximately), reflecting a subtle balance
between ozone production and destruction in NOx rich environments [15].
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Santiago, the Chilean capital, is a large city (with just over 6 million inhabitants, accounting
for 40% of the national population with a density of 393 inhabitants per km?) located at a
subtropical latitude (33°S), about 100 km from the Pacific coast and just to the east of the Andes
cordillera (Figure 1). It features a semi-arid climate with annual mean precipitation of 310 mm,
almost exclusively concentrated in winter months [16]. During the dry summer months (November
to March), the city is exposed to relatively high concentrations of secondary oxidants [17,18],
particularly in its east side where 35% of the summer days surpassed the ozone national safety
standard of 60 ppbv for an 8 h mobile running average or 80 ppbv for one hour [19,20].
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Figure 1. Topographic map of central Chile. Gray shading in m ASL; also indicated the 300, 1200 and
2400 m above sea level (ASL) topographic contours (black lines). Yellow lines outline main cities, red
dots indicate the location of the MACAM (Air Quality Monitoring Program in Santiago Metropolitan
Area) stations Cerrillos, Parque O’Higgins and Las Condes. The blue thick arrow indicates the
predominant low-level winds from the SW during summer afternoon (adapted from [21], see also
Figure 3).

During 4 and 8 January 2014, two sizable forest fires took place in the Melipilla sector located
about 70 km from downtown Santiago. These fires covered approximately 15 km? of a Mediterranean
landscape characterized by a mixture of pasture, open woodland and shrubland, including some
Eucalyptus and Acacia caven trees [22,23]. The dominant vegetation and the changes introduced in
recent years have been discussed by Schulz et al. [23]. The pre-Columbian vegetation of Central
Chile is dominated by pastures and Acacia caven shrubland that have been replaced by vineyard and
exotic trees such Pinus radiata and Eucalyptus globulus. These fires produced a noticeable increase in
visible particles in the urban atmosphere of Santiago. In this short contribution, we present a critical
discussion of ozone and other pollutants” behavior during those days. Given the possible effect of the
large amounts of oxidants in the urban air on Santiago’s inhabitants [24-26], we analyze the ozone
concentrations and discuss the possible reasons for the extremely high values found in different areas
of Santiago’s basin.
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2. Observations and Methods

Meteorological data (air temperature, relative humidity, incoming solar radiation and wind
direction and speed) in the central part of Santiago (near downtown) was obtained from two
automatic weather stations (USACH and DGF-UCh) recording 15 min averages. Station USACH
(33.45°5, 70.68°W, 528 m. above sea level (ASL)) is a Novalynx Corp. Station, model 110-WS-16.
Station DGF-UCh (33.46°S, 70.66°W, 542 m. ASL) includes a standard Campbell Scientific AWS and a
laser ceilometer (model VAISALA CL-31) retrieving backscatter reflectivity profiles from the surface
up to 6 km above ground level every 30 s. The laser reflectivity has been related with the aerosol
loading in the mixed layer [27]. One-minute average wind speed and wind direction at 10 m above
the ground were also available from station El Paico (33.72°S, 71.02°W, 312 m. ASL), operated by
the National Weather Service (DMC). Station El Paico is located in the Maipo valley connecting the
Melipilla sector (where the fires took place) with Santiago.

Ozone, NO,, NO, PMjg, PM,5 and CO concentrations at ground level were obtained from
the Air Quality Monitoring Program in Santiago Metropolitan Area (MACAM-2) operated by the
Environmental Ministry (SINCA, 2014) [28]. Specifically, hourly average values were gathered
from three sampling stations located in Santiago (Figure 1): Cerrillos (CERR) in the west side of
the city, (33.49°S; 70.71°W; 528 m. ASL); Parque O’Higgins (POH) in downtown (33.46°S, 70.66°W,
562 m. ASL) and Las Condes (LC) at the North East side of the city (33.37°S, 70.52°W; 811 m. ASL).
The map in Figure 1 also shows the location of Melipilla, the small town around which the forest fires
took place in January 2014.

In all the stations, ozone was measured using a Thermo UV-Photometric ozone analyzer, model
49i (measuring range: 0-0.5 ppm). NO-NO,-NOx were measured using a Thermo chemiluminsescent
gas analyzer, model 42i (measuring range 0.05-100 ppm with a detection limit of 0.40 ppb). CO was
analyzed using a Thermo CO Analyzer, model 40i (measuring range 0-50 mg/m?> with a detection
limit of 4.0 ppm). PM;jy was measured using a PMjy Monitor TEOM 1405 (measuring range of
0-1,000,000 pg/ m3. PM, 5 was measured using a MET-ONE BAM-1020 monitor (measuring range
of 0.1-10 ug/m3, with a detection limit <1.0 pg/m3.

3. Results and Discussion

3.1. Meteorological Aspects

Ground level concentrations of primary and secondary pollutants in the proximity of wildfires
strongly depend on the direction and intensity of the low-level flow. As evident in the satellite
imageries given in Figure 2, the forest fires in the Melipilla sector released a considerable amount of
pollutants (ash, particulate matter, gasses) that were transported to Santiago by the southwesterly
low-level flow that regularly develops during the afternoon in summer months (Figure 3) [21].
On both 4 and 8 January 2014, the near-surface wind speed at El Paico reached about 10 m/s by
noon (not shown). Thus, the fire plume that originated during the morning hours took less than 3 h
to reach the city of Santiago, located about 70 km upwind of the Melipilla sector. The arrival of the
polluted plume produced a striking reduction in visibility, readily evident for the general population
(especially for the case of 4 January), as illustrated by the time-height diagram of the backscatter
reflectivity from the laser ceilometer at DGF-UCh (Figure 4). The reflectivity, indicative of the aerosol
loading in the mixed layer [27], exhibits a sharp increase around 2 PM, 4 January, encompassing
the first 500 m above ground level. The marked increase in aerosol loading was accompanied by a
simultaneous stalling of the air temperature (that often maximize around 4 PM) and a reduction of the
global solar radiation relative to the previous day (when very similar synoptic conditions prevailed),
which integrated over the course of the afternoon represents a deficit of about 15% of the insolation
for a typical clear sky day in Santiago.
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Figure 2. Corrected reflectance (True Color) scenes from MODIS for 4 and 8 January 2014, over central
Chile (same region as in Figure 1). The plume of the forest fires in the Melipilla sector (red circle)
reaching Santiago (yellow polygon) is evident in all the images. The left column shows images from
the AQUA satellite at about 11 a.m., the right column shows images from the TERRA satellite at
about 3 p.m.
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Figure 3. (a) Wind speed and wind in days with active fires (s January 8; ®January 4; and days
without fires A; (b) Wind rose for 4 January, 14:00-24:00.
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Figure 4. Upper panel: Time-height diagram of the backscatter reflectivity from a laser ceilometer
(VAISALA CL-31) located at Santiago downtown during 4 January 2014 (active fire). The reflectivity
has been related with the aerosol loading in the mixed layer [27] which is qualitatively indicated

here from low to high. Middle panel: Air temperature 4 January (solid red line) and the previous

day (3 January, blue line). Lower panel: Global solar radiation reaching the surface at Santiago for

3 January (blue line) and 4 January (red line).

3.2. Impacts on Primary Pollutants

The arrival of the forest fire plumes in Santiago markedly increased the concentration of
pollutants measured at ground level relative to non-fire days, as illustrated by the time series of
MP; in CERR and LC (Figure 5). A similar behavior is observed for different pollutants in the three
sampling sites summarized in Table 1. This table shows the maximum daily concentrations of CO,
PM;( and O3 during days with active fires in the Melipilla sector and the average daily maximum
for non-fire days during summer (days from 2011, 2012 and 2013). Note that the presence of active
fires in Melipilla increased nearly three times the maximum CO concentration in Santiago relative
to the background reference values. Similar differences were obtained in fires near to Cordoba city

(Argentina) in a scenario with characteristics similar to those of Santiago [29].
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The occurrence of nearby wildfires also changed the diurnal cycle of the pollutants. In absence
of fires, the highest CO and PM;jy concentrations in POH and CERR occur during the morning
rush hours (7:00-8:00 a.m.) consistent with the elevated emissions from mobile sources in that
period, while the maximum concentrations at LC occur around 11:00 a.m., as expected for air masses
transported from downtown (Figure 6). In contrast, during days with active wildfires, the maximum
CO and PMjg levels were attained between 15:00 and 16:00, irrespective of the sampling location,
suggesting the dominant role of the transport processes (Figure 6).
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Figure 5. PM; time profile measured in Cerrillos and las Condes from 1 to 14 January 2014.
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Figure 6. Comparison of data obtained in days with active fires (4 January 2014 and 8 January 2014)
(w,®) and the average of background data for days without fires during January 2014 (x).
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Table 1. Historical average maximum values (January days from years 2011, 2012 and 2013) and

maximum values in days with active fires (4 January 2014 and 8 January 2014).

Site Day CO (ppmv)  PMyg (ug- m—3) O3 (ppbv)
Historical Average  0.61 + 0.09 116 + 19 451+ 47
Cerrillos 4 January 2014 1.84 493 127
8 January 2014 2.26 888 92
Historical Average  0.50 + 0.24 83.8 £224 43.4 +20.0
Parque O’higgins 4 January 2014 1.46 433 133
8 January 2014 1.55 493 91
Historical Average  0.57 = 0.18 109 + 32 76 £17
Las Condes 4 January 2014 1.39 331 142
8 January 2014 2.13 493 105

3.3. Ozone in Wildfire Days

Ozone concentrations were also considerably enhanced during the upwind forest fires. Since
ozone concentrations depend upon the sampling place and the maximum daily temperature [30-32]
the data are plotted as a function of the air temperature in Santiago at each location (Figure 7).
This figure shows that nearby fires significantly contributed to the high ozone concentration all over
the Santiago basin. The values obtained when fires were active are well outside the 95% confidence
limit of the data obtained using the historical background reference days. The contribution of
nearby fires to ozone urban levels can be estimated from the difference between measured values
and those expected from the maximum daily temperature [33] included in Table 2. The extra urban
ozone associated to Melipilla’s wildfires went up to 65 ppb, amounting to a 100% increase. This is
a value considerably larger than those reported elsewhere [3]. Furthermore, ozone concentration
during wildfire days consistently surpassed the 80 ppb limit in the three locations considered, a level
considered harmful for humans, animals and vegetation [34,35] even during photochemically inactive
seasons [8].
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Figure 7. Lineal relationship between Ozone maximum one hour average and daily maximum
temperature. (o) with Confidence band and Prediction band (95%). Measurements in days with
nearby fires (m).

1932



Atmosphere 2015, 6, 1926-1938

Similar to the evolution of other pollutants, 0zone maximum concentrations took place during
the late afternoon of the days with wildfire in Melipilla, approximately two hours later than in
background reference days (Figure 8). Notably, at these times, there is a noticeable increase in NO,
concentrations in the aging plume (Figure 9) that can push up the ground level ozone concentration
as discussed below.
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Figure 8. Ozone time profiles in background reference days () and days with active fires in Melipilla
region (O) (e).
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Table 2. Contribution of Melipilla’s fires to 0zone maximum concentration in Santiago’s atmosphere
(ground level).

Sites Fire Day  Calculated (ppbv)  Measured (ppbv) Difference (ppbv)
Las Condes 4 100.19 142.15 41.96
8 74.20 104.7 30.5
ParqueO’higgins 4 67.66 132.8 65.14
8 42.40 90.55 48.15
Cerrillos 4 66.10 126.83 60.73
8 36.95 92.32 55.37

4. Discussion

Ozone concentration in the traveling plume increases with ageing but decreases with dilution.
The interplay of these two factors can increase or decrease the concentrations of the oxidants with
the fire to receptor distance [15], and the ozone concentration in the plumes is depleted as often as
it is enhanced [36]. Furthermore, it could be expected that, due to back reflection of solar radiation
by the increased amounts of particles (Figure 4), formation of ozone in the plume originating from
wildfires could be reduced, particularly at ground level. However, the data obtained in this work and
in previous studies [8] show a clear increase in 0zone concentrations in plumes from wildfires and at
ground level in nearby cities [11].This increase can be related to:

(i) Anincrease in the rate of the chemical ozone production [3].
(i)  High emissions of ozone precursors, such as VOCs and NOx [4,37-39].

(iii) A reduced rate of ozone capture due to closure of plants stomata [2].

(iv)  PAN decomposition as a late source of NO; [4]. PAN is rapidly formed in smoke plumes, with
ca. 40% if the initial emitted NOx being converted to PAN in the first few hours after emission,
contributing to downwind ozone formation [36].

(v)  Significant emissions of formaldehyde [37] and HONO [40-42] relevant sources of hydroxyl
radicals in Santiago’s atmosphere [18].

Point (i) and point (iii) should not be enough to explain the large differences observed.
Since, Melipilla fires involve dry pastures, acacia caven and some eucalyptus globulus with very low
ozone capture rates.

NO; arising from PAN decomposition can be an important promoter of high ozone levels in
aged plumes [4,36] but its contribution to ozone levels in cities nearby the wildfire is unlikely, given
the high NOx emission rates. In fact, the “direct” emission of NO, from wildfires has been estimated
to have a NO, /CO ratio of 0.005 + 0.002 mol/mol [37]. NOx emissions are determined by the amount
of nitrogen present in the fuel [43] and is emitted both at the flaming and smoldering stages [43,44].

Regarding the role of precursors (NOx, VOCS, formaldehyde and HONO), it has to be
considered that daytime ozone steady state concentrations near to wildfires can be considered to
be approximately given by Leighton’s relationship:

[O3]ss = (Inoz2/kno) ([NO2]/[NOJ) 1)

where Jnop is the NO, photolysis constant and kno is specific rate constant of NO plus O3 reaction.
The role of the precursors in the Los Angeles type photochemical smog is to transform NO (the main
primary NOx emitted by mobile sources) into NO; allowing an increase in ozone concentrations.
Emission NO, /NOx ratios in biomass burning are, for a variety of fuels, in the 0.1-0.3 range [40,45].
These values are larger than those arising from vehicles, the most important NOx source in large
cities [46]. During the year 2006 at the monitoring station in Wuppertal (Germany), an annual average
NO,/NOx emission ratio of 0.12 + 0.01 was reported by Kurtenbach et al., [47]. The same group
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reported, from a traffic tunnel study in 1997, a much smaller emission ratio (0.04 + 0.01). Similarly, in
mainly ozone free road tunnels in Hong Kong, an NO, /NOx ratio smaller than 0.02 was reported [48].

The relatively high NO,/NOx emitted in biomass burning implies that high ozone
concentrations could be achieved independently of precursor emissions since they are no
longer necessary to photochemically generate large [NO,]/[NO] ratios and, hence, high ozone
concentrations. In agreement with these considerations, at the morning rush hour of days with
active fires, the ratio NO, /NO in Cerrillos was 35 and 7.5, values much higher than those measured
in background reference days (3.5 and 1.4, respectively). NOx directly measured upon the flames
contains approximately 10% of NO; [43] suggesting that NO emission is the dominant process.
However, in the fire and in the plume, local NO concentrations are very high and, at the current
high temperatures, oxidation of NO to NO, can be a fast process that increases the NO, /NOx ratio
during the plume travel from the fire locus to the city (about 4-6 h), Figure 9.

The effect of the fire-derived plume upon urban ozone is complex due to incorporation of local
emissions to contaminated air masses. This incorporation is not straightforward and sometimes is
difficult to establish [29] and modeling has been minimally successful [14,49-51]. However, this
incorporation of contaminants in the travelling plume does not seem to be relevant in the present
scenario. The reported data show that ozone values measured in Cerrillos are very similar to those
found at POH. If the location of Cerrillos at the entrance of the plume to Santiago’s basin is considered,
it can be concluded that the urban ozone is mostly explained in terms of the chemistry taking place
during the transfer from the fire to the city and is minimally influenced by local emissions. In this
regard, it is interesting to note that on normal days the maximum ozone in the city occurs about six
hours after the rush hours. This delay time is of the same order of magnitude as that necessary to
bring to the city the air masses charged with wildfire emissions. Interestingly, the presence of the
plume decreases the difference between LC and the other stations (Table 2) that generally present
smaller ozone concentrations.

5. Conclusions

Major forest fires in the Melipilla sector in central Chile increased ozone concentrations in the
urban atmosphere of Santiago, reaching values higher than 80 ppb (the national one hour average
limit). This increase took place at the three sampling sites considered and is explained in terms of a
large NO, /NO ratio in biomass burning emissions, the age of the plume reaching Santiago, and the
high initial concentrations of ozone precursors, such as NOx, VOCs and OHe radical sources, such as
formaldehyde and HONO, present in the urban atmosphere.
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