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Abstract
A drastic decline of 2.4 ppbv decade−1 in the ozone mixing ratio has been measured in Santiago de Chile during the 2000s.
Subsequently, in the 2010s, ozone trends stabilized in downtown and showed upward trends in eastern Santiago. The number of
days with an 8-h average ozone mixing ratio above 61 ppbv, deemed harmful to health according to Chilean legislation, has
declined significantly both in western and central Santiago. However, in eastern Santiago, one finds a 2010–2018 decade average
of 43 days per year above recommended levels. Also, at a Receptor Site located ~ 70 km downwind from Santiago, this number
rose to up to 3 months per year. A common denominator for the last two decades has been a steady increase in both gasoline and
diesel-powered private cars. In the 2010s, the ozone weekend effect was frequently noted, providing evidence that the ozone
formation regime in Santiago is VOC-limited. Nitrogen oxides and carbon monoxide (a proxy of anthropogenic VOCs) have
increased steadily since 2014 in a relatively constant CO-to-NOx ratio. Therefore, we propose that primary emissions of NOX and
VOCs from motor vehicle exhaust have remained as the main driver of the photochemical air pollution in Santiago as well as
explaining the weekly variation. Santiago, like other megacities in the world, faces several challenges associated with increasing
urbanization as well as the effects of climate change. An increasing population, growth in private car use, and urban sprawl have
contributed to maintain high levels of ozone. New threats such as increasing temperatures observed in the central valleys of Chile,
along with more frequent occurrences of heat waves, whose number has doubled in the last decade, will require a different
approach to manage ozone pollution during the next decade. Santiago will not meet its own goals in the upcoming years without
implementing robust, scientifically sound, and cost-effective strategies designed specifically to tackle photochemical pollution.
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Introduction

Urban ozone (O3) pollution has been an issue in several cities
in the world because it impairs human lung function and in-
duces inflammation of the respiratory tract above certain
thresholds (e.g., Lippmann 1991; McConnell et al. 2002;
Bell et al. 2004; Liu and Peng 2018; Entwistle et al. 2019).
Dealing with O3 pollution is complex because this pollutant is
not emitted directly into the troposphere, but it is produced by
volatile organic compounds (VOCs) in the presence of

nitrogen oxides, i.e., NOx = NO + NO2 (Atkinson and Arey
1998, 2003). Besides, VOC precursors are derived from
heterogonous sources, such as anthropogenic fossil fuels, sol-
vents, aerosol products, and combustion processes, but also
from biogenic emissions (Goldstein and Galbally 2007).

Additionally, during O3 photochemical production, the oxida-
tion of VOCs, initiated by hydroxyl radicals (•OH), contributes to
the formation of secondary organic aerosols (SOA), a significant
constituent of the fine particulate matter (PM) (Tsigaridis and
Kanakidou 2018; Seguel et al. 2009; Paasonen et al. 2013),
which is considered to be among the leading ten risk factors
due to its adverse effects on human health (GBD 2016).

From a regional perspective, O3 is also a matter of concern
as its transport may impact on the ecosystem productivity and
crop yields at downwind sites (Van Dingenen et al. 2009;
Mills et al. 2018) and because secondary organic particles,
together with O3, affect climate forcing (Jimenez et al. 2009;
Shrivastava et al. 2017; Scott et al. 2018).
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Santiago (33.5 S, 70.5 W, 540 m a.s.l.) has experienced
high levels of O3 since official air quality monitoring was
established in late 1996 (Seguel et al. 2013; Seguel et al.
2018). The 8-h standard of 61 ppbv has been permanently
exceeded (Rubio et al. 2004), and therefore, the Santiago
Metropolitan Region was designated as a nonattainment area
for O3 in 1996. As a result of the implementation of several
measures mainly oriented toward coarse particulate matter
smaller than 10 μm in diameter (PM10) (Barraza et al. 2017;
Gallardo et al. 2018), the O3 mixing ratios have decreased at
several of Santiago’s monitoring stations up until 2013. These
measures include continued enhancement in fuel quality, in-
troduction of catalytic converters, improvement in the public
transportation system, enforcement of strict emission stan-
dards for vehicles, increasingly stringent industrial regula-
tions, and an extension of the subway network (e.g.,
Gallardo et al. 2018; Mena-Carrasco et al. 2014). However,
these promising results have been reached without measures
specifically designed to curb photochemical pollution. For
example, there is no routine monitoring of reactive VOCs,
and the NO2 standard has not been reduced since 2003.
Currently, the 1-h standard for NO2 (213 ppbv) in Chile is
twice as high as the EU standard (106 ppbv) and the USA
(100 ppbv) standard.

VOC campaigns in Santiago have been sparse and discon-
tinuous over the last 20 years. Contributions have been made
in 1996 and 2002 concerning urban photochemistry and the
impact of anthropogenic VOCs on high O3 levels
(Rappenglück et al. 2000, 2005). Measurement campaigns
carried out during 2005 and modeling determined that the
photochemical O3 formation in Santiago was VOC-limited
and therefore the reduction of VOCs was found to be the most
effective way of reducing O3 mixing ratios in downtown
Santiago (Elshorbany et al. 2009, 2010; Seguel et al. 2012).
Later in 2009–2010, a photochemical study conducted in
Santiago and its surrounding valleys showed that the O3 can
be transported large distances toward the northeast (Seguel
et al. 2013; Toro et al. 2014, 2015). In this summer campaign,
aromatics (m + p – xylene) were found as the species with the
highest O3 formation potential among anthropogenic VOCs,
but also the diurnal mixing ratio of biogenic isoprene (2-meth-
yl-1,3-butadiene, C5H8), ranging between 0.13 and 1.9 ppbv,
showed a high O3 forming potential due to its extremely high
reactivity toward •OH (k = 1.01·10−10 cm3 molecule−1 s−1)
(Atkinson and Arey 2003). In Santiago, the significant pro-
portion of non-native deciduous trees versus native evergreen
species results in higher emissions of highly reactive biogenic
VOCs (BVOC) such as isoprene that impact on O3 formation
(Préndez et al. 2013).

Santiago, with more than 7 million inhabitants, is a city in
continuous expansion. The urban area covers 838 km2

(Gallardo et al. 2018) spread in a complex terrain that is al-
most entirely surrounded by the Andes Range to the East (~

4.5 km a.s.l.) and by the Coastal Range to the West (~
1.6 km a.s.l.) (Fig. 1a). Closely related with the growth of
the city, the number of motor vehicles is also increasing and
in 2018 reached 2,124,481 units (http://www.ine.cl/).
Gasoline and diesel engines dominate respectively
accounting for 78.6% and 21.1% of the vehicle fleet. Other
fuels, such as liquefied petroleum gas (LPG) and natural gas
(NG), are still low, accounting for only 0.2%. The number of
electric vehicles is also extremely low (0.05%).

A major meteorological characteristic of Santiago is the
quasi-permanent influence of the subtropical Pacific high,
and the intrusion of occasional cold fronts, which bring pre-
cipitation in wintertime (Garreaud et al. 2009). The South
Pacific High determines quasi-stagnant anti-cyclonic condi-
tions that are further intensified, by the presence of sub-
synoptic features known as coastal lows (Gallardo et al.
2002; Garreaud et al. 2002). Summer surface circulation is
mainly driven by topography and surface radiation and expe-
riences only a minor modulation from the synoptic-scale cir-
culation. Thus, Santiago shows a prevalent mountain-valley
circulation that controls surface winds especially during the
warm season. This thermally driven circulation defines up-
slope south-westerly winds in the afternoon and down-slope
north-easterly winds during the night and at dawn (Saide et al.
2011).

Since 2010, Central Chile (30–38° S) has experienced a
megadrought, affecting a geographical extension of about
900 km, with an annual rainfall deficit of 25–45% (Boisier
et al. 2016, 2018). Moreover, temperature trends have shown
a warming of + 0.25 °C per decade in the central valleys
(Falvey and Garreaud 2009), and in the western foothills of
the Andes range, this increase is even more extreme. Also, in
recent years, heat waves have become more frequent, intense,
and longer in Central Chile (Piticar 2018). Warmer summers
and extreme temperatures have the potential to increase
BVOC emissions from terrestrial ecosystems and therefore
increase the formation of tropospheric O3 (Lee et al. 2006).
The latter has important implications not only for atmospheric
chemistry but also for the compliance of the National Air
Quality Standards (NAAQS) for O3, and possibly PM2.5, in
Central Chile in general and Santiago in particular.

Consequently, in this study, we analyzed the trend of O3

and NOx in selected monitoring stations of the Santiago basin
in order to understand 20 years of O3 standard violations in the
Santiago Metropolitan Region. Furthermore, we analyzed the
role of NOx in the temporal and spatial variability of O3 in
Santiago to provide information regarding the current O3 for-
mation regime and its more effective control over the next
decade. Additionally, the implications of environmental fac-
tors such as temperature in the future compliance of the O3

standard are discussed. Finally, the O3 mixing ratios are used
to assess the potential impact of O3 on vegetation and crop
productivity downwind of Santiago.
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Methodology

Surface observations (O3, NO, NO2, and CO)

The Ministry of the Environment routinely measures criteria
pollutants O3, NO, NO2, CO, and surface meteorological var-
iables at 11 sites of the Santiago basin (https://sinca.mma.gob.
cl; Schultz et al. 2017). In this study, four monitoring stations
were selected and assigned to represent the predominant wind
direction during the hours of greatest photochemical activity.
These locations were Talagante (33.674 S, 70.953W, 341m a.
s.l.), Pudahuel (33.438 S, 70.750 W, 460 m a.s.l.), Parque
O’Higgins (33.464 S, 70.661 W, 540 m a.s.l.), and Las
Condes (33.377 S, 70.523 W, 795 m a.s.l.), hereafter
referred to as Peri-urban Site, Western Site, Central Site, and
Eastern Site, respectively. Additionally, the nearby (~ 70 km
northeast) town of Los Andes (32.846 S, 70.587W, 839 a.s.l.)
was selected as a Receptor Site for photochemical pollution
and hereafter referred to as Receptor Site (Fig. 1a).

Ozone is measured using continuous instruments based on a
UV absorption technique (Thermo Scientific Inc. USA, www.
thermoscientific.com, Model 49i). This analyzer has a
minimum detection limit of 1.0 ppb, a response time of 10 s,
and an absolute accuracy of 2%. NOx is measured using a
chemiluminescence analyzer (Thermo Scientific Inc. USA,
Model 42i). NO2 is converted to NO by a molybdenum
converter heated to ~ 325 °C. This instrument has a minimum
detection limit of 1.0 ppb, a response time of 120 s, and an
absolute accuracy of 1%. CO is measured using an infrared
absorption technique (Thermo Scientific Inc. USA, www.
thermoscientific.com, Model 48i). The analyzer has a
detection limit of 40 ppbv and an accuracy of 0.1%.

Descriptive statistical analyses of hourly measurements of
O3, NO, NO2, and CO were performed using the open-source

programming language R (R Development Core Team,
Vienna, Austria) and its packages OpenAir (Carslaw 2013)
and RStudio (RStudio Boston, MA, available from www.
rstudio.org/). Most of the data used in this research has been
validated by the Ministry of the Environment. Preliminary
data were also included for recent years after quality checks
that include the elimination of anomalous data and verification
of detection limits. The TheilSen function of OpenAir was
used to determine the deseasonalized trends for the time
series. The function also provides the 95% confidence
interval in the trend and the significance level (e.g., p < 0.001).

Assessment of the O3 primary standard

The Chilean National Ambient Air Quality Standard
(NAAQS) for ground-level O3 is 61 ppbv based upon an 8-h
average (http://bcn.cl/1xewl). Currently, attainment of the O3

standard demands that the 3-year average of the 99th percen-
tile of the maximum daily 8-h average (MDA8) O3 mixing
ratio does not exceed 61 ppbv.

Assessment of W126

Chile does not have an air quality standard aimed at protecting
vegetation from ozone. Here, an explicit secondary index will
be used to complement Chile’s O3 NAAQS, i.e., the W126
index proposed by Lefohn and Runeckles (1987). The W126
value is expressed as a sum of weighted hourly mixing ratios,
cumulated over the 12-h daylight period from 8:00 to 19:00
local standard time (Eq. 1).

Daily Index ¼ ∑
19:00

i¼8:00
O3 � 1

1þ 4403� e−126�O3ið Þ
� �

ð1Þ

-0.29

0.69

NDVI

(a) (b)

Fig. 1 a The left panel shows the topographic features of the study area.
Black circles represent the location of the monitoring stations where P
stands for Peri-urban Site (Talagante), W stand for Western Site
(Pudahuel), C stands for Central Site (Parque O’Higgins), E stands for
Eastern Site (Las Condes), and R stands for Receptor Site (Los Andes).
The gray contour line represents the urban boundary of Santiago, and the

left axis scale is the altitude in meters. b The right panel shows the
average of the NDVI obtained from the satellite Sentinel at a 10 m of
spatial resolution for the summers (December, January, February) of
2016–2017, 2017–2018, and 2018–2019. White circles represent other
monitoring stations not included in this analysis. The black lines represent
the city administrative divisions
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where O3i is the hourly O3 mixing ratio.
Then the monthly index is computed by summing all the

daily index values in the month. Finally, the 3-year average is
computed by averaging the maximum 3-month sum from each
year in a 3-year period (US Federal register 2015).

Heat waves

The threshold temperature to distinguish between extreme and
normal days uses the 90th percentile of the mean maximum
temperature for each month calculated between 1961 and
1990 following the National Weather Service (DMC) guide-
lines (DMC 2018). Then, to identify heat waves, we applied
the following definition: 3 or more consecutive days in which
the maximum temperature exceeds the temperature threshold
of Santiago. The thresholds of Santiago for December,
January, and February are 31.9, 32.5, and 32.0 °C,
respectively.

Results and discussion

Trends in O3, NO, NO2, and CO

Over the period 1 January 1998 to 31 March 2019 (~
21 years), the central monitoring station shows a substan-
tial decline in O3 mixing ratio (Fig. 2). The aforemen-
tioned reduction exhibited a statistically significant nega-
tive trend of (−) 0.24 [0.30, 0.19] ppbv year−1 (p < 0.001)
until 2013. However, after 2013, no significant trend for
O3 mixing ratio was observed. In contrast, since 2014, NO
and NO2 precursors showed a statistically significant pos-
itive trend of (+) 2.0 [1.2, 3.0] and (+) 2.4 [1.8, 3.3] ppbv
year−1 with p < 0.001, respectively.

The latest official inventory of Santiago (USACH 2014), as
well as demonstrating the increasing number of motor vehi-
cles, is insightful for understanding the positive trend in NOx

mixing ratios. Firstly, the inventory singles out the mobile
sources as the primary contributor to NOx, accounting for
39,000 t year−1, representing 77% of the total emissions
(USACH 2014). Also, the number of vehicles has continuous-
ly increased over the last decade, reaching a total of 2,124,481
units in 2018 (http://www.ine.cl/) with a maximum increasing
rate of 7.8% per year in 2014. Other sectors such as the
construction (10%), industrial (10%), residential (4%), and
agriculture (0.2%) sectors appear to be less able to explain
the increasing NOx mixing ratios. Therefore, in Santiago,
ambient levels of NOx are highly dependent on motor
vehicle emissions.

Similarly, the behavior of CO at the Central Site, another
primary pollutant typically emitted by motor engine vehicles,
showed a positive trend of (+) 70 [60, 90] ppbv year−1

(p < 0.001) since 2014, whereas the CO (ppbv) to NOx

(ppbv) ratio during morning rush hour (7:00–9:00) has
remained relatively constant over the period 2010–2018 (8.4
with σ = 0.6) suggesting that the measures implemented in
Santiago have contained both CO and NOx equally.

In Santiago, a significant penetration of diesel motor vehi-
cles has been observed in the national market over the last
decade (http://www.ine.cl/). During this period, the number
of diesel vehicles doubled since 2009 (198,358), reaching
448,333 units in 2018. Even worse, this growth occurs,
disregarding the fact that diesel emits higher NOx and PM2.5

compared with gasoline vehicles.
The incorporation of Talagante station (2010), a peri-urban

monitoring station, has been crucial in enabling the character-
ization of the air that travels into Santiago’s basin from the
southwest. In this station, the O3 behavior can be divided into
two subsets of data; the first period showed no clear tendency
(2010–2013) and the second period (2014–2019) exhibited a
statistically significant steady decline of (−) 0.70 [− 0.96, −
0.46] ppbv year−1 (p < 0.001). Because the Peri-urban Site is
located upwind of Central Santiago and could be considered
to represent background ozone levels, any O3 increases in the
central area must be independent of background levels.
Similarly, the Western monitoring station also showed a de-
clining O3 mixing ratio trend of (−) 0.31 [− 0.36, − 0.25]
ppbv year−1 (p < 0.001) between 2003 and 2019.

As the predominant near-surface wind in Santiago’s basin
transports the photochemical plume toward the east of the city
(Seguel et al. 2013), the Eastern monitoring station consistent-
ly shows the highest levels of O3 over the last two decades.
The O3 mixing ratio variations by wind speed and wind direc-
tion are shown in polar coordinates in Fig. 3. The Eastern Site
receives O3-rich air from Central Santiago mostly during
spring, summer, and fall. In winter, wind speed is low (<
3 m/s) and stability high, inhibiting transport (e.g., Mazzeo
et al. 2018; Osses et al. 2013). Figure 3 also shows that during
the daytime (especially in summer), radiatively driven south-
westerly winds lead to the highest ozone levels, as they travel
over the city and arrive at the Eastern Site.

At this point, it is worth mentioning that at the time of
inception of the monitoring network, the Eastern monitoring
station was representative of the eastern part of the city.
However, 20 years later, given the expansion of Santiago, a
significant part of the north-eastern city is not covered appro-
priately by the original station network design (Fig. 1).

Trends in O3 mixing ratio for the Eastern Site showed a
decrease of (−) 0.28 ppbv year−1 until 2004 (Fig. 2). Between
2005 and 2015, no statistically significant change can be de-
termined, whereas since 2016, O3 increased at a rate of (+) 1.8
[0.53, 2.6] ppbv year−1 at a significance level of 0.01. Unlike
the data at Central Santiago, NO and NO2 levels at the Eastern
Site are relatively low, with significant variability. Thus, no
trend can be determined for these species during this period
(Table 1).

596 Air Qual Atmos Health (2020) 13:593–605

http://www.ine.cl/
http://www.ine.cl/


Evolution of O3 primary standard

Figure 4 shows the attainment evaluation of the 8-h O3

NAAQS. The evaluation was calculated as the 3-year running
averages of the 99th percentile (P99) of the MDA8 as de-
scribed in the “Methodology” section. Remarkable progress
has been observed especially in the western and central basin.
Significant declines in O3 mixing ratio have been made pos-
sible during the first decade after the implementation of sev-
eral control measures targeted at reducing PM10 (Gallardo
et al. 2018). However, cost-effective control strategies on the
more reactive VOC emissions have been implemented on a
few rare occasions in Santiago to achieve O3 reductions. One
such case was the introduction of vapor capturing devices in
most gasoline stations in Santiago in 2008 (Seguel et al.

2012). Furthermore, the ratio of VOC to NOx has not been
explicitly addressed in the attainment plans, and the impact of
BVOC emitted from vegetation on O3 formation remains
unknown.

The decade average number days above 61 ppbv per year,
expressed asMDA8, has fallen considerably in the last decade
compared with the 2000s, from 104 to 43 days at the Eastern
Site, from 25 to 4 days at the Central Site, and from 7 to 2 days
at the Western Site. However, as indicated in the previous
section, the Eastern Site has shown an increase in the second
part of the last decade that requires a closer look.

Also, the Receptor Site monitoring station (32° 49’ S, 70°
37’W, 819 m altitude) located at the northeast of the Santiago
basin in the western foothills of the Andes range (~ 70 km
from Santiago) receives the photochemical pollution

Fig. 2 Trends in O3 at the Central
and Eastern Sites. The plots show
the deseasonalized monthly mean
mixing ratios of O3. The shading
shows the estimated 95%
confidence intervals
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produced in Santiago especially in the afternoons and eve-
nings when winds tend to be stronger (Seguel et al. 2013).
During its first year of O3 monitoring, it recorded up to
90 days year−1 over 61 ppbv of O3, and therefore it is highly
likely that this Receptor Site will be designated as a
nonattainment area in the upcoming years (Fig. 5). This dem-
onstrates the importance of addressing not only the pollution
in urban areas but also its transport downwind.

VOC to NOx ratio

Monitoring stations in Santiago show higher levels of O3 dur-
ing the weekends compared with weekdays (Seguel et al.
2012). Figure 6 displays the O3 increase and the drop in NO
and NO2 during weekends in eastern Santiago. The mecha-
nism that produces higher O3 mixing ratios depends on the
VOC to NOx ratio. At a high enough VOC to NOx ratio,

•OH

Fig. 3 O3 mixing ratio variations by wind speed and wind direction in
polar coordinates. The plots show variations between 1 January 2014 and
31 March 2019 in the Central and Eastern Sites by season during

nighttime or daylight hours as a function of the latitude and longitude in
the location (33.5 S, 70.5W)

Table 1 Annual CO to NOx ratio
for Wednesdays and Sundays in
Central and Eastern Sites

Central Site Eastern Site

CO NOx CO NOx CO/
NOx

CO/
NOx

CO NOx CO NOx CO/
NOx

CO/
NOx

Wed Sun Wed Sun Wed Sun Wed Sun

2010 733 74 751 49 10 15 572 42 481 25 14 20

2011 828 83 824 56 10 15 625 50 461 24 12 19

2012 645 66 680 45 10 15 566 46 494 27 12 18

2013 637 66 711 48 10 15 610 56 486 29 11 17

2014 432 46 523 43 9.3 12 447 43 371 25 10 15

2015 522 60 449 37 8.7 12 480 58 407 29 8.3 14

2016 597 68 510 41 8.8 12 579 53 476 26 11 19

2017 893 78 876 51 11 17 372 45 310 26 8.2 12

2018 742 79 708 52 9.4 13 483 56 401 34 8.6 12

Mean 670 69 670 47 10 14 526 50 432 27 11 16

σ 146 11 147 6 1 2 85 6 63 3 2 3
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radicals react mainly with VOCs; conversely, at a low ratio,
the NOx reactions predominate and remove •OH radicals from
the system. Thus, under a VOC-limited regime (that is NOx-
saturated), the typical NO reduction that occurs on weekends
leads to an increase in O3 because

•OH radicals react prefer-
entially with VOCs and favors a net production of NO2

(Reactions 2 and 3). Thereby, the subsequent photolysis of
NO2 at wavelengths less than 424 nm produces O3.

RHþ∘OH →
O2 RO2

∘ þ H2O ð2Þ

RO2
∘ þ 2NO→

O2 RCHOþ 2NO2þ∘OH ð3Þ

In the absence of VOC measurements in Santiago that en-
able the determination of the VOC to NOx ratio, CO mixing
ratios are useful to provide an insight into the variability of
anthropogenic emissions during days of the week. During the
2010s, the CO to NOx ratio increased respectively by 6, 4, and

5, on Sundays compared withWednesdays at western, central,
and eastern Santiago (Table 1). However, the weekend effect
has been more intense in the eastern basin, where the differ-
ence between Wednesday and Sunday average O3 mixing ra-
tio can be higher than 5 ppbv (Fig. 7) due to less inhibition
caused by lower NO mixing ratios (Reaction 4) measured in
eastern Santiago.

NOþ O3→NO2 þ O2 ð4Þ
NO2þ∘OH→HONO2 ð5Þ

There are direct health implications for those who perform
outdoor recreational activities because O3 is higher at week-
ends. Also, the expansion of the city to the northeast implies
that more people are potentially susceptible to develop symp-
toms and effects associated with O3 exposure. On the other
hand, during weekdays, when NOx is high enough, O3 is

Fig. 4 A 3-year running average
evolution of the O3 standard
compliance in the western, cen-
tral, and eastern Santiago

Fig. 5 Maximum daily 8-h aver-
age (MDA8) O3 at the Receptor
Site (Los Andes) from April 2018
to March 2019. Red solid dots
represent days above 61 ppbv and
green solid dots, days of
compliance
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likely titrated by NO, and NO2 can be removed by reacting
with •OH to produce nitric acid (Reaction 5), a toxic air pol-
lutant that is highly water-soluble and therefore harmful to
human health and ecosystems (NRC 1983).

As the Santiago Metropolitan Region is VOC-limited,
emission control strategies, with greater reductions of NOx

than VOCs, will make it difficult to reduce peak O3 levels in
urban areas. Therefore, future reductions in NOx must be ac-
companied by comparable or greater reductions in VOCs.
However, reductions in reactive organic gases are challenging

in the Santiago basin due to the influence of environmental
factors on biogenic VOC emissions.

Heat wave study case (24–28 January 2019)

Central Chile has exhibited an increasing number of heat
waves, and projections indicate that heat waves will persist
in the future at even higher rates (Ballester et al. 2010;
Russo et al. 2014; Bozkurt et al. 2019). There were 10 heat
waves during the 2000s during the months of December,

Fig. 6 Variation of O3, NO, and NO2 at the Eastern Site between 1
January 2014 and 31 March 2019. The upper panel shows diurnal
variation for all days, the bottom left panel shows diurnal variation, the

bottommiddle panel shows monthly variation, and the bottom right panel
shows weekday variation. The shading shows the 95% confidence
intervals of the mean

Fig. 7 Difference between
Sunday andWednesday yearly O3

averages at western, central, and
eastern Santiago
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January, and February (Table 2). In contrast, during the 2010s,
that number had grown to 20 episodes. January has been the
warmest month and registered the highest temperature since
continuous measurements have been available for the
Santiago basin, reaching a value of 38.3 °C in 2019.

The most intense heat wave registered in Santiago over the
last two decades occurred on 24 January 2019, lasting 5 days.
The synoptic-scale conditions associated with this episode
shows the presence of a strong high-pressure system that leads
to clear skies, especially during the last 3 days of the event.
Also, the UV Index was extremely high, reaching values as
high as 12, and remaining above 8 between 15:00 and 19:00 h.
The UV radiation provides a good indication of how strong
the photochemical influence is because the primary source of
•OH is the production from the photolysis of O3, followed by
the reaction between excited-state atomic oxygen (O1D) and
water vapor (H2O) (Reactions 6 and 7). As mentioned in the
previous section, the •OH is critical to initiate the VOC oxida-
tions.

O3 þ hv λ≤336nmð Þ→O 1D
� �þ O2 ð6Þ

O 1D
� �þ H2O→2∘OH ð7Þ

Figure 8 shows the time series for O3, NO2, NO, and tem-
perature for this event. The highest hourly O3 mixing ratio of
118 ppbv was reached during the hottest day at the Eastern
Site (26 January 2019). During Saturday and Sunday, surpris-
ingly, the NO concentration was completely depleted likely
due to a total conversion to NO2 via oxidation of VOCs
(Reaction 3). The weekend effect also explains the NO

depletion since the NOx mixing ratio drops significantly in
the Eastern Site at weekends (Table 1).

It is also worth noting that during the heat wave episode,
the standard can be severely exceeded. Indeed, the MDA8 for
the 5 days was higher than 61 ppbv and therefore exceeded the
4 days allowed by the standard (99th percentile) for that par-
ticular year.

This case study highlights the more prominent role that will
be played by biogenic VOCs and evaporative losses during
heat waves and the effect of extreme temperature on the reac-
tion rates leading to increasing O3 formation and SOA in the
Santiago basin. Moreover, the role of biogenic emissions has
special relevance in the context of Santiago, where significant
differences are found between the southwest and northeast
vegetation coverage. The Normalized Different Vegetation
Index (NDVI) depicts this remarkable contrast in vegetation
abundance (Fig. 1b).

Vegetation-based critical levels: W126 index

W126 critical levels evaluated in the O3 standard revision by
the US EPA (US Federal register 2015) are used in this section
as guidelines to interpret the potential impact of O3 on vege-
tation. Although in this review, no O3 secondary standard
based on W126 was adopted, the Clean Air Scientific
Advisory Committee (CASAC) of the US EPA proposed a
range within 7 to 15 ppm-h. Also, to avoid a seasonal W126
index value above a level in the recommended range in any
given year of the 3-year period, CASAC advised an upper
limit of 13 ppm-h.

Table 2 Heat waves for December, January, and February in central Santiago using the temperature measured by the National Weather Service
(available at http://vismet.cr2.cl)

Date Days Highest
temperature

Date Days Highest
temperature

Date Days Highest
temperature

25 Dec 1998 3 33.9 27 Jan 2003 4 36.4 4 Feb 2001 5 33.5

15 Dec 2001 3 34.2 1 Jan 2005 3 35.2 8 Feb 2012 3 34.9

22 Dec 2001 3 33.4 13 Jan 2008 4 34.8 11 Feb 2015 3 35.9

27 Dec 2006 5 34.8 8 Jan 2009 3 33.5 13 Feb 2016 3 34.2

29 Dec 2008 3 34.2 8 Jan 2015 4 35.9 19 Feb 2016 6 34.5

14 Dec 2009 3 34.3 24 Jan 2015 4 33.2 19 Feb 2017 4 34.9

18 Dec 2011 3 32.8 15 Jan 2016 3 35.6 24 Feb 2017 3 32.2

24 Dec 2011 6 33.6 11 Jan 2017 3 35.7 1 Feb 2019 2† + 5 34.3

27 Dec 2013 4 34.3 17 Jan 2017 5 36.9

24 Dec 2015 5 35.3 24 Jan 2017 4 37.4

29 Jan 2017 3 + 1† 33.9

1 Jan 2019 1†+ 3 34.9

24 Jan 2019 5 38.3

†Denotes days from the previous or following month

The table also shows the length of the event and the maximum temperature reached
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The trend of the W126 index for Peri-urban, Western,
Central, and Eastern Sites is shown in Fig. 9. In the peri-
urban monitoring station, the 3-year average of W126 is
3 ppm-h or below. Also, western and central Santiago showed
values below the CASAC advice of 13 ppm-h. By contrast, in
the eastern part of Santiago, the 3-year average of W126 has
exceeded the guideline since 2000, with the worst perfor-
mance observed during the 2000s. A deeper look at the
Eastern Site data shows a significant fluctuation in recent
years. For instance, the highest 3-month sum for 2015,
2016, 2017, and 2018 is 18, 16, 24, and 10 ppm-h, respective-
ly. This variability may be associated with the effect of warm-
er summers (e.g., 2017) and requires further research regard-
ing the role of biogenic VOCs and pyrogenic species emitted
by the wildfires that occurred over these seasons (de la Barrera

et al. 2018). However, in light of the results, one may claim
that cropland and forest trees located downwind of Santiago
have been and still are potentially subject to the injurious
effects of O3 and other photochemical oxidants. This risk
might be a matter of concern for the Chilean productivity as
the export of fruit is a significant part of the national economy
(http://www.bcentral.cl/comercio-exterior).

Additionally, the comparison between O3 NAAQS and the
W126 index in the 2010s shows that NAAQS compliance can
also have the potential to protect vegetation. For example, the
Western Site met the NAAQS as well as the W126 threshold
of 13 ppm-h. However, unlike other international legislation,
the Chilean O3 standard does not address the effects on eco-
systems, and the focus is exclusively targeted on public
health.

Fig. 8 O3 response to NOx

changes at the Western Site
during a 5-day heat wave in
Central Chile. The shaded area
represents the heat wave period.
The hourly maximum mixing ra-
tio of O3 is highlighted by a solid
dot

Fig. 9 A 3-year average of W126
computed using hourly O3 mixing
ratio in Santiago
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Conclusions

Central Santiago will continue to be close to the O3 standard,
while eastern Santiago will probably exceed it as long as the
current increasing trend in the mobile source emissions,
consisting primarily of gasoline motor engines and secondly
of diesel motor engines, continues to grow. Therefore, to re-
duce population exposure to O3 and other hazardous photo-
chemical products, it is essential to strongly reduce the emis-
sions of VOCs and NOx by introducing cleaner transportation
on a large scale.

The emergence of heat waves and their effect on increasing
biogenic emissions and anthropogenic evaporative losses will
continue to be a determining factor for compliance of the O3

standard. Currently the 4 permitted days above 61 ppbv per
year are consistently exceeded during a typical heat wave
episode. This shows the need to distinguish between episodes
that are attributable to direct anthropogenic emissions from
those that are associated with a changing climate and weather
that need to be addressed using a different approach.

Due to the various different natural and man-made process-
es occurring in Santiago such as the predominant wind, heat
waves, weekend effect, and the increasing development of the
city toward the north-eastern part of the basin, it is necessary
to implement measures that protect sensitive populations
against the risk of exposure to oxidants as well as to commu-
nicate the risk associated.

The design of the current air quality-monitoring network
needs an improved spatial coverage, taking into account the
transport of photochemical pollutants as well as the current
urban development of the city. Also, cost-effective measures
that could achieve an O3 reduction in Santiago demand a fun-
damental description of the organic atmospheric composition.

The secondary index (W126) for O3 shows the urgency of
transitioning from a local urban pollution approach to a re-
gional one based on the notorious air pollution transport ob-
served between the central valleys of Chile that not only in-
fluences the health of sensitive groups but also the agricultural
crop yields in one of the most productive areas of the country.
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