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TECHNICAL PAPER

PM, 5 mass and species trends in Santiago, Chile, 1998 to 2010:
The impact of fuel-related interventions and fuel sales

Iny Jhun,'* Pedro Oyola,? Francisco Moreno,” Marcela A. Castillo,” and Petros Koutrakis'
YHarvard School of Public Health, Boston, Massachusetts, USA

>Mario Molina Center, Santiago, Chile

*Please address correspondence to: Iny Jhun, Harvard School of Public Health, 401 Park Drive, Room 412J West, Boston, MA 02215, USA;
e-mail: iny@mail.-harvard.edu

Improving air quality in Santiago has been a high priority for the Chilean government. In this paper, we examine trends of fine
particulate matter (PM, 5) mass and species concentrations during the period 1998 to 2010 and explore the impact of fuel-related
interventions and fuel sales on concentration changes. Smoothing spline functions were utilized to characterize and account for
nonlinear relationships between pollutant concentrations and different parameters. Meteorology-adjusted PM, 5 concentrations were
lower by 21.8 ug/m’ in 2010 compared to 1998. In this model, wind speed was the most important determinant of PM. s levels. A
decrease in 24-hr average wind speed below 1.0 m/s was associated with a significant increase in daily PM, 5 levels, indicating a high
sensitivity of PM, s concentrations to the accumulation of local emissions. The same regression model framework was applied to
examine the trends of lead, bromine, and sulfur concentrations. Removal of lead and bromine from gasoline achieved dramatic decreases
in their atmospheric concentrations. Nonetheless, both elements continue to persist, likely in the form of PbBrCI. The reduction of diesel
sulfur content from 1,500 to 50 ppm corresponded to a 32% decrease in particulate sulfur levels. Lastly, a surge in PM, s was observed in
2005-2008. Further regression analyses suggested this was prompted by a vise in monthly petroleum-based fuel sales.

Implications: In this paper, we elucidate meteorology-adjusted trends of PM, s mass and species concentrations in Santiago and
assess the efficacy of fuel-related interventions, such as the removal of lead from gasoline and reduction of sulfur content in diesel. In
addition, we explore the impact of fuel sales on PM; s trends. Given that fuel consumption is likely to increase further in this rapidly

growing city, understanding its impact on PM, 5 trends can inform future air quality control efforts in Santiago.

Supplemental Materials: Supplemental materials are available for this paper. Go to the publisher’s online edition of the Journal of

the Air & Waste Management Association.

Introduction

Santiago, the capital of Chile, is one of the most urbanized
and industrialized cities in South America. The city resides in a
closed basin surrounded by two large mountain ranges, the
Andes to the east and the Chilean Coastal Range to the west.
This geography favors formation of thermal inversions, which
are particularly frequent in the cold season. In addition to the
topography and meteorology, Santiago is densely populated
(6.9 million) and has a large vehicle fleet (1 million).
Furthermore, Santiago and its surrounding area play host to
many mineral and agricultural industries (70% of the county’s
total) (Romero et al., 1999). These emission sources have sig-
nificantly contributed to air pollution in Santiago. For instance,
high levels of nitrogen oxides, carbon monoxide, ozone, and fine
particulate matter (particles of an aerodynamic diameter < 2.5
wm; PM, 5) have been measured (Artaxo et al., 1999; Jorquera,
2002; Rappengluck et al., 2000).

Previous work has shown that in Santiago, indoor levels of
particles are similar to outdoor levels (Gil et al., 1997; Rojas-
Bracho et al., 2002). This finding has been attributed to

efficient home ventilation, with outdoor sample measurements
reflecting both indoor and outdoor particle exposure.
Epidemiological studies using these outdoor measurements
have found significant associations between high particle con-
centrations and daily mortality, as well as respiratory illnesses
(Cakmak et al., 2007; Pino et al., 2004). With 40% of the
Chilean population residing in this rapidly growing city,
improving air quality in Santiago has been a high priority for
the Chilean government.

A number of interventions implemented since the early 1990s
aimed to reduce air pollution in the Santiago Metropolitan area.
Many measures targeted traffic emissions, a significant source of
PM, 5 (Kavouras et al., 2001). Example interventions include
rolling bans on car usage, mandatory vehicle inspections, rede-
signing the public transportation system, and gradual replace-
ment of the older bus fleet with cleaner diesel fuel buses. In
addition, over a span of 20 years, allowable diesel sulfur content
has been steadily reduced from 5,000 to 50 ppm, and lead was
entirely removed from gasoline in 2001.

A PM, s monitoring network in Santiago has been in opera-
tion since the mid-1980s, rendering it one of the longest running
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PM, 5 monitoring networks in the world. This network is sup-
ported by the Chilean Ministry for the Environment to facilitate
investigation of spatial and temporal profiles of air pollution
throughout the metropolitan area. In this study, data from this
network were obtained for trend analysis. Prior studies have
reported significant decreases in PM, s from 1989 to 2001
using data from this network (Koutrakis et al., 2005; Jorquera
et al., 2000). These analyses controlled for factors other than
emission sources that can influence PM, 5 trends, such as month,
day of the week, and meteorological parameters (Koutrakis et al.,
2005; Sax et al., 2007). Our study builds upon prior models, and
attempts to more precisely account for nonlinear relationships
through smoothing spline functions. We analyzed the most
recent 12 years of PM, 5 mass and species concentration time
series—from April 1998 to August 2010—to (1) determine their
meteorology-adjusted trends, (2) identify significant determi-
nants of trends, and (3) evaluate the impact of fuel-related inter-
ventions and fuel sales.

Materials and Methods

Data collection

The PM, 5 monitoring site is located in O’Higgins Park, the
second largest public park in the Santiago Metropolitan area.
Within close proximity are a major highway (the Panamericana), an
amusement park, and the University of Chile campus. In addition,
several mechanical and metalworking shops sell the wares nearby.

Twenty-four-hour PM, 5 samples were collected from midnight
to midnight from June 1988 to August 2010. Sampling frequency
was predetermined by the Chilean Ministry for the Environment
to be higher in the cold season, when pollution episodes are more
frequent. Filter samples were collected daily during the cold
season (April through September) and every other day during
the warm season (October through March) with dichotomous
samplers (Andersen; Anderson Instruments, Inc., Smyrna, GA).
In addition, daily (24-hr average) values of meteorological para-
meters such as wind speed, temperature, and relative humidity
were obtained from a weather station that is maintained by the
Chilean Ministry for the Environment at O’Higgins Park from
January 1998 through December 2010. The starting speed for the
wind speed sensor (model 010C; Met One Instruments, Inc.,
Grants Pass, OR) is 0.22 m/s. Data validation employed by the
Chilean Ministry for the Environment requires at least 75% of
measurements to be valid to compute a valid 24-hr average.

For PM, 5 samples collected in the last 12 years (April 1998 to
August 2010), elemental analysis was conducted on Teflon filter
samples from every fourth day (1,059 samples total) using x-ray
fluorescence (XRF; Desert Research Institute). Details on sam-
pling, filter weighing, and elemental analysis are reported in pre-
vious studies (Koutrakis et al., 2005; Sax et al., 2007). For each
XRF measurement, the limit of detection (LOD) was set at twice the
measurement uncertainty. Elements with at least 95% of measure-
ments above the LOD were S, K, Fe, Br, and Pb. Other elements
with lower certainty in measurements, but nonetheless important
tracer elements to examine, were Cr (78%), and Ni (53%).

Information on the reduction of diesel sulfur content was
documented in the Plan for the Prevention and Control of Air

Pollution in Santiago, which is a long-range plan instituted in
1998 to reduce emissions from the industrial and transportation
sectors (National Environmental Commission of Chile, 1999).
Monthly sales data on petroleum-based fuels (PBFs), natural
gas, and liquefied petroleum gas (LPG) from 1998 to 2010
were obtained (Superintendent of Energy and Fuel, 2012).

Regression analyses

Twelve full years of daily PM, 5 and meteorological data from
April 1, 1998, to March 31, 2010, were included in the regres-
sion analysis. The relationships between PM, 5 and covariates,
including year, month, weekday, wind speed (ws), temperature
(temp), and relative humidity (rh), were evaluated using the
statistical package R (version 2.13.1) (R Development Core
Team, 2011) with the following generalized additive model:

PM, 5 = o + s(year) + B;;month + By weekday + s(ws)
+ s(temp) + s(rh) (1)

where o is the regression intercept, and the 3 values are regression
coefficients for the categorical variables month (B1;, i = 2—12) and
weekday (By;, 1 = 2-7). The reference weekday and month were set
as Sunday and January, respectively, to correspond to the weekday
and month with the lowest PM, 5 levels. Because the first sample
was collected on April 1, 1998, each “year” was defined as April—
March, rather than January—December. Continuous variables (year,
ws, temp, and rh) were modeled with penalized smoothing spline
functions, denoted by s(x), to characterize nonlinear relationships.
To minimize the constraints of the spline functions, we allowed the
statistical package to specify the degrees of freedom for each spline
function, which entailed minimizing the Akaike information criter-
ion (AIC) of the model. This same model framework (eq 1) was
used to determine the trend of each PM, 5 element’s concentrations
measured through XRF.

To analyze the impact of diesel sulfur reduction on ambient
sulfur concentrations, the average ambient concentrations were
calculated for each period corresponding to different maximum
allowable diesel sulfur content. In addition, the following model
was constructed to verify the relationship between ambient sulfur
and diesel sulfur content after controlling for other covariates:

Sambient = & + Bjymonth 4 B, weekday + s(ws)
+ S(temp) + S(I‘h) + S(Sdiesel) (2)

where S,npient 1S the ambient sulfur concentration (pug/m3 )
measured by XRF and Sgjeer i the maximum allowable sulfur
content in diesel (ppm).

The impact of PBF sales on PM, 5 trends was assessed by
analyzing PM, 5 trends adjusted for PBF sales with the following
equation:

PM, s = o + s(year) + B;;month + B,;weekday + s(ws)
+ s(temp) + s(rh) + s(PBF) (3)

Like meteorological variables, PBF sales were treated as a con-
tinuous, nonlinear variable. The association between PBF sales
and PM, 5 levels was obtained from eq 3.
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Results and Discussion
PM,; 5 concentration levels

The Chilean Ministry for the Environment achieved signifi-
cant reductions in PM, 5 in Santiago over the past two decades
(Figure 1). In just nine years, between 1989 and 1997, annual
PM, s levels decreased dramatically by 32 wg/m’ (from 76 to 44
wg/m?). This trend tapered off in the later 12 years, between
1998 and 2009, when concentrations decreased by 13 wg/m’
(from 43 to 30 pg/m?). The latest annual concentrations, how-
ever, exceeded Chile’s new annual PM, 5 standard of 20 pdg/m3
by approximately 50%.

As mentioned previously, Santiago is located in a basin sur-
rounded by two large mountain ranges, which results in frequent
thermal inversions, particularly in the cold season. This leads to
severe winter air pollution episodes, and consequently a marked
seasonal variability in PM, 5 concentrations. As expected, PM, 5
concentrations were highest in June, which is a winter month in
the Southern Hemisphere, and lowest in January, which is a
summer month.

PM, 5 regression model

Our regression model was built upon that of prior trend
analysis studies of Santiago (Koutrakis et al., 2005; Sax et al.,
2007). Similar to these previous models, we adjusted for month,
weekday, temperature, wind speed, and relative humidity to
examine PM, 5 trends that have accounted for weather variation.
However, there were two key differences. First, we improved the
characterization of nonlinear relationships between PM, 5 and
meteorological parameters by employing penalized smoothing
spline functions. A recent trend analysis study conducted in
Europe also utilized smoothing spline functions to estimate
meteorology-adjusted PM, s concentrations and to assess non-
linear relationships between PM, 5 and meteorological variables
(Barmpadimos et al., 2012). Second, we constructed an additive
rather than a multiplicative model in the interest of interpret-
ability of the nonlinear relationships derived from the smoothing
functions. Despite differences in modeling assumptions, the
meteorology-adjusted PM, s trends and the relationships
between PM, s and the covariates were similar between the
additive and multiplicative models (see Supplemental
Information).

Concentration (ng/m°)

The meteorology-adjusted PM, s concentrations were lower
by 21.8 pg/m’® in 2009/2010 compared to 1998/1999
(Figure 2a). While there was an overall steady decline in PM, s
levels in 1998 to 2010, there was a surge in annual concentra-
tions between 2005 and 2008; during this period, annual adjusted
PM, s concentrations peaked in 2007, representing a total
increase of 7.9 pg/m’ in two consecutive years. The
meteorology-adjusted trends obtained from the multiplicative
model also exhibited an increase in PM, s during these years,
which suggests that the trends were robust to the model selection
(see Supplemental Information). Since these trends were
adjusted for meteorological parameters, the sudden increase
was not caused by variation in wind speed, temperature, or
relative humidity. This phenomenon is explored in greater detail
later in the paper.

While the primary purpose of adjusting for meteorological
variables was to elucidate trends that reflect anthropogenic influ-
ences rather than annual weather variation, the general relation-
ships between PM, 5 and meteorological variables can still be
examined. Among the meteorological variables, wind speed was
the most important determinant of PM, 5 concentrations, which
was consistent with findings of previous trend analyses con-
ducted in Santiago (Koutrakis et al., 2005). A decrease in 24-hr
average wind speed below 1.0 m/s corresponded to a significant
linear increase in PM, s (Figure 2b). A stagnant environment
with low wind speed is favorable for local pollutant accumula-
tion, while a more turbulent atmosphere can dilute pollutants and
transport them away from the city. Therefore, the strong inverse
relationship revealed the significance of local emissions, which
accumulate readily during days with low wind speed, resulting in
an increase of PM, 5 levels.

The effects of temperature and relative humidity on PM, 5
were weaker than that of wind speed. An increase in relative
humidity above 60% was associated with a decrease in PM, 5
(Figure 2c). This was expected, since days with high relative
humidity are often associated with precipitation, and water dro-
plets can remove particulates in the atmosphere through wet
deposition. While temperature explained some additional varia-
tion in PM, 5 levels, it exhibited the weakest association with
PM, s due to collinearity with other variables in the model
(Figure 2d).

Even after controlling for wind speed, relative humidity, and
temperature, considerable seasonal variation in concentrations
still remained. PM, s levels in June were higher by 28.1 pg/m®

—— Annual Average
— Monthly Average

Figure 1. PM,; s monthly and annual concentration time series. The dashed line at 20 p,g/m3 represents the new Chilean Ministry for the Environment’s annual

PM, 5 standard.
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relationships between PM, 5 and wind speed, relative humidity, and temperature, respectively. (e) Monthly variability of PM, s with respect to January. (f) Day-of-the-

week variability of PM, s with respect to Sunday.

relative to January (Figure 2e). Other meteorological parameters
such as vertical mixing height and synoptic air mass movements
may exhibit strong seasonal patterns. As they were not controlled
for in this model, a significant portion of the month effect
estimates may result from other meteorological manifestations
with pronounced seasonality. Additional analyses showed that
when the meteorological variables were removed from the
model, the overall PM,s trend remained the same (see

Supplemental Information). The trends, therefore, were robust
to meteorological influences, suggesting that weather variation
was not the cause of the sudden PM, 5 increase in the mid to late
2000s.

The monthly variability in PM, 5 levels was greater than the
day of week variability, which is in agreement with an analysis
from an earlier 12-year period (1989-2001; Koutrakis et al.,
2005). Weekdays had higher PM,s levels compared to



Downloaded by [Harvard College] at 19:16 07 February 2013

Jhun et al. / Journal of the Air & Waste Management Association 63 (2013) 161-169 165

weekends, as traffic emissions are higher during the week
(Figure 2f). However, levels on Mondays were lower than the
rest of the week, suggesting that particles accumulate over the
course of several days.

Impact of lead ban from gasoline

Regulating lead in gasoline has historically achieved dramatic
decreases in ambient lead levels in Europe and the United States
(U.S. Environmental Protection Agency, 2006; Smith and Flegal,
1995; Migon et al., 2008; von Storch et al., 2003). In 2001, the
Chilean government mandated the removal of lead from gaso-
line. The trend of lead was analyzed by using the same form of
the PM, 5 regression model (eq 1) (Figure 3a). The trend of
bromine was also analyzed, as bromine was added to gasoline
along with lead (Figure 3b). As leaded gasoline was phased out,
there was a commensurate, dramatic decrease in both lead (0.366
pg/m® to 0.026 pg/m’) and bromine (0.110 pg/m’ to 0.008
pg/m®) between 1998 and 2010. In addition, the correlation
between lead and bromine levels for each year was very high,

Pb/Br: 129 127 220 1.51 0.94
Correlation: 095 097 091 0.81 0.85
# of Samples: 89

(o]
N
[
»
o2}
()}
\l
©

ranging from 0.67 to 0.95. A strong correlation indicates that the
two elements shared a common source. Therefore, the dramatic
decrease in these two highly correlated elements suggested that
leaded gasoline was their major emission source.

Many studies have used the Pb/Br ratio to determine motor
vehicle contributions to ambient lead levels (Harrison and
Sturges, 1983). Depending on the fuel additive, the majority of
lead-containing particulates emitted are either PbBr, or PbBrCl.
A Pb/Br molar ratio of 1:2 would correspond to PbBr, while a
molar ratio of 1:1 would correspond to PbBrCl. With an excep-
tion of one year, the Pb/Br molar ratio in Santiago ranged from
0.94 to 1.51 and remained fairly constant during the study
period. Thus, PbBrCl was the most plausible particulate form.

The overall decrease in the correlations between lead and
bromine concentrations indicated that gasoline became a less
prominent source of lead particulates. However, both lead and
bromine were still present in the environment, long after their
removal from gasoline, likely incorporated in the soil and road
dust. Previous studies have identified resuspension of lead-

095 096 121 111 106 127 1.32
0.75 089 082 072 085 067 0.71
82 88

(o]
N
[0
(o]
0]
©
2]
N
0]
(o]

(@)

1
I
1
1
L
I

=

-

.
A I R ——

0.1

N
O |
AL

~
N

Relative [Pb] (1g/m?)

~
N
AN

L R el ikl

-0.1

v
4
1
i
|
|
|

——

i R,
e ———————

5

o

(b)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
|
i
'

.
i W i ——
ke .

|
T
L

~l

:
o i e ] o o e e e e o e e o
1
1
[

e N R
:
- = o = e ] = o

|
|
i
L
i
1
I
I
I
[
1
i,

J
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Relative [Br] (ng/m?)
002 000 002 004 006 008

r
]
1
|
I
I
|
-l b
I
1
i
1
I
1
1
i
rF

N
o
=
-~

98/99 |- === === === mmm e
00/01 [ - - =
02/03 |- -

0

03/04 |- -
04/05 |
05/06 |- -
08/09
09/10 -

Figure 3. Molar ratios, Pearson correlation coefficients, and trends adjusted for month, weekday, temperature, wind speed, and relative humidity for (a) lead and (b)

bromine.



Downloaded by [Harvard College] at 19:16 07 February 2013

166 Jhun et al. / Journal of the Air & Waste Management Association 63 (2013) 161-169

contaminated soil as a major source of ambient lead in the
U.S. and European countries, which is evidence of its chemical
persistence (Young et al., 2002; Laidlaw et al., 2012; de Miguel
et al., 1997). In the United States, lead-contaminated soil is the
major source of lead exposure for children (Centers for Disease
Control and Prevention, 2005; Weitzman et al., 1993).
Therefore, despite the dramatic decrease in ambient levels of
lead in Santiago, lead exposure will likely continue to persist in
the near term.

Reduction of diesel sulfur content

Sulfur content in diesel was reduced from 5,000 to 50 ppm
from 1989 to 2010 (Figure 4a). The relationship between ambi-
ent and diesel sulfur was remarkably linear, and revealed that the
reduction of sulfur from 1,500 ppm to 50 ppm was associated
with a decrease in ambient sulfur from 1.59 to 1.08 p,g/m3 , or by
32% (Figure 4b). This was verified using a model that controlled
for month, day of the week, and meteorology (eq 2), where
ambient sulfur was the outcome and diesel sulfur was the pre-
dictor of interest (Figure 4c). However, this association showed
that even if sulfur were completely removed from diesel—the
primary local source of sulfur— sulfur levels would still be 1.07
pg/m? due to regional source contributions.

Although regional transport of sulfates is important, there was
evidence of increasing local emissions starting 2005. For
instance, the meteorology-adjusted sulfur trend exhibited a
surge similar to that of PM, 5 in 2005-2008 (Figure 4d). In
fact, other PM, 5 elemental species that followed this pattern
included K, Cr, Fe, and Ni. These elements are tracers of biomass
burning (K), traffic (Cr, Fe), and oil combustion (Ni).

By inspecting the data on temperature and vehicle fleet size,
we developed several hypotheses regarding the surge in PM, 5
mass and several species. From 2001 to 2010, the total number
of vehicles in Santiago increased by 5.5% annually, which is
equivalent to approximately 55,000 vehicles per year (National
Institute of Statistics, 2011). Therefore, it can be expected that
traffic-related tracer elements such as Cr and Fe would
increase. In addition, the cold-season temperatures in 2007
were unusually low (see Supplemental Information). Colder
weather often leads to greater heating activities, such as bio-
mass burning. In turn, the particulates generated by these
activities as well as other pollutants can accumulate more read-
ily as inversions are more frequent and pronounced during
colder winters. Thus, the unusually cold winter in 2007 can
provide a plausible explanation for the peaks observed that year
for PM, 5 and many of its species.

Perhaps the most important factor affecting sulfur and oil
combustion emissions was the decreased natural gas imports
from Argentina starting in 2004. In response to limited quantities
of natural gas, many industries transitioned to other fuels, parti-
cularly diesel. The lower availability of natural gas in 2004 was
consistent with the observed increase in ambient sulfur as well as
other elements associated with oil combustion in consequent
years. Thus, the combination of decreased natural gas availabil-
ity, expanding vehicle fleet, and a particularly cold winter in
2007 set the stage for the increasing trend in PM, s and its
species, and ultimately their peak levels in 2007.

Impact of fuel sales on trends

To confirm that decreasing natural gas sales indeed drove the
increase in fuel combustion elements, we gathered and analyzed
monthly sales data on PBFs (e.g., gasoline, kerosene, petro-
leum), natural gas, and LPG for 1998-2010. The time-series
plot revealed a steady increase in natural gas consumption until
2004, and a decrease thereafter due to the limitation on the
quantity of imported natural gas (Figure 5). Meanwhile, these
changes in natural gas consumption patterns were accompanied
by opposite trends in PBF sales. This was evidence that the two
fuels can be used interchangeably by a majority of their con-
sumers. Consequently, the decrease in natural gas availability
starting in 2004 led to a notable increase in PBF sales in 2004—
2008.

To explore the impact of PBF sales on PM, 5 trends, we
estimated PM, 5 trends that were adjusted for PBF sales (eq 3).
After adjusting for PBF sales, the increase in PM, s we pre-
viously observed in 2005-2008 was mitigated (Figure 6). In
other words, if PBF sales had not risen during this period,
PM, s would not have increased as much. The PM, 5 trends
adjusted for PBF sales were consistent with those obtained
from a model that characterized PBF sales and other covariates
to have multiplicative rather than additive effects on PM, 5 con-
centrations (see Supplemental Information). The robustness of
the results provided further evidence that PBF sales indeed
influenced PM, 5 trends. Therefore, increases in PM, s and sev-
eral of its elemental species between 2005 and 2008 were likely
prompted by PBF sale increases. Furthermore, PM, s concentra-
tions would have decreased by 25.1 pg/m?® rather than 21.8 g/
m’ between 1998 and 2010 if PBF sales had remained constant.

To our knowledge, the relationship between PBF and
ambient PM, s has rarely been directly elucidated from
ambient data, although many tunnel and chamber studies
have demonstrated such relationships (Schauer et al., 1999;
Rogge et al., 1993; Hildemann et al., 1991; Cadle et al.,
2001). The regression model results also showed that higher
PM, 5 levels were associated with greater PBF consumption
(Figure 7). In fact, an increase in PBF consumption from
300 to 350 km?® was associated with an increase in PM; s by
6.3 pg/m>. However, this association weakened at the high-
est PBF consumption levels.

There are two possible explanations for this phenomenon.
First, there were fewer data at high PBF consumption levels,
which led to wider confidence bands around the predicted
values of relative PM, s concentrations. Second, the relation-
ship leveled off at high PBF consumption values, which
occurred in the most recent years when there were cleaner
fuels available and newer cars that boast cleaner emission
profiles. This is consistent with findings from a factor ana-
lysis study, which showed that motor vehicles were becom-
ing a less prominent source of PM,s due to an improved
vehicle fleet (Moreno et al., 2010). Therefore, it is plausible
that each unit of PBF consumption was associated with
lower PM, 5 emissions in more recent years, leading to the
weaker relationship at higher consumption levels.

The strong association between PBF and PM, s further
confirmed that motor vehicle and oil combustion sources
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Figure 4. Impact of diesel sulfur content reduction on ambient sulfur levels. (a) Maximum allowable sulfur content in diesel for 1989-2010. (b) Average ambient sulfur
versus diesel sulfur content. (c) Graph of the meteorology-adjusted relationship between 1998 and 2010. (d) Meteorology-adjusted ambient sulfur concentration trends.

remain important emitters of PM, s. While efforts to intro- Conclusion

duce a cleaner vehicle fleet and retire the old appear to have

somewhat mitigated the impact of mobile sources, regulating Air quality in Santiago has improved substantially over the
diesel sulfur and removing gasoline lead have had more past two decades; however, recent annual PM, s levels exceeded
meaningful impacts. the new Chilean Ministry for the Environment’s annual standard
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Figure 7. Relationship between relative PM, s concentrations and PBF sales.

and PM, s concentrations in the cold season were particularly of
concern. Our analyses of both PM, 5 and its chemical species
have shown that there were multiple factors—some controllable
and others unavoidable—that affected PM, 5 levels in 1998 to
2010 through a diverse array of mechanisms. The regulations
currently in place were not immune to meteorological, eco-
nomic, and geopolitical stressors during recent years. The
PM, 5 trends in the mid-2000s were a prime example of how
these factors trumped and reversed the commendable progress
that has been made. We identified PBF sales as an important
nonmeteorological variable that affected PM, 5 trends. Higher
PBF consumption, expanding vehicle fleet, and an unusually
cold winter culminated in 2007 in a pronounced maximum in
PM, 5 and many tracer species concentrations. Continued efforts
to target and evaluate the impact of these stressors are necessary
to protect the well-being of the ever-growing population in
Santiago, Chile.
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