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trations from 69 pg/m> in 1989 to 24 pg/m> in 2013 with a com-
prehensive air quality management strategy. An operational air
quality forecasting model that has shown great potential in pre-
dicting air quality episodes is used to establish how the climate

Ilggﬁfl&dimate A1B scenario can impact the frequency of bad air days. In compar-
Aerosol ison to 2011, in 2050 extreme air quality episodes will be reduced
Andes in 20%. WRF-Chem is used to evaluate the effect of anthropogenic
Santiago emissions on the regional climate including aerosol radiative feed-
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sulfur and black carbon show different geographical patterns
which result in local cooling (0.2-1 °C) in coastal Chile, due to large
sources of SO,. Central Chile, where most of the population of the
country lives, shows transportation of black carbon emissions into
the Andes mountain range, resulting in local warming of 0.4 °C.
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While global forcings may cause regional heating for 2050, reduc-
ing current black carbon emissions in Central Chile can reduce
anthropogenic warming with immediate benefits to the regional
climate, and simultaneously reducing local air pollution.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Rural urban migration is driven by many factors, including the search for better economic oppor-
tunities (Henderson, 2002). Cities are very efficient in delivering goods and services to the population
(Gordon and Richardson, 1997), and densification thwarts increased emissions associated to sprawl
(Glaeser and Kahn, 2010). But when population reaches a certain level, megacities can be very unsus-
tainable in their demand for water resources and solid waste management (Niemczynowicz and Iwra,
1996). Megacities also cause a high density of population and emissions, which are ideal conditions for
increased exposure to atmospheric pollutants (Parrish and Zhu, 2009), ultimately linked to (Dockery
and Stone, 2007; Seaton et al., 1995; Miller et al., 2007), alongside with premature mortality (Samet
et al., 2000; Pope et al., 2004).

Megacities have been shown to have large regional impacts on air quality, increasing concentra-
tions of particulate matter, ozone (O3), carbon monoxide (CO) and nitrogen oxides (NOx). Anthropo-
genic sources of pollution have been traced at long distances. Chinese megacity emissions have
been detected in aircraft measurements in the northern Pacific, thousands of kilometers from their
origin (Jacob et al., 2003). Mexico City’s emissions have been shown to increase regional concentra-
tions of ozone by exporting large amounts of precursors almost 1000 km NE of the city, and aerosol
sources were shown to decrease photochemical activity nearby, through the direct effects of aerosols
scattering and absorbing sunlight (Le Quesne et al., 2009; Mena-Carrasco et al., 2009). Santiago’s
anthropogenic black carbon, and ozone precursors have been detected some 3000 km northwest of
the city, over the southeast Pacific Ocean (Mena-Carrasco et al., 2010; Yang et al., 2011; Saide et al.,
2012a). Anthropogenic black carbon can deposit on glaciers and mountain snowpack, contributing
to melting (Ramanathan and Carmichael, 2008).

Central Chile’s Metropolitan Region, which includes Santiago, has a total population of 7,007,620,
representing 40% of the nation’s population. The urban area is located entirely in a basin between two
mountain ranges, the Cordillera de Los Andes to the east and the Cordillera de la Costa to the west,
which limit horizontal dispersion. Successive air pollution attainment plans have successfully reduced
annual average PM, s concentrations from 69 pug/m?® in 1989 to 24 pg/m?> in 2013 (Fig. 1). Among the
most important measures contributing to this reduction were banning open burning during the winter
months, establishing standards and permanent restrictions on passenger and fleet motor vehicle
emissions, overhauling the public transportation system, and importing cleaner fuels for industrial
processes. Also, diesel fuel in Santiago currently has a limit of 30 ppm sulfur, making it among
the cleanest in the world, and supporting the deployment of clean diesel technology (Jhun et al.,
2013).

During the winter, PM, 5 and PM;q standards are routinely exceeded, and for those reasons there
are bad air day measures in place to reduce emissions from industry and motor vehicles when an
exceedance is predicted. Colder winters are associated to increased frequency of bad air days due to
both lower dispersion conditions and increased emissions (Mena-Carrasco et al., 2012).

Little has been done on regional climate modeling in Chile (Cortes et al., 2012), much less the effect
of climate forcings on future air quality episodes, nor the effect of aerosols on regional meteorology.
This study identifies the potential effects of current criteria pollutant emissions and future climate on
air quality episodes in Santiago using a regional coupled chemistry-climate model, independently
quantifying impacts of synoptic conditions that cause low dispersion conditions as well as the effect
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Figure 1. Time series of annual PM; 5 concentrations of the 4 historical measurement sites in the MACAM network (La Florida,
Las Condes, Pudahuel and Parque Ohiggins), 1989-2013.

of anthropogenic aerosols from Central Chile on regional meteorology and resultant surface
temperature.

2. Materials and methods
2.1. Air quality modeling and emissions inventories

In this study we use two configurations of WRF-Chem (Grell et al., 2005), a fully coupled online
model that carries out both chemical and meteorological calculations simultaneously. To evaluate
the impact of global climate change on local air quality in megacity Santiago, we apply a high-resolu-
tion tracer model (2 km horizontal resolution, 39 vertical levels) as employed for operational forecast-
ing of PM,s for Santiago, Chile and validated operationally by the Chilean Pollution Prevention
Agency. A full chemistry model that incorporates all chemistry and secondary aerosol formation is
used to evaluate regional climate feedbacks from anthropogenic sources of aerosol in Chile at
12 km resolution.

2.2. WRF-Chem CO/PM, s tracer model

We use WRF-Chem version 3.1.1 to forecast PM; s and PM;, concentrations for Santiago, Chile. This
model correlates CO and PM using CO as a passive tracer (Saide et al., 2011). The model has been eval-
uated for 2008, 2011 and 2012 (Mena et al., 2013) and is used operationally for air quality manage-
ment in Santiago in the Chilean Weather Service (DMC). The model forecast output is not yet
available to the public, while air quality observations are available in the National Air Quality Moni-
toring System (SINCA) (sinca.mma.gob.cl). The model features updated spatial distribution of CO emis-
sions using high resolution LANDSCAN 2008 population densities at roughly 900 m (Dobson et al.,
2000) and a temporal distribution based on urban traffic modeling (Corvalan et al., 2005). The model
uses fixed chemical boundary conditions, and NCEP Final Analysis (FNL) and Global Forecast System
(GFS, Environmental Modeling Center, 2003) for meteorological boundary conditions, which includes
a one-day initialization with FNL and a four-day forecast using GFS. Future scenarios are modeled
using the National Center for Atmospheric Research Community Climate System Model version 3
(CCSM3) (Collins et al., 2006) for the IPCC Special Report on Emission Scenarios (SRES) A1B scenario,
which is based on continued regional global economic growth and increasing CO, emissions. The
CCSM3 forcing is applied to all domains in WRF-Chem every 6 h using a nested modeling domain that
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begins with a 18 km resolution spanning from 44 to 24 S and from 88 to 63 W (130 x 128 grid cells),
scaling down to 6 km (61x61) and then the 2 km resolution inner domain over Santiago (61x73).
Within WRF-Chem, the 2011 emissions rates are held constant for the 2050 simulations.

2.3. WRF-Chem full chemistry model

We use a configuration of the WRF-Chem 3.3 model that was developed to study aerosol feedbacks
in the semi-permanent stratocumulus deck during the VOCALS REXx field campaign in coastal Chile and
Peru (Bretherton et al., 2010, Wood et al., 2011). The model is applied to an extensive domain that
includes most of continental Chile, spanning from Southern Peru to Puerto Montt in the South
(12.8-41.5°S) and from the Pacific Ocean to the West, to portions of Argentina to the East (64-94°W).

The model and configuration for this domain has undergone extensive evaluation of both chemical
and meteorological parameters from surface, airborne, and satellite measurement platforms. The
model has 75 vertical levels to reduce marine boundary layer and cloud base height biases found at
lower resolutions (Wang et al., 2011). The Mellor-Yamada 2.5 scheme for PBL modeling was chosen,
along with the Lin microphysics scheme. The Goddard shortwave radiation scheme was used to allow
calculations that incorporate aerosol direct, indirect, and semi-direct climate interactions. No cumulus
parameterizations were used as they were shown to overestimate liquid water path at mesoscale res-
olutions. Gaseous and aerosol species are simulated using the CBMZ gas phase chemical mechanism
(Zaveri and Peters, 1999; Fast et al., 2006), and the 8-bin sectional MOSAIC aerosol module (Zaveri
et al., 2008), and seawater DMS concentrations set to 2.8 nM according to the VOCA model
specification." Updated emissions inventories were compiled from various sources including interna-
tional databases from EDGAR (Olivier et al., 1994), pollution attainment plans, national mobile source
emissions, and an updated large point source emissions inventory including smelters and power plants,
as described elsewhere (Mena-Carrasco et al., 2012), for the full model domain, including all of continen-
tal Chile and portions of Peru, Bolivia, and Argentina. Biogenic emissions are modeled hourly using
MEGAN (Guenther et al., 2006), while biomass burning emissions and fuel loadings are estimated based
on Fire Information for Resource Management System MODIS fire counts (Davies et al., 2009), and dis-
persed hourly using a plume rise model (Freitas et al., 2006). Primary particulate matter emissions are
speciated as 10% elemental carbon, 20% organic carbon, and 60% crustal aerosol. Chemical boundary con-
ditions are provided by the NCAR MOZART model at a 6 h temporal resolution (Emmons et al., 2010),
with a 6 day spin-up to reduce biases in initial conditions. Sea salt emissions are modeled online based
on wind speed (Gong et al., 1997), and reduced by 50-90% to reduce high positive biases over coastal
Chile (Saide et al., 2012). Windblown dust is not estimated due to poor model representation of crustal
composition of Andean dust.

Table 1 summarizes model parameters and inputs for this study.

To estimate the role of climate forcings on the frequency of air quality episodes, we compare the
number of air quality episodes calculated by the forecasting model for April-August 2011 and
2050. To estimate the anthropogenic impact of aerosol species on the radiative balance, and meteoro-
logical parameters, we run the model with all anthropogenic sources, including direct, indirect, and
semidirect radiative effects in WRF-Chem, and compare to the model run including the same config-
uration but without anthropogenic emissions.

3. Results

3.1. WRF Tracer CO (PM, 5 forecasting)

3.1.1. Model evaluation

The model was simulated for the April 1-September 1, 2011 and 2012 (Austral fall-winter) period,
and compared to MACAM PM, 5 observations for all 11 sites of the network. But we focus on the site
that concentrates the highest concentrations, Cerro Navia. The model is run with a 24 h spin-up, and

! http://www.atmos.washington.edu/~mwyant/vocals/model/VOCA Model.
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Table 1
Summary of model scenarios for evaluating climate-air quality interactions.
Model run Period Model type Aerosol Meteorological ~ Grid Horizontal
modeled effects boundary resolution
conditions
Baseline AQ April-August  Tracer CO No FNL 61 x 73 x 39 2 km
episodes 2011
Air pollution April-August  Tracer CO No CCSM3 SRES 61 x 73 x 39 2 km
episodes 2050 A1B
Anthropogenic ~ October 15-  Full chemistry, Direct, FNL 230 x 270 x 75 12 km
emissions November MOSAIC aerosol indirect and
15, 2008 module, 8 bins semi-direct
Baseline Full October 15-  Without Direct, FNL 230 x 270 x75 12km
Chemistry November anthropogenic indirect and
15, 2008 emissions. semi-direct

96 h of forecasting mode. We evaluate the last three days of forecasting, which represent model
forecasts with a 24 h (1D), 48 h (2D) and 72 h (3D) window. Table 2 shows a summary of statistical
parameters for 2011 and 2012. It is seen that model correlation coefficients with respect to observed
values for Cerro Navia are somewhat similar. In 2011 forecasting with a longer window showed a
lower correlation coefficient (decreasing from 0.7 to 0.59), while in 2012 model forecasting correlation
coefficients were similar from 24 to 72 h forecasts. Also root mean square errors did not significantly
change between 2011 and 2012, and between 24 and 72 h forecasts. When looking at contingency
tables, and evaluating the model in its capacity to forecast specific thresholds (Good, under 50 pg/m?>,
Regular between 50 and 80 pg/m>, Alert between 80 and 110 pg/m> and pre-emergency over
110 pg/m>) we see that for 2011 the model performed better in predicting air quality episodes, while
in 2012 it was a two day forecasting that performed the best.

3.1.2. Effect of regional climate conditions on 2050 air quality episodes

Modeled daily maximum 24 h mean PM, s concentrations are calculated for each day for April-
August 2011 and 2050, and tabulated according to air quality episode categories. Analysis focuses
on the Cerro Navia station, since it is the most sensitive indicator of urban population exposure, with
both the highest number of exceedances and the most representative local residential population den-
sity. Table 3 shows that the model predicts a similar number of bad air days for 2011 and 2050, while
total exceedances are reduced by 21%. There is also a 33% reduction in pre-emergency days, which
represent extreme pollution events.

Fig. 2 shows the mean effect of the climate scenario vs. the 2011 wintertime CO mean, which serves
as a proxy for PM, s. Central Santiago mean wintertime CO concentration for the present day (2011)
peaks at 2.4 ppm in Cerro Navia, equivalent to 64 pg/m3 PM, s, while 2050 mean CO concentrations for

Table 2
Statistical evaluation of operational forecasting using WRF Tracer CO model, 2 km resolution, 2011-
2012, comparing model and observations for Cerro Navia station of the MACAM network.

FB MAE RMSE R (%) % correct threshold

2011

1D -0.07 4.01 25.45 70 52
2D —-0.04 234 26.76 64 55
3D -0.05 2.79 28.48 59 57
2012

1D 0.00 0.19 21.84 64 57
2D -0.07 334 24.19 55 63
3D -0.14 6.51 21.72 64 53

FB, fractional bias; MAE, mean absolute error; RMSE, root mean square error; 1D, one day forecast;
2D, two day forecast; 3D, three day forecast.
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Table 3

Comparison of the number of modeled PM, 5 air quality episodes (in days), April-
August for 2011 and 2050. Santiago, Chile, using the WRF-Chem CO-Tracer Model,
focusing on the Cerro Navia site.

Category 2011 2050
Regular 50 33
Alert 29 31
Pre-emergency 12 8
Emergency 0 0
Total bad air days 41 39
Total Exceedances, 91 72

Episodes based on modeled maximum 24 h PM, 5 means. Regular: 50-79 pg/m?,
Alert: 80-109 pg/m?, pre-emergency 110-170 pg/m®, emergency: 170 pg/m?
and up. Bad air days (sum of alert, pre-emergency, emergency), Total excee-
dances: above 50 pg/m®.

L
‘ yﬁmglcm;mv

0 3 6 9 12 15 18 21 24 27 3

Figure 2. Left: Mean wintertime CO concentrations (ppm) for base case (April-August 2011) Right: Mean wintertime CO
concentrations (ppm) for 2050 Scenario (CCSM 3.0 A1B SRES scenario). Dot represents Cerro Navia station, wind barbs in knots.

peak at 1.9 ppm (51 ug/m> PM, ), roughly 20% less, assuming that emissions do not change under
2050 conditions, and that the relationship between CO and PM, 5 is also unaltered. Wind directions
and magnitudes are not changed significantly. These results are consistent with the effect on air qual-
ity episodes, but probably more important as this wintertime mean concentration is more represen-
tative of chronic exposure to pollution CO and PM, 5 in Santiago are highly correlated (roughly R = 0.9)
and even higher in high pollution episodes, as is shown in Saide et al. (2011).

Fig. 3 shows the mean modeled temperature for 2011 compared to 2050 (CCSM3.0 A1B SRES Sce-
nario) for the April-August wintertime modeling period. The 2050 average temperature in the city of
13 °C represents an increase of 5 °C over the present day mean temperature of 8 °C. This higher mean
temperature reduces the severity of thermal inversions and increases vertical diffusion from surface
pollution sources. The 2050 simulation also shows a shift in wind speeds, reducing stagnation near
Cerro Navia, shifting it to other locations in Santiago. As land cover is held constant, the local urban
heat island and temperature differential from the surrounding mountains is unchanged. These calcu-
lations quantitatively show the effect of future climate on dispersion, and its effect on air quality.
There are limited dynamical studies downscaling climate models for Santiago, Chile. Most analysis
is carried out from coarser global climate models. However one statistical downscaling model
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Figure 3. Mean wintertime modeled temperature. Left: WRF-Chem Tracer CO April-August 2011 model using FNL boundary
conditions. Right: WRF-Chem Tracer CO April-August 2050 model using CCSM 3.0 A1B SRES climate scenario.

comparing A2 and B1 scenarios for 2050 (using the NASA GISS model) shows a wintertime increase of
maximum temperature of 5 degrees, while minimum temperatures are increased in 2 degrees (Cortes
2012). Dynamical downscaling of climate models for Santiago has not occurred before, and while this
version of WRF does explicitly account for urban heating processes, high resolution land use compared
to coarser land use in climate models may explain larger warming.

3.2. Anthropogenic aerosol radiative forcing effects on regional meteorology

The full chemistry regional model was run for the VOCALS-Rex period (October 15-November 15,
2008 (Wood et al., 2011). The model was evaluated extensively and compared to surface sites, aircraft
measurements, and satellite observations (Yang et al., 2011; Saide et al., 2012a,b), showing that it rep-
resented chemical and meteorological parameters relevant to radiative feedback modeling, such as
secondary aerosol formation (sulfate), cloud water content, cloud base and top height, wind speed,
temperature, aerosol number concentrations, and cloud effective radius. Model and satellite compar-
isons showed excellent representation of how anthropogenic aerosol affected the Chilean marine stra-
tocumulus, making cloud droplets smaller (Saide et al., 2012b). Here, we explicitly calculate how
anthropogenic aerosols impact regional skin temperature.

Fig. 4 shows two images: The image of the left side shows the mean modeled surface skin temper-
ature for the VOCALS period using the full aerosol feedback calculations and the image of the right side
shows the difference on surface temperature caused by the effect of these feedbacks. Coastal cooling is
found near large sources of sulfur from power plants and smelters, with a mean temperature decrease
of 1 °C. Large portions of Chile undergo net cooling of up to 0.4 °C for coastal locations and 0.2-0.3 °C
inland. It also shows a net warming from 0.2 to 0.4 °C near central Chile where Santiago and other
population centers are located. Inland warming is highest (0.4 °C) over the Andes Mountains Range.

The model simultaneously estimates aerosol feedback effects, so it is difficult to assess if is due
mostly to direct or indirect effects. Direct heating can be attributed to black carbon emissions in cen-
tral Chile, mostly from Santiago which can be transported towards the Andes mountain range (Fig. 5),
where glaciers that provide water for Central Chile are located (Le Quesne et al., 2009). Previous
research has shown that anthropogenic sources of aerosol affect cloud properties, decreasing cloud
effective radius, liquid water path, which alters the energy budget (Yang et al., 2011; Saide et al.,
2012a,b) and may lead to brighter clouds that reflect more, causing offshore and coastal cooling
(Twohy et al., 2013) due to the Twomey effect (Twomey 1974). Also large sources of sulfur (smelters
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Figure 4. Left: modeled October 15-November 15, 2008 surface skin temperature for full WRF-Chem model. Right: Modeled
anthropogenic aerosol effects on surface temperature.
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Figure 5. Mean modeled total black carbon Left: 12 km total domain. Right: Zoomed in Central Chile.
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and power plants), which are frequently located on the coast, form sulfate, which reflects radiation
(Fig. 6). Observed aerosol concentrations during VOCALS also showed that offshore anthropogenic aer-
osol was largely sulfate, with much smaller black carbon concentrations. Most smelters and power
plants are located along the coast, and prevailing synoptic conditions make continental outflow effi-
cient. Black carbon emissions, on the other hand, tend to be transported toward the Andes, near the
source regions.

4. Conclusion

An operationally validated air quality forecast model is used to compare air quality episodes in
2011 with 2050 using a climate model for meteorological boundary conditions. The modeled A1B cli-
mate scenario for 2050 shows a 5 °C increase in average wintertime temperatures in Santiago, Chile
over the present day, and also causing a shift in stagnant horizontal dispersion from Northwest to
Southeast Santiago. The result of these conditions causes a 20% reduction in wintertime means of
PM, s, and 21% of 24 h PM, 5 exceedances, and a 33% reduction of extreme air quality episodes. This
analysis does not consider the probable and potentially significant reduction in heating-related
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emissions, which are proportional to heating degree days. Without any changes to local land cover,
this analysis neglects any increases in urban heat island and urban chimney effects that might also
contribute to reduced stagnation. Thus, this simulation represents a conservative estimate of the
changes in local temperature, wind speed, and their impacts on megacity air quality.

Present-day (2011) anthropogenic aerosol radiative feedbacks are responsible for increases in
inland surface temperature (0.2-0.4 °C) over Santiago and populous Central Chile, and a slight increase
in sea surface temperature off the coast of Chile, with local temperature reductions (0.4-1 °C) near
large sources of sulfur, particularly coastal copper smelters. Black carbon emitted in Santiago and Cen-
tral Chile is transported over the Andes Mountains. The change in atmospheric radiative forcing alone
causes a surface warming over the Andes of up to 0.4 °C, which can speed melting of glacial sources of
water for Central Chile, and represents an additional source of warming for the Andes due to black car-
bon deposition and increase in snowmelt.

These results find that Santiago megacity and the Andes of Central Chile are likely to warm much
more than other parts of the region and the globe, with an impact an order of magnitude stronger than
those due to local climate forcing by Chilean emissions of absorbing aerosols. Results suggest that
reducing urban black carbon emissions can have a direct benefit in mitigating regional and megacity
warming and glacial melting in Chile as global temperatures rise, alongside reducing local particulate
matter and its associated health effects.
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