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Abstract
The future of global climate as projected through IPCC RCP scenarios implies evolution in local weather
patterns and changes in emission schemes of gaseous pollutants and particulate matter. In particular,
the "baseline" RCP8.5 scenario provides estimates of pollutants emissions inventories in the coming years,
which are driven by enforced environmental policies. Given the concern raised about air pollution in Chile
in the recent years, we will focus on this part of the world, and more precisely around the metropolitan
area of Santiago, where local extreme pollution events are usually encountered during winter time (fine
particles hourly concentrations can reach up to 500 µg/m3 in June/July). The fact that the basin of
Santiago is surrounded by high mountains with a sharp topography is responsible for the accumulation of
pollutants.
In this study we combine a meteorological model (Weather Research and Forecasting - WRF) and a
chemistry-transport model (CHIMERE) in order to assess how pollutants and particulate matter (PM)
atmospheric concentrations are likely to evolve at the 2050 horizon in Santiago metropolitan area. Our
objective is to quantify the impact of projected changes in anthropogenic emissions on future air quality
in Santiago, in order to provide guidance for local emissions control policies.
First, we recreate recently observed air quality in Chile (austral winter 2016) with WRF-CHIMERE,
in order to validate our model configuration. Then we project pollutants concentrations under IPCC
RCP8.5 and RCP2.6 scenarios for the same season at the 2050 horizon, and compare them with 2000
levels. Ultimately, our findings include reductions of PM2.5 and NOx concentrations in both scenarios
over Santiago. RCP2.6 scenario shows much better improvements in air quality although its main focus is
put on GHG emissions mitigation.
Keywords
Atmospheric Pollution • WRF • CHIMERE • Regional Climate • Chile • IPCC RCP Scenarios
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Introduction
Air quality has become a major concern, especially in urban areas, as it constitutes a critical health driver
among living species (human beings, animals and plants). Despite the difficulty to quantify exactly these
effects (Cohen et al., 2017), a recent report by the World Health Organization estimates that "around 7
million people die every year from exposure to fine particles in polluted air" (World Health Organization,
2018). This would make air pollution one of the deadliest factors to human beings. In consequence, local
governments need accurate guidance to take action aiming to improve urban air quality. In addition, the
impacts on health of air pollution correlate to a substantial economic cost. In France, it is estimated that
its total burden over the health-care system is in the range of EUR 1 to 2 billion per year (Rafenberg et al.,
2015). Worldwide, this cost could even represent up to 1% of global GDP, i.e. around USD 2.6 trillion
annually (OECD, 2016). Concerns surrounding air quality are particularly strong in Latin America, where
"a more cohesive and sustained community of atmospheric scientists is needed [...] to address the pressing
issues of air quality and climate change" (Andrade-Flores et al., 2016). The PAPILA European project
gathering researchers from Latin America and Europe (European Commission, 2018) aims to serve this
purpose, and constitutes a framework to which this study aims to contribute.
Climate change and air quality are closely intertwined issues. First, changes in climate characteristics
(temperature, precipitations, winds) can affect the formation, transport and destruction of gaseous and
particulate pollutants, whether issued from anthropogenic (traffic, cook-stoves, industry...) or natural
sources (dust, fire, lightning...). Second, air pollutants (PM and Ozone (O3 ) for instance) have an impact
on earth radiative balance through direct (solar radiation scattering, greenhouse effect) and indirect
(change in clouds properties) effects, which leads to a significant contribution to climate change. Finally,
Greenhouse Gases (GHG) and air pollutants usually share common anthropogenic sources and are mainly
co-generated. For instance, burning fuel in a car both emits Carbon Dioxide (CO2 ) and Nitrous Oxides
(NOx ) at the same time (Zhang et al., 2016). Thus, as climate policies seek to control GHG emissions,
they will by the same token affect future air quality as well.
As a result of the two points aforementioned, it is key to be able to anticipate the effects of climate
change mitigation policies (which are currently under the spotlights in each Conference Of the Parties) on
future air quality conditions. In this respect, the present study assesses changes in atmospheric pollution
levels in 2050 implied by IPCC RCP8.5 and RCP2.6 scenarios hypotheses, with a specific focus on the
metropolitan region of Santiago de Chile. Section 1 introduces the particular characteristics of the region
of Santiago and details the goal of the study. Section 2 describes the methodology used in order to build
the simulation and extrapolate IPCC emissions scenarios. Section 3 presents the results obtained with the
model, reproducing 2016 austral winter as a starting point, and running the 2050 horizon simulation, and
discusses these results. Section 4 concludes on this study.

1.1

Santiago de Chile
Chile is a South American Andean country, comprising the Atacama desert in the North (implying mineral
dust emissions - Ginoux et al., 2012), Pacific ocean in the West (leading to sea-salt emissions and transport
towards the continent - Makowski Giannoni et al., 2016), and the Andes cordillera in the East (preventing
part of west-east air transport). In particular, Chile’s capital city, Santiago (33.5◦ S, 70.5◦ W, 500m a.s.l.)
is surrounded by the Andes in the East with mountain peaks up to more than 5000m, less than 40km
away from downtown, and the Chilean Coastal Range in the West which shows summits up to 1500m,
even closer to the city area (Figure 1). This region is therefore of great interest: this geographic situation
leads to atmospheric pollutants accumulation, since most of the emissions of the area will remain trapped
above the city between these two mountain ranges and will not be able to transport farther, as can
be seen on Figure 1. Combined with energy consumption habits in the region (cook-stoves, residential
heating with wood burning, car driving...) leading to high levels of pollutants and aerosols emissions,
this yields pollution levels among the highest in the world. That is why very stringent policies against
pollutants emissions are required, and currently designed by the Chilean government in order to prevent
catastrophic health impacts on the 7 million people living in the area (Ministerio del Medio Ambiente,
2018). Moreover, since the Andes mountains are close to the city, aerosols and pollutants emitted in the
vicinity of Santiago reach the glaciers of the cordillera, with a significant impact of Black Carbon (BC) on
the Andean cryosphere, changing ice albedo and composition thus leading to accelerated melting which
Modeling the Impacts of Future Emission Scenarios on Air Pollution in Santiago, Chile
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may contribute to ecosystems destruction and climate change (Molina et al., 2015). "Cookstoves in these
urban regions [...] could have a significant impact on the rapid melting of snow and ice shown by the
Andean tropical glaciers. Traffic emissions from diesel vehicles may also prove a significant source of
black carbon" (International Cryosphere Climate Initiative, 2018). Transport of pollution downwind from
Santiago also have potential impacts on cloud properties over the Pacific Ocean (Saide et al., 2012).

Figure 1: Left: Map of the region of Santiago de Chile - source http://en-in.topographic-map.com // Right:
pollution event in Santiago c Ueslei Marcelino/Reuters.

Following Michael Greenstone’s work at the Energy Policy Institute at the University of Chicago, pollution
impacts on health can be summarized by the so-called Air Quality Life Index (AQLI) (Energy Policy
Institute at the University of Chicago, 2017). The AQLI is a derivative of an index commonly used
by epidemiologists and air quality researchers called Disability-Adjusted Life Year (DALY - see World
Health Organization). The AQLI index compares air quality measurements to World Health Organization
(WHO) recommended standards, and estimates, for each region of the world, how many years of life per
capita could be saved if these standards were to be met. As shown in the map below, though still far
from Chinese and Indian extremely concerning situations, Chile’s index is comparable to some Asian and
African countries, with an annual mean 22.2 µg/m3 PM2.5 concentration, corresponding to a potential
saving of 1.37 life years per capita. NB: PM2.5 are particulate matter aerosols with a radius smaller than
2.5 µm.

Figure 2: Air Quality Life Index World Map - source Energy Policy Institute at the University of Chicago.

According to the study by Greenstone (which detailed methodology can be found in Chen et al., 2013),
that would make Chile the tenth deadliest country in the world in terms of PM2.5 air pollution. Only
India, China, Pakistan, Tajikistan, Thailand, Laos, Congo, Democratic Republic of Congo and South
Africa show a higher life years saving potential. Among these top ten countries, Chile has by far the
highest Human Development Index (United Nations Development Programme, 2016), making it likely
more suitable for quick win political actions towards pollution mitigation.
Modeling the Impacts of Future Emission Scenarios on Air Pollution in Santiago, Chile
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Past and Future Trends in Chile
1.2.1

Air Quality

For some years now Santiago’s policy makers have been concerned by air quality in the metropolitan area.
Some measures have thus been enforced to reduce atmospheric pollutants emissions, in particular the
"Atmospheric Decontamination Plans" (Ministerio del Medio Ambiente, 2018). We can see on Figure 3
below, showing yearly mean concentrations for 4 pollutants measured in downtown Santiago, that these
policies have started having an impact in the last two decades, with a significant decrease. However,
mean levels seem to stabilize in the recent years and remain quite high compared to WHO guide values,
which leaves room for improvement in the future [NB: according to Osses et al., 2013 the station "Parque
O’Higgins" we show here, located downtown - see map in Section 2 - is the most representative of the
average air quality situation in Santiago]. This improvement can be achieved thanks to enhanced modeling
for more enlightened policy decisions through the science-policy interface (Gallardo et al., 2018). In terms
of health impact, new targets for PM2.5 concentrations were established in 2012 that are expected to save
up to $41 billion in health care expenses over the period 2012-2031 (Ministerio del Medio Ambiente, 2012).

Figure 3: Top Left: PM2.5 yearly average concentrations since 2000 // Top right: CO yearly average
concentrations since 1997 // Bottom Left: SO2 yearly average concentrations since 1997 // Bottom right:
O3 yearly average concentrations since 1997 - source Ministerio del Medio Ambiente, Parque O’Higgins station.

1.2.2

Meteorology and Climate

Given its elongated shape, Chile encompasses a very wide variety of climates along the country, from arid
deserts in the North to glacial lands in the South. Santiago area, located in central Chile is characterized
by a Mediterranean climate, with average monthly temperatures around 19.5◦ C in summer and 7.5◦ C in
winter, and with very few precipitations in summer and a relatively high 70 to 100mm a month in winter
time (World Meteorological Organization, 2017 and Figure 4). Compared to a European capital city like
Paris (which is very well known in terms of Chemistry-Transport modeling), Santiago shows a smaller
seasonal variability in temperatures - Paris maximum and minimum monthly average temperatures are
20◦ C and 4◦ C, respectively. On the contrary, precipitations in Santiago have a very strong seasonality,
which is not the case in Paris where precipitations are more or less constant all year long. From a historical
point of view in terms of temperature anomalies, Paris shows a higher year-to-year variability, but on the
whole, the trend of a roughly 1◦ C warming since 1900 is common to both cities. This number is huge but
probably attributable to the sharp increase in urbanization leading to an enhanced urban heat island effect.
As for Chile as a whole, according to Falvey and Garreaud, 2009, surface temperature trends over the last
25 years of the 20th century in South America show a decrease of up to -0.25◦ C/decade westward of the
Andes along the Pacific coast, while a symmetric warming is found along the Atlantic coast. They show
for instance that there is a temperature deviation gradient in the east-west direction in Chile: the closer
the location is to the Pacific ocean, the smaller the warming. They even find a decreasing temperature
trend on Juan Fernandez, a Chilean island in the Pacific ocean. This study estimates a +0.28◦ C/decade
in the Western Andes, +0.18◦ C/decade in Central Chile, and -0.18◦ C/decade in Juan Fernandez.
Modeling the Impacts of Future Emission Scenarios on Air Pollution in Santiago, Chile
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Paris

Figure 4: Top: monthly average historical temperatures and precipitations for Santiago and Paris (1901-2015) source The World Bank Group // Bottom: yearly temperature anomalies in downtown Santiago and Paris over
the last century - source Berkeley Earth.

• Wind systems:
– Central Chile is situated at the convergence zone between large scale atmospheric circulation
Hadley and Ferrel cells, around 30◦ South. This junction forms the subtropical high-pressure
belt, where high pressure air descends to the ground (Encyclopædia Britannica), which leads to
the prevalence of dry conditions: a general subsident air motion prevents air from rising thus
not allowing humid air from the ground to go in altitude and get colder, expand, condensate and
eventually form raindrops. Rains are then inhibited. Another consequence of this high-pressure
zone is low-intensity winds, which do not allow significant evacuation of pollution out of
Santiago.
– Diurnal wind cycle (Airparif, 2006): at night, wind blows mainly in the East-West direction, so
that in the morning, polluted air masses concentrate in the Western area of Santiago. Contrarily,
in the afternoon, winds change directions and pollutants are transported toward the East, to
the foothills of the Andes. Winds coming from outside Santiago basin blow mainly South and
South-West, transporting pollution emitted by industries toward downtown Santiago.
– Seasonal wind cycle (Airparif, 2006): during summer, the diurnal wind speeds amplitude is
higher, enhancing evacuation of pollutants. In winter on the contrary, the basin of Santiago is
poorly ventilated which leads to pollution peaks.
• Given its wide Pacific Ocean coast, Chile’s climate is influenced by the Pacific Ocean cell (air
motions above the Pacific ocean along the East-West axis - Collier, 2016), and thus El Niño Southern
Oscillation (ENSO): El Niño years correlate with rainfalls above average in central Chile during
winter (which can improve aerosol scavenging), and with dry conditions in summer. La Niña years
do exactly the opposite. Thus, regional and large-scale circulation during severe rainfall conditions
in Chile are closely related to the extreme ENSO phases (Montecinos and Aceituno, 2003).
1.2.3

Demography and Economy

Based on Figure 5 below, which is composed of elements from several studies, we have an overview of past
and expected population evolution and economic growth of Chile:

Modeling the Impacts of Future Emission Scenarios on Air Pollution in Santiago, Chile
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• The growth of population in Chile is currently slowing down, with an expected decrease starting
around 2050, when a maximum of 21 million inhabitants is reached. In other words, the 2050 horizon
in which this study is interested is likely to be a climax in terms of risks of population exposure to
air pollution.
• Santiago Metropolitan area concentrates almost 40% of Chile’s total population, and an additional
10% of the population lives in the 2nd and 3rd biggest cities (which are near Santiago). The very
high rate of urbanization of Chile makes the previous point even more critical, and the sprawl is
expected to go on.
• The slowing growth of GDP observed in the recent years is expected to start increasing steadily back
again in the coming years. The economy of Chile is thus expected to develop, and since development
and pollution issues are often intertwined, close attention must be paid to environmental policies in
the next few years.

Figure 5: Left: Spatial Distribution of Population in Cities of Continental Chile with more than 5000 inhabitants
in 2012 - source Gallardo et al., 2018 // Top right: Evolution and Future of Chile’s population- source United
Nations // Bottom right: Evolution of Chile’s GDP per capita - source Banco Central de Chile.

1.2.4

Emissions

According to Barraza et al., 2017 a significant decrease in absolute median levels of PM2.5 concentrations
in the last two decades have been observed in Santiago (Figure 6). The drastic cut of emissions from
copper smelters and coastal sources seems to be the main factor explaining this fall. Primary technological
mitigation policies addressing vehicle emissions have also helped decrease transportation emissions
(Gallardo et al., 2018), but the share of this sector in total PM2.5 emissions in Santiago raised from 24%
in 1998-1999 to 39% in 2011-2012, meaning that it still remains a major leverage point for mitigation
policies.

Modeling the Impacts of Future Emission Scenarios on Air Pollution in Santiago, Chile
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Figure 6: Relative contribution of sources to PM2.5 levels in late 20th / early 21st century - source Barraza et al.,
2017.

Based on the data provided by emission inventories from EDGAR-HTAP (see Section 2.2.3), we can
clearly identify Santiago as the main emitting area of the region for most types of primary atmospheric
pollutants (with Valparaíso and Rancagua significant emission zones as well). Figure 7 below shows 2010
emissions maps for nitrogen oxide, carbon monoxide, black carbon and sulfur dioxide in Santiago area.
We can see on the scales of these graphs the magnitudes of emission rates (molecule/cm2 /s) of the four
species, where CO - currently used as a proxy in Santiago to forecast PM2.5 events (Saide et al., 2016) - is
the most emitted species with up to 1015 molecules/cm2 /s, and fine BC is three orders of magnitude less
at 1012 molecules/cm2 /s. As a comparison for these numbers, Petetin et al., 2015 find emission rates of
NOx and BC in 2009 for Paris area up to 1013 molecules/cm2 /s and 1011 molecules/cm2 /s, respectively,
i.e. roughly one order of magnitude less than what we have for Santiago.

Figure 7: Emission Maps from 2010 HTAP Inventory for Santiago Area - data from Task Force on Hemispheric
Transport of Air Pollution.

Modeling the Impacts of Future Emission Scenarios on Air Pollution in Santiago, Chile

8

R. Lapere - GD2 STEEM - Internship report

1.3

1

INTRODUCTION

Atmospheric Chemistry Basics
Below are introduced a few notions of atmospheric chemistry that are important for our study and that
can be useful for the uninitiated reader.
• The Planetary Boundary Layer (PBL) is the lowest part of the atmosphere, under the direct influence
of the Earth surface, and governed by turbulent motion and fast vertical mixing. As it constitutes
the air layer in which human beings live, it is the main target of modeling for atmospheric chemists
with a view to policy recommendations. The PBL height determines the thickness of the polluted
layer and its diurnal cycle governs the injection of pollutants into the free troposphere (Figure 8).
• Atmospheric inversions (or thermal inversions) occur when the lowest air layers are cooler than
the layers higher up (Figure 9). These conditions create extremely stable and shallow boundary
layers that are favorable to peak pollution events. This phenomenon happens mostly in cold winter
time, and can be caused by four main events in Santiago: the Pacific anticyclone presence, coastal
depressions, hot air motions in altitude or thermal radiative inversions (Airparif, 2006).
• There are many sources of air pollutants, but their sinks are quite well identified:
– For Particulate Matter, deposition (wet or dry) is the main removing process from the air. In
particular, cloud and rain scavenging are efficient processes to do so. Eventually, even without
rain and in a dry air, aerosols (especially coarse ones) will fall to the ground. This is called dry
deposition.
– For gaseous species it is more complex, but for many of them the two main sinks in the
atmosphere are the oxidation by radicals, in particular by hydroxyl (OH), and dry deposition
in plants (e.g. O3 ).
• Transport of pollutants can occur through several types of air mass motions. Large-scale circulations
may transport mineral dust particles from deserts to areas far away, as is the case with Saharan dust
that feeds plants in Amazon (Yu et al., 2015). Smaller scale wind advection also occurs, which is
observed in France in Paris area for instance, where summer O3 pollution peaks are located outside
of the main emitting area, downstream dominant wind motions (Airparif, 2001). Vertical mixing
and turbulence in the PBL also contribute to the transport of pollutants.
• Primary and Secondary pollutants: primary pollutants are species that are emitted into the
atmosphere directly in their final form (e.g. NOx , CO, soot, dust...). Secondary pollutants
are created via the combination of the emission of their precursors and meteorological conditions
(secondary aerosols, ozone...). Over Europe for instance, secondary PM share in PM2.5 concentrations
are estimated to be way more important than primary (European Environment Agency, 2009).
Secondary PM are also significant in Santiago: according to Villalobos et al., 2015, in winter at least
40% of PM2.5 concentrations are made of secondary PM, and this share can go as high as almost
60% in fall and spring. Hence the need for chemistry-transport modeling, since emissions modeling
only captures primary pollutants.

Figure 8: Planetary Boundary Layer schematic.
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Figure 9: Thermal Inversion over Santiago schematic.

1.4

Chemistry-Transport Models
A Chemistry-Transport Model (CTM) is composed of several modules that articulate to simulate atmospheric composition at a regional scale based on meteorology and emissions. Three main components are
used, namely meteorological fields (that can be coupled -online- or not -offline- to chemistry), emissions
inventory models (either static or dynamical), and chemistry-transport computations. Figure 10 below
shows a simplified scheme of this operational sequence, that we will detail more in section 2.

Figure 10: Chemistry Transport Model scheme.

The idea of the chemistry-transport part (blue box above) is to simulate concentrations of pollutants and
particles based on the discretization along space and time (finite elements) of the following equation that
describes the evolution of air concentrations for a species i:
∂ci
= − ∇ · (Vci ) + ∇ · (K∇ci ) + χ(ci , cj , .., T..) − Pi + Si
|{z}
| {z } |
{z
} |
∂t
{z
} |{z}
Wind
advection

Turbulent
diffusion

Chemical and
physical processes

Sinks

(1)

Sources

where:
• ci is the concentration of species i,
• V is the horizontal wind speed vector, interpolated from the modeled meteorology fields,
• K is the vertical wind speed vector, interpolated from the modeled meteorology fields,
• χ gathers all the chemical processes (formation, transformation...) linked to species i and interacting
species,
• T is the temperature, interpolated from the modeled meteorology fields,
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• Pi and Si are sinks and sources processes, respectively. Si is interpolated from the modeled emissions,
Pi is modeled in the chemistry-transport module
NB: we can see from this equation that such a model is very sensitive to meteorology as well as emissions
inventories modeled data.
In this study we use CHIMERE that is developed at LMD, but other well-known CTMs include WRFChem by NOAA, GEOS-Chem by Harvard University and Dalhousie University, CMAQ by the US
Environmental Protection Agency (EPA), EURAD-IM by the university of Cologne (FRIUUK), CAMx
developed by Ramboll Environ in the U.S., LOTOS-EUROS by TNO in Europe...

1.5

Challenges in Modeling Santiago Area
As mentioned previously, the region of Santiago features a very complex topography, leading to modeling
challenges. Indeed, a CTM relies on a grid-based representation, which resolution corresponds to the
smallest distinguishable unit. Over areas of several hundreds of kilometers, stability and computation
time constrain the maximum resolution, which in our case is around 2km by 2km. As a result, over a
sharp mountainous terrain, properties of the ground might change a lot over 2 kilometers, so that our grid
resolution might be insufficient to adequately capture valleys and peaks, thus mismodeling air motions
and temperatures for instance, by lack of spatial accuracy.
Another limitation we have to face is the fact that emissions are static with an inventory as of 2010 (see
Section 2), and at a spatial and temporal resolution that is coarser than our grid / time steps. Downscaling
and interpolation are therefore performed on these emissions inventories, but still are a source of error that
makes our simulation less likely to produce accurate results, in particular for pollution peaks attributed
to exceptional emission levels.
In addition, the method commonly used to validate the model outcomes is to compare to on-site observations. However, the measurement network in the area of Santiago is not fully developed yet, in particular
in terms of availability of vertical profiles of meteorological variables and pollution. As a result, we are
able to compare the model to measurements only over a limited number of places, and for limited time
windows and altitudes.
As a consequence, a significant part of the work focuses on finding the appropriate grid resolution, nudging
frequency and physics schemes in order to be able to reproduce a recent past period, meeting numerical
stability and run time criteria. In particular, simulation results are very sensitive to meteorology, so that
setting the most appropriate configuration for this part, which offers a lot of possibilities, is of great
importance. When obtaining a "satisfactory" configuration, we will need to evaluate the uncertainties
linked to the model biases induced by the complex terrain, which will allow us to quantify the uncertainty
associated with our projection results.

1.6

Assessing the Impacts of RCP Scenarios on Air Quality
The general idea of this study is to assess potential upcoming air pollution levels in Santiago at the 2050
horizon. To do so, we consider that likely futures lie between the two extreme IPCC RCP scenarios:
RCP2.6 and RCP8.5. Then we run simulations based on emission levels anticipated by these scenarios.
The detailed methodology is described in the next section. Several studies have already been conducted
on similar questions over Europe, the U.S. and Asia (e.g. Colette et al., 2013, Zhang et al., 2017 and
Li et al., 2016, respectively). However, to our knowledge no literature exists on this particular topic for
Santiago, nor the Latin American region generally speaking. Though some CTM simulations have already
been made on some South American countries (Mazzeo et al., 2018 or García Ferreyra et al., 2016 for
instance), such a projection along IPCC scenarios has not been performed yet over this region of the
world. Conducting such studies regarding the impacts of policies on future air quality conditions is one of
the main needs for chemistry transport models (and more generally climate models). As they provide an
assessment of policies that could be implemented, they represent a powerful tool for guidance in policy
making and a crucial field of the science-policy interface (Gallardo et al., 2018).
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RCP2.6 and RCP8.5 scenarios assumptions and methodologies are described in van Vuuren et al., 2011
and Riahi et al., 2011, respectively. Below are summarized a few interesting features of these scenarios
relating to air quality.
RCP2.6 scenario: this scenario is representative of the mitigation scenarios aiming to limit the increase
of global mean temperature below 2◦ C, implying radiative forcing levels of greenhouse gases around
2.6W/m2 at the 2100 horizon. This is the most stringent RCP scenario. This path needs rapidly decreasing
energy demand, stabilizing world population, and cleaner energy sources in order to reach a negative
GHG emission balance before 2100. RCP2.6 does not really focus on air quality policies, since effort is
mainly put on GHG emissions. The air pollution scenario provided is mainly a co-product of the GHG
scenario, without much dedicated actions considered.
RCP8.5 scenario: this is the so-called "baseline" scenario, where no specific climate mitigation target is
implemented, energy demand keeps on growing along with world population, and clean energy sources are
not developing. Thus, it leads to high GHG emissions and high radiative forcing (8.5W/m2 ) at the 2100
horizon. Co-benefits on air quality from GHG mitigation policies seen in RCP2.6 are thus not present
here. However, the methodology for this scenario embeds a dedicated path regarding air quality policies
implementation. In particular, places of the world with high pollution exposures (i.e. highly populated
and polluted at the same time) are considered to take major actions in order to mitigate air pollution
issues in the coming decades.
Figure 11 shows these scenarios for BC and NOx emissions for the world, split by emission sectors.

Figure 11: BC (top) and NO (bottom) World emissions scenarios by sector under RCP2.6 (left) and RCP8.5
(right) - data from IPCC.

Figure 12 shows the same graphs limited to the grid cell corresponding to Santiago area. We can see on
this figures that:
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Figure 12: BC (top) and NO (bottom) emissions scenarios in Santiago area ([33.75◦ S, 71.25◦ W] to [33.25◦ S,
70.25◦ W]) by sector under RCP2.6 (left) and RCP8.5 (right) - data from IPCC.

• As of 2000, the main contributor for Black Carbon (BC) emissions is the transport sector, although
in the future, in both scenarios, its share is likely to plummet and become comparable to the
domestic contribution at the 2050 horizon. It is worth noting on this graph, that the expected
level of BC emissions as of 2050 is smaller under the less climate-friendly scenario (RCP8.5). In
other words, the RCP2.6 scenario that seeks to cut drastically GHG emissions leads to higher BC
emissions than the business-as-usual scenario. The contrast is even bigger at the 2100 horizon where
BC emissions are annihilated in RCP8.5 but remain substantial, in particular in the domestic sector,
in RCP2.6.
• For Nitrogen Oxide (NO), RCP2.6 scenario does not contain projection data for the transport
sector’s emissions over the region we are interested in, unfortunately. We can see that all the other
sectors remain more or less constant throughout the scenario. At the global scale, RCP2.6 shows a
contribution of the transport sector to NO emissions that is very close to 0 as of 2050 (Figure 11 bottom left). In this respect, we make the assumption that it goes the same way for Santiago, and
assume that NO emissions by transport are indeed null as of 2050. This approximation is a little
rough but still seems consistent with the global scenario. In RCP8.5 scenario, we can see that the
energy sector is emitting more at the 2050 horizon, while transport and domestic sectors decrease
and industry remains steady. Given its sharp drop in the transport sector emissions of NO, RCP2.6
scenario is likely to be a lower NO emitter than RCP8.5.
The BC graphs might be quite surprising at first glance since GHGs and pollutants such as BC are usually
correlated. We would expect RCP2.6 scenario to show greater decrease in BC than RCP8.5, as it is
the case for GHGs. However, this phenomenon can be explained by methodological differences between
the two scenarios. As mentioned earlier, RCP2.6 does not integrate any air pollution targeting policies
and focuses only on co-benefits from GHGs emission mitigation policies. What’s more, the pollutants
emissions computed at the country level are linearly downscaled based on land-use only, regardless of
the dynamics of each area regarding air pollution. Contrarily, RCP8.5 includes air pollution mitigation
scenarios and bases its downscaling on pollution exposures, i.e. the most polluted highly populated places
will take critical action in order to tackle air quality issues. As a result, for the case of Santiago which is a
highly populated and polluted area, RCP8.5 integrates a sharp decrease in BC emissions based on the high
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probability that strong policies will be implemented in such a place. Despite being more energy demanding
and more GHG emitting, RCP8.5 for Santiago is likely better for air quality than RCP2.6 where efforts
are mainly focused on GHGs. This strengthens the idea that local specific features of Santiago drive
the particularly counter-intuitive observations made in the previous figure. For instance, this may have
to do with wood burning habits for energy production in the region, that are neutral in terms of GHG
emissions (on the condition that wood resources are sustainably managed) and thus desirable for climate
change mitigation in scenario RCP2.6, but emit a lot of BC, not always filtered. This shows potential
negative impacts of climate change mitigation policies on air quality. Consequences on air quality will
highly depend on spatial and temporal emission patterns though.
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The region of interest for this study is Santiago and its surroundings. In order to have a good representation
of both regional and local transport and chemistry, we design two domains (Figure 13). The large one
(white boundaries on the left-hand map) encompasses the whole region, from Atacama desert in the North
down to Patagonia in the South. From West to East it comprises the Pacific Ocean Coasts right to the
Southern Andes. This domain is designed to be able to account for potential long range aerosols transport
from remote places (ocean, desert, forests...) up to the metropolitan area. Two grid resolutions are tested
for this domain: 15km and 10km. The small high-resolution domain (red square on the left-hand map)
focuses on Santiago metropolitan area but also encompasses other major cities such as Valparaíso and
Rancagua. This domain is a square of 225 x 225km, gridded with a 3km resolution when the large domain
is at the 15km resolution, and a 2km resolution otherwise (see right-hand map in Figure 13).

Figure 13: Domains used for WRF and CHIMERE simulations. Nesting configuration on the left. Metropolitan
high resolution domain on the right.

Usually, weather and energy uses in winter lead to higher particulate pollution events, due to the combination of a shallow Planetary Boundary Layer and temperature inversions when the ground is cold,
and a higher need for heating energy. So far, the day-to-day variability of PM concentrations in the
region in winter time is not very well understood, and the capacity of CHIMERE to reproduce PM
concentration peaks has not been thoroughly tested yet over South America. Several factors can affect
these concentrations such as local production, transport from other places, funneled masses in the valleys...
That is why Chilean scientists have conducted several on-site measurement campaigns in winter in the
last years, which constitutes a highly valuable database from which we will benefit for our study. Even
though specific pollution events may occur during summer time, that can be stronger than in winter (e.g.
huge forest fires in early 2017 in Chile), winter air is generally more polluted (except for ozone which
concentrations are higher during summer). This can be seen with the example of PM2.5 concentrations
in Santiago over the year 2016, shown in Figure 14, that features a sharp seasonality in both monthly
average (left-hand graph) and maximum (right-hand graph) levels. Thus our study will focus on the
months from June to September which correspond to winter time in the Southern hemisphere.
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Figure 14: Left: Monthly average PM2.5 concentrations (in µg/m3 ) for 2016 over 4 measurement stations in
Santiago (El Bosque, Independencia, Pudahuel, Cerro Navia) // Right: Daily maximum by month for the same
period/stations - source Ministerio del Medio Ambiente.

2.2

Models Used for the Study
As mentioned earlier in Section 1.4, we use the combination of a meteorological model, emissions inventories
and a Chemistry-Transport Model (CTM) in order to simulate atmospheric concentrations of pollutants.
Let us introduce these three components.
2.2.1

Meteorological Model - WRF

Weather Research and Forecasting (WRF) is a numerical weather prediction system designed for atmospheric simulations (National Center for Atmospheric Research, 2018). Its uses range from research studies
to operational forecasting, with a wide variety of scales. The model is developed and maintained by the
US National Oceanic and Atmospheric Administration (NOAA) in collaboration with weather agencies all
over the world. In this work we use WRF 3.9.1.1 version (Skamarock et al., 2008).
Several studies have been conducted, showing that WRF results are somewhat sensitive to the configuration and parameterization adopted. In particular, Ruiz et al., 2010 focuses on the validation of WRF
parameterizations in South America, comparing different schemes outcomes against surface meteorological
variables. The results obtained feature a significant variability depending on the modeling approaches.
Their findings also include that there is no unique model design that best fits all variables over South
America, and that the best performances are given by an ensemble mean - similarly to what is done
for the MACC runs in Europe for instance, that average multiple Chemistry-Transport Models results
(and thus different configurations). However, our computing power and time being limited, we cannot
use ensemble simulations. WRF meteorology is also sensitive to grid resolution, with higher-resolution
simulations showing a much improved representation of key meteorological variables (Crippa et al., 2017).
That is why a first step of this project is to find an appropriate configuration of WRF that is able to
reproduce, on the whole, observed meteorological data (see Section 3.1).

2.2.2

Chemistry-Transport Model - CHIMERE

CHIMERE is an Eulerian off-line (the online version is under development) 3-dimensional ChemistryTransport Model (CTM), able to reproduce gas-phase chemistry, aerosols formation, transport and
deposition. In this study we use the 2017 version of CHIMERE (Mailler et al., 2017). This model
is used for research and operational purposes worldwide as can be seen on the map from CHIMERE
website (Figure 15). It is also one of the 7 CTMs used for daily European forecasts of Air Quality by the
Monitoring Atmospheric Composition and Climate (MACC) EU project (EU Copernicus). As CHIMERE
is an off-line model (i.e. does not generate nor has feedback on meteorological conditions), it needs to
be provided with meteorological fields from WRF, either interpolated/simulated based on real data or
entirely simulated (for future climate studies purposes for instance).
Outputs of CHIMERE include the meteorology fields interpolated from WRF, and the concentrations or
mixing ratios of about 50 pollutants. We will mostly focus on a short list of pollutants though, of which
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PM2.5 and NOx in particular.
Another limitation of the overall model, on top of WRF sensitivity to parameterization, is that there are
specific cases when it appears difficult with an off-line chemistry-transport model to capture pollution
peaks. In particular, a recent study by Wang et al. shows that underestimation of PM explosive growth
events in models can stem from the absence of aerosols-radiation feedback (this feedback is not available
in an off-line model). The region studied by Wang et al. (Beijing-Tianjin-Hebei) is quite different from
Santiago in terms of climate and topography, but it suggests that there are cases where online calculation
of aerosol-radiation feedback is mandatory to reproduce PM peaks.

Figure 15: CHIMERE users across the world as of 2016 - source Laboratoire de Météorologie Dynamique.

2.2.3

Anthropogenic Emissions Model - EDGAR-HTAP

Several publicly available databases for air pollutants emissions inventories can be used for research
purposes. The two major ones used at LMD are EMEP (European Monitoring and Evaluation Programme)
and HTAP (Hemispheric Transport Air Pollution) from the EDGAR program (Emissions Database for
Global Atmospheric Research). Nevertheless, EMEP covers mainly Europe, and has no data for the South
American region we are interested in. That is why we will use HTAP data, similarly to Mazzeo et al.,
2018.
The HTAP_V2 dataset consists of 0.1◦ x0.1◦ grid-maps of modeled air pollutant emissions for the
years 2008 and 2010 (we use the 2010 inventory in the continuation). HTAP uses nationally reported
emissions combined with regional scientific inventories in the format of sector-specific grid-maps (8 sectors
corresponding to different types of uses of energy) - see Task Force on Hemispheric Transport of Air
Pollution. As an illustration of the data available, below are two world maps provided by HTAP, showing
NOx emissions levels from transport and ship sectors in 2010:

Figure 16: HTAP Worldwide NOx Emissions Inventories for 2010 for Transport (left) and Ship (right) Sectors.

Given the 0.1◦ by 0.1◦ resolution (i.e. roughly 10km by 10km) of this modeled data, we pre-process the
raw files from HTAP (downscaling) in order to adapt it to the desired resolution in CHIMERE simulation,
depending on land-use characteristics. In addition, HTAP provides monthly inventories, that have to
be split in time down to daily/hourly emissions. Despite the fact that HTAP data set applies for 2010
only, we use these emissions levels as representative of the current ones, since no publicly available global
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emission inventory has been produced for more recent years. Local missions to build such inventories have
been conducted in Chile, but so far their reliability and availability in terms of spatial distribution do not
seem satisfactory enough to justify substituting HTAP inventories (Gallardo et al., 2018).
2.2.4

RCP Emission Scenarios

RCP scenario model data is freely available online (IPCC). Data sets are provided with a 0.5◦ x0.5◦ grid
resolution, containing annual anthropogenic emission rates split by species and sectors of emission, for
each projection years considered in the IPCC framework, i.e. every 10 years between 2000 and 2100.
Given consistency issues with respect to HTAP data (time scales, resolution, emission levels in 2010...),
our analysis of the evolution of air pollution will be based on a comparison between:
• IPCC scenario as of 2000 (only common basis for all the scenarios),
• IPCC RCP2.6 scenario in 2050,
• IPCC RCP8.5 scenario in 2050,
The meteorology used, however, will still be the one simulated and validated for 2016. HTAP emission
data will be used for model validation purposes but not taken into account for our projections. After
running RCP rough data through a downscaling tool developed at LMD, emission maps obtained for fine
Black Carbon (for illustration) are shown in Figure 17.

Figure 17: Ground level fine BC emission rates for 2000 (left), 2050 RPC2.6 (middle), 2050 RCP8.5 (right) after pre-processing.

These maps are consistent with the analysis made in Section 1 on Figure 12: sharp reductions of BC
emissions are expected in both scenarios, with a higher decrease under RCP8.5 scenario. This trend is
clearly visible for Santiago and for the Northern part of the region. For OC
Scenario parameters consideration
RCP scenarios encompass multiple aspects of future anthropogenic forcing. In addition to pollutants
emissions, greenhouse gases emissions and land-use changes are also taken into account to form these
representations of climate in the coming years. However, for now, CTM errors induced by approximations on
emissions and meteorological fields outweigh potential refined land-use and climate change contributions on
simulated pollutants air concentrations (Solazzo et al., 2017). As a first order projection, our methodological
choice here is not to take into account possible land-use changes in Santiago by 2050, and to assume
that climate has not changed yet, so that winter meteorology in 2050 will remain similar to the weather
conditions observed in 2016. Thus, our study consists in replacing current emission levels with projected
2050 emissions, all other things (weather conditions, land-use...) remaining unchanged with respect to
2016. A second step could include a changing climate/land-use in the next studies, but here we still obtain
a precious result with the isolated impact of emission schemes on future air quality.
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Model Input Data and Observation Measurements
2.3.1

Land Data

Land-use and topography are key variables to take into account in Chemsitry-Transport Models as they
will strongly influence the simulation. Indeed, land-use (whether the land is urban, forest, mountain,
desert...) allows to assess what will happen to pollutants emitted or transported over these areas. These
geographical characteristics are also used to downscale emissions inventories. Topography allows to assess
transport since atmospheric circulation is not constrained the same way over a flat land or in a valley,
for instance. The input data used in this study for these two criteria is the Modified IGBP MODIS
20-category land-use database and is shown in Figure 18 below. This database has a 30" resolution (i.e.
0.0083◦ x0.0083◦ ). Land-use categories provided include:
(1) Evergreen Needleleaf Forest
(4) Deciduous Broadleaf Forest
(7) Open Shrublands
(10) Grasslands
(13) Urban and Built-Up
(16) Barren or Sparsely Vegetated
(19) Mixed Tundra

(2) Evergreen Broadleaf Forest
(5) Mixed Forests
(8) Woody Savannas
(11) Permanent Wetland
(14) Cropland/Natural Vegetation Mosaic
(17) Ocean
(20) Bare Ground Tundra

(3) Deciduous Needleleaf Forest
(6) Closed Shrublands
(9) Savannas
(12) Croplands
(15) Snow and Ice
(18) Wooded Tundra

In this study, when considering the future of Santiago, we do not take into account potential land-use
changes that are likely to appear along the development of the metropolis. Despite a current slow
urbanization rate (∼1%) in Santiago, mainly through the sprawl of the outer belts, it is expected that
the city will further extend its suburban area in the next decades (Gallardo et al., 2018). However, the
main objective of our study is to assess the sensitivity of air pollution in Santiago to future schemes of
emissions, all other things being equal.

Figure 18: Topography (left) and Land-use (right) input data used in the simulations - source The USGS Land
Cover Institute.

2.3.2

In-situ Data

Once emissions, meteorology and land properties are fed into CHIMERE, the result of the simulation is a
set of 3D-gridded hourly air pollutants concentrations for the time period considered. In order to assess
the performance of the model, these results must be compared to local concentration measurements and
meteorological data. To do so, several local data sources are used:
• "Sistema de Información Nacional de Calidad del Aire" (SINCA): network of meteorological and
air quality sensors distributed in the metropolitan area of Santiago (see Figure 19), providing time
series for several pollutants concentrations and meteorological variables. Data available at Ministerio
del Medio Ambiente.
• On-site profiles measurement campaigns: tethered balloon measurements carried out on two different
sites, during one week in late June, with profiles acquired every three hours for meteorological data
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and PM concentrations. Daily vertical profiles of meteorology, taken at 3pm during several days in
a row, are also available for another site downtown.
• Time series and vertical profiles of meteorological measurements (relative humidity, 2m temperature,
wind speed and wind direction) at a station situated in a valley of the Andean foothills, North-East
of Santiago, allowing to assess the performance of the model over complex terrain - station "Yerba
Loca" (lat -33.31, lon -70.32).
• A ceilometer (laser-based teledetection instrument) is installed on the roof of the geophysics building
of the University of Chile, which provides hourly measurements of optical depths, enabling to
compute planetary boundary layer heights.
In future studies and in the context of a short-term air quality forecast system, such a data network might
be used for data assimilation purposes as well with the coupled version of CHIMERE. Data assimilation
offers the possibility to improve CTM outputs by incorporating near real time actual meteorological and
chemical data into the model. As such it is likely to be a field of improvement for CTMs in the next few
years (Bocquet et al., 2015).

Figure 19: Network of monitors available in Santiago area.
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Results
In this section we compare on-site observations and CHIMERE simulations on a panel of measurement
stations (Figure 19) in order to validate WRF and CHIMERE outputs, and assess the uncertainties linked
to these simulations. Then, we present the results obtained for the projected pollutants concentrations
in 2050. As a first step aiming to validate our approach for 2050 projected air quality levels, we need
to assess the ability of the model configuration to produce consistent results based on a comparison to
actual measurements. That is why we run a first simulation on 2016 austral winter in Chile, and compare
the results to local measurement data mentioned in the previous section. Then, once the simulation
acceptably reproduces observed meteorology and pollutants concentrations in 2016, we can keep the same
configuration, substitute emissions, and be confident in the outcomes of the model for 2050.

3.1

Simulated Meteorology - 2016
Three different WRF configurations are tested in order to identify the one that allows to reproduce
closely the features of 2016 austral winter meteorology. The main components of these three runs are
summarized in Table 1 below. In the continuation we will refer to these three configurations as the "usual
European-country configuration" (hereafter UEC), the "adjusted physics configuration" (hereafter APC),
and the "adjusted physics + nudging + higher-resolution configuration" (hereafter ANH).

Nested domain resolution
Coarse domain resolution
Spectral nudging
Microphysics
Boundary layer
Surface layer
Land surface
Cumulus parameterization
Longwave radiation
Shortwave radiation
Physical time step
Chemical time step

WRF Configuration
UEC
APC
ANH
3km
3km
2km
15km
15km
10km
x=3 / y=5
no
x=3 / y=5
WSM6 (1)
WSM3 (2)
WSM3 (2)
(3)
(4)
YSU
MYNN
MYNN (4)
(5)
(6)
MM5
MYNN
MYNN (6)
Noah LSM (12)
Noah LSM (12)
Noah LSM (12)
(7)
(8)
Grell-Freitas
Grell G3
Grell G3 (8)
(9)
(10)
RRTMG
CAM
CAM (10)
(9)
(11)
RRTMG
Dudhia
Dudhia (11)
10min
5min down to 0.8×CFL constraint

(1)

(2)

(3)

(4)

(5)

(6)

Hong and Lim, 2006
Nakanishi and Niino, 2006
(7) Grell and Freitas, 2013
(10) Collins et al., 2004

Hong et al., 2004
Paulson, 1970
(8) Grell and Dévényi, 2002
(11) Dudhia, 1989

Hong et al., 2006
Nakanishi and Niino, 2006
(9) Mlawer et al., 1997
(12) Tewari et al., 2004

Table 1: Three WRF configurations evaluated in the study.

Configuration UEC corresponds to the parameterizations usually used at LMD for studies over Euopean
regions (France in particular). We wanted to test how it fitted for the very different region of Santiago.
Configuration APC corresponds roughly to what is used in Mazzeo et al., 2018 for their study over Chile.
Configuration ANH is an attempt at improving configuration APC with a higher-resolution and spectral
nudging activation. Because of time constraints the study is limited to these three configurations but in
the next steps of the project it will be interesting to assess the performance of other configurations found
in the meteorological modeling literature using WRF over Chile (Schmitz and Falvey, 2006 for instance).
In order to determine which configuration performs best, we compute some usual statistical values - mean
bias (MB), root mean squared error (RMSE) and Pearson correlation (R) - based on the comparison
between observations and simulations over a 5-days period from June 26th midnight to July 1st 2016
midnight (local time) - the time frame is not very extensive due to the use of data from a one-off field
measurement campaign. These comparisons are run for the stations "Yerba Loca" and "Colegio Lincoln"
(see Figure 19), for which we have both time series and vertical profiles data over the period. The two
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stations are situated in locations with very different features. This allows to assess the model performance
under varied conditions. Some of these features are introduced below:
• Yerba Loca: this station is situated at the bottom of a valley, along a river, in the cordillera Northeast
of Santiago, with surrounding peaks around 400m higher than the valley. Yerba Loca is a National
Park and a Nature Sanctuary. Evaluating air pollution in such a place is thus very interesting
to study transport of pollutants from Santiago up to the mountains, since very low emissions are
expected in this area.
• Colegio Lincoln: contrarily, this station is located in an urban area Northeast Santiago (in Las
Condes, a commune of Santiago). This urban area is thus a zone of high emissions of pollutants. In
addition, Las Condes is rather flat, which implies significant differences in advection patterns between
the two stations, and less resolution constraints than at Yerba Loca. Yerba Loca, Colegio Lincoln
and downtown are aligned which is therefore interesting for pollution transport study purposes.
The model vs observations statistics for ground level hourly time series of 2m air temperature (TEMP - in
◦
C), surface air relative humidity (RH - in %) and 10m wind speed (WS - in m/s) are gathered in Table 2.
The corresponding graphical representation of these time series is shown in Figure 20. In order to assess
the performance of the configuration at the surface level over a longer time period, we compute the same
statistics for two automated stations in Santiago from the SINCA network (see Figure 19), between June
15th and July 15th . The results are gathered in Table 3.
Surface time series statistics
Network:
Configuration UEC
TEMP
RH
WS

Yerba Loca
MB

RMSE

R

-2.0
-5.52
2.38

2.93
15.48
3.55

0.90
0.69
0.08

Network:
Configuration APC
TEMP
RH
WS

TEMP
RH
WS

:
:
:

MB

RMSE

R

3.03
-24.13
0.39

4.20
30.71
0.55

0.82
0.51
0.42

Yerba Loca

Colegio Lincoln

MB

RMSE

R

-3.66
1.75
3.93

4.92
21.19
7.7

0.69
0.36
-0.21

Network:
Configuration ANH

Colegio Lincoln

:
:
:

MB

RMSE

R

-0.42
-17.37
-0.22

2.19
23.91
0.34

0.89
0.64
0.13

Yerba Loca

Colegio Lincoln

MB

RMSE

R

-4.87
-5.25
0.72

5.27
17.52
2.78

0.87
0.45
-0.37

:
:
:

MB

RMSE

R

-1.62
-19.91
-0.04

2.45
25.03
0.27

0.92
0.69
0.11

NB: 10m wind speeds are 6-hour averages.
Table 2: Statistics comparing observed and simulated meteorological time series for 3 configurations of WRF
for 2 stations in Santiago.

Generally speaking, the model is able to reproduce diurnal cycles, shows appropriate magnitudes and
captures deviations for temperature, humidity and wind:
• Temperature: configuration UEC features good correlation levels at both sites but significant biases
of -2◦ C at Yerba Loca and +3◦ C at Colegio Lincoln. Configurations APC and ANH perform less
well at Yerba Loca but show very good characteristics at Colegio Lincoln site with small biases and
very high correlations (0.89 and 0.92 respectively). As for the two SINCA sites that are over flatter
areas, APC and ANH perform quite well, with once again high correlations and small biases, while
UEC does not seem to be a very appropriate configuration.
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Figure 20: Observed (blue dots) and simulated (lines) time series for temperature (top), relative humidity
(middle) and wind speed (bottom), for Yerba Loca (left) and Colegio Lincoln (right) stations.

Surface time series statistics
Network:
UEC
TEMP
RH
WS

El Bosque
MB

RMSE

R

4.99
-27.34
0.33

5.88
31.7
0.63

0.74
0.55
0.41

Network:
APC
TEMP
RH
WS

TEMP
RH
WS

:
:
:

MB

RMSE

R

4.56
-28.09
1.06

5.36
33.7
1.3

0.76
0.42
0.3

El Bosque

Talagante

MB

RMSE

R

1.51
-14.16
-0.1

2.94
22.48
0.41

0.84
0.62
0.46

Network:
ANH

Talagante

:
:
:

MB

RMSE

R

-0.18
-4.33
0.6

2.54
20.66
0.9

0.82
0.54
0.52

El Bosque

Talagante

MB

RMSE

R

1.23
-14.85
-0.14

2.83
23.44
0.43

0.84
0.60
0.33

:
:
:

MB

RMSE

R

1.73
-17.45
0.67

3.38
24.2
0.93

0.74
0.48
0.46

NB: 10m wind speeds are 6-hour averages.
Table 3: Statistics comparing observed and simulated meteorological time series for 3 configurations of WRF
and for 2 SINCA stations in Santiago.
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• Relative Humidity: the compared performances of the models are the same as for temperature
generally speaking (i.e. UEC performs less bad at Yerba Loca but APC and ANH behave clearly
better at the three other sites) although the correlations are smaller and biases much higher. On
the whole, except for Yerba Loca, the model is significantly dryer than what is observed. This too
small relative humidity can lead to underestimation of secondary aerosols nucleation (sulfuric acid
nucleation in water for instance), that occurs when a trace gas in the atmosphere condensates and
becomes a solid/liquid particle. This is a major source of fine particles (Villalobos et al., 2015) so
that its underestimation can be quite damaging.
• Wind Speed: for the Yerba Loca site, all the models identify a sharp increase of wind speeds, that
reach very high values at the end of the period. This does not appear in the observations. So
far we were not able to explain this phenomenon which leaves room for further analysis in the
continuation of the project. A hypothesis could be that the coastal low event observed in June 2016
could actually lead to such high wind velocities in the area of Yerba Loca, but they do not appear
at the measurement site which is in the valley. The model’s resolution would then be to blame here
but not its simulated components. This still has to be investigated. However at the two SINCA
sites, configurations APC and ANH demonstrate good estimations of 6h average wind speeds, with
decent correlation and reasonable biases, which is not the case with UEC configuration.
This first time series analysis over meteorological values seems to eliminate configuration UEC that does
not perform well at reproducing observed meteorology. In addition, the two other configurations show
very promising features for the continuation.
The same statistical values can be computed to assess the consistency between observed and simulated
vertical profiles (see Table 4). We are not sure about the reliability of the vertical profiles measured at
Yerba Loca and Colegio Lincoln sites. Weird profile shapes in the data cannot explained. As a result we
show here the profiles for the station "DMC" which is located downtown [33.43◦ S, 70.68◦ W] only. These
profiles are assessed on June 27th , 28th and 29th 2016 at 3pm UTC, based on data availability and interest
of these particular dates that featured peaks of PM pollution in Santiago. The corresponding graphical
representation of these vertical profiles is shown in Figure 21. Given Table 4 and Figure 21, it seems that
configuration UEC still performs less well than the others for vertical profiles, especially considering June
29th . On the whole, the model is able to produce reasonable vertical profiles with the following limitations:
• Although temperature profiles on the first two days are very good, the last day is much hotter than
observed and does not capture the strong inversion observed around 500 a.g.l. which might lead
to underestimations of pollutants concentrations. However, the observed inversion layers are well
reproduced by the models on each day, which is a very important prerequisite in order to have
correct pollution estimations.
• As for relative humidity, the models are too dry in the lower layers but behave fairly well higher up,
with the same consequences on chemistry as mentioned previously. It is worth mentioning that the
very dry atmospheres of June 28th and 29th are well captured by the model. As is the case for the
wetter conditions of June 27th that are probably linked to high altitude clouds presence on that day.
• Wind profiles show appropriate magnitudes and shapes near the ground although they show some
differences with observations in the free troposphere. Local scale transport should be satisfactory
though, depending on wind direction.
As for the ability of the models to reproduce PBLH, we show in Figure 22 the comparison between
ceilometer data measured and modeled at the Department of Geophysics - Universidad de Chile [33.46◦ S,
70.66◦ W]. Ceilometer data shows daytime PBLH that can reach up to 400m to 700m around midday. The
models capture good magnitudes for boundary layer heights on the whole period and reproduce a clear
diurnal cycle. With configuration UEC, the model is not able to resolve PBLH at night and thus sets it
to 23m each night. Configurations APC and ANH simulate around 100m at night which seems reasonable
although we do not have meaningful data from the ceilometer during nights. However, they differ on their
diurnal cycles where ANH tends to underestimate PBLH during day time. Thus, the best configuration
for PBLH estimation seems to be APC.
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Figure 21: Observed (blue dots) and simulated (lines) vertical profiles for temperature (left), relative humidity
(center) and wind speed (right), for June 27th (top), 28th (middle) and 29th (bottom) at DMC site.
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Vertical profiles statistics - DMC site
June 27
UEC
TEMP
RH
WS

th

June 28th 2016

2016

MB

RMSE

R

-0.75
2.32
-1.62

1.38
9.16
2.3

0.99
0.91
0.85

:
:
:

June 27th 2016
APC
TEMP
RH
WS

TEMP
RH
WS

MB

RMSE

R

-0.44
-1.1
1.52

0.9
5.8
3.08

1.0
0.77
0.82

:
:
:

MB

RMSE

R

0.51
-10.2
-2.48

3.28
27.04
3.92

0.91
0.78
0.98

June 27th 2016

MB

RMSE

R

-0.79
7.64
-1.92

2.01
14.3
3.54

0.99
0.80
0.39

:
:
:

June 27th 2016
ANH

June 29th 2016

June 27th 2016

MB

RMSE

R

0.51
-1.04
1.06

1.1
5.88
2.71

0.99
0.67
0.84

:
:
:

MB

RMSE

R

0.83
-7.47
-3.63

2.4
22.2
4.38

0.95
0.82
0.99

June 27th 2016

MB

RMSE

R

0.85
-8.45
-1.16

1.52
13.22
2.71

0.99
0.88
0.74

:
:
:

June 27th 2016

MB

RMSE

R

1.6
-2.73
0.96

1.75
6.56
1.91

1.0
0.68
0.94

:
:
:

MB

RMSE

R

2.02
-8.46
-4.1

2.68
22.08
5.01

0.97
0.85
0.99

Table 4: Statistics comparing observed and simulated meteorological vertical profiles for 3 configurations of
WRF and for 3 days at DMC station in Santiago.

Figure 22: Planetary Boundary Layer Heights measured via ceilometer at the University of Chile (left) and
comparison with the simulated PBLH (right).

Based on the analyses performed in this section, configurations APC and ANH are good candidates to
be kept for the continuation. Because of the time constraints of the project, and the occurrence of some
numerical stability issues with configuration ANH, we decide to keep configuration "APC" for the
continuation. The gain we would obtain in terms of resolution with ANH does not provide significant
improvements in the meteorology but doubles runtime, with simulations lasting more than 10 days to
cover only 45 days. As for pollutionn, ANH does not perform really better either, with a very small
reduction of the bias on NOx on some stations but no improvement in terms of correlation. As for PM2.5 ,
then again ANH is not significantly better than APC and even introduces a strong positive bias for
several measurement stations, but does not allow to account for peak events. This counter-intuitive lack
of improvement under higher resolution must be further investigated in the continuation of the project.

3.2

Simulated Concentrations - 2016
Now that we have a satisfactory meteorological configuration, we need to assess the ability of the model
to reproduce observed pollutants concentrations. Then again we compute mean bias, RMSE and correlation for the concentrations of PM2.5 (in µg/m3 ) and NOx (in ppb), for six automated stations
Modeling the Impacts of Future Emission Scenarios on Air Pollution in Santiago, Chile

26

R. Lapere - GD2 STEEM - Internship report

Network:
PM2.5
NOx

MB
-20.06
-130.4

El Bosque
RMSE
63.95
172.4

R
0.27
0.41

MB
-0.58
-110.5

La Florida
RMSE
33.2
144.9

R
0.47
0.37

Network:
PM2.5
NOx

3

Las Condes
RMSE
R
23.05
0.65
71.12
0.47

:
:

MB
8.18
-53.57

:
:

Puente Alto
MB
RMSE
R
-7.09
33.49
0.47
-75.62
100.5
0.52

Pudahuel
RMSE
75.41
128.5

:
:

MB
-6.28
-43.04

:
:

Parque O’Higgins
MB
RMSE
R
14.09
40.77
0.44
-86.39
129.7
0.43

RESULTS

R
0.12
0.28

Table 5: Statistics comparing observed and simulated pollutants concentrations time series for 6 stations in
Santiago - PM2.5 in [µg/m3 ] and NOx in [ppb].

in Santiago from the SINCA network (see Figure 19), between June 15th and July 15th . The results
are gathered in Table 5. The model reproduces fairly well mean levels of PM2.5 concentrations, with
a particularly high time correlation and small bias at stations where there are no peak events over
the period (Las Condes site for instance shows a bias smaller than 10µg/m3 and a correlation of 0.65
over a long time period). However, the model is not able yet to account for the two sharp peaks of
PM2.5 observed in late June (see Figure 23), and does not perform very well for highly polluted sites such
as El Bosque and Pudahuel that show the highest levels of PM2.5 concentrations over the time series
considered. We can see on Figures 20 and 21 though that meteorology on June 27th , day of the second
sharp PM2.5 peak, is quite well reproduced both at the surface level and vertically for downtown stations.
As a consequence we can probably attribute this underestimation to the fact that the source emissions
inventories we use are monthly and static as of 2010, which does not allow to capture exceptional peaks of
emissions. These events seem indeed local since the wealthy neighborhood of Las Condes for example
does not show this pollution peak although the meteorological conditions are not very different from
the other sites in Santiago. In addition, it is possible that the lack of aerosol feedback on meteorology
in this version of CHIMERE also accounts for a part of concentrations underestimation during these
peaks (see Wang et al., 2018 for instance). As a result, using the coupled WRF-CHIMERE model
currently under development will be of great interest for the continuation of the project in order to
assess its capacity to capture pollution events. On the other hand, the model sometimes overestimates
PM2.5 concentrations, the best example being on June 29th (see Figure 23). This can be traced back to the
significant underestimation of the PBLH on that day where observations show a PBLH reaching up to 400m
while the model does not get higher than 200m (see Figure 22). The same explanation applies for June 20th .
As for NOx the model significantly underestimates mixing ratios at all stations and for the whole period
(Figure 24). The huge negative bias obtained on every station is not satisfactory. Mazzeo et al., 2018 also
find a negative bias on NOx but way less important. However in their study they use a more accurate
emissions inventory on Santiago for 2015, featuring much higher emission levels than those given by HTAP.
This probably accounts better for actual NOx emissions, enabling to reproduce more closely observed
NOx pollution. Thus, the limitation of our model here is likely the lack of accuracy of our emissions
inventory since the temporal correlations we obtain, far from being extraordinary still show decent values
despite too low emissions in input. Similarly to PM2.5 the most polluted sites of El Bosque and Pudahuel
are less well reproduced by the model.
Generally speaking, when considering the figures in Table 5, one needs to remind that the statistics are
significantly affected by the occurrence of pollution peaks. Over a shorter time period without peak events,
the statistics obtained are much better, closer to the ones shown at Las Condes for instance.
In Figure 25 we show the spatial repartition of concentrations simulated by the model and observed in the
SINCA network. These values are 6-hour averages. The concentration bins used on these maps correspond
to the official daily average concentration thresholds of PM2.5 as defined by the Chilean environmental
regulation (’Good’, ’Regular’, ’Alert’, ’Pre-Emergency’, ’Emergency’) - Ministerio del Medio Ambiente,
2012. We can see that the model simulates adequate spatial repartition of pollutants over the area along
the two days shown here. At some points the model and observations do not give the same alert level, but
there are very few cases when the two levels differ by more than one step. A satisfactory feature on the

Modeling the Impacts of Future Emission Scenarios on Air Pollution in Santiago, Chile

27

R. Lapere - GD2 STEEM - Internship report

3

RESULTS

Figure 23: Observed (blue dots) and simulated (lines) time series for PM2.5 concentration for 6 stations in
Santiago.

Figure 24: Observed (blue dots) and simulated (lines) time series for NOx mixing ratio for 6 stations in Santiago.
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spatial repartition we obtain is that its daily pattern matches the one described in Airparif, 2006, featuring
pollution masses present in Western Santiago in the morning and transported towards the Eastern part of
the city in the afternoon. Although it cannot be seen on these 6-hour averages, it comes very clear on
hourly animated maps from our CHIMERE simulations.
For a better quantitative analysis of the ability of the model to simulate adequately alert thresholds, we
build a matrix showing the correlations between simulated and observed episodes, over one month between
June 15th and July 15th 2016 (Table 6). We use the same thresholds as defined above. We include all the
SINCA stations of the metropolitan area as well as Rancagua, Valparaíso and Viña del Mar stations. In
this matrix, each cell gathers the count of occurrences (stations and time steps) when the simulated and
observed daily average concentrations of PM2.5 compare a given way. For instance, the top left cell counts
each time and each station when the modeled and observed PM2.5 concentration show simultaneously a
’Good’ alert level. On the contrary, the bottom left cell gives the number of times and stations for which
the observed value gives a ’Good’ level of PM2.5 while the model sees an ’Emergency’ case. From this
matrix we find that:
• When the measured level is ’Good’, the model simulates a ’Good’ event in more than 60% of the
cases and foresees an ’Alert’ or higher level in only 15% of the cases.
• The model appropriately reproduces the ’Regular’ level in 50% of the cases and is off by more than
one step in only 6% of the cases.
• Beyond the ’Regular’ level, the model has a tendency to underestimate daily PM2.5 concentrations.
This is consistent with the mainly negative biases seen previously in Table 5.

Modeled

Observed

Good
Regular
Alert
Pre-Emergency
Emergency

Good

Regular

Alert

114
47
19
8
0

42
66
17
8
0

14
26
12
3
0

PreEmergency
4
10
6
0
0

Emergency
2
0
0
0
0

Table 6: Correlation matrix between observed and modeled PM2.5 episodes.

We have shown that the model is able to capture decently variations and deviations of pollutants
concentrations despite a strong negative bias on NOx that we do not fully explain yet except for the
inaccuracy of our emission inventory. As for PM2.5 the simulations give very good results apart from peak
events reproduction. We have to bear this in mind for the 2050 projections described hereafter.
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Figure 25: Simulated maps of PM2.5 6-hourly concentrations in Santiago area - colored dots show observed
values. Values over 2 whole days (June 24th and 25th ) every 6 hours.
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Simulated Concentrations - 2050
Consistently with what is described in the methodology section, the following results are issued from
a CHIMERE run with WRF configuration APC described above, substituting 2010 HTAP emissions
used for validation by RCP 2000 inventory and projected emissions in RCP8.5 and RCP2.6 scenarios
(see Section 2). As mentioned earlier, the station Parque O’Higgins can be considered representative of
Santiago’s air quality. In Table 7 are gathered average, maximum and standard deviation of PM2.5 and
NOx concentrations at Parque O’Higgins over a month (same time period as defined for Table 5) in
the three scenarios. Table 8 shows average and maximum PM2.5 and NOx concentrations for a wider
region around Santiago defined as [33.9◦ S,71.1◦ SW] to [33.1◦ S,70.3◦ W]. We can see from these tables that
relatively to 2000 both scenarios lead to a decrease in average levels of both pollutants.

Scenario
2000 RCP
2050 RCP8.5
2050 RCP2.6

PM2.5 [µg/m3 ]
AVG
MAX
STD
26.94
74.55
14.33
25.26
70.07
14.04
19.04
47.36
9.44

:
:
:

AVG
10.50
8.70
2.28

NOx [ppb]
MAX
32.30
27.22
5.92

STD
6.37
5.15
1.05

Table 7: Average, maximum and standard deviation concentrations of NOx and PM2.5 in the three scenarios station Parque O’Higgins.

Scenario
2000 RCP
2050 RCP8.5
2050 RCP2.6

PM2.5 [µg/m3 ]
AVG
MAX
8.44
81.81
7.86
79.97
6.84
53.15

:
:
:

NOx [ppb]
AVG
MAX
2.55
42.98
2.13
38.30
0.90
7.07

Table 8: Average, maximum and standard deviation concentrations of NOx and PM2.5 in the three scenarios Metropolitan Area.

PM2.5
RCP2.6 scenario leads to a decrease of PM2.5 average concentration by 7.9µg/m3 i.e. -29%. The maximum
simulated concentration also decreases by the same magnitude. The amplitude between lows and highs is
tighter than in 2000. RCP8.5 on the other hand is closer to 2000 and leads to a decrease of PM2.5 average
level by only 1.7µg/m3 i.e. -6%. Maximum value and deviation are similar to 2000. As for the metropolitan
area, the trends are the same, with an average decrease of 1.6µg/m3 i.e. 19% in RCP2.6 scenario and a
decrease of 0.58µg/m3 i.e. 6%. The distribution of this evolution split by species forming PM2.5 is shown
in Figure 28. We can see that the decrease in both scenarios is linked to Organic Carbon concentrations
falling quite sharply. Although BC falls more in RCP8.5 than RCP2.6 as expected, OC decreases less,
and other species like Ammonia (NH3 ) and Nitric acid (HNO3 ) increase more than BC decreases. In
RPC2.6, Sulfuric acid (H2 SO4 ) increase is compensated by an equivalent Nitric acid decrease. That
is why, in the end, RCP2.6 scenario leads to very good improvements in PM2.5 concentrations, while
RCP8.5 improvement is rather modest. Spatially speaking, Figure 26 shows that the major reductions in
concentrations take place in the Northern region and downtown Santiago. The reduction over Santiago
and Rancagua is much clearer in RCP2.6 than RCP8.5, while RCP8.5 features greater reductions in the
Northern area than RCP2.6.
NOx
Despite our model being not completely reliable for NOx , we can say the following on variations in the
two scenarios. As expected given Figure 12, RCP2.6 scenario implies very high reductions in NOx mixing
ratios, while RCP8.5 is moderate. RCP8.5 decreases average levels by roughly 20% at Parque O’Higgins
station and over the metropolitan area. RCP2.6 goes far beyond, with reductions of 78% at Parque station
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and 65% over the metropolitan area. As for the spatial distribution, the evolution is similar to what is
observed for PM2.5 . Because of the high uncertainties shown by our NOx modeling, absolute value drops
in NOx mixing ratio cannot be used as results as such since these variations lie way within our confidence
intervals. However, the comparison between the scenarios still holds, showing that RCP8.5 leads to a
smaller decrease than RCP2.6.

Figure 26: Spatial Comparative Evolution of PM2.5 Concentrations - Average over a month between June 15th
and July 15th .

Figure 27: Spatial Comparative Evolution of NOx Concentrations - Average over a month between June 15th
and July 15th .

Figure 28: PM2.5 components concentration variation in RCP2.6 and RCP8.5 with respect to 2000 - average
over Santiago area.
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Comparison with HTAP simulation
Figure 29 shows a comparison between the distributions of concentrations in Santiago area in the three
RCP scenarios and HTAP simulation run for the model validation. All RCP simulations show very small
concentrations compared to our HTAP run. Figures 30 and 31 show much higher emission levels for
HTAP than RCP 2000 for H2SO4 (a main contributor to PM2.5 ) and NOx which explains part of the
huge discrepancies. However RCP 2010 emission levels do not match HTAP inventory and remain very
low compared to it. HTAP and RCP are not consistent so a comparison is not relevant.

Figure 29: Distribution of PM2.5 and NOx concentrations for 2000, RCP2.6 and RCP8.5 2050 in Santiago area.
Boxes indicate the interquartile range, whiskers indicate the first and last decile, lines and circles, respectively
indicate medians and means.

Figure 30: Ground level fine H2SO4 emission rates for 2000 (left) and HTAP 2010 (right) - after pre-processing.
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Figure 31: Ground level NO emission rates for 2000 (left) and HTAP 2010 (right) - after pre-processing.
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Conclusion
Summary
In this study we have shown that despite the challenge induced by a sharp topography of the region,
we were able to reproduce past meteorological conditions quite satisfactorily with configuration "APC",
except for the mountain site of Yerba Loca, which deserves deeper digging in order to identify the
factors that prevent the model from reproducing adequately the meteorology. Average levels and trends of
PM2.5 concentrations have been quite fairly reproduced. However NOx simulated levels are not satisfactory
yet. Peak events remain very difficult to catch, and their study is likely to benefit from the coupled
WRF-CHIMERE model currently under development.
As for the future of air quality in Santiago at the 2050 horizon, our main findings include:
• RCP2.6 implies sharp decreases in 2050 average PM2.5 concentrations with respect to 2000, both in
Santiago (-7.9µg/m3 ) and in the broader area (-1.6µg/m3 ). RCP8.5 also features decreases on
average, but to a much lesser extent (-1.7µg/m3 and -0.58µg/m3 , respectively).
• These variations mainly concern Santiago and the Northern part of the area. The rest of the area
does not show a significant sensitivity to the scenarios. PM2.5 and NOx spatial patterns show a
similar evolution in both scenarios.
• As mentioned in Section 1, RCP2.6 scenario focuses on GHG mitigation, without dedicated air
quality policies, while RCP8.5 takes account of such policies. However, we find that RCP2.6 is still
better than RCP8.5 for future air quality. As a result, we may conclude that the co-benefits of
a constraining GHG policy are higher than the ones obtained with an air quality focused policy
discarding GHG concerns.

Concluding remarks
• A limitation to our results lies in the fact that our validation is made on 2016, with HTAP emission
inventories, while RCP projections feature the years 2000 and 2050, and are not necessarily consistent
with HTAP. However, we could not reach a better trade-off. We first wanted to compare 2016 and
2050 levels, but any methodology we could think of to do so proved irrelevant because of consistency
issues between HTAP and RCP inventories. What’s more, RCP scenarios start in 2000 which is the
only common basis for all RCP scenarios. In particular, we saw that 2010 levels are very different,
so that a baseline comparison with HTAP would have been impossible. A solution would have been
to work directly on validating the model as of 2000 using RCP emissions, but validation data for
such a period (in particular for meteorology) is quite difficult to obtain given the lesser extent of
the measurement network in Santiago at that time. Most SINCA stations comprise meteorological
measurement only back to 2003.
• The high-resolution configuration "ANH" showed lots of instabilities during the runs. Several times
the output files contained absurd values which implied that the run failed and had to be restarted.
Because of this issue, the results of the project were delayed by almost three weeks. So far, we have
not been able to identify the very source of this problem. Given that configuration "APC" worked
well without showing such instabilities, three main options are considered: either the issue is directly
linked to the high-resolution creating sharp gradients that lead to absurd values, or there were some
unidentified problems in the development version of CHIMERE we used that were triggered in our
particular case, or the problem is purely hardware i.e. the writing of the file goes wrong because of
memory access issues. The first possibility is not very likely since meteorological values between
"ANH" and "APC" barely differ in terms of magnitude. Plus, these absurd values seem to appear
randomly (in terms of variable / time step / geographic situation) for two identical runs. The second
option is the most likely explanation so far since a run with a newer version of CHIMERE that
cleaned some unused chemical cycles from the code failed only once and eventually went through.
These unused cycles could explain that non allocated variables jumped into the results creating a
mess in the output writing. The third possibility is currently under investigation since hardware
issues have been detected by other members of the team.
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Comparison with Other Studies
• A recent first implementation of WRF-CHIMERE-EDGAR over a Latin American country, namely
Argentina, was studied in García Ferreyra et al., 2016. In this study, a country-wide 50km resolution
simulation was run. They find a generally large underestimation of NOx and PM2.5 probably linked
to the coarse resolution and the situation of the monitoring systems that may not be representative.
They obtain a good reproduction of daily cycles though. According to the study, more data and a
refined emissions inventory are needed for better results. These conclusions apply to our case as
well.
• In Mazzeo et al., 2018 a similar approach to our study was implemented in order to assess the effects
of cutting emissions from transport and/or residential sectors. The meteorological configuration
used is close but the previous version of CHIMERE was used. They find a consistent difficulty to
reproduce peak PM2.5 events and also largely underestimate NOx mixing ratios.
• Prospective studies on the impacts of IPCC RCP scenarios on air quality have been conducted for
other regions of the world. Below are gathered some of their findings, which are consistent with the
ones we find for Santiago.
– United States (Zhang et al., 2017): in this study using the WRF/Chem coupled CTM,
they include both changes in pollutants emissions and climate change implied by RCP4.5
and RCP8.5 scenarios. At the 2046-2055 horizon, they find for the continental US, that
PM2.5 concentrations are projected to decrease on average by 1.5µg/m3 (or 30%) in RCP4.5
scenario, due to decreased emissions of primary PM and precursors and increased precipitations.
In RCP8.5 scenario they find an even stronger decrease with an average 1.7µg/m3 (or 35%) drop
in PM2.5 concentrations. They attribute this difference to larger decreases in Elemental Carbon
and anthropogenic secondary organic aerosol on top of primary organic aerosol emissions
increasing in RCP4.5 and decreasing in RCP8.5.
– Europe (Colette et al., 2013): in this study they use CHIMERE under CMIP5 climate
simulations, with RCP2.6 and RCP8.5 emission levels, over Western Europe. They find that
the decrease of PM2.5 by 2050 is very large under both scenarios, with average concentrations
dropping by 8 and 9.8µg/m3 with respect to 2005 levels over Western Europe in the RCP8.5 and
RCP2.6 scenarios, respectively. Locally, concentrations can even decrease by up to 20µg/m3 .
This decrease is mainly explained by a drop in secondary aerosols formation as a result of
decreasing anthropogenic emission of precursors.
– China (Li et al., 2016): this study uses GEOS-Chem model under the four IPCC RCP scenarios
to simulate 2000-2050 changes in PM2.5 concentrations in China, with a focus on the four main
polluted regions of the country. Their findings include that under the RCP6.0 scenario, at the
2050 horizon, PM2.5 concentrations will systematically increase, by as much as +30µg/m3 in
winter time. The three other scenarios show decreasing concentrations in 2050, the best scenario
being the RCP4.5. RCP2.6 and RCP8.5 show comparable results around -10 to -20µg/m3 in
2050 in winter time, although for the extremely polluted Sichuan Basin RCP2.6 is way better
than RCP8.5.
Next steps
Below are summarized some points that leave room for improvement in the continuation of this project,
and in particular during the associated PhD work.
• Work on improving the meteorological simulations outputs: we have seen in this study that simulated
meteorology is very sensitive to the WRF configuration used in terms of physics, boundary layer
schemes, resolution... It will be interesting to study other configurations to assess how much accuracy
can be gained. We could use, for instance, the WRF configuration of the current forecast system in
Santiago Schmitz and Falvey, 2006 or configurations used in other studies on Latin America. WRF
v4.0 having just been released in June 2018 with updated schemes, a look at this new version could
also be useful.
• In combination with better modeling, better on-site monitoring could be a real asset as well, as we
have seen that some parts of the data showed weird numbers that we could not use.
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• For future air quality projections purposes, it could be interesting to use a projected climate for
the meteorological forcing. For instance, instead of using actual weather conditions as of 2016, a
downscaling from LMDz climate projection as of 2050 could be used. CMIP5 results could also be
an interesting source for future climate path as it provides ensemble mean projections. In addition,
it could be interesting to run the same simulations with RCP emissions as of 2020 this time, and
compare the results with measurements as of today in order to assess which scenario is closer to
reality so far, i.e. whether we are taking RCP2.6 or RCP8.5 path in terms of air quality.
• This study focused mainly on winter time. Thus, a question would be to extend the simulations to
a whole year in order to assess the performance of the model for other seasons, with a view to the
implementation of a daily air quality forecast system in Santiago, based on CHIMERE.
• Significant work has yet to be done regarding emissions inventories of primary pollutants and
precursors. We mentioned earlier that a major limitation for the reproduction of observed air
quality is the lack of dynamical and updated emission schemes. For this, models such as Integrated
Transportation and Land Use Models (ITLUM) could be interesting to look at. The stakes around
better emission inventories have been well identified, in particular in the framework of the EMISA
Project (International Global Atmospheric Chemistry, 2017).
• A personal question your writer asks himself relates to how much of the Black Carbon emitted in
Santiago area reaches the close Andes mountains, and how this contributes to ice and snow melting
(Molina et al., 2015, Hadley and Kirchstetter, 2012). In this respect, assessing the transport of BC
from Santiago over the Andes using CHIMERE could be an interesting research topic.
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