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Abstract
The Atacama Desert is the dryest desert on Earth. Atmospheric, ocean, and topographic forcings preserve an exceptional hyper-arid environment. As a product of
anthropogenic and natural emissions, PM10 and PM2.5 atmospheric concentrations
have been observed to exceed international standards in urban areas where about
1.5 million people live. This research starts by describying the climate dynamics
in northern Chile along with the primary anthropogenic emission sources of PM10 ,
PM2.5 , and gaseous precursor pollutants. Then, air quality levels across urban areas
are evidenced. As a major source of natural PM, the unexplored mineral dust cycle of the Atacama desert is studied from satellite retrievals of aerosols properties.
Two areas in the Antofagasta region are identified as predominant sources of dust,
where links with reanalysed wind patterns are reported. This study is followed by
the analysis of the relationship between PM10 -PM2.5 levels and atmospheric ventilation from observational and modelled datasets. Because of the significant link
found between both, especially in coastal areas, a wheater-driven model for PM
events, with atmospheric ventilation as the most significant input variable, is proposed for the coastal city of Antofagasta. Finally, the future of the Atacama Desert,
comprising atmospheric and oceanic regional forcings and future PM10 -PM2.5 levels, is explored from the UKESM1 model.
The South Pacific Anticyclone is already extending and intensifying during
the austral summertime. The above leads to increasing upwelling-favourable winds
and coastal upwelling intensity of the Humboldt system at the surface ocean, enhancing atmospheric stability. However, a decline is simulated at deeper ocean
layers. PM10 -PM2.5 are both projected to increase under the SSP370 and SSP585
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climate change experiments during the 21st Century. This increasing trend is more
abrupt under the SSP370 than the SSP585 experiment due to increased SO2 and dust
emissions and the absence of mitigation measurements. Policy implications are discussed, and future academic research is proposed, including implications beyond
academia.

Impact Statement
The climate of the Atacama Desert responds to a combination of atmospheric,
oceanic and topographic factors that promote exceptional dry conditions. Along
with being home for about 1.5 million people, several industrial facilities locate
across this region which have historically emitted a vary of air pollutants. However, the understanding of natural emissions, such as mineral dust, the connection
of air quality with atmospheric forcings, such as atmospheric ventilation, and the
potential impacts of climate change on these processes has remained unexplored for
this region of the world. This research focuses on understanding the mechanisms
before mentioned, with direct impacts not only on future academic research in the
field of air pollution and atmospheric science but also on future policy in Chile and
applications beyond academia.
The mineral dust cycle of the Atacama had only been explored as part of
global or continental studies, without providing insight into the local distribution of
sources, their seasonality and frequency of events. The analysis performed provides
evidence for future applications on air quality studies in remote areas in northern
Chile. Also, it represents an opportunity for future studies on solar energy production, particularly about the potential effect of mineral dust on soiling and attenuation. Due to the exceptional conditions, solar power generation is a growing
industry in northern Chile. Finally, the satellite-based dataset produced can be used
for the validation of mineral dust forecasting schemes.
The quasi-permanent temperature inversion layer height (TILH) promoting
high atmospheric stability along the northern Chilean coast has been explored to
understand links between atmospheric ventilation and observed PM10 -PM2.5 levels
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in urban areas. Although the significance of the TILH for the climate of the desert
has been discussed in the literature, their relationship with ventilation and air quality
remained unexplored. The results obtained from both observational and modelling
suggest a decline of the boundary layer height (BLH) not only along the coast (as
previously reported) but also on inland regions during the last decades (1981-2010).
This might have direct implication in future policy. Also, a prediction statistical
model based on meteorological input variables has been able to predict over 70%
of PM events in the city of Antofagasta. This represent a low-cost tool that could
serve as basis for an operational forecasting model using ventilation conditions as
predictor.
The future of the Atacama under climate change was explored by analysis outcomes of a state of the art earth system model (UKESM1) contributing to CMIP6.
The results reveal enhanced atmospheric stability throughout the 21st Century, including an accentuated decline of the BLH. This motivates the study of a potential
climate penalty for PM10 , PM2.5 and SO2 over northern Chile with direct implications on future local policy and mitigation efforts. Also, this methodology could be
further extended to other regions in South America.
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Chapter 1

Introduction
Air pollution is one of the most significant and challenging threats to human health.
In 2016, over 4 million deaths were attributed to exposure to outdoor air pollutants
around the globe (WHO, 2018). Although an impact on human health can be understood intuitively, poor air quality also leads to substantial economic costs (Horton
et al., 2012), and the detriment of ecosystems (Incecik et al., 2014). Air pollution,
especially atmospheric aerosols, can also significantly impact atmospheric circulation, radiative imbalance, and surface temperature (Qin et al., 2014).
Climate and air pollution are connected, as evidenced by the important amount
of research focused on these interactions (Dickerson et al., 1997; Jacobson, 2000;
Jacob and Winner, 2009; Lesins et al., 2002; Zhao et al., 2011b; Tai et al., 2012;
Fiore et al., 2015). Usually, harmful air quality levels are linked to the simultaneous
occurrence of both high pollutant emissions and unfavourable weather conditions
(Jacob and Winner, 2009). As meteorology and air pollutants interact with each
other, these feedbacks makes air quality highly sensitive to climate change (Tai
et al., 2012). Therefore, the understanding of air quality at local scales is essential for adaptation, mitigation, and legislation of both local air quality and climate
change.
The contribution of harmful indoor and outdoor air pollution levels on death
rates are significant worldwide. Globally, air pollution contributed to an average of
9% of mortality in 2017, ranging between 2 and 15% depending on the individual
country (Ritchie and Roser, 2017). In particular, Chile is one of the countries in the
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Americas with the highest percentage of deaths linked to bad air quality, between 5
and 7.5 % of the total in 2017 (Fig. 1.1). Over the last two decades, attention has
focused on the air pollution problems across the Central and Southern regions of the
country (Kavouras et al., 2001; Gallardo et al., 2002; Jorquera et al., 2004; MenaCarrasco et al., 2012; Jhun et al., 2013; Henriquez et al., 2015; Barraza et al., 2017).
In Northern Chile, where the Atacama desert predominates, harmful pollution levels have also been linked to morbidity and mortality in urban areas (Ruiz-Rudolph
et al., 2016).

Chile

Figure 1.1: Global contribution of indoor and outdoor air pollution (as a risk factor) on
deaths rates in 2017. Adapted from Ritchie and Roser (2017), based on IHME
(2018) dataset.

The first section of this chapter comprises a general overview of air pollution,
providing an introduction to particulate matter, gaseous compounds and policy implications. Then the Atacama Desert in Northern Chile is introduced as the study
site for this research. The third section presents the purpose of the study and the
research questions. Finally, section four provides an outline of this thesis.

1.1. Air Pollution

1.1
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Air Pollution

1.1.1

Particulate Matter (PM)

According to Tiwary and Colls (2010), anthropogenic particulate matter (PM) has a
global production rate of 500 x 106t annually, comprising of primary and secondary
sources. This figure is about 10% of the natural production rate (around 4,900
×106t). Naturally produced PM primarily arises from aeolian erosion of large bare
soil areas, such as deserts, and sea salt evaporation (also called marine aerosols).
Nonetheless anthropogenic PM has significant impacts due to the high density of
the sources and the higher atmospheric residence of the finer particles.
Typically, PM levels and their composition vary between rural and urban areas (again mainly driven by the correlation between population and aerosol source
density). In urban areas it is usual to find high concentrations of PM (both PM2.5
and PM10 ) along with nitric oxide (NO) and sulphur dioxide (SO2 ) sourced from a
combination of point sources, such as industrial chimneys, or linear sources, such
as road traffic. On the other hand, in rural areas, it is common to observe higher
emissions of ammonia scattered across large areas, promoting lower atmospheric
concentrations.
PM is classified according to the particle aerodynamic diameter. Particles with
an aerodynamic diameter equal to or less than 2.5 µm are known as PM2.5 , whilst
PM10 refers to particles smaller than 10 µm. Because of the particulate size, PM10
and PM2.5 are one of the atmospheric pollutants of major concern around the globe
(Dreher and Costa, 2002; Jacob and Winner, 2009; Ji et al., 2012; Dawson et al.,
2014). The above is because both PM10 and PM2.5 can be inhaled by humans and
deposited in the lungs (Kyung and Jeong, 2020). Based on epidemiological research, PM2.5 has also been linked to adverse cardiovascular effects. Due to its
size, PM10 deposits primarily in upper airways, whereas PM2.5 can reach the smallest airways towards the alveolar-capillary membrane and eventually spread into the
circulatory system (Du et al., 2016).
Due to the above, PM has been described as the air pollutant most strongly
linked to human health detriment, impacting more population than any other (An-
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derson et al., 2012; Li et al., 2015). In 2005, the World Health Organization (WHO)
estimated that feasible reduction in particulate matter would lead to a decrease of
15% of related air pollution deaths. Inhaling airborne particles may lead to severe
effects, such as chronic bronchitis, lung disease, irregular heartbeat and asthma
(Pope et al., 2002; Sacks et al., 2010; Ruiz-Rudolph et al., 2016).
The effects of PM are related to both long-term and short-term exposure. For
instance, long-term exposure to anthropogenic PM10 and PM2.5 has been associated with about 29,000 deaths per year in the UK (Gowers et al., 2014). Also, a
recent chemical transport modelling study suggests that about ten million premature deaths annually are attributable to fossil fuels components in PM2.5 worldwide (Vohra et al., 2021). The higher mortality is consistent with the largest fossil
fuel emitters in the present, namely China and India, along with other territories in
Southern Asia, Europe and the USA. However, short-term exposure, such as a few
days, is also linked to premature mortality. Macintyre et al. (2016) studied ten days
of severe aerosol concentrations during the spring of 2014 in the UK and estimated
around 600 deaths were exclusively attributable to this extreme event.
The capacity of PM to remain in the air is directly related to its size. PM10
settles down to the surface slower than coarser particles. Therefore they remain
harmful for several days before being deposited back to the surface by sedimentation, diffusion or interception (Tiwary and Colls, 2010). PM is mainly composed of
sulfate, nitrate, organic carbon, elemental carbon, soil dust and sea salt. The relative
predominance of these components also varies with particle size. Whilst sulfate, nitrate, organic and elemental carbon are commonly found in PM2.5 , soil dust and
sea salt are frequently components only of PM10 (Jacob and Winner, 2009). For
example, a study conducted by Twigg et al. (2015) described sea salt as the main
component, by 73%, of the coarse PM fraction (PM10 -PM2.5 ) in a remote area in
Southeast Scotland.

1.1.2

Gaseous emissions as drivers of PM pollution

The composition of PM is directly linked to gaseous emissions. Although particles
are usually described based on their aerodynamic size, their constituents and toxic-
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ity vary significantly among environments, depending on the nature of the sources.
As reported by (Gonzáles et al., 2011) based on official data from the UK Environmental Agency, around three quarters of PM15 (particles with an aerodynamic
diameter equal to or less than 15 µm) in the UK is carbonaceous matter from combustion, sulfates from SO2 emissions and soluble minerals, such as mineral dust. In
particular, this last group account for about 25% of the total. The remaining 25%
mainly consist of ammonium from NH3 emissions, nitrates from NOx emissions,
and chlorides from marine salt and coal emissions. PM2.5 is constituted in about
50% by carbonaceous matter from combustion and around 20% by sulfates from
SO2 emissions. Unlike PM15, soluble minerals represent less than 5% of the total PM2.5 across the UK. Minguillón et al. (2012) similarly find that in Zurich the
coarse PM was primarily mineral matter and elements from tyre abrasion, whereas
the fine PM fraction was dominated by compounds sourced from anthropogenic
combustion processes. As exemplified above, atmospheric gas composition are an
important source of understanding for PM levels and their composition when measured together, especially in the absence of chemical analysis from PM samples.
Due to their effects on the environment, human health, and the availability of
data, Sulphur dioxide (SO2 ), oxides of nitrogen (NO, NO2 and NOx ) and ozone
(O3 ) have historically been recognised as the most significant gaseous pollutants.
Whereas SO2 and NO are primary pollutants, NO2 and NOx (NO + NO2 ) may
be either primary or secondary. Tropospheric ozone (O3 ) is a secondary pollutant
formed from NOx and Volatile Organic Compounds (VOCs) in the presence of UV
radiation. Its direct emissions are negligible.
Sulphur dioxide (SO2 ) is usually a primary pollutant, although also most of
the sulphur emissions oxidise to form gaseous SO2 or sulphate aerosols. SO2 is directly emitted from fossil fuels combustion, with electricity generation and heating
being the most significant anthropogenic sources. 53% of UK SO2 emissions were
attributable to these activities in 2006 (Dore et al., 2008), although the subsequent
phasing out of coal power plants will have reduced that proportion. Other anthropogenic sources of SO2 identified were land use, metal melting and other industrial
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processes. Emissions from transport were relatively low, accounting for about 2%
of the total. Regarding natural sources of SO2 , these comprise volcanic activity,
marine phytoplankton, soil and vegetation decay.
Similar to SO2 , oxides of nitrogen (NOx ) are primarily emitted from fossil fuel
combustion linked to transport and power stations operations. Whereas over 90%
of NOx are directly emitted as nitric oxide (NO), most of the NO2 is formed in the
atmosphere as a secondary pollutant. Other important gaseous pollutants are ammonia (NH3 , mainly sourced from livestock farming, animal waste and fertilisation),
volatile organic compounds emitted from solvents use and industrial processes, and
carbon monoxide (CO). CO is a toxic gas emitted in small fractions with CO2 emissions, primarily from fossil fuel combustion in transport, industrial processes and
biomass burning (Tiwary and Colls, 2010).

1.1.3

Climate change and policy implications

The effect of air pollutants emissions on the atmosphere usually occurs across larger
regions than the local environment into which the pollutants are emitted and where
a specific air quality policy operates (Fiore et al., 2015). Therefore, a complex
dilemma is that air quality and climate change are typically found in separate policy
bodies, and the mitigation of one is not necessarily beneficial for the other (Maione
et al., 2016). For example as will be discussed in Chapter 6, whereas a decrease
of SO2 concentrations has direct benefits for human health, the global effort for
its reduction may pronounce atmospheric warming (Bedsworth, 2011). Nonetheless, measures to mitigate climate change, say through a reduction of fossil fuels
emissions, also represent an opportunity to improve local air quality (West et al.,
2004; Thambiran and Diab, 2011). Therefore climate change policy should consider local air quality standards. Additionally, future changes in meteorology may
force additional mitigation efforts to meet air quality standards. The above is called
the ”climate penalty”, which is already representing a challenging goal for the 21st
Century (Junkermann et al., 2011; Bedsworth, 2011; Ravishankara et al., 2012).
As presented in more detail in the review on air quality and climate change relationships in Chapter 6 of this thesis, the study of long-term changes in the climate
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system on air quality has mainly been developed around the understanding of potential changes on air quality meteorology. Therefore, atmospheric ventilation and the
frequency of stagnation events have been inferred from climate change experiments
at local and regional scales (Horton et al., 2014)
Results at regional and local scales have been reported from the application
of regional climate models, such as the Weather Research and Forecasting (WRF)
model (Trail et al., 2013; Zhao et al., 2011a). For instance, Zhao et al. (2011a) based
on WRF outcomes, reported that air pollution episodes would be closely connected
to stagnation events and ventilation conditions given by wind speed, sea breeze
intensity and the planetary boundary layer height (PBLH).
During the last decades, air pollution from large urban areas has been accepted
of playing a significant role in the atmospheric radiative balance due to the large
transport of gases and airborne particles (aerosols) through continents and oceans.
Indeed, satellite data reveals that air pollutants can travel trans-oceanic and transcontinent distances within a week (Ramanathan and Feng, 2009). Although the
large-scale transport of aerosols is a direct threat to human (Samoli et al., 2011), the
interaction of airborne particles in the atmosphere may lead to positive (warming) or
negative (cooling) radiative forcing depending on their composition, as mentioned
earlier (see §6.1).
The Atacama Desert in northern Chile, despite concentrating significant anthropogenic emissions of PM, and its natural exposition to mineral dust emissions
(§3.3), has been unexplored in term of understanding air quality, mineral dust and
their potential connections with the governing atmospheric forcings. Also, there an
absence of studies about the potential impacts of climate change on these interactions, and their implications for air quality policy. The following section presents
an overview of the Atacama Desert, which is the case study of this research and
corresponds to the region that, due to its particular natural and anthropogenic configuration (Chapter 3 ) motivated the research questions presented in §1.3.
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The Atacama Desert

The Atacama Desert is located in western South America stretching between central
Chile all the way north into Peru (Fig. 1.2). Particularly, the extremely arid region
of northern Chile spans between 18°S and 30°S (Schulz et al., 2011). The Pacific
Ocean forms its western limit and to the east, it is flanked by the Andes Cordillera.
The Atacama covers a surface area of 105,000 km2 and ranges in altitude from sea
level up to about 3,500 m a.s.l. (Houston and Hartley, 2003). This region is one
of the driest places on the Earth, with registered annual precipitations between 1
and 80 mm in its northern and southern regions, respectively (Schulz et al., 2011;
Sträter et al., 2010; Quade et al., 2008).
Four of the 15 administrative Chilean regions are fully contained within the
desert (Fig. 1.2). These correspond to Arica and Parinacota (240,000 inhabitants),
Tarapaca (340,000), Antofagasta (620,000) and Atacama (310,000) (INE, 2016).
Also, the Northern margin of the Coquimbo region encompasses part of the hyperarid area of the Atacama Desert (Fig. 1.2). Along the desert, several human settlements depend on fishing, shipping, energy. A major industry is mineral extraction, mainly based on the copper, iron, and gold reserves that are widely distributed
throughout the Desert. The Atacama Desert plays a significant economic role for
Chile. In addition to the roughly 1.5 million inhabitants living across this land, there
is a large Chilean population depending directly or indirectly on the economic activities carried out in the Desert. For instance, mining employees often work in shifts
and support families located in other regions of the country. The mining industry is
a significant economic activity of Chile – for example Chile is the largest producer
of copper globally (Lagos et al., 2020). According to the Chilean National Service
of Geology and Mining (SERNAGEOMIN), about 69% of the overall copper production was produced in the Atacama Desert or close areas at those latitudes, such
as the Andes Cordillera.
The energy sector is also significant across the Atacama Desert. In 2020 the
total gross capacity installed in Chile was about 25,000 MW, from which 28% corresponded to hydroelectric, 9% wind, 11% solar, 1.8 biomass and 0.2% geothermal.
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The remaining 50% corresponded to 19% natural gas, 20% coal and 11% petroleum
derivatives (Bahamondez, 2020). By 2024 the 31% of this capacity will be withdrawn (Energy, 2020). Because of the natural geography, most hydropower production is located in the south and central regions of the country, whereas most of
the solar and fossil fuels-based electricity generation is located in the North (RuizRudolph et al., 2016). In 2021, Chile has 70 times the capacity of solar energy generation than the current installed capacity (Energy, 2020). In the coming decades,
the use of this capacity is aligned with political and environmental agreements undertaken by the Chilean government who has committed to phasing out coal-fired
power energy generation by 2040 along with achieving carbon neutrality by 2050.
By 2021, solar energy will account for 47% of the new capacity installed, almost
4,000 MW (Energy, 2020).

Arica y
Parinacota

Tarapacá

Antofagasta

Calama

Coquimbo

Figure 1.2: Regions of ”Arica y Parinacota”, ”Tarapaca”, ”Antofagasta”, ”Atacama” and
”Coquimbo”.

This intense anthropogenic activity has led to significant environmental impacts: especially on water resources and air quality. Some progress has been made
around water resources, for example with seawater desalination. The impact on
air quality in urban areas remains significant, especially from PM. Approaching
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two-thirds of the Chilean population lives in areas exposed to harmful PM concentrations (Toro et al., 2015). In northern Chile, several areas in the Antofagasta and
Atacama regions have been designated as ”Saturated Zones” for PM10 and SO2 ,
which means that the concentration levels exceed Chilean standards. International
air quality standards, such as those of the World Health Organization (WHO) are
considerably stricter than Chilean standard levels, which have not changed since
1994 (Dı́az-Robles et al., 2011). For instance, whereas the Chilean threshold for
PM10 annual mean concentration is 50 µgm-3 , the WHO standard for the same indicator is 20 µgm-3 . Similar differences are found in the PM2.5 legislation, despite
the fact that the Chilean standard for PM2.5 was enacted in 2011.
The main anthropogenic sources in the Atacama Desert have historically been
industrial, such as mining extraction, copper foundries and energy production, and
associated coal-burning power plants (Dı́az-Robles et al., 2011; Ruiz-Rudolph et al.,
2016). Anthropogenic sources from urban areas can also be significant. As reported
in MMA (2015), urban PM pollution is exacerbated in Northern Chile due to the
absence of effective mitigation measures, such as maintaining road networks, which
lead to enhanced fugitive PM emissions by resuspension. The above has resulted
in baselines studies reporting harmful PM10 and PM2.5 (µgm−3 levels across urban
settlements in the desert and coastal areas (MMA, 2015). A detailed and systematised description of PM10 and PM2.5 levels in Northern Chile is presented in Chapter
3.

1.3

Purpose of the Study and Research Questions

This research aims to understand the relationship between particulate matter (PM10
and PM2.5 ) levels and the climate and meteorological processes governing the
hyper-arid nature of the Atacama Desert. There is a scarcity of studies on the topic
in the existing literature, despite both the environmental vulnerability of the Atacama Desert and the important socio-economic role it plays for Chile. To achieve
this aim, scientific understanding in several different topics must be advanced simultaneously. The natural mineral dust cycle has so far only been explored as part

1.4. Outline of this Research

35

of global studies, which is problematic given their resolution of the complex regional conditions. It is not yet clear whether insights about the role of atmospheric
ventilation and stagnation on observed PM levels from elsewhere are pertinent for
the Atacama desert. The intersection between climate and air quality projections
the 21st Century has not yet been explored.
This work therefore aims to answer four related research questions.
1. What is the geographical and temporal distribution of mineral dust and its
sources in the Atacama Desert?
2. What role do local atmospheric conditions play in episodes of dangerous particular matter levels in the Atacama Desert?
3. What are the mechanisms by which the climate of the hyper-arid environment
in Northern Chile is projected to change over the coming century?
4. How would mineral dust, PM10 and PM2.5 atmospheric concentrations respond under these future climate changes?

1.4

Outline of this Research

The rest of this thesis is structured in the six following chapters. Each of the four
results chapters (chap. 3-6) start with a review of the existing literature and methodology specific to the analysis contained within that individual chapter. These are
complemented by a chapter on common methods and data sources (chap. 2), as
well as a chapter providing a synthesis and discussion of the entire thesis (chap. 7).
Chapter 2 describes the general methodology of the study as well as the fundamental methods used. It also contains a summary of the observational and modelled
datasets used throughout the research and of the statistical analyses performed.
Chapter 3 analyses the climate dynamics of Northern Chile along with the elements of the climate system that promote the hyper-arid conditions of the Atacama
Desert. Atmospheric concentrations of PM and gases are explored and discussed in
the context of the Chilean standard as well as global guidelines. It does this through

36

Chapter 1. Introduction

analysis of observations from ground and upper-air weather stations and records of
air pollution across Northern Chile.
Chapter 4 presents a satellite-based study of mineral dust characterisation
over the Atacama Desert. Two MODIS algorithms retrieving aerosol optical depth
(AOD) and Angstrom Coefficient are used. The primary mineral dust sources are
identified, their variability is assessed and exceptional dust events across the area
are detected. Winds patterns from the ERA5 reanalysis are analysed for the aeolian characterisation of mineral dust production and their role behind mineral dust
events. Implications for air quality, solar power generation and future research are
discussed.
Chapter 5 analyses meteorological forcers of PM10 and PM2.5 variability and
concentration levels. Atmospheric ventilation and stagnation were computed from
observational and modelling datasets to analyse their spatial distribution and relationships with observed PM in the Atacama. The chapter concludes with the
creation of a logistic regression model to aid in the prediction of severe PM events.
Chapter 6 explores historical and future simulations over Western South
America under a set of standard scenarios from the UK Earth System Model Version
I (UKESM1). Regional warming is studied through temperature and atmospheric
moisture projections. Atmospheric stability is examined by analysing the South
Pacific Anticyclone (SPA), atmospheric stratification and the planetary boundary
layer. Then, the ocean forcing is studied by the governing Humboldt coastal upwelling system. Finally, future PM trends from UKESM1 are explored and discussed in the context of regional and local climate change impacts and their implications for local policy.
Chapter 7 synthesises the results from the previous research and places it in
context. The limitations of the work are discussed along with suggestions for future
research. The implications of the findings beyond academia are highlighted.

Chapter 2

Data and Methods
The four research questions proposed in Chapter 1 require different data and methods to answer them. This means that each of following chapters contains a method
section describing the procedures followed for handling and processing the specific datasets used, as well as their nature and limitations. The four research chapters share similarities in their general approach, which will discussed in §2.1. The
datasets they use are also generated using common methodologies - even if the
datasets themselves are not shared. This chapter starts off by introducing and describing the general methodology of each portion of research (§2.1). There then
follows a discussion of the observational datasets – ranging from ground-based
measurements (§2.2), through satellites (§2.4.2), to reanalysis products (§2.7). The
other main sources of information used to undertake this research comes from general circulation models, at either the regional (§2.6) or global scale (§2.5.1). It is
important to mention that Chapters 3-6 provide the selection of data used, variables explored, period of study and statistical analyses performed in their respective
methods sections.

2.1

General Methodology

The general methodology of this thesis considered the three stages shown in Fig.
2.1. First, a literature review was carried out to construct a critical theoretical framework on the climate and meteorological processes governing air pollution dynamic.
This review had a particular focus on desert regions and particulate matter pollution,

38

Chapter 2. Data and Methods

the driving factors of the hyperarid environment of the Atacama Desert, natural and
anthropogenic emission sources, and the potential effect of these processes under
climate change over the coming century. As discussed in Chapter 1, and in the introductory sections of Chapters 3, 4, 5, and 6, there is a research gap with regards
to the understanding of these processes in northern Chile. This first stage resulted
in the set of research questions listed in Chapter 1 and provided the framework for
methods selection, and the analyses of the results reported in Chapters 3, 4, 5, and
6.
The second stage comprised data collection, data processing and preliminary
analyses (Fig. 2.1), which determined the scope of the following chapters and provided the basis for the analyses undertaken in each of them. The datasets collected
comprise a wide range of observational and gridded datasets, including groundbased records of meteorology and air quality, upper-air meteorological observations, satellite retrieval of aerosols optical properties, reanalysis outcomes, regional
climate modelling outcomes, and earth system modelling outcomes. These datasets
and the institutions responsible for them are summarised in Tab. 2.1, and are described in more detail in the following sections. Tab. 2.1 shows the research questions (RQ1 to RQ4) addressed by each of the dataset, along with the thesis chapters
where each dataset is used. The third stage consisted of developing each result
chapter and analysing their findings to answer the proposed research question (Fig.
2.1).
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Literature Review

Stage 1

Purpose of the Study
and Research Questions
RQ1-RQ2-RQ3-RQ4

Stage 2

Ground meteorological and
air quality observations
(SINCA – DMC)

Atmospheric soundings

Reanalysis (ERA5)

Data Collection,
processing, and
preliminary analyses

Regional climate modelling
outcomes (UCAN-WRF341SAM44, RegCM4-SAM44,
RegCM4-CL09)

Aerosols retrievals
(AERONET – MODIS)

Earth system modelling
Outcomes (UKESM1-0-LL)

Stage 3

The Atacama Desert:
climate dynamic and
air Quality
(Chapter 3)

Atmospheric
Ventilation and
Particulate Matter
variability
(Chapter 5 – RQ2)

Mineral dust dynamic
across the Atacama
Desert
(Chapter 4 – RQ1)

Regional climate
change and Particulate
Matter over northern
Chile
(Chapter 6 – RQ3,4)

Discussion
(Chapter 7)

Figure 2.1: General Methodology. Salmon boxes depict data sources. Green boxes depict
the different stages of this research.
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Table 2.1: Primary datasets used in this research. RQ shows the research question addressed (§1.3)

Product-Dataset

Institution

Product Type

National Air Quality
Information
System of Chile
(SINCA)
DMC Climate Services

Ministry of Environment of Chile
(MMA)

Observational
(ground-based)

Meteorological
Service of Chile
(DMC)
University
of
Wyoming

Cerro Moreno Atmospheric Sounding
Aerosol Robotic
Network
(AERONET)

Moderate
Resolution Imaging
Spectroradiometer
(MODIS)
UKESM1-0-LL

UCAN-WRF341I
SAM44
RegCM4-SAM44

RegCM4-CL09

ERA5 Reanalysis

National
Aeronautics and Space
Administration
(NASA)
and
National Observatory For Aerosol
(PHOTONS)
National
Aeronautics and Space
Administration
(NASA)
U.K.’s Met Office
and the Natural
Environment Research
Council
(NERC)
Universidad
de
Cantabria (UCAN)
Center for Climate
and Resilience Research (CR2)
Center for Climate
and Resilience Research (CR2)
European Centre
for
MediumRange
Weather
Forecasts
(ECMWF)

Target
characterisation
Air quality
and meteorology

Chapt. RQ

3, 4, 5

RQ2

Observational
(ground-based)

Meteorology 3, 5, 6

RQ2,
RQ4

Observational
(atmospheric
profiling)
Observational
(ground-based
remote sensing)

Meteorology 3, 5, 6

RQ2,
RQ4

Aerosols

4

RQ1

Observational
(satellite-based
remote sensing)

Aerosols

4

RQ1

Earth
System
Model (ESM)

Climate

6

RQ3,
RQ4

Regional Climate
Model (RCM)

Climate
and meteorology
Climate
and meteorology
Climate
and meteorology
Climate
and meteorology

5

RQ2

5

RQ2

5

RQ2

4, 5, 6

RQ1,
RQ2,
RQ4

Regional Climate
Model (RCM)
Regional Climate
Model (RCM)
Reanalysis
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The following subsections describe each dataset and its general usage. Following the structure in Tab. 2.1, the next section covers the ground-based meteorological and air quality observational datasets used (§2.2). The Cerro Moreno
radiosonde is then described (§2.3), followed by aerosols retrieval products (§2.4),
the description of earth system modelling and the UKESM1-0-LL model (§2.5), the
regional climate models outcomes used (§2.6), and the ERA5 reanalysis (§2.7)

2.2

Ground-based meteorological and air quality observations

Ground-based meteorological and air quality observations provide observational evidence in Chapters 3, 4 and 5. The following subsections describe the National
Air Quality Information System of Chile (SINCA), which provides meteorological and air quality data, and the climate services data source administrated by the
Meteorological Service of Chile (DMC), which provides long-term meteorological
observations.

2.2.1

National Air Quality Information System of Chile (SINCA)

The official Chilean air quality network SINCA1 is a public dataset administrated
by the Ministry of Environment of Chile, which provides real-time and historical
observations of ground meteorology and air quality. SINCA comprises 216 monitoring sites across Chile and the 56 sites in the northern part of the country are
used in this study. This observational dataset has been widely used for regular official Chilean reports concerning air quality (Toro et al., 2015) as well as scientific
research (Mena-Carrasco et al., 2012; Jhun et al., 2013; Toro et al., 2015; Barraza
et al., 2017).
The air pollutants monitored in SINCA include PM10 , PM2.5 , CO, O3 , NOX ,
NO, NO2 , SO2 , Cu, Pb and As. The meteorological variables measured are solar radiation, atmospheric pressure, precipitation, relative humidity, surface temperature,
wind direction and wind speed. Some sites suffer from significant gaps in their data
1 http://sinca.mma.gob.cl
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records and the monitoring periods can vary substantially between them.
Fig. 2.2 presents the location of the SINCA network sites in northern Chile.
The full listing of the 56 sites and variables recorded is contained in the appendix.
Fig. A1 summarises the air quality monitoring of the SINCA network, including
sites location, period of operation, and the air pollutants recorded, whereas Fig. A2
summarises the meteorological monitoring.
Between the city of Arica (18.5°S) and Coquimbo (30.5°S) there are 56 monitoring sites contributing to SINCA (Fig. 2.2). Out of these, 36 sites have measured
PM10 , and 27 stopped operation in 2010 or earlier. Eight are currently recording
hourly real-time PM10 (see Fig. A1). Observations of PM2.5 were incorporated
later into the network, mainly only after 2015. Out of the 56 sites, 15 have measured PM2.5 , and nine sites are currently recording both PM10 and PM2.5 hourly
data (red crosses in 2.2). Seven of these sites are located in the Antofagasta region.
Other pollutants (CO, O3 , NOX , NO, NO2 , SO2 , Cu, Pb and As) are also monitored
(Fig. A1). However, the number of sites monitoring these is considerably lower
in comparison to PM10 observations with the exception of SO2 (36 sites). Eight
sites measure NOx , NO and NO2 or at least one of these, with two sites still taking
measurements (Tocopilla and Calama, both in the Antofagasta region).
Meteorological observations are not taken at all SINCA sites (Fig. A2). Surface wind speed and direction have been recorded in 27 sites, with twelve of them
still in operation. Unfortunately it is common that the observational periods of meteorological variables are shorter than those for the PM records. The detail of the
data available for these and other meteorological variables monitored by SINCA is
presented in Fig. A2.
For the purposes of this research, all the available data until December 2019
was downloaded and processed. The data selection from SINCA and the corresponding periods of analysis are detailed and justified in the methods section in
Chapters 3, 4 and 5 in accordance with the purpose of each Chapter.
As a general approach for computing time averages from air quality and meteorological time series, daily means were calculated for days with at least 75% of
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valid data, which means 18 or more hourly observations are available. Similarly,
monthly means were calculated for months having at least 75% of valid data, which
means at least 22 days available. Regarding air quality variables, daily mean data
was directly obtained from the SINCA website. Monthly means were computed
following the same criteria as meteorological data.

Figure 2.2: Meteorological and air quality observations sites from SINCA, DMC,
AERONET and the Cerro Moreno radiosonde. Major cities are labelled with
their locations demonstrated by the SINCA sites at the beginning of their
names.

2.2.2

Meteorological Service of Chile (DMC)

The Meteorological Service of Chile (DMC) administers a national meteorological and climate observational network whose monitoring spans a range from a few
years to several decades, starting in the mid-20th Century. This information is pub-

44

Chapter 2. Data and Methods

licly available on the DMC Climate Services website2 . The monitoring includes
measurements of surface temperature, precipitation, wind speed and wind direction. The location of DMC ground monitoring sites, Calama and Cerro Moreno
(Antofagasta airport) considered in this study are plotted in Fig. 2.2. Both Cerro
Moreno and Calama sites from DMC have surface records to the date of wind speed
and wind direction (10 m height), temperature, relative humidity, and surface atmospheric pressure since 1950. As the data is provided at an hourly frequency, temporal averages were computed following the same criteria as the SINCA dataset.

2.3

Cerro Moreno atmospheric sounding

Radiosondes have been launched at Cerro Moreno (Antofagasta airport) since 1957.
For most of the period only a single sounding was taken 12:00 UTC (08:00 or
09:00 am local time), although an additional 00:00 UTC sounding is now routine.
The variables measured throughout the atmospheric column correspond to the standard list for atmospheric sounding datasets: atmospheric pressure, height, temperature, dew point, relative humidity, wind direction, and wind speed. The number
of pressure levels has varied significantly over the years, from roughly 15 in the
first decades to more than 100 levels at present, spanning from the surface to the
mid-stratosphere, at about 30 km height.
The data is officially available from the Department of Atmospheric Science
of the Wisconsin University3 , which has been widely used for scientific research
as a data source for atmospheric soundings around the globe. Although launching
started in 1957, the Wisconsin dataset reports data since 1973. However, this is
appropriate for the purposes of this research. As shown in Fig. 2.2, Cerro Moreno
(Antofagasta airport) corresponds to a shared location of both the Cerro Moreno
radiosonde launching site and the DMC meteorological monitoring site.

2 https://climatologia.meteochile.gob.cl/
3 http://weather.uwyo.edu/upperair/sounding.html
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Remote sensing of aerosols

Two sources of data are used for aerosol characterisation in northern Chile and analysed in Chapter 4. These correspond to the Aerosol Robotic Network (AERONET)
and the Moderate Resolution Imaging Spectroradiometer (MODIS) dataset. The
satellite-based study of mineral dust dynamics over the Atacama Desert in Chapter
4 is primarily based on MODIS satellite products of aerosols optical features. The
AERONET data from the Arica site (Fig. 2.2) was used for validation purposes
of the MODIS satellite products. Both data sources are described in the following
subsections.

2.4.1

Aerosol Robotic Network (AERONET)

The Aerosol Robotic Network (AERONET)4 comprises a global observational network equipped with Sun and sky scanning ground-based radiometers, and was developed to measure optical and microphysical properties of aerosols around the
globe (Holben et al., 1998). It is administrated by the National Aeronautics and
Space Administration (NASA) and the National Observatory for Aerosol (PHOTONS).
From a few sites when started in 1992, there are currently about 500 sites distributed worldwide that perform Sun measurements at 340, 380, 440, 500, 675,
870, 940, 1020 and 1640 nm wavelengths, which are used to compute total column Aerosol Optical Depth (AOD) (Jethva et al., 2019; Sinyuk et al., 2020). The
AERONET network has extensively been used by the research community either for
local aerosol characterisation and climatology, or satellite product validation (Holben et al., 1998; Zhang et al., 2005; Schuster et al., 2006; Kaskaoutis et al., 2007;
Russell et al., 2010; Martins et al., 2017; Xu, 2018; Jethva et al., 2019). In this work,
data from the AERONET site located in the northern city of Arica (Fig. 2.2) is used.
The data correspond to AERONET Version 3 Level 2 product (cloud-cleared and
quality-assured, Giles et al. (2019)). The data selection from the AERONET site in
Arica and the collocation method used for validation of the satellite MODIS products are detailed in Chapter 4’s method (§4.2).
4 https://aeronet.gsfc.nasa.gov/
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2.4.2

Moderate Resolution Imaging Spectroradiometer (MODIS)

The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument is onboard the Terra and Aqua satellites operated by the National Aeronautics and Space
Administration (NASA). It is the most widely validated remote sensing instrument,
or sensor, for aerosols retrieval (Levy et al., 2013; Bilal and Nichol, 2015; Mhawish et al., 2017; Tao et al., 2017; Mhawish et al., 2019). MODIS sensors measure
the reflected and emitted radiance of the Earth-atmospheric system with 36 bands
between 0.4 and 14.4 µm (Tao et al., 2017). The two satellites pass overhead at
different times: Terra provides aerosols retrievals at morning and noon local time,
whereas Aqua provides aerosols retrievals at afternoon local times. MODIS products are widely used for studying aerosols properties around the globe over the
oceans and multiple land categories. Four independent algorithms have been developed to retrieval of aerosols properties: dark target (DT) over ocean (Levy et al.,
2013), dark target for dark land and vegetated regions (Tanré et al., 1997), deep
blue (DB) for bright surfaces (Hsu et al., 2004), currently operational over the entire globe (Hsu et al., 2013), and the Multi-angle Implementation of Atmospheric
Correction (MAIAC) for global application (Lyapustin et al., 2011a,c). The MAIAC algorithms has only recently become an operational product (Lyapustin et al.,
2018).
The quality of aerosols retrievals from satellite sensors relies on four fundamental factors; determination of the surface reflectance, identification of surface
snow and ice, detection of clouds, and the microphysical & optical model (Hsu
et al., 2013).The relative importance of these four factors varies with aerosol load.
The correct determination of the surface reflectance becomes more important as the
aerosol load decreases, and it is a key factor for aerosol properties retrieval over
land (Mi et al., 2007). On the other hand as the aerosols load increases, the accurate
determination of the microphysical and optical properties becomes key (Jeong and
Li, 2005). Over the land the surface reflectance influences the top-of-atmosphere reflectance signal at red and near-infrared wavelengths, which introduces uncertainty
in the determination of aerosol properties. This is significantly enhanced in areas
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with high surface reflectance, such as deserts – sometimes to the point that remote
sensors struggle to separate both signals adequately (Hsu et al., 2013). The deep
blue (DB) algorithm was developed to get around this issue, by using the 412 nm
wavelength, at which surface reflectance is less, to allow the discrimation of the topof-atmosphere signal over bright areas (Hsu et al., 2004; Jethva et al., 2019). Since
its formulation, Deep Blue has been widely used for dust characterisation over arid
and semiarid regions (Ginoux et al., 2012; Sayer et al., 2014; Tao et al., 2017; Jethva
et al., 2019). The second generation of the DB algorithm, described in detail in Hsu
et al. (2013), detects mineral dust based on the difference of brightness temperature in the infrared bands 8.6µm, where dust absorption is stronger, and 11 µm.
DB retrieval operates at 1 km horizontal resolution, which is aggregated at 10 km
horizontal resolution in the level two products MOD04L2 (Terra) and MYD04L2
(Aqua)5 .
The Multiangle Implementation of Atmospheric Correction (MAIAC) (Lyapustin et al., 2011a,c) is a relatively new operational algorithm from MODIS. After
significant improvements for aerosols retrieval over bright land surfaces, such as
deserts, and smoke detection (Lyapustin et al., 2012), Lyapustin et al. (2018) introduced the latest version of MAIAC for processing the MODIS Collection 6 data
record. MAIAC retrieves aerosols properties at 1 km resolution, as a final product,
over both dark and bright surfaces on a sinusoidal grid (see Fig. 2.3). This allows
fine-scale variability characterisation which is useful for local mineral dust and air
pollution studies (Lyapustin et al., 2012; Kloog et al., 2015; Martins et al., 2017).
MAIAC gridded products are currently available for the entire time that the MODIS
satellites have been operating since 2000 for Terra and since 2002 for Aqua.
MAIAC uses a time series approach and multi-angle observations for dynamically deriving the surface bidirectional reflectance factors between 0.47 (blue) and
2.1 µm. In particular, MAIAC derives the spectral surface bidirectional reflectance
distribution function (BRDF), favouring smoke and dust detection, and atmospheric
correction. This method delivers a significant advantage in comparison to other al5 https://modis.gsfc.nasa.gov/data/dataprod/mod04.php
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Figure 2.3: MODIS sinusoidal grid used by MAIAC algorithm. MAIAC process data over
green (land) and light blue (ocean-land-containing) tiles (Lyapustin et al., 2018)

gorithms such as Dark Target (Levy et al., 2013) and VIIRS (Jackson et al., 2013)
that are based on empirical assumptions for deriving surface properties (Martins
et al., 2017). Those products use swath-based processing meaning that the satellite footprint is orbit-dependant and varies according to the scan angle. This requires aerosols retrievals to be based on prescribed spectral surface reflectance ratios (Martins et al., 2017; Lyapustin et al., 2018). MAIAC, however, uses physical
atmosphere-surface model whose parameters are determined from surface observations (Lyapustin et al., 2012) resulting in significantly fewer prescribed properties.
This is possible due to the multi-angle implementation in MAIAC over the regular
sinusoidal 1km-resolution grid (see Fig. 2.5). The algorithm also applies time series
accumulation over a 16-day period with a sliding window, as well as image-based
processing. This means that MAIAC can retrieve aerosol properties and the bidirectional surface reflectance simultaneously (Lyapustin et al., 2018). These variables,
provided at fine 1 km resolution, have led to the use of MAIAC product in several
air quality studies (e.g. Chudnovsky et al., 2013; Kloog et al., 2014, 2015; Di et al.,
2016; Stafoggia et al., 2017; Tang et al., 2017; He et al., 2020).
Both DB (MOD04L2 and MYD04L2) and MAIAC (MCD19A2) datasets were
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downloaded from the Level-1 and Atmosphere Archive and Distribution System
Distributed Active Archive Center (LAADS DAAC) website6 . The selection of
aerosols optical features from MODIS MOD04L2, MYD04L2 and MCD19A2
products, and the time and spatial coverages from the satellite retrievals are described in the method section in Chapter 4.

2.5

Earth system modelling outcomes

Earth system modelling outcomes from the UKESM1 Earth System Model
(UKESM1-0-LL) are explored in detail in Chapter 6 in order to provide modelled evidence throughout the 20th and 21st centuries regarding climate change
impacts over southern South America and the eastern South Pacific and future
trends of PM10 and PM2.5 across northern Chile. Here earth system models are
described as a state-of-the-art family of fully coupled climate models, and then the
UKESM1-0-LL model used in this study is described.

2.5.1

Earth System Models (ESMs)

Coupled atmosphere-ocean models simulate the physical processes of the climate
system, such as the conservation of momentum, equation of state, temperature equation, continuity equation, conservation of mass, moist dynamic and equations governing the cryosphere. These computations have been at the core of the so-called
coupled Atmosphere-Ocean General Circulation Models (AOGCM). Additionally,
AOGCMs commonly include a land surface model to capture the land surface temperature, soil moisture, snow cover and vegetation. This module can be a subcomponent of the atmospheric model due to the short time feedback between both
(Neelin, 2011).
Recent endeavours in modelling science, especially during the last decade,
have been focused on incorporating the chemical and biological elements of the
climate system to the modelling scheme. A widely accepted term for this family
of models is Earth System Models (ESMs), although the terminology has not been
without controversy (Neelin, 2011). ESMs still use an AOGCM for simulation of
6 https://ladsweb.modaps.eosdis.nasa.gov/
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the physical aspects of the climate system. However, complexity is added by coupling the AOGCM with the modelling of ecosystem processes, atmospheric chemistry, aerosols and biogeochemical cycles (e.g. carbon and nitrogen cycles), among
others (Neelin, 2011; Flato et al., 2013b; Heavens et al., 2013; Bonan and Doney,
2018). A significant advantage of the ESM approach is not only the physical understanding of the ecosystem (such as the alteration of energy and mass balance by
marine and terrestrial feedbacks) but also the opportunity of better measures of direct impacts on society (such as marine biological production and air quality(Bonan
and Doney, 2018)). On the other hand, ESMs represent a significant challenge in
terms of measuring uncertainty due to the inclusion of Earth system components
that are difficult or even impossible to observe (Sellar et al., 2019) (Fig. 2.4).

Figure 2.4: Sources of uncertainty in Earth System Models (ESMs). Model outcomes
are given by climate feedback, the internal variability and ecosystem impacts.
These elements, along with initial conditions and scenarios formulation, contribute to final models uncertainty. (From Bonan and Doney, 2018) .

The atmosphere and ocean modelling components in a climate model are coupled, which means they regularly transfer information between themselves. Generally speaking, the entire system is discretised into grid cells representing a portion
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of atmosphere or ocean which defines the spatial resolution of the model (Neelin,
2011). However, grid systems differ between the atmosphere and ocean module.
In the atmosphere, hybrid vertical coordinates are often used. These are essentially
pressure coordinates aloft, but transition to heights nearer the surface. The horizontal resolution of both meridional and zonal grids may vary from the Equator to
the poles (Sellar et al., 2019). The vertical grid is finer at the lower troposphere,
to capture boundary layer dynamics, and tends to decrease significantly from the
mid-Troposphere (Neelin, 2011).
Ocean grids tend to present similar characteristics, although their formulations
respond to different approaches accordingly to the portion of the ocean basin to
simulate. In ocean models, the depth coordinate of distance is used for the representation of the boundary layer, that is the shallow layer of seawater. Models can use
terrain-following sigma coordinates (useful for ocean boundaries) or isopycnic coordinates (useful for interior ocean representation). However, both these grids must
be interpolated onto depth coordinates prior to upload onto the Earth System Grid
Federation (ESGF; Griffies, 2004). Similarly to atmosphere grids, the vertical resolution is considerably finer near the surface due to the complex ocean-atmosphere
interchange taking place in the mixing layer and the thermocline (Griffies, 2004;
Neelin, 2011).

2.5.2

UKESM1-0-LL

The first version of the UK Earth System Model UKESM17 (Sellar et al., 2019), is
the successor of the HadGEM-2-ES model (Bellouin et al., 2011a). It represents a
joint effort of the U.K.’s Met Office and the Natural Environment Research Council (NERC) which also contributes to the Coupled Model Intercomparison Project
Phase 6 (CMIP6). UKESM1 uses the HadGEM3-GC3.1 model (Kuhlbrodt et al.,
2018; Williams et al., 2018) as the physical core for the representation of the physical climate system, which has shown significant improvements in comparison with
its predecessor (Kuhlbrodt et al., 2018; Sellar et al., 2019). The atmosphere in
UKESM1 is represented by 85 vertical levels on a hybrid following-terrain coordi7 https://ukesm.ac.uk/
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nate scheme from the surface up to 85 km height. The analysis undertaken in this
thesis uses the low horizontal resolution of the model, formally called UKESM10-LL. Both land and atmosphere are discretised through a regular grid with 1.25°
latitude and 1.87° longitude of horizontal resolution (Sellar et al., 2019; Walters
et al., 2019). On the other hand, the ocean grid (Storkey et al., 2018) comprises a
common vertical grid of 75 levels on an isotropic Mercator grid with a hierarchical
resolution scheme from three different model configurations of 1, 1/4 and 1/12 °
resolution at the Equator. The thickness of the vertical levels ranges from 1 m near
the surface to 200 m in the deep ocean to focus resolution within the mixing layer.
The Earth system components coupled to HadGEM3-GC3.1 constitute models in themselves. This coupling between components is particularly relevant since
it allows dynamic feedback between them and provides the scope for the model’s
practical applications (Sellar et al., 2019). The set of system modelling components includes terrestrial carbon and nitrogen cycles, ocean biogeochemistry and
an atmospheric chemistry model (encompassing both the troposphere and stratosphere), coupled with a multi-species aerosol scheme. The aerosol scheme includes
sea salt, black carbon (BC), sulphate, particulate organic matter and dust aerosol
species (Sellar et al., 2019; Mulcahy et al., 2020). Several benefits arise from the
atmospheric chemistry coupling, which has direct applications on policies along
with the opportunity of addressing a wide range of scientific questions not possible
to answer solely through its physical core model. For instance, the prognostic atmospheric chemistry allows the inference of particulate matter concentrations from
chemical species outcomes and the analysis of air quality trends globally or regionally under given global emissions pathways and future climate change scenarios.
Also, mitigation strategies can be assessed from short-lived pollutants and climate
forcers, such as tropospheric ozone or methane (Stohl et al., 2015; Sellar et al.,
2019). The main components of UKESM1 and their corresponding references are
listed in table Table 2.2. A full description of UKESM1 components is available in
Sellar et al. (2019).
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Table 2.2: UKESM1 Component Models

Component
Model
Physical
core
model

Description

Reference

HadGEM3-GC3.1:
atmosphere-landocean-sea ice coupled model

Terrestrial biogeochemistry

Joint UK Land Environment Simulator (JULES). Plants physiology and funcional types, and nitrogen cycle. Land
use model, dynamic vegetation and agricultural land use change
Model of Ecosystem Dynamics, nutrient Utilisation, Sequestrationand Acidification (MEDUSA). Submodel (diagnostic) for Dimethylsulfide (DMS) surface
sea water concentration
United Kingdom Chemistry and
Aerosol model (UKCA). Unified
stratospheric-tropospheric
chemistry,
aerosols-chemistry coupling

Kuhlbrodt et al.
(2018); Williams
et al. (2018)
Clark
et
al.
(2011); Harper
et al. (2016,
2018)

Ocean
biogeochemistry

Atmospheric
chemistry, composition

Yool et al. (2013);
Anderson et al.
(2001)

Archibald et al.
(2020); Mulcahy
et al. (2018)

The aerosol scheme in UKESM1 corresponds to the GLOMAP modal aerosol
microphysics scheme (Mann et al., 2010, 2012; Mulcahy et al., 2020). The term
modal refers to the aerosol species computation through the aerosol mass and number estimation for five size classes (or modes) of particle. For black carbon (BC),
organic matter (OM), sulphate and sea salt, there are four soluble modes (with radius
boundaries between the modes at 5, 50 and 250 nm) as well as one insoluble mode.
The aerosol composition is computed separately for each mode from microphysical
representations during the model simulation (Mulcahy et al., 2020). The anthropogenic emissions of SO2 , BC and OM taken from the Community Emissions Data
System (CEDS, Hoesly et al., 2018). The anthropogenic biomass burning emissions
were compiled by van Marle et al. (2017) from the Global Fire Emissions Database,
the interactive fire and emissions algorithm for natural environments (INFERNO),
and fire modelling. Whereas all anthropogenic emissions are prescribed, natural
aerosols emissions are dynamically computed in UKESM1. This is possible due to
the full coupling of ESM components, including biochemical processes and vegetation dynamics. This interactive simulation capacity allows the dynamical estimation
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of emission for sea salt aerosols, dimethyl sulfide (DMS), primary organic aerosols,
and biogenic volatile organic compounds (BVOCs) (Sellar et al., 2019; Mulcahy
et al., 2020).
Dust aerosol emissions are computed independently through the ‘CLASSIC’
dust scheme (Bellouin et al., 2011b). As mineral dust production is simulated from
the bare soil fraction in the land-use module, the bias in emissions is strongly sensitive to vegetation representation in the land-use model, especially in arid or semiarid regions (Sellar et al., 2019). Once the dust is emitted, the horizontal flux is
computed for nine bins between 0.064 and 2000 µm diameter, and the vertical flux
is derived for six bins from 0.064 to 64 µm diameter (Mulcahy et al., 2020).
Regarding optical properties of mineral dust and its wavelength-dependent refractive response, these are parameterised following Balkanski et al. (2007). The
refractive indices proposed by Balkanski et al. (2007) are based on mineralogical databases comprising abundances of iron oxides (main absorber in the visible
spectrum). Therefore, the optically active mineral components of dust are first considered for refractive indices computation according to the range of minerals constituents over a given region.
In the ‘CLASSIC’ mineral dust scheme, from all aerosol species, both mineral
dust and FFBC (fossil fuel black carbon) are considered non-hydrophilic. This
means that during simulations, mineral dust particles do not experience hygroscopic growth. Therefore, they do not experience changes in specific extinction
due to increasing relative humidity (Bellouin et al., 2011b). Regarding to the other
aerosols species, the parameterization for hygroscopic growth follow the schemes
by Fitzgerald (1975) (sulphate, sea-salt, and nitrate aerosols), Haywood et al. (2003)
(biomass burning aerosols, fossil fuel organic carbon aerosols), and Varutbangkul
et al. (2006) (biogenic aerosols).

2.6

Regional climate modelling outcomes

Regional climate models (RCMs) were developed for downscaling climate fields
produced by GCMs to provide simulations at finer scales, usually more suitable
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for regional analyses, including applications on impact assessments and adaptation
(Giorgi, 2019).
Nowadays, RCMs are usually forced by an AOGCM, ESM or reanalysis products and hence provide dynamical downscaling. This is particularly useful for
analysing short-term phenomena and for the development of predictions and forecasting tools, such as air quality forecasting services. This is the reason why RCMs
usually force chemical transport models (CTM) for air quality simulation. Although
dynamical downscaling represent a suitable alternative to minimise topographic biases from forcing global models or reanalyses, the success depends on the regional
model’s formulation and the domain (Manzanas et al., 2018). Such uncertainties,
along with any other from climate models, add additional sources of uncertainty for
air quality analyses (Menut et al., 2013).
Regional climate modelling outcomes from the UCAN-WRF341I SAM44,
RegCM4-SAM44 and RegCM4-CL09 models provide modelled evidence for the
atmospheric ventilation study over northern Chile carried out in Chapter 5. In the
following subsections, each modelling dataset is described.

2.6.1

UCAN-WRF341I SAM44

The Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) is
a numerical weather prediction (NWP) and atmospheric simulation system widely
used by the scientific community for both operational applications and weatherclimate scientific research. Its use as an open-source community model allows its
extensive application for research, including regional climate simulations and air
quality.
The UCAN-WRF341I SAM44 model (Manzanas et al., 2018) corresponds to
WRF model, version 3.4.1, configured by the University of Cantabria (UCAN),
as a contribution to the Coordinated Regional Climate Downscaling Experiment
(CORDEX) for the South American domain8 (Fig. 2.5). UCAN-WRF341I SAM44
is one of the few RCMs contributing to CORDEX over this region.
The South American domain in CORDEX (SAM-44) is set to 0.44° horizontal
8 https://cordex.org/
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resolution with a rotated pole system over an equatorial domain (Fig. 2.5). This
reproduces a quasi-uniform resolution equivalent to about 50 km across the domain. The experiment explored was the evaluation period (1979-2011) forced by
the ECMWF ERA-Interim reanalysis (a precursor to the ERA5 reanalysis, at a 0.75°
horizontal resolution) .

Figure 2.5: South American Domain SAM-44 defined by CORDEX and used in UCANWRF341I SAM44 and RegCM4-SAM44 models (CORDEX, 2015).

The UCAN configuration of WRF for CORDEX comprises 30 vertical levels
along with the physical parameterisations summarised in Tab 2.3 as described by
Manzanas et al. (2018). Daily output was downloaded for the evaluation experiment. A complete list of variables as well as the analyses performed are detailed in
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the method section in Chapter 5.
Table 2.3: UCAN-WRF341I SAM-44 physical parameterisations

Physical Param.
Long and short wave
radiation
Non-local closure planetary boundary layer
(PBL) scheme
Land surface model
Moist processes

Unresolved convection

2.6.2

Scheme
NCAR Community Atmosphere
Model
Yonsei University
(YSU)

Reference
Collins et
(2004)

Noah land surface model
single-moment
scheme with 5
microphysics
species (WSM5)
Kain-Fritsch cumulus scheme

Chen and Dudhia
(2001)
Hong
et
al.
(2006)

Hong
(2006)

et

al.

al.

Kain (2004)

RegCM4-SAM44 and RegCM4-CL09

The RegCM4-SAM44 and RegCM4-CL09 (Bozkurt et al., 2019) are two simulations over Chile of the hydrostatic Regional Climate Model version 4 (RegCM4)
developed by the International Centre for Theoretical Physics (ICTP) (Giorgi et al.,
2012). RegCM4 is the latest version of RegCM which was first published by Giorgi
et al. (1993). Its dynamical core is based on the Penn State/NCAR Mesoscale Model
(MM5) (Grell et al., 1994). RegCM has been widely used for simulations of the climate system at regional scale on domains governed by complex topography, such
as complex land regions across the European Alps, (Giorgi et al., 2016), Asia (Marcella and Eltahir, 2012; Xue-Jie et al., 2013; Oh et al., 2014), and the poles (Grassi
et al., 2013; Bozkurt et al., 2018) and northern Chile (Bozkurt et al., 2016).
RegCM4-SAM44 and RegCM4-CL09 datasets are the product of a set of simulations on two nested domains coupled with a one-way nesting approach (Bozkurt
et al., 2019). The coarser domain corresponds to SAM-44, as defined by CORDEX
(0.44°horizontal resolution, 50 km), and its outcomes are reported as RegCM4SAM44. The outcomes from the finer domain (0.09°horizontal resolution, 10
km) forced by RegCM4-SAM44, are reported as the RegCM4-CL09 (Fig. 2.6).
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The simulation was performed for an evaluation experiment (hindcast simulation)
spanning the period 1980-2015 (1979 spin-up), whose driving global dataset was
the ERA-Interim reanalysis (0.75°horizontal resolution) which provides boundaries
condition for the coarser domain SAM-44 (Bozkurt et al., 2019).

Figure 2.6: South American Domain SAM-44 defined by CORDEX used by RegCM4SAM44 (coarse, 50 km), and CL09 domain over Chile used by RegCM4-CL09
(fine, 10 km). Adapted from Bozkurt et al. (2019)

The configuration of RegCM4 for both domains (SAM-44 and CL-09) comprises 27 vertical levels along with the physical parameterisations summarised in
Tab 2.4 as described by Bozkurt et al. (2019). Daily outcomes from both RegCM4-
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SAM44 and RegCM4-CL09 were downloaded from the CR2 server9 .
Table 2.4: RegCM4-SAM-44 and RegCM4-CL09 Physical Parameterisations

Physical Param.
Land surface model

Planetary
Boundary
layer
Radiative scheme

Ocean ux parameterization
Resolvable precipitation
Cumulus convection
Cumulus
closure
scheme

2.7

Scheme
BiosphereAtmosphere
Transfer Scheme
(BATS)
-

Reference
Dickinson (1993)

NCAR Community Climate System Model Version 3 (CCSM3)
-

al.

Holtslag et
(1990)
Kiehl
et
(1996)

al.

Zeng et al. (1998)

-

Pal et al. (2000)

Grell
Fritsch and Chappell

Grell (1993)
Fritsch and Chappell (1980)

ERA5 reanalysis outcomes

The ERA5 reanalysis is used in multiple chapters to provide reanalysed meteorological data as support for a satellite-based mineral dust analysis (Chap. 4), the
computation of atmospheric ventilation indexes (Chap. 5) and the characterisation
of current meteorology in the analysis of future climate change impacts over the
Atacama Desert (Chap. 6).
The ERA5 reanalysis10 , developed by the European Centre for Medium-Range
Weather Forecasts (ECMWF), replaced the ERA-Interim reanalysis, which ended
production in 2019. Several improvements were performed in ERA5 in comparison with its predecessor (ERA-Interim). These include hourly resolution outcomes
for a wide range of climate, land and oceanic variables on single and by pressure
levels since 1979. The dataset is public access in the Climate Data Store (CDS)11 .
9 http://www.cr2.cl/simulaciones-regionales-regcm4/
10 https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
11 https://cds.climate.copernicus.eu
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A preliminary version for the period 1950-1978 is also currently available. The
reanalysis comprises 137 vertical levels up to roughly 80 km height (a substantial
improvement compared to the 60 levels in ERA-Interim). ERA5 is provided on a
Gaussian N160 grid, with a resolution of approximately 31 km.
The ERA5 dataset used in this research comprises hourly outputs of zonal and
meridional wind at surface and 500 hPa, surface temperature, and boundary layer
height across northern Chile and over the eastern Pacific. The data was downloaded
from the CDS website. The specific variables selection and period of analyses are
detailed in the method sections in Chapters 4, 5, and 6 in accordance with the objectives defined in each chapter.

2.8

Summary

This chapter has outlined a range of datasets that are used in the subsequent analyses as well as an overarching methodology through which the research has been
performed. The datasets come from sources rooted in instrumental observations and
model simulations, or a blend both.
Observational datasets comprise air quality and meteorological ground level
records from the National Air Quality Information System of Chile (SINCA) and
meteorological observations from the Meteorological Service of Chile (DMC).
Also, upper-air meteorological observations from the last decades have been explored from the Cerro Moreno atmospheric sounding. Satellite aerosols retrievals
comprise DB (MOD04L2-MYD04L2) and MAIAC (MCD19A2) aerosols products at 10 and 1 km resolution, respectively, over northern Chile for 2010-2019.
Also, aerosols properties have been obtained from the Aerosol Robotic Network
(AERONET) site located in Arica for the same period.
Regarding the regional climate models explored, these correspond to the
UCAN-WRF341I SAM44 model contributing to CORDEX, and the RegCM4SAM44 and RegCM4-CL09 modelling experiments developed by the Center for
Climate and Resilience Research (CR2). Also, reanalysed data from ERA5 have
been used. Finally, historical (20th Century) and climate change (21st Century)
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analyses had been carried out by exploring the outcomes from the UK earth system
model (UKESM1) contributing to CMIP6.
At their heart, the model simulations used in this dissertation are often built
upon general circulation models. Given the finite computer resources, there is a
necessary trade-off between resolution, complexity and size of the domain. Simulation output from regional climate models is used to investigate boundary layer
meteorology in Chap. 5, which requires information at fine temporal and spatial
scale. Meanwhile, Chap. 6 on future climate and air quality change requires a fully
coupled Earth System Model, with its additional complexity and components. This
chapter has focused on aspects of the methodology that span several chapters. Further specifics on each of the datasets and analyses used for each individual study are
included in the relevant chapters.

Chapter 3

The Atacama Desert: Climate
Dynamics and Air Quality
The Atacama Desert is located along the western coast of South America between
15°S and 30°S, meaning it includes southern Peru and the bulk of northern Chile
(Houston and Hartley, 2003). The hyper-arid region of northern Chile, which is
the subject of this research, spans between 18°S and 30°S (Schulz et al., 2011).
As introduced in Chapter 1, this region plays a crucial role in the socio-economic
development of Chile, and it is home to about 1.5 million people concentrated in
several major urban areas.
This chapter describes the Atacama Desert in detail with a particular focus on
its climate, current anthropogenic and natural emissions, and concentration levels
of particulate matter (PM10 and PM2.5 ). The understanding of these three elements
provides the basis for the studies presented in the Chapters 4-6 of this thesis. It
starts with a review of the climate dynamics of the Atacama Desert (§3.1). Data
from upper-air observations are then analysed to compute the height of the temperature inversion layer, which dominates the northern Chilean coast (§3.2). Third, a
public dataset of air pollutants emissions is explored to characterise primary emitter
activities. Finally, air quality levels, focusing on particulate matter, are examined,
followed by the final remarks. It is important to highlight that this chapter does not
intend to do source attribution but reflects on the observed air pollution levels as a
characterisation of the study area.
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3.1

Climate Dynamics in the Atacama Desert

The Atacama Desert is bounded in the west by the Pacific Ocean, whereas to the
east, it is flanked by the Andes Cordillera that reaches altitudes up to about 3,500 m
above sea level (Houston and Hartley, 2003). This region is one of the driest places
on the Earth, with mean annual precipitations ranging between 1 and 80 mm in its
northern and southern regions, respectively (Quade et al., 2008; Sträter et al., 2010;
Schulz et al., 2011).
The extremely arid conditions of the Atacama Desert are the result of several
interactions between the ocean, atmosphere and land surface occurring on multiple temporal and spatial scales (Fig. 3.1). These hyper-arid conditions are directly
related to this regions location under the high-pressure system associated with the
subsidence of the Hadley cell at the southern tropical latitudes (Houston and Hartley, 2003; Sträter et al., 2010; Muñoz et al., 2011; Schulz et al., 2011). As well as
large-scale atmospheric subsidence, the South Pacific Anticyclone leads to a constant southerly airflow driving active coastal upwelling of the Humboldt current
along the Northern Chilean and Southern Peruvian coasts (Oyarzún and Brierley,
2019). Because of the Humboldt upwelling, surface waters in the Southeast margin of the Pacific Ocean exhibit remarkably cool temperatures in comparison to the
zonal mean (Schulz et al., 2011). Both the stable subsidence system (zonal forcing) and the persistent cold sea surface water along the coast (ocean forcing) lead
to strong atmospheric stability and the formation of a very persistent temperature
inversion layer (TIL) at roughly 1 km above sea level (Sträter et al., 2010). This inhibits convection and hence precipitation (Houston and Hartley, 2003; Sträter et al.,
2010; Muñoz et al., 2011; Schulz et al., 2011). Additionally, the upwind slope of
the Andes Cordillera acts as a natural barrier for mixing and convection processes
of moist easterly air masses, which leads to a rainshadow effect on the leeward side
of the Andes (Houston and Hartley, 2003; Schulz et al., 2011). Finally, a disconnection with the Amazonia-Atlantic source of moisture provides a continental forcing
of the extremely arid conditions in the region (Ortlieb, 1995; Houston and Hartley,
2003).
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The Andes have a substantial effect on the climate of the Atacama Desert, since
they acts as a vertical barrier for easterly atmospheric flows. At the lower latitudes
over the Andes, between roughly 15°S and 22°S, intense precipitation can occur as
a result of convective systems associated with a north-easterly humid-warm upper
airflow from Amazonia (Garreaud et al., 2003; Schulz et al., 2011). In this Andean
region, known as the ‘Altiplano’, the zonal summertime airflow is linked to a latitudinal expansion of the equatorial easterlies in the middle and upper troposphere.
Therefore, this abundance of moisture is the product of a large-scale moisture transport rather than changes in local moisture sources (Vuille, 1999; Garreaud et al.,
2003). In wintertime, the primary source of moisture in the Atacama is associated
with the north-easterly extratropical cold fronts, leading to frontal precipitations
systems (Garreaud and Rutllant, 1996; Vuille and Ammann, 1997; Schulz et al.,
2011). Also, cut-off lows that usually hit central Chile can reach lower latitudes
and trigger rainfall in northern Chile (Fuenzalida et al., 2005; Schulz et al., 2011).
Therefore, two primary sources of moisture are identified for the Atacama Desert,
depending on the season and location. In the Altiplano, convective rainfall usually
occurs in summer, whereas in coastal areas and lower altitudes, frontal precipitations occur in winter, with occasional contributions of cut-off low-pressure systems
that migrate from higher latitudes. Due to the zonal dependence of these phenomena, the boundary between both areas is described as a diagonal limit over the Andes
Cordillera at the Altiplano latitudes (Houston and Hartley, 2003).
Surface local wind patterns are seasonally modulated the South Pacific Anticyclone (SPA), especially along the coast. The land-ocean thermal contrast enhanced
by the equatorward winds that promote coastal upwelling reaches their maximum
during the afternoon of the austral summertime (Rutllant et al., 2003; Oyarzún and
Brierley, 2019). The varying land-ocean pressure gradients over the course of the
day combines with topographic factors modulates the daily wind speed and direction cycles along the coast and over the inner Atacama Desert. This results in a
distinctive wind pattern over the desert (Garreaud and Falvey, 2009; Rutllant et al.,
2013). Within the planetary boundary layer, the ocean-land gradient results in pre-
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vailing strong south-westerlies during the afternoon, contrasting with light north
easterlies during the night and early morning. This cycle is enhanced by an intensification of the coastal subsidence during the afternoon, which results in the
clearing of the stratocumulus cloud deck (Garreaud and Falvey, 2009; Schulz et al.,
2011; Rutllant et al., 2013). As reported by Muñoz et al. (2013) from two years
of multilevel observational records, there are some differences between the central
region desert and the region closer to the Andes. This cycle provides a significant
zonal wind component in the central desert region, with intense westerlies dominating during the daytime and weaker easterlies governing nighttime and the early
morning. However, in Calama, and influenced by topography, south-westerlies predominate during the daytime, and down-valley north easterlies govern during the
night and early morning (Rutllant et al., 2013).

Summertime – Altiplano

Convection

Hadley Cell Subsidence System
Zonal effect

Northeasterly moist air flow
Upper troposphere

Dry-warm air
Andes Cordillera
TIL base (TILH)
~ 900 hPa
1,000 m a.s.l

Leeward
Rainshadow effect

Scu cloud deck
Fog
Moist marine air
Reduced convection
T

Easterly low-moist air flow
Windward orographic precipitation

Costa Cordillera

Persistent low SST

Coastal Upwelling Humboldt Current
Ocean Effect

Figure 3.1: A schematic of the climate dynamics in Northern Chile. This cross-section is
looking equatorwards and highlight the three important contributors: the zonal,
ocean and rainshadow effects. TIL means ‘temperature inversion layer’ and
Scu means ‘stratocumulus’.

Along the coast of Northern Chile, the planetary boundary layer is capped
by a persistent Temperature Inversion Layer (TIL). Under the inversion, the lower
troposphere is characterised by cold and humid marine air, whereas the subsiding
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air above is warm and dry (Rutllant et al., 2003; Muñoz et al., 2011; Schulz et al.,
2011). The inversion leads to a persistent low-level stratocumulus cloud deck over
the coast along the desert, with the consequent radiative impacts and its influence
on the large-scale climate (Muñoz et al., 2011). Under the inversion and the quasipersistent stratocumulus cloud deck, a westerly fog, also known as “Camachaca”,
develops during wintertime. This represents an additional source of moisture of
the Desert (Houston and Hartley, 2003), which the local ecosystem has evolved to
harvest.
Previous studies have reported that the height of the inversion has consistently
increased during ENSO events during the 20th Century (Rutllant et al., 2003; Schulz
et al., 2011), as might be expected from the increasing sea surface temperatures.
Also, the daily and weekly cycles of the boundary layer height and cloud cover
variability have been strongly linked to synoptic-scale forcings (Garreaud et al.,
2002; Muñoz et al., 2011).
The many factors governing the hyper-arid core of the Atacama Desert, along
with the intricate topography, impose a significant challenge for climate models.
Models usually underestimate the temperature inversion layer height and contain
biases in the cloud fraction estimation, both essential in setting the hyper-arid conditions (Garreaud and Muñoz, 2005; Hannay et al., 2009; Muñoz et al., 2011). The
ocean components of climate model fail often smear out the coastal upwelling, resulting in offshore SSTs that are too warm (Oyarzún and Brierley, 2019). Winds
patterns suffer from inconsistencies in simulations especially in the inner desert,
because they only coarsely resolve the complex local geography (Bozkurt et al.,
2019).

3.2

Temperature inversion layer height

This section presents an analysis of the radiosonde records from the Cerro Moreno
launching site. This site at Antofagasta’s airport is the only upper-air monitoring site
in Northern Chile, with sufficient coverage over the relevant period. Further details
about the records can be found in §2.3. First, a subsection describes the methods
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used to compute the temperature inversion layer height (TILH), and second, the
calculated TILH is analysed. This time series is later used in Chapter 5.

3.2.1

Methods

The height of the base of the extremely stable temperature inversion layer along the
coast of the Antofagasta Region can be considered as an approximation of observed
PBLH in the area (Schulz et al., 2011). The TILH was inferred from radiosonde observations launched daily since 1957 at 8:00 local time (12:00 UTC) and 20:00 local
time (00:00 UTC) from the Cerro Moreno station, north of the city of Antofagasta.
The number of pressure levels on which data is available varies from roughly
15 in the early decades to over 100 in the present day. Vertically, these span from
the surface to the mid-Stratosphere. Only data from 1973 until 2018 is analysed,
because several gaps and the reduced number of vertical levels prior to this. The
number of vertical levels has increased from 50 (in 1973) to about 125 in the last
decade (Figure 3.2). Only the 12:00 UTC soundings are analysed, becuase data
recorded at 00:00 UTC is scarce and mainly available before 1987. These data
selection criteria result in a dataset of 15,009 records from 12:00 UTC launches
spanning 1973 and 2018.

Figure 3.2: Number of vertical levels of the radiosonde records from Cerro Moreno between 1973 and 2018.

A temperature inversion was identified when a pronounced and coincident divergence of the dew point (decrease) and temperature (increase) was observed oc-
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curred within a sounding (Fig. 3.3). The pressure level (hPa) and recorded height
(m) at its base was registered as the TILH for that day. This deviation between
temperature and dew point is also associated with a decrease of humidity, which
characterises the overlying air mass (Fig. 3.3).

Figure 3.3: Example vertical profile for 21st Dec 2016 showing the temperature inversion
layer base height. The profile contains 110 vertical levels in total, although
only the lowest levels are shown. The inversion occurs at 880 hpa.

One limitation of computing inversion base heights from radiosonde records
is the potential scarcity of observations where the inversion occurs. In the case of
Cerro Moreno, the number of vertical levels in the soundings has increased considerably after 1997 (Fig. 3.2). When no inversion is detected, the number of pressure
levels between 600 and 1,400 m height was explored to ensure that the absence of
inversion responded to an atmospheric condition rather than an absence of measurements. These two heights were used since they have been reported as usual
bottom and upper limits of the TILH in the area (Schulz et al., 2011). 880 soundings (therefore days) had less than three observations between 600 and 1,400 m.
This is insufficient to detect a turning point, and therefore these soundings were
excluded from subsequent analysis. From the 14,129 valid daily records between
1973 and 2018, 277 days did not experience an inversion layer – representing less
than 2% of the period analysed.
For the elaboration of Figure 3.4, temperature observations from each profile
were interpolated into a common regular vertical grid between 0–1,005 hPa with
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201 equally-spaced levels. This is necessary for the creation of temporal averages
and climatologies. The interpolation method used was linear in pressure. The TILH
values analysed and presented subsequently in this dissertation are derived from
using the raw levels profiles of each measurement. Although the density of vertical
levels introduces some level of uncertainty regarding the exact height of the TIL
base (TILH), using vertically-interpolated data does not minimise this uncertainty.

3.2.2

Temperature inversion layer height (TILH)

The Cerro Moreno radiosonde data shows that a quasi-permanent inversion is observed, in agreement with Schulz et al. (2011). There is a clear seasonal cycle in the
inversion layer height, although it remains around 900 hPa throughout the period
(Fig. 3.4).
Higher altitudes of the TIL base are observed in summer (Fig. 3.5). January and February also show greater variability in TILH. Single daily records have
reached up to about 1900 m height in summer, whereas in winter, the TILH reaches
up to about 1650 m height. This computed TILH time series is later used in Chapter
5 for characterising the atmospheric ventilation conditions in this area.

Figure 3.4: Vertical profile of temperatures from the Cerro Moreno radiosonde dataset.The
black line depicts the computed TILH..
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Figure 3.5: The annual cycle of the TILH computed from the radiosonde dataset from
Cerro Moreno in 1973-2018. Blue bars depict the range of one standard deviation of the observations of each day during 1973-2018. Blue triangles represent daily averages, and red circles correspond to the monthly mean during
the period of analysis.

3.3

Air pollutant emissions in northern Chile

Air pollutant emission sources in northern Chile are the result of both the geographical conditions and the economic development experienced in the country during
the last decades. The latter has led to the installation of large-scale facilities, which
comprise of mainly smelters, mineral extraction operations, and coal- and oil-fired
power plants to supply the industrial operations as well as the local population. Both
energy generation and the mining industry are of major concern regarding air pollutants emissions (PM and gaseous species) in northern Chile (Ruiz-Rudolph et al.,
2016).
Between 2004 and 2009, there was a sharp rise in coal- and oil-fired power
plants as a response to the expansion of the copper mining industry and subsequent
energy demand (Dı́az-Robles et al., 2011). These industrial facilities all emit a significant amount of the so-called ‘criteria pollutants’ (PM10 , PM2.5 , NOx , SO2 and
CO) as well as lead and arsenic. In addition, coal-and oil-fired power plants are
responsible for mercury emissions and mining operations lead to large amounts
of coarse particulate matter (CPM, or PMcoarse ) entering the atmosphere (RuizRudolph et al., 2016).
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Anthropogenic emissions reach even remote areas of the desert, as demon-

strated by fog samples collected 70 km away from the city of Iquique (20.2°S)
(Sträter et al., 2010). Evidence of sulphates and heavy metals was found, which
the authors suggest originated from populated cities, power plants, mining and steel
industry using back trajectories. The aridity of the Atacama Desert means that there
is a minimal amount of vegetation and high levels of natural dust emissions occur
from the bare soil. Sträter et al. (2010) suggest that about 50% of the ionic concentrations in their samples were associated with sea salt. They also associate the high
acidity of the fog with metals from bare soil-sourced particulate matter.
The emission rates (t per year) of a range of air pollutants across Chile are systematically collected through the Emissions and Transfer Registry (RETC in Spanish) database1 . This is an official and public access initiative designed to collect,
organise, analyse and disseminate information regarding emissions and transfers of
air pollutants harmful to human health and the environment. The database comprises of council-level yearly data, which is updated every year with emissions to
the atmosphere by point and diffuse sources from both industrial and non-industrial
activities across the whole country. The data of emissions are solicited every year
and regulated by the health authority (MINSAL, 2005). This statutory body obliges
all polluters to declare their emissions.
A summary of the 2018 version of the RECT dataset for point sources is given
in Table 3.1. Energy generation dominates the emissions for all pollutants tabulated,
except for SO2 which is dominated by metal production. Mineral extraction makes
a significant contribution to NOx and CO emissions. Construction makes notable
contributions to both the SO2 and NOx emissions. Nearly all the PM2.5 emissions
(93.7%) comes from energy generation, dwarfing all other contributors by nearly 2
orders of magnitude. It is important to mention that these statistics do not consider
diffuse emissions, which comprise wildfires, urban fires, and urban-rural residential firewood combustion. These emissions are very scarce or even nil in the dry
environment of the Atacama Desert (MMA, 2018).
1 https://datosretc.mma.gob.cl/dataset/
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Table 3.1: Combined emissions for the regions of Arica & Parinacota, Tarapaca, Antofagasta and Atacama from the RECT dataset. Sectorial contributions over 5% are
noted.

Industry
Manufacturing
Mineral
extraction
Fishing
Metal production
Construction

PM10
0.7
113.4

PM2.5
0.2
46.0

52.3
860.4
(30%)
70

34.6
13.4

CO
4.5
547.9
(22%)
73.5
149.1
(6%)
50.6

1582.4
(94%)
0.5
0.1

NOx
20.8
2297.7
(13%)
704.6
435.4
63,699.8 945.3
(72%)
(5%)
4410.2 849.8
(5%)
(5%)
17866.9 13182.2
(20%)
(72%)
3.1
57.9
0.4
6.9

Energy generation
Water supply
Energy transn
& distn
Agricultural
and forestry
Others
Total

1746.5
(61%)
2.0
0.2
0.1

0.0

0.1

0.4

10.0
2,855.7

5.0
1,689

59.9
390.8
74.2
88,033.5 18,440.0 2,516.3

6.8

SO2
2.1
1286.5

1.8

1602.1
(64%)
12.5
1.5
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The largest point sources, categorised by sectors, are mapped in Fig. 3.6.

Across the Desert, there are 75 power energy facilities (Fig. 3.6b) and 107 mineral extraction facilities (Fig. 3.6d). Meanwhile, there are 20 metal production
facilities (Fig. 3.6c), whose SO2 emission account for 72% of the total.
a

b

c

d

Figure 3.6: The relative location of emissions sources to the observing network. (a) The
SINCA network, labelled by their cities. Vehicle emissions data is available for
Antofagasta, Arica and Calama (Tab. 3.2). (b) Energy generation facilities. (C)
Metal production facilities. (d) mines and other mineral extraction facilities.

The RECT treats vehicle emission data separately to point sources, and breaks
it down to the city level (Tab. 3.2). For PM10 and PM2.5 , these comprise emissions
from tyre wear, brake wear, and exhaust emissions. Only exhaust emissions contribute to SO2 and NOx emissions. For northern Chile, the RECT database contains
information for the cities of Arica (230,000 inhabitants), Antofagasta (390,000 inhabitants) and Calama (180,000 inhabitants). The urban transport emissions of SO2
and NOx are small compared to other sectors (Tab. 3.2). PM2.5 and PM10 are
roughly the same magnitude to each other, because of the nature of the emission
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where the fine fraction of particles predominates. Vehicle emissions of PM2.5 are
larger than all point sources for but the energy generation sector.
Table 3.2: Transport emissions (t) by pollutant in 2018 for the 3 largest cities in Northern
Chile. Computed from the RECT dataset

City
Arica
Antofagasta
Calama

3.4

PM10
75.0
105.2
21.2

PM2.5
70.0
92.9
18.5

SO2
1.5
4.1
0.7

NOx
746.5
1,545.2
240.1

Particulate Matter in Northern Chile

The Chilean air quality standard for PM10 is enshrined in law by the National Environmental Commission and the Ministry General Secretariat of the Presidency of
Chile through DS-59-1998 (59th Supreme Decree during 1998, CONAMA, 1998).
The standard for PM25 is underpinned by DS-12-2011 and the later-established
Ministry of Environment of Chile (MMA, 2011). Both decrees define air quality
thresholds, whose exceedance represents a threat to human health. An area is categorised as “latent” non-attainment when the air pollutant concentrations lie between
80 and 100% of the threshold value, and an area is classified as “saturated” nonattainment when the threshold value is equalled or exceeded. According to Chilean
legislation, when the area is latent, an atmospheric prevention plan has to be implemented. When the area is saturated, an atmospheric decontamination plan has
to be carried out. Until 2010, the latent and saturated areas in northern Chile were
mostly related to dangerous concentrations of SO2 and PM10 , and primarily associated with coal-based energy generation and copper foundries (Dı́az-Robles et al.,
2011). Although mitigation efforts during the last decade have had some success,
the air quality in northern Chile still represents a challenge (Ruiz-Rudolph et al.,
2016). The threshold levels defined in both acts (DS-59-1998 and DS-12-2011)
have not been modified since their enactment, which has resulted in a substantial
discrepancies from the WHO guidelines (Tab. 3.3).
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Table 3.3: Chilean standards for annual and 24-hours means of PM10 (CONAMA, 1998),
PM2.5 (MMA, 2011), and the equivalent WHO guidelines (WHO, 2006)

Pollutant Chilean standard (µgm-3 ) WHO standard (µgm-3 )
annual
24h
annual
24h
PM10
50
150
20
50
PM2.5
20
50
10
25
SINCA contains nine sites contributing to SINCA are measuring PM10 and
twelve are measuring PM2.5 . These sites are mapped in Fig. 3.6 and described
further in §2.2.1. The recent air quality measured at these SINCA sites are given
in Tab. 3.4 and categorised in Fig. 3.7. Chilean legislation requires the average
of three consecutive years to identify the exceedance of annual mean thresholds,
so 2017-2019 are used. The sites must also have at least nine months of valid
data to compute an annual mean (§2.2.1), although this is a practical rather than
legal consideration. The WHO does not set a latent range (WHO, 2006), though
a similar approach to the Chilean definition (i.e. 80–100% of the threshold) has
been adopted. SINCA contains several sites in close proximity to each other. There
are three sites in Calama (Calama-PVK, Calama-CD and Calama) and two sites
in Tocopilla (Gobernacion and Tocopilla (Escuela E-10)). However, for mapping
purposes, only the worst case is plotted in the case of each pollutant.
There is a substantial contrast between the impressions of northern Chilean air
quality depending on whether national or international standards are used (Fig. 3.7).
For PM10 , all the sites exceed the WHO standard of 20 µgm-3 for the annual mean.
When considering the Chilean standard though, the sites of Gobernacion, Copiapo
and Calama-PVK qualify as latent and only Sierra Gorda qualifies as saturated (Fig.
3.7a,b). The contrast is more stark for PM2.5 – all sites present good air quality
under Chilean standards, yet all of them are either latent or saturated under the WHO
guidelines (Fig. 3.7c,d). A particularly interesting case is the city of Antofagasta.
This city presented reasonably good levels of PM10 and PM2.5 under the national
guidelines. However, under WHO standards, this urban centre exceeds the threshold
for PM10 and lies in the latent range for PM2.5 .
Since under Chilean normative, this distinction triggers the implementation of
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mitigation plans, either an atmospheric prevention plan or an atmospheric decontamination plan, the definition of what level of annual concentration is defined as
a threat for human health directly impacts the actions that the central government
will or will not undertake.
The annual mean values computed for all the sites measuring both PM10 (9)
and PM2.5 (12) are summarised in Table 3.4. Regarding PM10 , it is relevant to note
that all the sites exceed at least by 50% (30 µgm-3 ) the WHO threshold (20 µgm-3 ).

a

b

c

d

Figure 3.7: The annual mean of PM10 and PM2.5 for 2017-2019. Colours indicate the concentrations that exceed (red), lie in latent range (yellow) or are under (green)
the standards defined by national legislation (a,c) and international guidelines
(b,d)..
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Table 3.4: The annual mean of PM10 and PM2.5 for SINCA sites (averaged over 2017-2019)

Site
PM10 (µgm-3 ) PM2.5 (µgm-3 )
Arica
12.0
Iquique
11.8
Gobernacion
41.3
Tocopilla
38.4
11.4
Antofagasta
33.9
9.9
Sierra Gorda
56.6
9.4
Calama
31.6
6.5
Calama-CD
41.0
7.6
Calama-PVK
45.5
9.8
Copiapo
41.9
13.6
Huasco
9.9
Coquimbo
13.1
La Serena
14.0
Andacollo
39.0
A closer look at the daily mean PM10 time series from each site during the
last two decades reveals a mix of trends between them (Fig. 3.8). These time series has not been filtered to preserve daily mean values and visually contrast with
national and international standards. First, in all sites, it is evident that most of
the daily records exceed the WHO standard for the annual mean (dashed red line),
hence the high yearly levels in Tab. 3.4. A decreasing trend is observed at Tocopilla, Calama-PVK and Andacollo; with most days since 2015 between the two
thresholds. This might be related to ongoing mitigation atmospheric decontamination plans in these locations. Tocopilla, the Chuquicamata Foundry area (which
lies 21 km north of Calama), and Andacollo were designated as saturated under
Chilean legislation in 2007 (for PM10 ), 1991 (for PM10 and SO2 ), and 2009 (for
PM10 ) respectively (Dı́az-Robles et al., 2011). The area around Chuquicamata has
a long history of air pollution incidents starting well before DS-59-1998 legislation
was enacted. Several mitigation efforts in the area taken place and are still ongoing,
whose results are evidenced from the observations. Despite this, all the sites are
still largely exceeding international standards (Fig. 3.7c).
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Figure 3.8: Daily mean PM10 time series at each location. Gaps of data have been preserved in order to evidence missing records. Outliers have been removed with
99% confidence to focus on the general trends without missing the raw data.
The data has not been temporally filtered. The solid red line indicates the
Chilean standard of 50 µgm-3 . The dashed red line indicates the WHO standard
of 20 µgm-3 .

PM2.5 observations at most of the sites do not show clear trends (Fig. 3.9). The
exception is Calama, where daily PM2.5 concentrations have tended to lie below the
WHO standard since 2018 (dashed red line). This trend is also observable, but less
evident, in Calama-PVK. In general term all the sites lie between the national and
international standard values during the entire period of record, with some seasonal
exceptions when more intense PM2.5 events took place (Fig. 3.9). The exception
is Tocopilla, where the first half of the last decade suffered considerably from dangerously high PM2.5 levels, which have thankfully decreased since 2015. This may
be a consequence of the atmospheric decontamination plan required by the city in
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2010 as response of the saturated levels of PM10 . A comparison with Andacollo,
whose atmospheric decontamination plan for PM10 began in 2015, unfortunately
cannot be made as there are no PM2.5 data available for this SINCA site.

Figure 3.9: Daily mean PM2.5 concentration at SINCA sites in northern Chile. Gaps of data
have been preserved in order to evidence missing records. Outliers have been
removed with 99% confidence to focus on the general trends without missing
the raw data. The data has not been filtered. The solid red line indicates the
Chilean standard of 20 µgm-3 . The dashed red line indicates the WHO standard
of 10 µgm-3 .

When PM10 is dominated by fine-particles, such as would happen for concentrations arising from exhaust emissions (Tab. 3.2), PM10 and PM2.5 levels tend to be
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similar. However, when a coarse-particle emission source dominates a given area,
PM10 will be considerably higher than PM2.5 . The amount of coarse particulate
matter (PMcoarse ) can be calculated as the difference between both pollutants concentrations (PM10 -PM2.5 ). The following Figures present the scatter plots between
daily means of PM10 and PM2.5 (Fig. 3.10), and between PMcoarse and PM10 (Fig.
3.11), respectively, for the SINCA monitoring sites measuring both pollutants.
Positive linear relationships are observed for all sites between PM10 and PM2.5 .
In Tocopilla, Antofagasta, and Sierra Gorda, correlations are weaker, partially explained by the absence of relationships during higher PM10 episodes. In these three
locations, PM10 events over about 200 µgm-3 seem to be exclusively related to an
intrusion of PMcoarse , such as mineral dust anthropogenic dust from blasting, which
increases PM10 without rising PM2.5 concentrations. On the contrary, higher values
of PM2.5 are not necessarily linked to an increase in PM10 . This suggest that PM2.5
event are dominated by fine-fraction particle sources, such as nitrogen species from
exhaust emissions or sulphate compound from power energy plants. In the case of
Calama (Calama-PVK, Calama-CD and Calama) higher correlations are observed.
However, this is because of the absence of events of PM10 exceeding 200 µgm-3
(as daily average). Finally, Copiapo presents a high correlation (r=0.69), suggesting
a lower frequency of events dominated by PMcoarse , with some exceptions of high
PM10 episodes reaching around 400 µgm-3 .
In Fig. 3.11 the strong connection of PM10 and PMcoarse , and their similar
magnitudes, evidences the high presence of PMcoarse associated with increments
in PM10 . In environments dominated by fine fractions (PM2.5 ), PMcoarse tends to
remain constant due to a joint variability of PM10 and PM2.5 . However, in environments dominated by a coarse fraction of particles, it is reasonable to expect PMcoarse
values closer to PM10 levels and highly correlated, like this case.
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Figure 3.10: Scatter plots between daily mean PM10 and PM2.5 concentrations. These are
computed from all available coincident daily records from SINCA dataset.
The location and length of each sites data is given above each plot.
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Figure 3.11: Scatter plots between daily mean PMcoarse and PM10 for the period indicated.
Computed from daily records from SINCA database..

84

Chapter 3. The Atacama Desert: Climate Dynamics and Air Quality
Daily cycles of particulate matter can be computed from the hourly records

at each location. PM10 peaks between 8–10 am at all sites (Fig. 3.12), which
is typically associated with traffic rush hours in urban centres (Tiwary and Colls,
2010). In many locations, such as Antofagasta, Copiapo and Sierra Gorda there
is also a morning peak in PM2.5 (Fig. 3.13) for the same reason. However in
Calama (Calama-PVK, Calama-CD and Calama) no prominent morning peak of
PM2.5 is observed, which instead sees increasing levels of both PM10 and PM2.5
during the afternoon and evening. An important factor to consider in the urban
centres in northern Chile is the high amount of dust deposited on roads, which
are not usually cleaned as required (MMA, 2015). The resuspension of PM from
vehicles circulation is another anthropogenic source of PM10 and PM2.5 , dominated
by the PMcoarse fraction.
An interesting pattern is observed in the PM2.5 daily cycle in Iquique, Tocopilla
and Huasco (Fig. 3.13). The three sites show little no daily variability, except a
slight peak during the morning rush hour. There is no significant variation during
the afternoon in these locations, and the peak present during the evening at other
sites is not observed. This suggests the contribution, and dominance, of fine particles sourced from sources other than traffic. On the other hand, Arica, Sierra Gorda,
Copiapo, Coquimbo, and La Serena show a decrease of PM2.5 concentration during
the ‘afternoon valley’, between around 12:00 to 17:00 hours, with an increase again
towards the evening. In the case of Calama, a clear increase of PM2.5 levels during
daytime and the evening is evidenced. Regarding nocturnal levels, and with similar
behaviour of PM10 (Fig. 3.12), there is no significant decrease of concentrations
during night-time. This is likely associated with the low radiative boundary layer
and lower wind speeds during the night, as is seen in the Santiago Valley in California (Gramsch et al., 2006). Regardless of the local anthropogenic activity of cities,
the primary emissions of PM10 at the regional level are energy generation and mining, especially copper foundries (§3.3). Both operate continuously during day and
night.
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Figure 3.12: The daily cycle of PM10 concentrations computed using all available data in
SINCA. Each sites is considered separately with the location and observing
period indicated above each plot. The central box depicts the interquartile
(IQR) range, whilst the whiskers represent the range between Q1-1.5xIQR
and Q3+1.5xIQR, minimum and maximum limits, respectively. Orange lines
connect the hourly medians. Note: the vertical axes are not constant between
all panels..
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Figure 3.13: The daily cycle of PM2.5 concentrations computed using all available data in
SINCA. Each sites is considered separately with the location and observing
period indicated above each plot. The central box depicts the interquartile
(IQR) range, whilst the whiskers represent the range between Q1-1.5xIQR
and Q3+1.5xIQR, minimum and maximum limits, respectively. Orange lines
connect the hourly medians. Note: the vertical axes are not constant between
all panels..
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Gaseous emissions contributing to PM levels

Several studies have gleaned insights into PM sources by analysing nitrogen and
sulphate precusor species during the same period of monitoring (Gramsch et al.,
2006; Sträter et al., 2010; Dı́az-Robles et al., 2011; Lu et al., 2013; Jorquera and
Barraza, 2013; Ruiz-Rudolph et al., 2016; Barraza et al., 2017). Analysing NO
and SO2 daily cycles along with PM10 and PM2.5 in northern Chile can therefore
shed a light on potential PM sources. Two sites contributing to SINCA measure
simultaneously PM10 , PM2.5 , NO, and SO2 : Calama and Tocopilla (Escuela E-10).
Both cities are close to energy generation facilities (Fig. 3.6), and Calama is also
close (21 km) to the Chuquicamata mining complex, which comprises both the
open-pit mines of Chuquicamata and Ministro Hales and a copper smelting facility.
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Figure 3.14: Relationship of PM10 to NO and SO2 emissions in Calama and Tocopilla. The
top four panels focus on NO, whilst the bottom four focus on SO2 . Scatter
plots of daily values shows the covariation of PM10 (horizontal axes) and NO
or SO2 (vertical axes). Daily cycles show the hourly average PM10 conditions
(after Fig. 3.8) along with the median NO or SO2 concentrations (red). Only
the central box depicting the interquartile range and medians (orange) of the
daily PM10 cycle are shown. Plots are computed using all available hourly observations from the SINCA database – the site and observing years are given
in the panel title.
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PM10 events observed in Calama and Tocopilla do not coincide with either
NO or SO2 events (Fig. 3.14). This is consistent with Fig. 3.11, which suggests
that coarse particulate matter drives PM10 events. This seems reasonable considering the exposure of open-pit copper extraction projects located nearby (Fig 3.6).
The resuspension of dust and other PM from the road network probably also contributes. Similarly there is a disconnect between PM2.5 events and both NO and
SO2 (Fig. 3.15). In the case of Calama, as observed for the three sites of this city
(Calama-PVK, Calama-CD and Calama) in Figure 3.10 the reasonably good correlation between PM10 and PM2.5 contributes to argue that PM2.5 is, at some extent,
modulated by PM10 , and therefore coarse material.
Figures 3.14 and 3.15 present the daily cycle of PM10 -PM2.5 and NO-SO2 . The
null correlation observed in the scatter plots corresponds nicely with the different
daily cycles observed between PM10 (Figure 3.14) and PM2.5 (Figure 3.15) and both
gases. Two peaks in NO (morning and evening) are observed in Calama, which are
expected during rush hours in a city of about 180,000 inhabitants. Therefore, both
PM10 and PM2.5 levels could certainly be influenced by NO at these hours, but not
during the rest of the day.
In the case of Calama, an important aspect to consider is that the Chuquicamata
complex is located northeast of the city. As described by Rutllant et al. (2013), there
is a predominance of north westerlies during the afternoon and evening. Therefore,
potential gas emissions from the copper melting facility might not be able to reach
the city at these hours, suggesting that the gases trends in Calama (Fig. 3.14) would
be primarily modulated by inner-city gaseous sources, such as traffic or other industries. Aeolian mineral dust exposure from the central area of the Antofagasta
region (see Chapter 4) during the afternoon, when westerlies predominate, seems
to contribute to the levels observed in Calama. In fact Salvador et al. (2016) estimated a contribution by 23% of natural mineral dust on PM10 levels on Calama,
further breaking the relationship between PM and precursor emissions. Regarding
SO2 , only a morning peak is observed in Calama. In the absence of a peak during
the afternoon or evenings when westerlies dominate, morning SO2 concentrations

90

Chapter 3. The Atacama Desert: Climate Dynamics and Air Quality

from the copper melting facility seems a plausible explanation, considering that
easterlies dominate the area during night and morning hours. A chemical transport
model would be needed to further explore the role of the Chuquicamata complex on
Calama’s air quality.
Tocopilla similarly shows a lack of relationship of PM to both NO and SO2
and different daily cycles (Fig. 3.14) – similar to Calama. Unlike Calama, there is
no evening peak of NO though. This is consistent with a city considerably smaller
than Calama (25,000 versus 180,000 inhabitants) whose transport activity is considerably lower. Tocopilla experiences a regular daily cycle in wind climatology, with
an intense ocean-land flow during the afternoon and the early evening that brings
marine aerosols and enhances the suspension local dust. Combined with existence
of a single, morning peak in both NO and SO2 (Fig. 3.15), this suggests the daily
cycles in gaseous pollutants are associated with the operation of nearby energy production facilities (Figure 3.6b) in hours when winds are weak and the boundary
layer height is lower.
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Figure 3.15: Relationship of PM2.5 to NO and SO2 emissions in Calama and Tocopilla.The
top four panels focus on NO, whilst the bottom four focus on SO2 Scatter
plots of daily values shows the covariation of PM2.5 (horizontal axes) and NO
or SO2 (vertical axes). Daily cycles show the hourly average PM2.5 conditions (after Fig. 3.8) along with the median NO or SO2 concentrations (red).
Only the central box depicting the interquartile range and medians (orange)
of the daily PM2.5 cycle are shown. Plots are computed using all available
hourly observations from the SINCA database – the site and observing years
are given in the panel title.
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3.5

Final Remarks

The Atacama desert is one of the driest places on earth and the driest desert in the
world. Its existence relies on coexisting atmospheric, oceanic and topographic factors that promote extremely stable and dry conditions, with almost no precipitation.
In this environment, around 1.5 million people live along with intense mining and
coal-and oil-based energy production activities. This leads to significant emissions
of particular matter (PM10 and PM2.5 ) and gases (NOx and SO2 ). Additionally,
mineral dust contributes to particulate matter levels in both rural and urban areas.
Historically, urban centres have exceeded the Chilean standard for outdoor air
pollution exposure, in particular the cities of Tocopilla (PM10 ), Copiapo (SO2 ),
Andacollo (PM10 ) and the Chuquicamata area, next to Calama (PM10 and SO2 ).
Most of these areas have since seen some improvement in air quality, because of the
application of mitigation plans imposed by the air quality statutory body. However,
those efforts today are still not sufficient in comparison to international criteria,
particularly the WHO guidance.
Observed air quality data from the SINCA network suggests that PM10 and
PM2.5 are mostly linked to particulate matter-exclusive emissions, such as natural
or anthropogenic dust. The contribution from primary (precursor) gases sources,
such as power plants operations seems limited, something that is also supported by
PM10 and PM2.5 events occurring independently from peaks in NOx and SO2 .
This characterisation provides context for the following chapters of this thesis.
Chapter 4 explores the annual cycle of mineral dust concentrations of the Atacama
Desert and it mineral dust sources, which are highly influenced by the complex topography. Then, chapter 3 analyses air quality data from SINCA and its potential
links with atmospheric factors, such as atmospheric ventilation and their joint variability at seasonal a scale. Finally, chapter 6 analyses the atmospheric and oceanic
forcings on the Atacama Desert’s climate and future particulate matter trends under
climate change. The research in this chapter improving our understanding of the
different contributors towards the dangerously high PM concentrations in the Atacama can hopefully assist with designing measures to reduce and combat them -
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which is discussed in Chap 7.
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Chapter 4

Mineral dust dynamics across the
Atacama Desert
The term ‘mineral dust’ refers to the coarse fraction (usually greater than 1 µm)
of material formed by mechanical processes, such as material eroded from the
Earth’s surface (Tiwary and Colls, 2010). Globally, desert regions are the dominant
sources of natural mineral dust (Tanaka and Chiba, 2006; Florence et al., 2010).
Previous studies have attempted to estimate the various contribution of natural dust
sources based on modelling approaches. However, the resulting contributions are
highly variable due to differences in model formulations and source specifications
(Huneeus et al., 2011). A significant factor to consider is the distinctive seasonal
behaviour of each emission source (Engelstaedter and Washington, 2007; Florence
et al., 2010). An early study estimated the global production of mineral dust to be
3, 000 × 106tyr−1 (Tegen and Fung, 1994). However, more recent studies place production rates between 1,019 x 106tyr−1 (Miller et al., 2004) and 2,073 x 106tyr−1
(Ginoux et al., 2004). Despite the differences in global total emissions, all studies
analysing the relative size of possible sources identify North Africa (Sahara Desert)
as the largest contributor of natural mineral dust on the globe, ranging between 51
and 69 % of the total production rate (Werner et al., 2002; Zender et al., 2003; Luo
et al., 2003; Ginoux et al., 2004; Miller et al., 2004; Tanaka and Chiba, 2006).
In South America, whose primary source is the Atacama Desert, the production
rate has been estimated to be about 35 − 55 × 106tyr−1 (Tanaka and Chiba, 2006).
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This represents 2.3-2.6% of global mineral dust production, which is a similar order
of magnitude of production rates computed for Australia (2.9 to 5.7%) and one
order of mangitude higher than North America (0.1-0.4%) (Zender et al., 2003;
Ginoux et al., 2004; Tanaka and Chiba, 2006). As befits their relative contributions
to the global dust budget, historically most research studies so far have focused
on Asia and the Sahara Desert (Florence et al., 2010). The Atacama Desert has
received scarce attention, despite its potential for developing intense dust storms
and becoming a major dust source Reyers et al. (2019).
Particulate Matter (PM) can be transported long distances in the atmosphere.
Samoli et al. (2011) identified PM pollution from the Sahara Desert travelling across
the Mediterranean Sea. Tanaka and Chiba (2006) used the MASINGAR ChemistryTransport Model (CTM) to compute global transport and PM concentrations from
the major dust emission sources around the globe, finding peaks values of dust concentration in South America over Patagonia and the Atacama Desert. The lifetime
of aerosol dust was calculated to be around 1.7 to 3.2 days from permanent sources
with evident seasonal cycles. For instance, in the Atacama Desert, the simulated
emission peaks were identified in summer, with lower emissions in winter (Tanaka
and Chiba, 2006). This was directly associated with the seasonal pattern of precipitation, and the natural dynamics of dry and wet deposition affecting the original
dust emission flux for coarse and fine particles respectively. Similar seasonality has
been reported by other global-scale modelling studies (Ginoux et al., 2001; Miller
et al., 2004; Ginoux et al., 2012). Global models have severe difficulties dealing
with rough terrain, and topography plays a crucial role in particles transport and
dispersion (Tiwary and Colls, 2010). Therefore, finer resolution products are required to analyse airborne particles dynamic over areas with complex topography,
such as the Atacama.
Dust production depends on both soil properties and meteorological conditions, specifically by the momentum transfer from winds to the surface (Marticorena
and Bergametti, 1995; Shao, 2001; Xu, 2018). Therefore, a wind speed threshold
for dust production can be established for a given area (Ginoux et al., 2001; Tegen
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et al., 2002; Xu, 2018). That threshold refers to the wind speed value over which
the momentum transfer activates, and dust is produced. In this sense, wind speed is
crucial not only for dust production, but also for transport. Therefore, accurate simulation of surface winds is fundamental for reliable dust production and transport
computations.
This chapter focuses on identifying the variability and magnitude of mineral
dust over the Atacama desert, including characterising individual events – particularly over the Antofagasta region. Firstly, the chapter introduces remote sensing
techniques used for aerosol and mineral dust characterisation (§4.1). §4.2 summarises the methods and datasets used in this research. Then the results of the
mineral aerosol load over Atacama desert throughout the decade 2010-2019 are
presented (§4.3), followed by the results on coarse aerosols detection and mineral
dust dynamics (§4.4). Mineral dust events are then identified and analysed (§4.5) to
assess their variability and magnitude as well as the role that wind plays in their occurrence. Finally, a discussion of the implications of the study is carried out (§4.6).
Although the connection of mineral dust and air quality is not a primary objective
of this study, the results are discussed in term of their applicability for future research in this regards, including future climate change, their utility for validation of
chemical transport modelling, and their implications on the solar power industry in
Northern Chile.
Part of the literature review on remote sensing retrieval, the methods and the
results from satellite retrievals are part of a first author article which is expected
to be submitted in 2021 (Oyarzun et al. 2021) in a joint effort with a research
team based in the Center for Climate and Resilience Research (CR2), Chile. The
implications of mineral dust on the solar power industry in Northern Chile are part
of a co-authored article titled ”Human and Environmental Health and Safety Effects
of Soil Dust in the Americas: A Review” by Tong, D et al. (2021), expected for
submission during 2021.
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Remote Sensing Aerosol Retrieval

Aerosols are solid and liquid particles suspended in the air whose sizes range between sub-micron to several microns in aerodynamic diameter (Tiwary and Colls,
2010). These airborne particles can exhibit a wide range of physical, chemical and
optical properties, and are emitted from natural and anthropogenic sources (Lee
et al., 2011; Mhawish et al., 2019). These features depend on meteorological factors (Altaratz et al., 2013), strength of the emissions (Banerjee et al., 2015; Singh
et al., 2017), and their geological origin (Ramanathan and Ramana, 2005). The
study of aerosols is relevant for our understanding of the climate system, as well as
environmental pollution. The former comprises of aerosol-cloud interactions and
the effects of aerosol on the energy budget of the Earth (see Chap. 6). The latter is
associated with the direct incidence of aerosol load on air quality, such as the presence in the atmosphere of significant amounts of PM10 or PM2.5 (Lee et al., 2011)
(see Chap. 3). In some areas, such as Southern Asia, high aerosol loads have been
found to compromise food security due to their impacts modifying the hydrological
cycle, the monsoon season, and agriculture (Ramanathan et al., 2001; Kumar et al.,
2017; Burney and Ramanathan, 2014; Mhawish et al., 2019).
The use of satellite observations for aerosol research has increased significantly
during the recent decades (Martins et al., 2017). This arises from a growing interest
in understanding the spatial distribution of aerosols, which is challenging to determine from a sparse network of monitoring sites (Van Donkelaar et al., 2010). Remote sensing has been widely used for studying aerosol dynamics and their implications for air quality, especially in remote areas where ground observations are scarce
or do not exist (Al-Saadi et al., 2005; Di Nicolantonio et al., 2009; Van Donkelaar
et al., 2010; Lee et al., 2011; Huang et al., 2018; Kim et al., 2019). A widely used
measure for the content of aerosols in the atmosphere is the Aerosol Optical Depth
(AOD), which quantifies the total content of aerosols in the atmospheric column.
This is calculated by computing the light extinction due to particles scattering or
absorption (Lee et al., 2011). The study of ground-level air quality from satellite
AOD has led to satisfactory results in the recent past (Li et al., 2015). However, a
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recurrent issue arises from the discrepancy between the observed aerosol content in
the atmospheric column and the PM concentration measured in ground-level monitoring sites. Surface observations of PM often occur in drier conditions compared
with the wide range of humidities at which satellites provide AOD data (Schäfer
et al., 2008; Collaud Coen et al., 2013). This discrepancy is pronounced by aerosols’
response to increased relative humidity (Van Donkelaar et al., 2010; Altaratz et al.,
2013; Crumeyrolle et al., 2014), which along with the daily variation of aerosol
vertical structure may condition AOD-PM relationships to a day-to-day basis (Lee
et al., 2011; Nordio et al., 2013). In fact, aerosols modify their properties in humid environments due to hygroscopic growth associated with water vapour capture
– leading to changes in their optical properties (Michel Flores et al., 2012; Chen
et al., 2019). This effect is mainly observed in the vicinity of low-level clouds (up
to 2 km height in the troposphere). Such clouds are a feature of the climate in
Northern Chile (§3.1) and include very high concentrations of aerosols (Blanchard
and Woodcock, 1980; Pringle et al., 2010; Altaratz et al., 2013).
As Li et al. (2015) point out, the relationship between AOD and PM has to be
assessed considering the seasonal cycle of both metrics in a given location. Seasonal
variations in the aerosol vertical distribution, relative humidity and cloud fraction,
lead to variations of the surface reflectance and particle properties, which add complexity to the retrieval of aerosol data (Mhawish et al., 2019). For instance, Li et al.
(2015) found a reasonable agreement of interannual variability between AOD and
ground observations of PM2.5 . The seasonality between both metrics agreed only
over the Eastern US, opposite cycles were computed elsewhere in United States.
The primary factor postulated by Li et al. (2015) was the seasonality of the mixing
layer height, which led to reduced AOD but increased PM2.5 during wintertime. Indeed, an increasing aerosol load is linked to stable planetary boundary layer (PBL)
as reduction of surface solar radiation promotes higher air pollutant concentrations
(Chen et al., 2019).
Noise from measurements occurs in all satellite datasets and at ground-level
monitoring sites, which may result in poor agreement between them. Removing the
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noise from the signal, for instance by averaging over whole months, can go some
way to reconciling different measurements of aerosol data (Liu and Mishchenko,
2008; Li et al., 2013a). However long-term averaging can restrict the study of other
air quality phenomena, such as pollution events occurring at daily or even hourly
time scales. In this sense, a multi-sensor approach that avoids relying upon one
single satellite dataset reduce uncertainty by focusing on common features of all
the available sources of data (Li et al., 2015).
Aerosols’ radiative effects on clouds have widely been described in terms of
their implications for the Earth’s radiative balance and its perturbation under climate change (see Chapter 6). Aerosols tend to have a weak optical signal which
can make their detection challenging using remote sensing sensors (Altaratz et al.,
2013). Aerosol-cloud interactions add even more complexity. In the vicinity of
clouds, it can be difficult to discriminate between water droplets and aerosols, meaning clouds can infect the aerosol signal (Zhang et al., 2005; Koren et al., 2007; Altaratz et al., 2013). Clouds can also confuse AOD signals due to their illumination
effect on aerosols – the so-called 3D radiative effect (Marshak et al., 2006). Thus,
AOD products incorporate cloud masking which discards AOD pixels over clouds
and their vicinity (often indicated as quality flags in the released product). Overall
these aerosol-cloud issues provide a limitation on AOD data from satellite sensors,
especially in cloudy regions or seasons.
Aerosol optical depths ranges from nearly zero up to about 1.0 or higher. Usually, aerosols sources are classified into three main groups; Urban-Industrial &
mixed, Biomass Burning, and Desert dust & oceanic. Dubovik et al. (2002) summarised several observations during the 1990’s from the Aerosol Robotic Network
(AERONET, Holben et al., 1998) to derive typical AOD ranges for the three groups
mentioned above. Values for urban-industrial and mixed areas range between 0.1
and 1.8 (mean 0.43, for Mexico City); biomass burning ranges between 0.1 and
1.5 (mean 0.38, for African savanna); and desert dust & oceanic ranged between
0.1 and 1.5 (mean 0.17, for Saudi Arabia). These ranges correspond to illustrative
regions that are extreme cases, and so the ranges may differ in other areas accord-
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ing to the nature of emission sources. The seasonality and temporal evolution of
aerosols, including dust variability, has been studied over several locations globally
either from observational data from satellite sensors or ground-based scanning radiometers (e.g. Engelstaedter and Washington, 2007; Di Nicolantonio et al., 2009;
Ginoux et al., 2012; Li et al., 2013a; Nordio et al., 2013; Li et al., 2015; Martins
et al., 2017) or modelling studies (e.g. Tegen and Fung, 1994; Ginoux et al., 2001;
Tegen et al., 2002; Werner et al., 2002; Zender et al., 2003; Huneeus et al., 2011;
Konsta et al., 2018). Tegen and Fung (1994) and (Zender et al., 2003) distinguish
an annual cycle over desert regions that governed by higher dust production during
summertime. As reported by Zender et al. (2003), emissions are higher in Asia and
Northern Africa during the Northern Hemisphere summer, whereas in Australia,
emissions peak during the Southern Hemisphere summertime. Satellite-based research over the Western Sahara supports this, finding a peak of dust production in
June, which coincides with the southward crossing of the Inter-Tropical Convergence Zone (ITCZ) over dust emission hot spots. Engelstaedter and Washington
(2007) reported a lack of studies based on either modelled or observational evidence for the Atacama Desert. Later, Martins et al. (2017) suggested that a spring
and summer peak in aerosol emissions appears to also exist over South America in
the Moderate Resolution Imaging Spectroradiometer (MODIS) dataset. These results focused on the validation of the Multi-angle Implementation of Atmospheric
Correction (MAIAC) from MODIS (see §2.4.2). At a regional scale, South America
is dominated by the aerosols sourced from biomass burning in the Amazonia – no
specific results for mineral dust production in the Atacama are reported by Martins
et al. (2017). However, the authors argue that aerosols emissions over Patagonia and
Northern chile are governed by dust plumes, unlike other regions where industrial
emissions (megacities) and biomass burning (Brazilian savanna) predominate.
Since aerosols comprise particles with a wide range of aerodynamic diameter
sizes, an issue when looking at AOD data is the discrimination of aerosol type. AOD
gives only an estimation of the total amount of airborne particles with no information about particle size. For instance, mineral dust and sea salt are coarse particles,
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whilst smoke and suburban particles are much finer. Therefore, when looking at
AOD data, there is a mixture of particles sizes with different optical properties and
particles sources with their underlying emission profiles. Ångström (1929) postulated the spectral dependence of the aerosol optical depth, or extinction by airborne
particles, which has been useful for multiple applications within aerosols research
such as the modelling of aerosols radiative properties and their effects on the atmospheric system, and methodologies for sources identification (Eck et al., 1999).
A key parameter is the Ångström wavelength exponent, α (sometimes referred to
simply the Ångström Exponent, AE; Eq. 4.1), which provides information about
particle size based on the different response of aerosols to wavelengths (Fig. 4.1).
τa = β λ −α

(4.1)

In Eq. 4.1, τa is the Aerosol Optical Depth (AOD) at the wavelength, λ . β
is the Ångström turbidity coefficient which represents the approximated AOD at a
wavelength of 1 µm. As presented in Eck et al. (1999), α can be calculated by
comparing two specific wavelengths (λ1 and λ2 ) with their respective AOD values
(τa1 and τa2 ), and then taking the logarithm. α usually range from jsut below 0 until
values greater than 2.0. Values less than 1.0 indicates size distributions dominated
by coarse aerosol particles (radii > 0.5µm), such as sea salt and mineral dust, and
values greater than 2.0 are associated to fine airborne particles dominance (radii <
0.5µm), such as biomass burning and combustion-sourced particles (see Fig. 4.1
Kaufman et al., 1992; Eck et al., 1999; Schuster et al., 2006). In particular, dusty
environments are typically found to present α values between -0.5 to 0.5 (Eck et al.,
1999; Ginoux et al., 2012). For instance, values ranging from -0.2 to 0.04 have
been computed over dust events in Niger (Osborne et al., 2008), and negative α
values were computed for several dust events during summer in Birdsville, Australia
(Radhi et al., 2010).
The Ångström Exponent has been widely used along with AOD data for inferring aerosols composition and emission sources (Nakajima and Higurashi, 1998;
Eck et al., 1999; Schuster et al., 2006; Kaskaoutis et al., 2007; Russell et al., 2010;
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Soni et al., 2011; Ginoux et al., 2012), and specifically for characterisation of mineral dust (Wang et al., 2004; Pandithurai et al., 2008; Kalashnikova and Kahn, 2008;
Osborne et al., 2008; Radhi et al., 2010; Valenzuela et al., 2015; Ealo et al., 2016).
However, all these studies have focused on desert areas either in Asia, Europe or
Africa, and there is a lack of research on the understanding of mineral dust dynamics over the Atacama Desert in South America. Often research over the Atacama
Desert is only included as part of a large-scale regional (Martins et al., 2017) or
global (Nakajima and Higurashi, 1998; Ginoux et al., 2012) analyses. Nakajima
and Higurashi (1998) used satellite products to show coarse aerosols dominate over
oceans and subtropical arid regions, whereas fine particles were mostly found over
industrial areas on mid-latitude regions and biomass burning areas in the tropics.
Later, Ginoux et al. (2012) estimated that natural dust contributes to about 75% of
global mineral dust emissions.
The seasonal variation of aerosols particles size can also be explored using α
satellite retrievals from ground-based radiometers. From hand-held measurements
in Delhi, Soni et al. (2011) detected a marked seasonal cycle of α primary attributed
to the dust seasonality. Lower values of α were computed in summer, in contrast
with the higher values observed in the winter season.

Figure 4.1: Wavelength dependence of AOD for different aerosols types. AOD tends to
be lower at longer wavelengths, which directly impacts the α value. Coarser
aerosols (such as sea spray and mineral dust) have a more constant response
through the spectral range, leading to lower α values (from Chen et al., 2015).
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4.1.1

AOD Retrievals from the Moderate Resolution Imaging
Spectroradiometer (MODIS) Dataset

As described in Section 2.4.2, the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument is onboard the Terra and Aqua satellites operated by the
National Aeronautics and Space Administration (NASA), and it is the most widely
validated remote sensing instrument, or sensor, for aerosols retrieval (Levy et al.,
2013; Bilal and Nichol, 2015; Mhawish et al., 2017; Tao et al., 2017; Mhawish
et al., 2019). These two satellites pass overhead at different times: Terra at morning and noon local time, whereas Aqua at afternoon local times. From the four
independent algorithms that have been developed for retrieving aerosols properties
(dark target for ocean (Levy et al., 2013), dark target for dark land and vegetated
regions (Tanré et al., 1997), deep blue (DB) (Hsu et al., 2004, 2013), and MAIAC (Lyapustin et al., 2018)), two operational products were developed and optimised for retrieving aerosols properties over bright surfaces. These correspond to
the Multi-Angle Implementation of Atmospheric Correction (MAIAC) and the deep
blue (DB) algorithms (see 2.4.2).
Lyapustin et al. (2011b) compared the MAIAC (first version) and DB algorithms for four AERONET locations in the Saharan region. The AOD derived from
both algorithms was similar in the Bodélé depression and western downwind transport region. However, MAIAC was able to identify more of the mineral dust events
seen in other independent datasets. The authors concluded that MAIAC presented
a strong potential for dust characterisation over the Sahara Desert (Lyapustin et al.,
2011b). Similarly, a recent study comparing the accuracy of the MAIAC, DB and
DT algorithms for 171 AERONET sites in North America found that the three algorithms performed equally well over dark regions, whereas MAIAC performed
relatively better over regions dominated by brighter surfaces and more intricate
topography (Jethva et al., 2019). These latter regions bear the most similarly to
conditions over the Atacama Desert.

4.2. Methods

4.2
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Methods

Table 4.1 summarise the satellite dataset used for aerosols load characterisation over
the Atacama Desert as well as the AERONET observations for AOD validation at
the Arica site, and the ERA5 reanalysis product from which wind patterns were
analysed. Regarding MODIS data, as indicated above, the two operational products that have been optimised for retrieving aerosols properties over bright surfaces
are MAIAC and DB (see 2.4.2). The MCD19A2 is the MAIAC algorithm-based
product at 1 km resolution from which AOD land (550nm) data was used (Table
4.1). Additionally, MOD04L2 (Terra) and MYD04L2 (Aqua) are DB-based products at 10 km resolution from which AOD land 550nm and Ångström Exponent (α)
Land 470-670 nm retrievals were analysed. All datasets span the period 2010-2019,
except for the ERA5 Reanalysis which only had data available to 2018 when the
analysis was performed.
All products were sampled daily at Terra and Aqua times separately. For the
case of MODIS products (MCD19A2, MOD04L2 and MYD04L2), the retrievals
at morning-noon hours from the Terra dataset were directly averaged on a daily
basis. Similarly, the data at afternoon hours from the Terra dataset were averaged
daily. Therefore a single averaged value was representative of either Aqua or Terra
observations for each day. Terra overpasses the Atacama Desert mostly between
11:00 and 12:00 hours local time (Fig. 4.2a) whereas Aqua retrieves data mostly
between 14:00 and 16:00 hours local time (Fig. 4.2b). In the case of AERONET and
ERA5 datasets, the data was collected for the corresponding Aqua and Terra times
available from the satellite observations each day during the 2010-2019 decade.
Area-averaged time series and other areal statistics were computed when at least
50% of the area had valid records available each time step.
Some form of regridding it required to bring all the datasets onto a common
grid to allow differences to be computed. Here the ”Ångström Exponent Land
470-670 nm” (α) was bilinearly interpolated from the original 10 km resolution
of the MOD04L2 and MYD04L2 products up to the 1 km resolution grid of the
MCD19A2. As MCD19A2 is available in a fixed sinusoidal grid subdivided by
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Table 4.1: Observational datasets used in this chapter. # Retr. gives the number of satellite
retrievals used, or the temporal resolution in the case of ERA5. Res gives the
horizontal resolution. *surface meridional and zonal velocities. †Hourly data
is needed so that velocity data can be sampled only at the overpass times of the
Terra or Aqua satellites.

Product
MCD19A2

MCD19A2

MOD04L2

MYD04L2

AERONET
ERA5 Reanalysis

Algorithm Platform Parameter
MAIAC
Terra
AOD
(Land,
550nm)
MAIAC
Aqua
AOD
(Land,
550nm)
DB
Terra
α (Land,
470670nm),
AOD
(Land,
550nm)
DB
Aqua
α (Land,
470670nm),
AOD
(Land,
550nm)
Version 3 Arica
AOD
500nm
us,vs*

# Retr.
10199

Res. (km)
1

11807

1

5254

10

5575

10

-

-

hourly†

∼31

tiles (Fig. 2.3), the first step comprises of warping the MCD19A2 file through
a GeoJSON geographical element of a given area of interest. Then, swath-based
MOD04L2 and MYD04L2 products were reformated and reprojected to the above
resultant grid of 1 km resolution. Two GeoJSON files were used, one for the Atacama desert region spanning from 18.0-29.0°S and 68.0-71.5°W, and the second
one focused over the Antofagasta region spanning 21.0-24.0°S and 68.0-72.0 °W.
These files were used to produce both spatial analyses of AOD and α retrievals, and
for the computation of areal statistics over time.
For satellite data, quality assurance was carried out by exclusively selecting highest-quality observations. In MOD04L2 and MYD04L2 datasets, this was
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achieved by selecting data flagged as QA Confidence (QAC) = 3, which comprises
cloud-free and snow-free masks. For the MCD19A2 product, only data flagged as
‘bit 8-11 = 0000’ was considered. This corresponds to the best quality pixels selection by comprising the cloud-free, cloud-adjacency, water sediments, and AOD
within +-2km from the coastline masks (Lyapustin et al., 2018). The amount of
data as a result of this operation varies spatially. This is discussed in the following
section.

a

b

Figure 4.2: The number of retrievals for each overpass hour (local time) of the Aqua
and Terra satellites for the Atacama Desert in 2010-2019 (computed from the
MCD19A2 dataset.)

4.3

Aerosols Load over the Atacama Desert

The extremely arid region of the Atacama Desert in Northern Chile spans from
approximately 18°S to 30°S (§3.1, Schulz et al., 2011). This region is governed
by complex topography, resulting in a heterogeneous spatial distribution of aeolian
roughness lengths (z0). Aeolian surface roughness (characterised by its length) is
a crucial parameter for surface-atmosphere exchanges of mass and energy. The
roughness components of the surface partially absorb the stress resulting from the
wind shear, which leads to an increase in the eolian erosion threshold. When the
surface roughness length increases, the soil losses are usually observed to decrease
(Marticorena et al., 2006). Therefore, aeolian roughness plays a fundamental role in
mineral dust emissions. It is an input variable for the friction velocity computation
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(µ∗), which triggers aeolian dust production (Alfaro et al., 2011). Higher values
of z0 lead to higher values of µ∗ resulting in higher wind speeds being required to
raise dust. Fig. 4.3 presents the values of z0 for the Atacama Desert obtained from
Prigent et al. (2012) compared to the aerosol distribution.
On-site measurements of z0 have only been carried out in the Mejjillones
Peninsula, north of Antofagasta (Ant, 23°S) (Flores-Aqueveque et al., 2010; Alfaro et al., 2011; Flores-Aqueveque et al., 2014) where an average z0 equal to 0.03
cm was computed. This is one order of magnitude lower than the closest pixel of
the Prigent et al. (2012) satellite-derived dataset (0.3 cm), whose western boundary
by the Coast Cordillera does not provide data over the flat terrain of the peninsula.
Also, the 10 km resolution of the Prigent et al. (2012) data might not adequately
capture specific sites measurements. Despite the above, z0 plotted in Fig. 4.3 (left)
match the complex topography governed by the Andes Cordillera and the transversal valleys to the East Antofagasta, which become more intricate southwards of 26
°S.
The decadal-mean AOD pattern (Fig. 4.3, computed from MCD19A2) shows
the largest aerosol loads occur along the coast between 18°S and 20°S and the central desert region between 21°S and 23°S. This bears a similarity with the z0 distribution (Fig. 4.3), although some inconsistencies are observed around Calama (Cal),
and between 24.5°S and 26°S where AOD is low. These differences may arise
from several other factors, such as wind patterns and the influence of anthropogenic
aerosol sources. For instance, the Chuquicamata mining operation is located to the
north of Calama and is the largest open-pit mining on Earth (§3.3). A high AOD
decadal mean was computed over this area, as well as a particularly high aeolian
roughness length ( 0.5 cm, may be expected for such a mountainous region).
In order to focus the analysis in areas where natural mineral dust production is
predominant, this Chapter analyses the Antofagasta region, denoted with the black
square in Fig. 4.3, where the decadal mean is notably higher in almost the entire
area from both satellite observations (Terra and Aqua). This region is of particular
interest in terms of future significance of these results, due to the higher availabil-
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ity of surface Particulate Matter data (PM10 and PM2.5 ) and wind pattern observations in the sites located in Calama (Cal), Sierra Gorda (SG), Antofagasta (Ant)
and Tocopilla (Toc). In all these sites, the annual mean value of PM10 exceeds the
Chilean normative threshold (see Chapter 3). Also, As argued by Rondanelli et al.
(2015) and Molina et al. (2017), this area in the Atacama Desert in Northern Chile
houses the site with the highest solar irradiance on the planet. The above has led
to increased investment in solar power projects (Cordero et al., 2018). Therefore,
understanding the unexplored dust cycle in the region also contributes to targeting
mitigation plans for soiling (dust deposition) on Photovoltaics (PV) panels. Indeed,
cleaning and mitigation methods have become a fundamental component of the solar industry due to its dramatic impact in degrading energy production (Gupta et al.,
2019).
The only AERONET site in the northern section of Chile is located in Arica
(18.4°S, Fig. 4.3). This site is used to assess MAIAC accuracy of Aqua and Terra
AOD retrievals in the region (Fig. 4.4). Whilst this study focuses on mineral dust
from the MAIAC dataset, it seems sensible to contrast its performance with the
AOD data from the MODIS Deep Blue algorithm due to its nature as an optimised
aerosol product over bright areas. As suggested by Ichoku et al. (2002) and later
by Martins et al. (2017), a spatial-temporal collocation was performed applying a
pertinent spatial window and temporal interval. This assumes that aerosol plumes
behave homogeneously within certain time-space boundaries, which seem justifiable in this situation (Anderson et al., 2003). The results in Fig. 4.4 were computed
using a temporal window of 60 min centred on satellite data and a 50x50 km2 spatial
area centred on the location of the Arica AERONET site from the satellite products.
These criteria sit comfortably in the middle of the parameters applied by Martins
et al. (2017), who used temporal intervals in the range 30-120 min and spatial windows between 3x3 km2 and 125x125 km2 across several AERONET sites in South
America.
The MAIAC data better captures the variability observed in the AERONET
dataset for both Terra and Aqua satellites compared to the Deep Blue data (Fig. 4.4)
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Figure 4.3: Left: Roughness length (z0) over the Atacama Desert from the GARLAP
dataset with 6 km horizontal resolution. Black contour lines represent topography at 250 m vertical resolution. Centre: AOD decadal mean computed for
2010-2019 from the MCD19A2 Terra dataset. Right: AOD decadal mean computed for 2010-2019 from the MCD19A2 Aqua dataset. Black crosses indicate
the location of the Arica AERONET site and mayor urban areas in the Antofagasta region. Ant: Antofagasta, Toc: Tocopilla, SG: Sierra Gorda and Cal:
Calama.

– with r-values of 0.52 (Terra) and 0.45 (Aqua). This finding is similar to the results
reported by Jethva et al. (2019) over bright surface regions with complex topography in Western North America. In agreement with (Lyapustin et al., 2011b), MAIAC shows higher sensitivity for reproducing atmospheric aerosols load. For MA-
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IAC Terra retrievals (n=404), the mean bias in 2010-2019 reaches -0.09 (std=0.06)
whereas the mean bias from MAIAC Aqua data (n=774) is -0.05 (std=0.07), with a
recognisable decline between 2016-2019. These results are also in agreement with
the results of the Deep Blue validation analyses over East Asia by Tao et al. (2017),
where the authors argued a significant underestimation of Deep Blue AOD over
deserts regions.
In the case of DB, the number of MODIS-AERONET matchups for both Terra
and Aqua is considerably lower due to the lower amount of valid high quality data
available. Also, in agreement with the results by Lyapustin et al. (2011b) over the
Saharan region and Mhawish et al. (2019) over South Asia, DB AOD magnitudes
are significantly lower in comparison with MAIAC results. DB Terra retrievals
(n=161), reproduce a bias mean by -0.16 (std=0.05) whereas the bias mean from
DB Aqua (n=224) is -0.11 (std=0.06). Since MAIAC retrievals better fit AERONET
observations and, as discussed in detail later, the amount of valid data is considerable higher in comparison to DB in terms of both temporal and spatial coverture
(.1 panels in Figs. 4.5, 4.6, 4.7, 4.8), the seasonal and spatial distribution of AOD
over the Antofagasta region is analysed from the MCD19A2-MAIAC dataset (Figs.
4.5 and 4.6). It is important to note that the Arica AERONET site, as well as the
large coastal margin of the Atacama Desert, is a transitional land-ocean area. As
pointed out by Martins et al. (2017) in their MAIAC algorithm assessment over
South America, this product represents an accurate alternative for characterising
atmospheric aerosols load along heterogeneous surfaces and transitional coastal regions without available routine observations.

4.3.1

Aerosols Load over the Antofagasta Region

MAIAC presents noticeable seasonal cycle with both higher AOD and spatial coverage in summer (DJF) and spring (SON) (Figs. 4.5a,d & 4.6a,d). These observations
confirm the seasonality reported by Tanaka and Chiba (2006) from simulated emission outcomes. During Terra overpasses, the highest seasonal-mean AOD occurs in
central locations of the Antofagasta region – reaching 0.27 for the DJF mean (Fig.
4.5a.2) and 0.25 in SON (Fig. 4.5d.2). Also in this area, the maximum AOD is
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a)

b)

c)

d)

Figure 4.4: Correlation of AOD 500 nm measured at the AERONET Arica site with AOD
550 nm from MCD10A2 Aqua (a) and Terra (b), and AOD from MOD04L2
Terra (c) and MYD04L2 Aqua (d).
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found. This was computed taking average over 2000-2019 of the maximum daily
AOD per season. This value reaches 0.69 in summertime (Fig. 4.5 a.3) and 0.62 in
spring (Fig. 4.5d.3).
In the afternoon (Aqua-times), AOD magnitudes are in similar order than late
morning (Terra-times) during the active aerosol season. This is especially noticeable
during summer, when the maximum Aqua seasonal AOD mean in DJF reaches
0.59 (Fig. 4.6a.2, c.f. 0.27 for Terra-times). Similar to Terra retrievals, maximum
seasonal AOD during 2010-2019 also takes place during summer and spring, when
reaches 0.59 (Fig. 4.6, a.3) and 0.55 (Fig. 4.6, d.3), respectively.
As expected from the described AOD seasonality, the highest frequencies of
AOD events greater than 0.25 are also observed during summer and springtime
from both retrieval groups (Figs. 4.5 and 4.6). Using a threshold of 0.25 to define
for AOD events seems reasonable to detect potential mineral dust sources in the
absence of geostationary satellites retrievals, where back-trajectories analyses can
be performed. Tao et al. (2017) use a threshold of 0.3 over Asia, but that region
presents higher AOD values and frequency of dust events than the Atacama. The
selected threshold lies within the range of AOD mean values (0.17-0.39) reported
by Dubovik et al. (2002) for desert regions. Terra retrievals from MAIAC reproduce
frequencies over 15 days per season during summer over several Antofagasta region
areas, including the Northeast of the Calama city (Cal), the Northwest of Sierra
Gorda (SG) and the central desert region above 22°S (Fig. 4.6a.4). A similar pattern
is detected during spring, and sources are similarly distributed, although frequencies
tend to decline slightly (Fig. 4.6d.4). Similar locations are determined using the
Aqua retrievals, although a more substantial decline is observed over spring (Fig.
4.6).
As observable, and consistent with the strong seasonality, in both retrievals
groups, the central desert region does not present significant activity during autumn
and wintertime (b panels in Figs. 4.5 and 4.6). An exception to the above is the
northern area from Calama city (Cal) where the Chuquicamata open mining operation is located. This seems reasonable as the mine does not cease activity during
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these seasons, and its anthropogenic emissions remain mostly stable throughout the
year.

4.4

Coarse Aerosols Detection and Mineral Dust over
the Antofagasta Region

The Ångström Exponent (α) has been used as a proxy for particles size (Ginoux
et al., 2012), especially for mineral dust detection in desert areas where α values
below 1.0 dominate. α from MODIS Deep Blue datasets (Terra MOD04L2 and
Aqua MYD04L2) was computed for 2010-2019 during the aerosol active season
(DJF and SON) over the Antofagasta region (Figs. 4.7 and 4.8 for Terra and Aqua
respectively).
α over land using the Deep Blue algorithm unsurprisingly suffers from the
same data gaps as AOD for the Atacama (Figs. 4.7a.1,b.1 and 4.8a.1,b.1). Despite
this a noticeable pattern is distinguishable over the Antofagasta region, which does
not appear to be influenced by the cloud cover. In both Aqua and Terra products,
lower values of α (coarser particles) are located in the central region of the desert
where the topography is relatively flat (this region generally also has some of the
best data coverage). The daily seasonal minimum is predominantly less than 0.3
(4.7a.3,b.3 and 4.8a.3,b.3), although this increases over the complex topography
along the Andes Cordillera where data coverage is sparse. The highest frequencies
of days with α less than 1.0 is also detectable over this central desert zone (Figs.
4.7a.4,b.4 and 4.8a.4,b.4), further supporting a predominance of coarse aerosols.
Along the coastline (the Coast Cordillera) and the eastern margin of the Andes
Cordillera, both mean α and the frequency of low α day suggest fewer coarse particles – although this information comes from a considerably lower number of retrievals.
Although summer (DJF) exhibits higher values of α in both the Terra and Aqua
datasets, the spatial distribution of α remains consistent during both active seasons
(Figs. 4.7 and 4.8). During Terra retrievals in 2010-2019, the minimum α mean
reached -0.28 and the maximum frequency (days with α < 1.0) reached 33 days,
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Figure 4.5: Seasonal spatial distribution of AOD Terra over the Antofagasta Region.
MCD19A2 dataset. Panels a1-b1: valid number of AOD data. Panels a2-b2:
decadal mean. Panels a3-b3: decadal mean of yearly max AOD values. Panels
a4-b4: decadal mean of the frequency of days per year when AOD greater than
1.0.
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Figure 4.6: Seasonal spatial distribution of AOD Aqua over the Antofagasta Region.
MCD19A2 dataset. Panels a1-b1: valid number of AOD data. Panels a2-b2:
decadal mean. Panels a3-b3: decadal mean of yearly max AOD values. Panels
a4-b4: decadal mean of the frequency of days per year when AOD greater than
1.0.
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this means areas where about 75% of the observations were less than 1.0. On the
other hand, during spring, the minimum seasonal mean was -0.39, yet the maximum
frequency remains the same. Analysis of Aqua retrievals gives fundamentally identical conclusions. DJF exhibits higher values. The minimum seasonal mean during
summer was +0.22, with a maximum frequency of 34.7. During spring at Aqua
times, α means reached -0.37 with zones presenting frequencies until 38.7 days per
season with α values less than 1.0.
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Figure 4.7: Seasonal spatial distribution of AE (α) Terra over the Antofagasta Region
during the active mineral dust season, DJF (summer) and SON (spring).
MOD04L2 dataset. Panels a1-b1: valid number of AE (α) data. Panels a2b2: decadal mean. Panels a3-b3: decadal mean of yearly min α values. Panels
a4-b4: decadal mean of the frequency of days per year when α less than 1.0.

In order to expand the analysis and explore the temporal variability of both
AOD and α together throughout the decade, area-averaged time series of two locations of interest were computed (Fig. 4.9a,b and Fig. 4.10a,b). The selected areas,
henceforth Desert North (DN - 21.1°S to 21.9°S and 69.2°W to 69.9°W) and Desert
South (DS - 22.5°S to 23.5°S and 69.2°W to 69.9°W) are plotted in Figs. 4.7 and
4.8. Both areas are located in desert zones where the topography is relatively flat.
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Figure 4.8: Seasonal spatial distribution of AE (α) Aqua over the Antofagasta Region
during the active mineral dust season, DJF (summer) and SON (spring).
MYD04L2 dataset. Panels a1-b1: valid number of AE (α) data. Panels a2b2: decadal mean. Panels a3-b3: decadal mean of yearly min α values. Panels
a4-b4: decadal mean of the frequency of days per year when α less than 1.0.

Both are also flanked by the Coastal Cordillera to the west and the Andes Cordillera
to the east. These are selected to explore the strong signals that suggest exceptionally low values of α and significantly higher frequencies of days with α lower than
1.0. These two areas also have a higher number of retrievals in both seasons compared to the rest of the region, especially in spring, providing a reasonable number
of observations to collocate α data with MAIAC AOD retrievals. Both AOD and
α exhibit a consistent annual cycle with higher AOD and lower α values during
spring and summer. This implies a strong dust production during these seasons as
the aerosol load is high and the particulates are predominantly coarse. This seasonality is observed in both satellite retrievals from Terra and Aqua and over both the
Desert North and South areas (Fig. 4.9c,d & Fig. 4.10c,d).
In the Desert North area, AOD and α correlate higher in Terra retrievals than
Aqua data, implying a stronger seasonality of coarse-dominant particles production
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(Fig. 4.9 a and b). Notably, during Aqua times, an increase of AOD is observed
during 2015-2019 along with a weaker rise of α values. This might be greater anthropogenic emissions dominated by finer particles. The increase of AOD effects
the correlation between both variables, although the seasonality is still consistent
during these years. In the following subsection (§4.5), this phenomenon is analysed along with the wind patterns that might also be associated with the observed
aerosols load variability.
There is higher variability in both AOD and α during the active aerosol season (DJF-SON) throughout the decade (2010-2019). In summer, the Terra AOD
monthly mean ranges between an lower quartile 0.07 and an upper quartile of 0.20.
However, these drop to 0.03-0.09 in winter (blue box plots in Fig. 4.9). On the
other hand, for α the lower & upper quartiles are 0.32 and 1.35 in summer, but only
1.18 and 1.44 in winter (grey thin boxes in Fig. 4.9). This variability implies that
the active season comprises a higher load of aerosols consisting of mostly coarse
particles, with few fine particles present. Yet for most of the autumn and winter, a
low aerosol load is governed by fine particles.
Aqua retrievals exhibit a clear seasonal cycle with higher variability in the
active aerosol season (Fig. 4.9). The values are slightly more constrained than those
observed for Terra. The observed AOD monthly means concentrates the 50% (p25
to p75) of the observations between 0.09 and 0.20 in summer, compared to 0.05
and 0.09 in winter. On the other hand, α concentrates the central 50% of retrievals
in the range 0.48-1.10 during summer, and 1.21-1.43 in winter. This implies a
slightly higher load of coarse aerosols during the active season, in comparison to
Terra retrievals.
In the Desert South area (DS), AOD and α reproduce higher correlations in
Terra than Aqua retrievals (Fig. 4.10a,b). However, both satellite datasets present
higher correlations in this area (DS) than those computed for DN. An increase in
AOD after 2015 is observed at Aqua times in the Desert South area, as in the Desert
North area. Both AOD and α exhibit a clear seasonality in Desert South (Fig. 4.10).
α variability is significantly higher than the observed over the DN area, and there is
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a)

b)

c)

d)

Figure 4.9: AOD (MCD19A2) and α (MOD04L2 and MYD04L2) area-averaged time series over the Desert-North area throughout 2010-2019 for Terra (a) and Aqua
(b) retrievals. c: AOD and α seasonality from Terra. d: AOD and α seasonality
from Aqua. In c and d, grey bars depict the interquartile range (p25-p75) of the
α monthly data in 2010-2019
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considerably lower values of α reproduced in the summertime, especially in Aqua
retrievals (Fig. 4.10 d). Both AOD and α presents higher variability during the active aerosol season. In Terra retrievals, the central quartiles of AOD monthly means
sit between 0.09 and 0.23 in summer, whereas they decline to 0.04 - 0.10 in winter
(blue box plots in Fig. 4.10). These are slightly higher values of AOD in comparison to DN area observations (Fig. 4.9). On the other hand, α concentrates the
central quartile values in summer between 0.25 and 1.08, whereas in winter it varies
between 1.15 and 1.50 (thin grey boxes in Fig. 4.10). The described variability over
the DS area implies that the active season is governed by coarse particles with most
of the observations consistently reproducing low α values (< 1.0). On the contrary,
most of the autumn and winter season there is a predominancy of a low aerosol load
and fine particles.
Aqua datasets exhibit a clear seasonal cycle with higher variability in the active
aerosol season for both AOD and α in the Desert South area. However, similar than
the observations in DN, values are constrained (Fig. 4.10, d). The central half of
the distribution of AOD monthly-mean value is observed between 0.09 and 0.18 in
summer, whereas in winter they sit within the range 0.05 - 0.09. Regarding α, the interquartile range in summer is comprised between 0.36 and 1.00, and between 1.01
and 1.50 in winter. This implies that summer emissions consist mostly of coarse
particulates attributable to mineral dust. Similar to what has been observed over
both areas and satellite groups during autumn and winter, the lower aerosol load at
Aqua times in DS is dominated by fine particles, presumably mainly anthropogenic
emissions.

4.5

Mineral Dust Events

Selection of dust events was assessed based on different seasonal thresholds of
AOD, as the atmospheric aerosol load over the Atacama exhibits a consistent seasonal cycle. The threshold for each season was computed as the value of one standard deviation above the decadal mean (Tab. 4.2). Unsurprisingly higher AOD
thresholds are calculated for DJF and SON, with slightly higher seasonal ranges in

122

Chapter 4. Mineral dust dynamics across the Atacama Desert

a)

b)

c)
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Figure 4.10: AOD (MCD19A2) and α (MOD04L2 and MYD04L2) area-averaged time series over the Desert-South area throughout 2010-2019 for Terra (a) and Aqua
(b) retrievals. c: AOD and α seasonality from Terra. d: AOD and α seasonality from Aqua. In c and d, grey bars depict the interquartile range (p25-p75)
of the α monthly data in 2010-2019
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the Desert North compared to the South area. Having a higher threshold implies
greater variability and more intense AOD events. The number of events and their
magnitude for each season during 2010-2019 is presented in Figs. 4.11 (DN) and
4.12 (DS). An event was identified when it simultaneously presented both the AOD
exceeding the respective seasonal threshold and the α was lower than one. In histograms, the amount of valid data for the decade, its annual mean and its standard
deviation (between years) have also been indicated to contextualise the number of
events within the actual amount of data (days) available from the MAIAC dataset.
As mentioned in the methods (§4.2), area-averaged time series for DN and DS were
computed only when at least the 50% of the cells presented maximum quality data,
retaining over 2/3 of the days within each year.
Table 4.2: AOD seasonal thresholds for dust events computation, computed as the standard
deviation of over the decade

Area-Sat
DN-Terra
DN-Aqua
DS-Terra
DS-Aqua

DJF
(Su)
0.20
0.22
0.22
0.21

MAM
(Au)
0.10
0.13
0.11
0.11

JJA
(Wi)
0.10
0.11
0.11
0.10

SON
(Sp)
0.18
0.18
0.20
0.18

Over the Desert North area in 2010-2019, AOD events occur more at Terratimes than at Aqua-times except in the last three years of the decade (Fig. 4.11).
This may arise as a function of the threshold method being determined from a trending dataset. As expected from the described seasonality, these events reached a
higher intensity during the active season – with maximum individual grid-cell AOD
values (red star) regularly exceeded 0.5. Dust events, with an area-average AOD
greater than 0.20 in DJF and 0.18 in SON (Tab. 4.2), increased slightly towards the
end of the decade, reaching 15 days per season during the summers of 2017 and
2019. The highest number of events were 18 days, which occured in both the spring
2014 and autumn 2019. It is important to note, that valid data is restricted to the best
quality available in the satellite product, therefore these 18 events as well as other
computed could feasible be more. Although more extreme events are expected to
occur in spring, the strongest event during the autumn of 2019 was particularly ex-
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treme. Although the seasonal threshold is equal to 0.10 (Tab. 4.2), this reached a
maximum single-cell AOD value of 0.5, similar to those observed during the active
season in summer and spring. Regarding the afternoon Aqua retrievals (Fig. 4.11a),
an exceptional trend was identified. Dust events had a low occurrence until 2016.
However, between 2017 and 2020 these increased dramatically. This accompanied
a slight increase in the area-averaged AOD computed for the maximum event in
each season (black stars). Large AOD events took place with a considerably higher
frequency towards the end of the decade with exceptional raises during the summer
of 2017 (area-averaged AOD > 0.22 during 22 days) and during the autumn of 2018
when the area-averaged AOD exceeded 0.13 during 30 days.

a)

b)

Figure 4.11: Seasonal AOD events computed in 2010-2019 from the MCD19A2 dataset
over the Desert-North area from Terra (a) and Aqua (b) retrievals. Above
each panel are given the total amount of valid retrievals data over the entire
decade (n data), the average number of valid retrievals per year (y-mean) and
the standard deviation of the amount of valid data available between years.
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In the Desert South area, AOD events were more frequent at Terra-times than at
Aqua-times, similar to the observed over the Desert North area (Fig. 4.12). Also in
this area particularly intense events took place in DJF, such as the maximum singlecell AOD values (red star) exceeding 1.4 (Terra) and 1.2 (Aqua) in the summer of
2013. Indeed, all events with AOD above 0.75 occured during summer from both
Terra and Aqua retrievals. It is interesting to note that the event in summer 2013 was
also observed over the Desert North area, although in this area it was less intense
reaching maximum single-cell AOD values of about 0.7 (Terra) and 0.6 (Aqua) (Fig.
4.11).
At Aqua-times in Desert South, there is strong trend of increasing frequencies
toward the end of the decade, as seen also in the Desert North area. Season with
more than 10 days exceeding the threshold occur much more in 2017-2019 than in
the rest of the decade (Fig. 4.12b). This coincides with an increase of the seasonal
mean atmospheric dust load compared with the rest of the decade (Fig. 4.10). However, at Terra-times events are not unprecedented and remain within the range of the
observed AOD throughout the rest of the decade (Fig. 4.10a). At Aqua-times, there
is not an evident increase in the area-averaged AOD computed for largest events
compared to the rest of the decade (Fig. 4.12b), unlike in the desert North area
(Fig. 4.11b). Despite this, large AOD events during the active season took place
with a considerably higher frequency towards the end of the decade starting in the
spring of 2017 (area-averaged AOD > 0.18 during 18 days). Like Aqua retrievals
over DN, the autumn of 2018 exhibited an unusual activity, reaching 30 events exceeding the AOD season threshold of 0.11 (Fig. 4.12b and Tab. 4.2). However, as
expected for the described AOD seasonality, these events were considerably weaker
(area-averaged AOD of largest event equal to 0.2) than those observed during summer or spring, where the area-averaged AOD frequently reached 0.3 or 0.4, and the
maximum single-cell AOD exceeded 0.5 most of the decade.

4.5.1

Wind Forcing and Dust events: Desert-North Area

As argued by Alfaro et al. (2011), the aeolian roughness directly contributes to dust
production as the crucial soil property that either facilitates or difficult the aeolian
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a)

b)

Figure 4.12: Seasonal AOD events computed in 2010-2019 from the MCD19A2 dataset
over the Desert-South area from Terra (a) and Aqua (b) retrievals. Above
each panel are given the total amount of valid retrievals data over the entire
decade (n data), the average number of valid retrievals per year (y-mean) and
the standard deviation of the amount of valid data available between years.

transport of dust particles from the ground. Higher roughness required higher wind
speeds for particles lifting; on the contrary, lower roughness requires lower wind
speed for dust generation. The predominant wind mode governing dust events was
assessed by analysing the zonal (us) and meridional (vs) components of the wind
from the ERA5 reanalysis for both areas of interest in the Antofagasta region (DN
and DS) in 2010-2018. This period was selected according to the temporal extension of the ERA5 dataset used as described in the methods section. This subsection
aims to identify the governing wind condition of both the observed seasonality of
mineral dust and the occurrence of the extraordinary events in the Desert North area.
The area-averaged time series of wind speed computed from the ERA5 dataset

4.5. Mineral Dust Events

127

exhibits a distinctive seasonality, qualitatively similar to the observed AOD annual
cycle in the Desert-North area at Terra-times (Fig. 4.13c). Higher wind speeds
are seen in summer and lower wind speeds during winter. As argued in §3.1 and
§6.5 of this Thesis, the annual cycle of wind speed over the Atacama Desert, with
maximums in summer, is regionally modulated by the South Pacific Anticyclone.
As presented in §5.3, ERA5 reasonably reproduce the observed (2000-2018) wind
speed seasonality at both coastal (Antofagasta) and inner desert areas (Calama).
Although the resultant wind speed vector correlates positively with AOD, opposite trends are observed for zonal and meridional winds. Whereas the eastward
wind (us) presents a weak positive correlation with AOD (+0.21) (Fig. 4.13a), the
northward component of wind (vs) correlates negatively (-0.19) (Fig. 4.13b). Consistent with the described daily cycle of wind speed for this region (§3.1), Aqua
winds (afternoon) (Fig. 4.14) are stronger with a larger variability than those at
Terra-times (morning-noon) (Fig. 4.13).
Windspeed does not significantly correlate with AOD data when there is very
low α (α < 0.5, red stars in Fig. 4.13d). However, coarse aerosols tend to be
associated with more intense eastward winds and more intense southward winds
(negative vs). For the subgroup containing coarse particles (AE < 0.5) the mean
zonal wind speed increases from 0.55 ms-1 (black dashed line) to 0.68 ms-1 (blue
solid vertical line). This results in an increase of the wind speed between the two
groups (all aerosols - coarse aerosols) from 0.7 ms-1 to 0.82 ms-1 .
In the case of Aqua retrievals (Fig. 4.14), the relationship between AOD and
wind patterns is qualitatively similar to Terra datasets. However, the relationships
in the Aqua retrievals are stronger. Here similar to Terra retrievals, wind speed
seasonality is correlated to the observed AOD annual cycle, with maximum wind
speeds in DJF and minimum in JJA (Fig. 4.14c). The resultant wind speed vector
correlates positively with AOD (r=0.47), with similar positive correlation with the
zonal component (r=0.42). Conversely, meridional winds correlate negatively with
AOD retrievals (r=-0.46) (Fig. 4.14 d). Coarse aerosols (red stars in Fig. 4.14d)
show a similar behaviour as in the Terra retrievals, though with a more robust pattern
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being observed in comparison with its Terra counterpart. AOD observations with α
less than 0.5 are aligned with intense eastward winds and intense southward winds
(negative vs). The area-averaged DN zonal wind mean (black dashed vertical line in
Fig. 4.14d, left panel) reached 1.7 ms-1 whereas for the subgroup containing coarse
particles only (AE < 0.5) this increased to 2.09 ms-1 (blue solid vertical line). On
the other hand, the meridional mean (black dashed vertical line in Fig. 4.14d, central
panel), reached -0.5 ms-1 whereas for coarse particles (AE < 0.5) this was computed
equal to -1.03 ms-1 (blue solid vertical line). This results an average windspeed in
the coarse particle subgroup of 2.37 ms-1 compared to 1.7 ms-1 for the entire dataset
(Fig. 4.14d right).
The analysis above, describing that zonal and meridional winds correspond
with AOD, can be used to infer the governing wind directions during coarse aerosols
events (Fig. 4.15). For Terra retrievals, consistent with Fig. 4.13, coarse and high
aerosol observations are predominately aligned to positive zonal winds (Fig. 4.15b),
which results in winds directions mostly between SW and NW (Fig. 4.15a). The
wind directions also contain a less-frequent east component during Terra-times,
which is not seen during the Aqua retrievals (Fig. 4.15c). These eastward flows
are observed during the morning in the desert when the land-ocean flows that govern the nocturnal wind trajectories still occur (see Chapter 3). Meanwhile Aqua
retrievals exhibit a predominant western component with a few southern winds observations, which is consistent with the governing afternoon ocean-land flows over
the Atacama region.
In the afternoon (Aqua times), most of the coarse events take place when wind
flows from the WNW with eastward component values (positive us) from about 1.8
ms-1 and negative meridional winds (southward) (Fig. 4.15d).
As described in §3.1, the westerly sea breeze along northern Chile dominates
during the daytime with peaks during the afternoon. However, this well-studied
pattern of surface winds across the desert (Garreaud and Falvey, 2009; Schulz et al.,
2011; Rutllant et al., 2013; Muñoz et al., 2013) has not been previously described
as a driver of mineral dust production. The results here exposed suggest a strong
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a)

b)

c)

d)

Figure 4.13: AOD (MCD19A2) and wind speed time series (ERA5) at Terra times over the
Desert-North area during 2010-2018; a: Eastward wind component (us), b:
Northward component (vs), and c: surface wind speed. The bottom row (d)
contains scatter plot between AOD and us (left), vs (centre) and wind speed
(right). Vertical dashed black lines indicate the wind component means for the
entire dataset. Vertical solid (dashed) blue lines indicate the wind component
means (interquartile ranges) for the subset of data with AOD > 0.2 and α <
0.5 (red stars).

connection between the sea breeze and higher mineral dust production. As expected
by the daily cycle of wind direction and intensity during Aqua retrievals (maximum
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a)

b)

c)

d)

Figure 4.14: AOD (MCD19A2) and wind speed time series (ERA5) at Aqua times over
the Desert-North area during 2010-2018; a: Eastward wind component (us),
b: Northward component (vs), and c: wind speed vector. d: Scatter plot
between AOD and us (left), vs (centre) and ws (right). Vertical dashed black
lines indicate the wind component means for the entire dataset. Vertical solid
(dashed) blue lines indicate the wind component means (interquartile ranges)
for the subset of data with AOD > 0.2 and α < 0.5 (red stars).

westerlies during the afternoon), the sea breeze exerts a less dominant effect, as
this has not yet fully developed (Fig. 4.15, top). On the other hand, during Terra
retrievals (afternoon), a clear link of the fully developed sea breeze with higher dust
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emissions is evidenced Fig. 4.15, bottom).
a)

b)

c)

d)

Figure 4.15: MAIAC AOD and ERA5 wind pattern DN. (a) AOD from MCD19A2 and
wind direction scatter plot of area-averaged time series over the Desert-North
area from Terra retrievals during 2010-2018. Red stars depict AOD observations with α < 1.0. (b) Wind component scatter plots from Terra with red
circles highlighting data with AOD > 0.2 and α < 1.0. (b) and (d) repeat
figures (a) and (c) respectively with Aqua retrievals.

The axis x in Fig. 4.16 corresponds to the lower thresholds of AOD used for
selecting the respective dataset from which the winds plotted in the axes y were
computed. For instance, in the panel b-left of Fig. 4.16, for a subset of data with
AOD values equal o greater than 0.2 (vertical black dashed line), the correspondent
mean wind speed computed from this subset is equal to 0.72 (solid red line). Similarly, right panels in Fig. 4.16 summarise the results for AE. However, in this case,
the subset is given by the data less than the upper threshold values plotted in the x
axes.
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Wind speed in Desert North tends to be dominated by the zonal component,

where land-sea breeze develops, which is one order of magnitude higher than the
meridional component (Fig. 4.16). Regarding Terra retrievals, there is no consistent
trend of windspeed with AOD (Fig. 4.16a). This is consistent with Fig. 4.15b where
AOD values greater than 0.2 does not clearly differentiate from those with α greater
than one. For Terra, wind speed follows a weak decline as α increases (Fig. 4.16b).
Indeed, α greater than one (fine aerosols) are associated to lower wind speeds (mean
< 0.7ms-1 ) in contrast with coarser particles (α < 0.5) observation which take place
at a wind speed mean of about 0.8 ms-1 .
A more evident pattern is found for both AOD and α observations within Aqua
retrievals in the DN area (Fig. 4.15b,d). AOD consistently increases as wind speed
rises. Subsets with AOD values greater than 0.2 exhibit winds speeds exceeding 2.4
ms-1 with a standard deviation range between 1.8 and 3.1 m s-1 . This in contrast
with lower AOD subsets (< 0.1) where wind speed declines to less than 2.0 ms-1
(mean) and a standard deviation range of 1.1 to 2.6 ms-1 . Here the influence of
zonal (solid grey line) and meridional (dashed grey line) is robust. Whereas zonal
wind aligns with wind speed, the (mean) meridional wind decreases abruptly for
AOD > 0.2 reaching -1.0 ms -1 (Fig. 4.15b). In respect with α (Fig. 4.15d), mean
wind speed remains at about 2.1 ms

-1

for coarse particles (α < 1.0). For fine

particles (α > 1.0) mean wind speed drops to 1.8 ms -1 , with similar behaviour of
zonal winds (u-wind), along with an increase of the northward component (v-wind).

4.5.2

Wind Forcing and Dust events: Desert-South Area

In the Desert-South area, the wind speeds from ERA5 at Terra times also exhibit
a distinctive seasonality with a summer peak and low in winter (Fig. 4.17c). This
seasonality is similar to that observed for the Desert-North area. However unlike
Terra-time records for the DN area, in DS the AOD correlates negatively with the
wind speed (r=-0.27). This AOD correlation extends to the meridional wind component (r=-0.21) yet is opposite to the zonal wind component (r=+0.37, Fig. 4.17d).
Aqua Afternoon winds (as sampled by the Aqua retrievals) (Fig. 4.17) are stronger
and with more considerable variability than those at Terra-times (morning-noon)
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a)

b)

Figure 4.16: Subsets of AOD (left) and α (right) data and wind components over the
Desert-North area for Terra (a) and Aqua (b) times. X-axes correspond to
lower (AOD) and upper (AE) thresholds used to select the respective datasets
from which the winds plotted in axis y were computed.The light red area depicts the one-standard-deviation range from the mean (solid red line) of the
wind speed

(Fig. 4.18). Again this behaviour is consistent with the described daily cycle of
wind speed for this region (§3.1). However, in this area (DS) winds are more intense at both times (Terra and Aqua) than those observed along the Desert North
area (Figs. 4.13 and 4.14).
The subset of AOD with low α (< 0.5) shows a distinguishable pattern when
plotted against zonal winds (red stars in Fig. 4.17 d-left). Coarse aerosols tend to be
associated with slower westward winds, in comparison with AOD records governed
by finer particles. Also, high dust loads (AOD greater than 0.5) are also coincident
with the few and weak eastern flows. Indeed, the zonal wind mean (black dashed
vertical line), as area-average in the DS area, reached -1.2 ms-1 whereas for the
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coarse particles subgroup (α < 0.5) this decreased to -0.34 ms-1 (blue solid vertical
line). This indicates a certain predominance of eastward winds (us > 0) of the
coarse aerosol subgroup in comparison with the entire dataset. Despite the above,
it is interesting to note that the westward winds are still predominant at Terra times
in the Desert-South area, in contrast to the Desert-North area, where the zonal wind
component is mostly governed by weak eastwards (Fig. 4.13).
High AOD values tend to take place at low magnitudes of wind (Fig. 4.17) and
large events are at velocities less than 2.0 ms-1 (Fig. 4.13 d right). This might be unexpected, as the AOD load in this area is larger at Terra times than the observed on
the DN area. However, AOD load does not seem to be associated with predominant
strong wind flows, at least when analysing the area-averaged winds. The assumption of averaging both AOD and α can lead to misleading interpretations in areas of
complex topography. Although both areas were selected considering their less intricate orography, they are surrounded by two mountain ranges. At hours when the
dominant wind direction is still transitioning, complex local winds patterns comprising both easterlies and westerlies within the area of interest may cancel each
other, leading to small net magnitudes and hence masking the existing local effects
on dust production.
In the case of Aqua retrievals, AOD and wind speed exhibit a similar annual cycle with highs in DJF and lows in JJA (Fig. 4.18c). As a result wind speed correlates
positively with AOD (r=0.40), although the zonal component alone shows stronger
positive correlation (r=0.52, Fig. 4.18a)). On the other hand, no correlation is observed with the relatively weak meridional wind component (r=-0.01 and p=0.58)
(Fig. 4.18b). AOD observations with α less than 0.5 are aligned with intense eastward winds (red stars in Fig. 4.18d). The zonal wind mean is 1.1 ms-1 whereas for
the coarse particles subgroup (those with AE < 0.5) this increased significantly until 2.45 ms-1 . As the winds are predominantly east-west, a similar behaviour is seen
for surface wind speed (1.1 ms-1 vs 2.90 ms-1 for the coarse particles, Fig. 4.18d).
For Terra retrievals, coarse (α < 1.0) and high aerosol load (AOD > 0.2) are
mostly found at negative zonal and meridional winds values (Fig. 4.19b). This re-
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a)

b)

c)

d)

Figure 4.17: AOD from the MCD19A2 dataset compared and wind speed time series sampled from ERA5 at Terra times over the Desert-South area during 2010-2018.
(a) Eastward wind component, us, (b) Northward component, vs, and (c) surface wind speed. The bottom row shows scatter plots between AOD and us
(left), vs (centre) and wind speed (right). Vertical dashed black lines indicate
the wind component means for the entire dataset. Vertical solid (dashed) blue
lines indicate the wind component means (upper and lower quartiles) for the
subset of data with AOD > 0.2 and α < 0.5 (red stars).

sults in a predominance of E and NE winds ranging from north to south (Fig. 4.19a).
However, wind directions at Terra times also show a less frequent west component
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a)

b)

c)

d)

Figure 4.18: AOD from the MCD19A2 dataset compared and wind speed time series sampled from ERA5 at Aqua times over the Desert-South area during 2010-2018.
(a) Eastward wind component, us, (b) Northward component, vs, and (c) surface wind speed. The bottom row shows scatter plots between AOD and us
(left), vs (centre) and wind speed (right). Vertical dashed black lines indicate
the wind component means for the entire dataset. Vertical solid (dashed) blue
lines indicate the wind component means (upper and lower quartiles) for the
subset of data with AOD > 0.2 and α < 0.5 (red stars).

which also occurs high-AOD events. Conversely, Aqua retrievals exhibit a predominant WNW component with a few observations of NE winds, which is consistent
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with the governing afternoon ocean-land flows over the Atacama region and similar
to DN area. At Aqua times, coarse events occur predominantly with wind flowing
from the NNW with a zonal intensity from 1.5 ms-1 and a meridional wind component ranging between 2.0 and -4.0 ms-1 (Fig. 4.19,d).
Similar to the results reported for the DN area in Fig. 4.15, at Terra times,
the sea breeze effect on mineral dust production is evidenced (Fig. 4.19, bottom).
However, no clear evidence is observed during Aqua times of a sea breeze intrusion
driving mineral dust production (Fig. 4.19, top). As described in §3.1 the above
can be expected as at Aqua times (morning-noon), the sea breeze has not yet fully
developed. Unlike the DN area, westerlies from the eastern South Pacific Ocean
seem to have an almost null effect on mineral dust production on the DS. The above
might be enhanced by local scales cancellations of the positive (eastward) and negative (westward) zonal components when an area average is computed at times when
both are present. As described by (Rutllant et al., 2013), late morning and noon are
transitional hours from a land breeze to a sea breeze dominance. Also, the more
intricate topography in comparison with the DN area (see Fig. 4.7) contributes to
a more complex identification of the role that the Sea breeze is playing on dust
production at Aqua times in this area (DS).
Consistent with AOD and winds records at Terra times, increasing winds
speeds are associated with a decreasing trend of AOD (Fig. 4.20a) and an increasing
trend of α (Fig. 4.20b). For the case of AOD subsets in Fig. 4.20, higher aerosols
loads are associated to decreasing meridional winds (southward strengthening) and
increasing zonal winds (westward weakening). Yet above 0.15 values, AOD does
not exhibit a clear trend. Similarly, for α values greater than 0.3, increasing α
(from coarse to fine particles predominance) is associated to an increasing of the
meridional wind component intensity (southward weakening) and a decreasing of
the zonal component (westward strengthening).
For Aqua times in the DS area, the wind speed (solid red line) tend to be
modulated mainly by the zonal component (solid grey line) which is one order of
magnitude higher than the meridional component (Fig. 4.20b). AOD consistently
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Figure 4.19: MAIAC AOD and ERA5 wind pattern DS. (a) AOD from MCD19A2 and
wind direction scatter plot of area-averaged time series over the Desert South
area from Terra retrievals during 2010-2018. Red stars depict AOD observations with α < 1.0. (b) Wind component scatter plots from Terra with red
circles highlighting data with AOD > 0.2 and α < 1.0. (b) and (d) repeat
figures (a) and (c) respectively with Aqua retrievals.

increases as wind speed rises. This is similar to the Aqua times in the DN area (Fig.
4.16). Subsets comprising AOD values greater than 0.2 reproduce higher winds
speeds exceeding 2.9 ms-1 with a standard deviation range between 2.2 and 3.6 ms-1
(Fig. 4.20c). This in contrast with lower AOD subsets (< 0.1) where the mean wind
speed declines until values less than 2.2 ms-1 . Here, the influence of zonal (solid
grey line) and meridional (dashed grey line) is also robust. Whereas zonal wind
aligns with wind speed, the meridional wind decreases abruptly for AOD greater
than 0.2, reaching values between -0.95 and -1.05 ms -1 (Fig. 4.19 b left). The mean
wind speed declines progressively as α increases, from coarse to fine dominant
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particles distributions (Fig. 4.20b). It ranges between 2.75 and 2.5 ms-1 for coarse
particles (α < 1.0) and between 2.5 and 2.4 ms-1 for fine particles (AE > 1.0). For
the subgroups with the finest average particles the standard deviation range expands
considerably towards lower wind speeds, reaching a minimum of 1.5 ms-1 ((Fig.
4.20d).
a)

b)

Figure 4.20: Subsets of AOD (left) and α (right) data and wind components over the
Desert-South area for Terra (a) and Aqua (b) times. X-axes correspond to
lower (AOD) and upper (AE) thresholds used to select the respective datasets
from which the winds plotted in axis y were computed. Note the different
scales for the zonal (left axes) and meridional winds (right axes). The light
red area depicts the one-standard-deviation range from the mean (solid red
line) of the wind speed

4.6

Summary and Discussion of Implications

The seasonality of mineral dust and the occurrence of dust events over the Atacama
Desert has implications in a range of dimensions such as air quality, solar power
generation, and radiative feedback. An increasing trend might provide some theo-
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retical counter-balance to the radiative effects of increasing greenhouse gas concentrations, although its actual effect would need to be explored through a modelling
approach with a special focus on aerosols composition. In this sense, the results
here reported will contribute for future modelling validation and the selection of
specific temporal-spatial modelling experiments of interest, such as the study of the
events of the summer of 2013 or the unusual activity detected in autumn 2018 (Figs
4.11 and 4.12).
To explore the trends and event characteristics over the past decade, two desert
regions were select. Both the desert north and desert south regions showed similar
AOD climatologies, but exhibited rather different α values (Fig. 4.5, Tab. 4.3).
Although between Terra and Aqua times AOD reached similar magnitudes in both
areas, its decadal trend in 2010-2019 varied significantly. At both areas, Aqua retrievals reproduced an increasing trend of AOD, and specially AOD events with
lower α values.
The spatial effect of the Eastward and Northward wind components on mineral
dust events has been analysed (Figs. 4.15 and 4.19), evidencing a strong link between the diurnal sea breeze and the development of mineral dust events, especially
during afternoon hours. As reported in Oyarzún and Brierley (2019), wind speed
along the coastal margin of the Atacama Desert is expected to intensify during the
21st Century, which, as discussed in Chapter 6, is connected to an intensification
of the South Pacific Anticyclone during the Southern Hemisphere summer. Future
work should also explore the impact of considering climatological anomalies.
Table 4.3: AOD mean computed for DN and DS areas

Area-Sat
DN-Terra
DN-Aqua
DS-Terra
DS-Aqua

Annual
mean
0.09
0.10
0.10
0.10

std
0.06
0.06
0.07
0.06

DJF
(Su)
0.13
0.15
0.14
0.14

MAM
(Au)
0.07
0.08
0.08
0.08

JJA
(Wi)
0.07
0.07
0.07
0.07

SON
(Sp)
0.12
0.10
0.13
0.13

The mineral dust dynamics over the Atacama Desert described in this chapter
play a role in determining air quality. It has been suggested that the daily varia-
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tion of aerosol vertical structure (Van Donkelaar et al., 2010; Altaratz et al., 2013;
Crumeyrolle et al., 2014) and the influence of increased relative humidity at a dayto-day basis (Lee et al., 2011; Nordio et al., 2013) also play roles. Observations
from Calama city (Cal in Fig. 4.3) can be used to explore these factors relative
importance. Coarse particulate matter concentration has been computed as the difference between PM10 and PM2.5 levels (Fig. 4.21). The Calama site is described
in Section 3.4 and is compared to the satellite derived aerosol optical depths. It
is noticeable that at Terra times there is little match between both datasets (Fig.
4.21a), but there is a moderate correlation (r=0.49) at Aqua times (Fig. 4.21b).
This seems reasonable as at Terra times eastward winds are less intense, and easterlies are sometimes also present. Therefore, there is no predominant wind flow to
Calama from the major mineral dust sources detected in the central desert zone of
the Antofagasta region (Fig. 4.3). Also, the more significant urban signal might
not be properly captured by the coarse-resolution of the satellite, which might contribute to the discrepancy. Also, at Terra times, relative humidity is higher, and the
hygroscopic growth might play a more significant role than during the dryer hours
of the afternoon (Aqua).
Even though natural dust represents a severe threat to air quality and human
health at local scales (Sassen et al., 2003), quantitative studies analysing the connection between natural mineral dust and a worsening of air quality are scarce, even
for the major sources worldwide (Florence et al., 2010). Therefore, a logical future extension of this research would be to carry out experiments with a chemical
transport model to assess the anthropogenic forcing and expand the analysis to the
entire daily cycle. At a larger time scale, the implications of climate change on both
natural dust and PM10 -PM2.5 over the Atacama Desert are discussed in Chapter 6.
Finally, South America contains some excellent sites for solar energy production. The Atacama Desert is particularly suited to generation, because of the extremely high solar irradiance reaching the surface. In fact, the Atacama Desert
houses the site with the highest solar irradiance on Earth (Rondanelli et al., 2015;
Molina et al., 2017). In this region, photovoltaic (PV) power capacity increased
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a)

b)

Figure 4.21: Coarse PM observed at Calama and AOD from the MCD19A2 dataset for
Terra (upper) and Aqua (lower) times.

from 3.6 MWp in 2012 to 1.8 GWp in 2017 (Cordero et al., 2018) – comprising
about the 70% of PV plants installed in South America Gil et al. (2020). Dust accumulation on photovoltaic panels, or ’soiling’, leads to reflectance degradation and
reduces the lifespan of PV cells due to overheating and shading (Sarver et al., 2013;
Shi et al., 2020). Most research during the 20th Century considers exposure length
as a fundamental factor reducing output power (Sarver et al., 2013). However, laboratory experiments by El-Shobokshy and Hussein (1993) revealed that dust nature,
such as dust composition and particle size distribution, significantly impact energy
production from PV cells. Wind tunnel experiments (Goossens et al., 1993) suggested that wind speed and the orientation on a PV cell impact dust deposition and
distribution, a finding later supported in the field (Hammond et al., 1997). Also,
changes in dust optical properties (Michel Flores et al., 2012; Chen et al., 2019)
lead to increasing dry deposition rates (Mohan, 2016). Given current and massive
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future deployment of solar power generation combined the impact dust has on its
efficiency, understanding the dynamics of mineral dust in the Atacama Desert is an
important subject and this chapter provides some of the first insight into it.

Chapter 5

Atmospheric Ventilation and
Particulate Matter Variability
Poor air quality is usually associated with high emissions, either natural or anthropogenic, and weather conditions promoting increasing levels of air pollutants (Jacob
and Winner, 2009). Once pollutants are emitted to the atmosphere, their transport,
dilution and concentration are directly conditioned by the meteorological conditions
they experience. Depending on the nature of the contaminant, the environmental
conditions may force it to rapidly settle out or remain aloft for a long time. Among
the several aspects that have to be taken into account to understand the meteorological conditions governing air pollution, it is fundamental to consider the temporal
and spatial scales involved (Appelhans et al., 2013).
This chapter introduces the fundamentals of climate and meteorology that impact particulate matter concentration and its transport by providing a review of the
relevant academic literature. Following a description of the relevant methods, the
atmospheric ventilation over the Atacama Desert is analysed from ground-level and
upper observational records and four gridded datasets. The fourth section analyses
the relationship between the ventilation conditions and observed surface levels of
particulate matter (PM2.5 and PM10 ). The role of atmospheric stagnation and its
connection is then discussed in relation to both atmospheric ventilation and particulate matter events. Finally, a statistical model is created that has potential to predcit
extreme PM events in the coastal city of Antofagasta.
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5.1

Boundary Layer Meteorology

5.1.1

The Planetary Boundary Layer

The Planetary Boundary Layer (PBL) is the lower layer in the Troposphere directly
influenced by the earth’s surface, and it responds to earth forcings such as evaporation and transpiration, heat transfer, air pollution, and topography (Stull, 1988).
The PBL is a transition region between the earth’s surface and the free Troposphere.
In this layer, the atmospheric flow is governed by strong turbulence, which leads to
small-scale exchanges of momentum, heat and moisture (Deardorff, 1972; Beljaars,
1992; Zhang et al., 2015). This usually turbulent layer is also considered the mixed
layer where air pollutants are vertically dispersed (Benkley and Schulman, 1979;
Garrat, 1992).
Due to the small spatial scale, or sub-grid scale, where these phenomena occur, the PBL is usually parametrised and diagnosed in climate models through the
so-called PBL schemes. As described by Zhang et al. (2015), PBL schemes are
classified into two categories: local and non-local schemes. In local schemes, the
vertical fluxes are linked to local parameters, such as potential temperature or wind
gradients. Due to their nature, they fail to capture non-local transport (Stull, 1988).
On the other hand, non-local schemes take into account large-scale non-local motions that develop, for instance, under strong convective conditions. Also, these
last schemes are more suitable for simulating wind shear turbulence under stable
conditions (Xie et al., 2012).
A typical parameter to characterise the PBL is the Richardson number (Ri ), an
indicator of both atmospheric turbulence and stability. This number is the ratio between an stability parameter s (rate at which stability suppresses turbulence) and the
turbulence generated by mechanical shear forces at a rate proportional to (∂ ū/∂ z)2
(Schnelle, 2003) (Eq. 5.1).

Ri =

s
(∂ ū/∂ z)2

(5.1)

A strong negative Richardson number indicates strong vertical motion and un-
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stable atmospheric conditions. On the contrary, strong positive values indicate stable conditions where convection is weak, and mixing ceases. Neutral conditions
are given by a Richardson number close or equal to zero. The height of the PBL
(PBLH) varies significantly in time and space, from hundreds of meters to a few
kilometres (Stull, 1988). PBLH is usually computed through the bulk Richardson
number, which corresponds to the Richardson number of an atmospheric layer from
the surface to a given height (Holtslag and Boville, 1993; Zhang et al., 2015).

5.1.2

The Ventilation Coefficient

Temperature inversions play an important role in pollutant dispersion, because they
result in stable atmospheric conditions that prevent mixing penetrating through
them. One type of inversion, normally taking place at a few hundred meters height,
is produced by the radiative cooling of the surface during nighttime associated with
slow wind speeds (Benkley and Schulman, 1979; Marshall and Plumb, 2008). For
instance, Ji et al. (2012) found a close relationship between PM10 and PM2.5 concentrations with both low wind speeds and low heights of the temperature inversion over Beijing. Several atmospheric pollution episodes were reported in the San
Joaquin Valley in California associated with a shallow mixed layer tapped by a temperature inversion (Zhao et al., 2011b,a). Another type of temperature inversion
is the so-called ”trade-wind” inversions, which is common in subtropical regions
in the Northern and Southern hemispheres (Marshall and Plumb, 2008), such as
California (Zhao et al., 2011b), and the coast of the Atacama Desert in Northern
Chile (Schulz et al., 2011; Muñoz et al., 2011; Rutllant et al., 2013; Muñoz et al.,
2016). The base of these inversions are often found between 0.4 and 2.0 km height,
being usually persistent due to the descending Hadley Cell warmed adiabatically –
see §3.1 for more details. The strong role of subsidence associated with the global
meridional overturning circulation results in many subtropical areas experiencing
high pollution levels (Marshall and Plumb, 2008).
Variations in the mixed layer combine with the impacts of winds (as analysed
in Chap. 4) to influence air quality. To quantify these influences, Kassomenos et al.
(1995) defined a ventilation coefficient (VC, m2 /s) as a proxy of the efficiency of
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the atmosphere to disperse pollutants. VC is computed as the product between wind
speed within the mixing layer and mixing height. As argued by Zhao et al. (2011a)
for their application of VC, a sensible simplification is to consider the product of
surface wind speed (ws,m/s), commonly at 10 m height above the surface, and the
boundary layer height (BLH,m). This simplification has benefits arising from the
sparsity of reliable upper observations across an area of interest and models’ vertical
resolutions.

VC = ws × PBLH

(5.2)

Higher values of VC indicate more ventilation capacity of the lower Troposphere. Therefore, lower wind speeds reduces the ventilation of the atmosphere, as
does lowering boundary layer height. The ventilation coefficient was conceived to
track the temporal behaviour of ventilation over a given area (Kassomenos et al.,
1995). Pielke et al. (1991) extend this by showing that a single hour can be considered as unvented when the resultant VC value is less than 6, 000m2 s-1 , as originally
suggested by Holzworth (1972). This threshold has been applied in a variety of
global settings, such as the United States (Trail et al., 2013) and China (Huang
et al., 2018).
Zhao et al. (2011a) calculated the VC throughout the pollution season in California (summer and spring) - a coastal climate environment sharing some similarities with the situation of the Atacama Desert (§3.1). They found air pollution
levels are strongly linked to stagnant conditions and low boundary layer heights.
In addition to the complex topography, a key factor influencing the poor air quality in California is the marine boundary layer given by a temperature inversion
layer along shore formed by the subsiding hot air linked to the Pacific Subtropical
High (PSH). Additionally, the cold Sea Surface Temperature (SST) associated with
coastal upwelling inhibits convection, enhancing this atmospheric dynamics (Zhao
et al., 2011b). Similar coastal dynamics influencing air pollution events were described for the Attica Peninsula, Greece, by Nester (1995) and Melas et al. (1995).
Also, for the northern coast of Chile, along the Atacama Desert, similar ocean-
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atmosphere interactions have been described (Schulz et al., 2011; Muñoz et al.,
2011; Rutllant et al., 2013; Oyarzún and Brierley, 2019). Despite the similarity in
prevailing ocean-atmospheric conditions, it has not yet been explored whether similar the connections between the boundary layer meteorology and pollution levels
measured in several urban settlements occur in the Atacama Desert.
Atmospheric ventilation also has direct implications on the radiative balance
(Yang et al., 2019). The anomalous atmospheric composition changes observed in
the upper troposphere and lower stratosphere (UTLS) region over South Asia is
directly connected to the time of residence of air masses and their transport from
the Iranian and Tibetan Plateaus. This is itself primarily driven by the ventilation
conditions over these two emission sources (Yang et al., 2019).

5.1.3

Atmospheric Stagnation

Several studies argue that wind speed, wind direction, temperature, precipitation,
humidity, sea breeze, cloud cover, convection and mixed layer height directly impact air pollution levels (Holzworth, 1967; Kassomenos et al., 1995; Nester, 1995;
Melas et al., 1995; Jacob and Winner, 2009; Tai et al., 2010; Zhao et al., 2011b;
Dawson et al., 2014). Some variables may predominate over others in certain areas due to multiple factors. High pollution episodes have often been associated
with atmospheric stagnation, especially for Particulate Matter (PM) and ozone (O3 )
pollution events (Jacob and Winner, 2009; Horton et al., 2012; Trail et al., 2013).
A stagnation event occurs when the lack of atmospheric ventilation and reduced
dispersion given by low wind speeds at the low troposphere is combined with low
precipitation rates (Horton et al., 2012). An established indicator for atmospheric
stagnation is the daily-basis National Climatic Data Center (NCDC) Air Stagnation Index (ASI) based on the thresholds defined by Wang and Angell (1999). ASI
defines stagnation events if; 1) the daily mean of both wind speed at 500 hPa and
10 m above the ground is less than 13.0 m/s and 3.2m/s, respectively, and 2) the
total precipitation during the day is less than 1.0 mm. In addition, Wang and Angell
(1999) proposed a stagnation episode if these conditions occur for four consecutive
days. This consideration can be relaxed by 10 % if a temperature inversion layer
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is present below 850 hPa. However, Dawson et al. (2014) discarded this last criterion considering it only appropriate for multi-day warm weather stagnation events.
Pollution events in Chicago take place during cold days in the presence of stagnation and low mixed and temperature inversion heights. However, in Birmingham
(Alabama), the relationship with surface temperature is not evident, and pollution
events are mostly attributed to stagnant conditions under the presence of a lowtemperature inversion layer (Dawson et al., 2014). In addition to its application in
understanding air quality levels, ASI has also been used as a measure of potential
air quality in areas with significant emissions and absence of monitoring, usually
with a low density of population (Horton et al., 2014).
The meteorological dependence of air pollution is not trivial to describe. This
since the varied response of the different air pollutants to meteorological conditions
(Horton et al., 2014). Tai et al. (2010) applied multiple linear regression (MLR)
methods to deseasonalised PM2.5 and meteorological time series across the USA.
Although temperature, precipitation, circulation and relative humidity explained
about the 50% of PM2.5 , different signs of correlation were computed for different places and particles components, namely nitrate, sulfate, and organic and elemental carbon. Precipitation was the only variable negatively correlated with all
the components. However stagnation events led consistently to higher PM2.5 concentrations, in agreement with Jacob and Winner (2009) and Horton et al. (2014).
Despite Tai et al. (2010) and other studies demonstrating the potential of using ASI,
its application is still scarce. Horton et al. (2014) estimated ASI at a global scale
from the CMIP5 dataset. However, as the authors pointed out, this index excludes
fundamental air pollutant dispersion factors, such as temperature inversions and topography. These factors are of particular relevance when analysing areas where natural emissions are important. The Atacama desert, where mineral dust production
is associated with higher wind speeds (§4.6) is one such potential region. Nonetheless in urban areas (where pollution monitoring stations are often sited), stagnation
driven by low wind speeds might lead to enhanced accumulation of pollutants other
than dust which are emitted by anthropogenic sources.
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The analysis of stagnation events based on ASI is a measure of stagnation
episodes at synoptic scales (Horton et al., 2012). Therefore, this approach has been
mainly applied at continental (Wang and Angell, 1999; Leibensperger et al., 2008;
Tai et al., 2010) or global scale and coarse spatial resolutions from General Circulation Model (GCM) simulations (Horton et al., 2012). Horton et al. (2014) used
ASI to analyse the response of stagnation events under global warming globally.
The study concluded that the frequency of stagnations events would increase by
55% in populated areas, with the highest increments in the tropics and subtropics,
where stagnation days may rise in 40 days per year (Horton et al., 2014). Despite
the coarse resolution of that analysis potenitally missing the influence of local-scale
factors like topography, the connection between synoptic climate and air pollution
events in populated areas highlight the possibility of changing air quality under climate change.

5.1.4

The Role of Anticyclones and Climate Modelling

The causes of worsening air pollution can be non-trivial to determine as they can
arise from increased anthropogenic emissions, unfavourable climate-meteorological
factors and/or interactions feedbacks between them (Ji et al., 2012). Several studies have analysed synoptic influences, particularly pressure systems, to learn more
about air quality (McGregor and Bamzelis, 1995; Makra et al., 2006; Cheng et al.,
2007; Chen et al., 2008; Kuo et al., 2008; Appelhans et al., 2013; Ji et al., 2012;
Tai et al., 2012). High-pressure systems promote stagnant conditions because of
their weaker winds (especially at the edges), associated atmospheric stability, and
their longer residence over a given area. In contrast with low-pressure systems lead
to more turbulence and instability. Chen et al. (2008) found strong correlations
between PM10 pollution events in Northern China and synoptic pressure patterns.
Appelhans et al. (2013) found that anticyclones over New Zealand are a dominant
control factor of air pollution using classification and regression tree techniques.
McGregor and Bamzelis (1995) applied principal component analysis to identify
strong connections between continental anticyclonic air masses and high pollution
episodes over the UK, whilst marine cyclones were associated with low pollution
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events. Tai et al. (2012), also using principal components and multiple linear regression, identified a strong positive correlation between less frequent frontal ventilation
and PM2.5 concentrations in the eastern USA. Makra et al. (2006) applying statistical analysis identified a connection of the anticyclone over the Carpathian Basin
with phases of high pollution in Hungary. Combined, these studies suggest that
reduced atmospheric ventilation linked to the influence of a high pressure system,
such as the South Pacific Anticyclone (SPA), are expected to exert a negative effect
(increase) on PM concentration levels. The above has been unexplored for northern
Chile.
The study of anticyclones is usually carried out using General Circulation
Models (GCM, see §2.5.1 for a description). However, GCMs and their coarse
resolution have difficulties representing local dynamics, especially over complex
terrains. Regional Climate Models (RCM, see §2.6) have been described as a suitable tool for simulating processes at these scales (Bozkurt et al., 2019). Trail et al.
(2013) used the WRF model to dynamically downscale the NASA GISS model E2
earth system to a 12x12km horizontal resolution for a better representation of atmospheric stagnation, ventilation and precipitation conditions linked to increasing
ozone concentrations. Precipitation is one of the fundamental meteorological variables governing air pollution levels and directly impacts the stagnation conditions
of a given area (Horton et al., 2012). However, coarse climate models can exhibit
systematic biases on precipitation arising of poor representation of topography, especially at coarse scales (Rojas, 2006).

5.2
5.2.1

Methods
Modelled Atmospheric Ventilation

The Ventilation Coefficient (Kassomenos et al., 1995) and the Air Stagnation Index
(ASI), based on Wang and Angell (1999) thresholds, were computed from modelling (modelled VC and ASI) and observational datasets (observed VC and ASI)
on a daily basis. In the case of modelled VC and ASI these were computed from
the gridded outcomes summarised in Tab. 5.1 throughout the Evaluation simu-
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lation experiment (1981-2010). These datasets correspond to outcomes from three
Regional Climate Models (WRF341lI-SAM44, RegCM4-SAM44, RegCM4-CL09)
forced by the ERA-Interim reanalysis and gridded data from the ERA5 reanalysis
(Copernicus, 2017). These datasets, as well as the selected Evaluation experiment,
are described in Chapter 2.
Table 5.1: Gridded (RCMs and reanalysis) Datasets Used in this Study

Dataset

Institution

WRF341I- Universidad
SAM44
de Cantabria
(UCAN).
Contributing
to CORDEX
dataset
RegCM4- Center for
SAM44
Climate and
Resilience
Research
(CR)2
RegCM4- Center for
CL09
Climate and
Resilience
Research
(CR)2
ERA5 Re- European
analysis
Centre for
MediumRange
Weather
Forecasts
(ECMWF)

5.2.2

Driving
Dataset

t freq.

Ref.

ERAInterim

Horizontal. Experiment
Res. (°Lat
x °Lon)
0.44
X Evaluation
0.44
(1979-2011)

daily

ERAInterim

0.44
0.44

X Evaluation
(1980-2015)

daily

Skamarock
et al. (2008);
Katragkou
et al. (2015);
Manzanas
et al. (2018)
Bozkurt et al.
(2019)

RegCM4- 0.09
SAM44 0.09

X Evaluation
(1980-2015)

daily

-

X (1980-2018)

hourly Copernicus
(2017)

0.28
0.28

Bozkurt et al.
(2019)

Observed Atmospheric Ventilation and Particulate Matter

Observed VC and ASI index were computed from the observational records summarised in Tab. 5.2. These comprise of observations of meteorology and air quality
(PM10 , PM2.5 ) from Chile’s National Air Quality Information System (SINCA).
Three ground monitoring sites exist along the coast of Northern Chile (Iquique, To-
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copilla and Antofagasta) and a further two situated on inland at Sierra Gorda and
Calama (§2.2.1). Since meteorological records in the SINCA network usually have
a shorter temporal coverage than particulate matter (PM10 and PM2.5 ), these have
been supplemented with meteorological observations from two ground monitoring
sites (Antofagasta and Calama) operated by Chile’s Meteorological Service (DMC).
Upper air observations of wind speed at 500 hPa, as well as the height of the
base of Temperature Inversion Layer (TILH) along the coast of Northern Chile were
computed from radiosondes launched daily at 12:00 UTC from the Cerro Moreno
station, north of Antofagasta city. When calculating the ventilation coefficient, the
inferred TILH was used as an approximation of BLH over the area (as suggested by
Schulz et al., 2011). More details of the TILH estimation and the radiosonde dataset
employed are presented in Chapter 3, where its variability and its significance for
the climate dynamic of the Atacama Desert are discussed.
Table 5.2: Observational datasets used in this study. ws: surface wind speed, wd: surface
wind direction, T: surface temperature, AP: surface atmospheric pressure, RH:
relative humidity, ws500: wind speed measured at 500 hPa, TILH: temperature
inversion layer height computed as described in §3.2. Wind speed (ws) was
computed from the native variables us (zonal component of the wind) and vs
(meridional component of the wind) in each gridded dataset. SINCA, DMC and
Cerro Moreno datasets are described in §2.2 and §2.3.

Dataset

Chile’s National Air
Quality Information
System (SINCA)

Chile’s Meteorological
Service (DMC)
Atmospheric Soundings, Uni. Wyoming

Variable
PM10

Site
Antofagasta (Ant)
Escuela E-10 (Toc)
Estacion Centro (Cal)
Sierra Gorda (SG)
PM2.5
Antofagasta (Ant)
Escuela E-10 (Toc)
Calama (Cal)
Sierra Gorda (SG)
Alto Hospicio (Iqu)
ws
Escuela E-10 (Toc)
Sierra Gorda (SG)
Alto Hospicio (Iqu)
ws,wd,T,RH,AP Cerro Moreno (Ant)
Calama
ws500, TILH, Cerro Moreno (Ant)
(12:00 UTC)

Period
2013-2019
2011-2019
2013-2019
2012-2019
2013-2019
2011-2019
2012-2019
2012-2019
2016-2019
2011-2019
2012-2019
2016-2019
1950-2018
1950-2018
1973-2018
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All meteorological datasets from SINCA and DMC were obtained at hourly
time-frequency, from which the daily means were computed. The calculation of
VC and ASI index, both daily metrics, were calculated from the daily averaged observations. Daily means were only calculated for days with at least 75% valid data
(i.e. with at least 18 hours of data available). Similarly, monthly means computed
for the analysis of long-term relationships between particulate matter and VC were
calculated for months having at least 75% of valid data (at least 22 days available).
Particulate Matter observations (PM10 , PM2.5 ) were obtained from the SINCA website as daily means.
Two areas were defined for area-averaged time series computation in order to
analyse atmospheric ventilation and BLH temporal trends from gridded datasets –
coastal and inland desert regions (Fig. 5.1). As the atmospheric boundary layer
height governs ventilation along with wind speed these two areas may be expected
to experience different conditions. The areas contain the three coastal and two inland ground monitoring sites of particulate matter from SINCA and DMC indicated
in Tab. 5.2.In the case of the Coastal desert area (CD) (19.5°S to 45.5°S and 69.8°W
to 70.8°W), the atmospheric boundary layer is directly influenced by the TILH, and
wind patterns are primarily modulated by the direct effect of the South Pacific Anticyclone (SPA). On the other hand, in the Inland Desert area (ID) (19.5°S to 45.5°S
and 68.8°W to 69.8°W), temperature inversions are governed by radiative effects
and the orography, which also modulates local winds patterns..

5.2.3

Logistic Regression

Classification methods are a fundamental subgroup of techniques within machine
learning and data analysis. Logistic regressions allow for the targeting of two-class
classification problems from multiple independent variables. Therefore the outcome is dichotomous and numerically correspond to a probability of occurrence of
a binary event, p. Its mathematical expression is based on the Sigmod function (Eq.
5.3) applied on a multiple linear regression (Eq. 5.4).
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p=

p=

1
1 + e−y
1

1 + e−(β0 +β1 X1 +β2 X2 ...+βn Xn )

(5.3)

(5.4)

Due to its nature, the dependant (target) variable in the logistic regression follows the Bernoulli distribution, and its parameters can be calculated by the Maximum Likelihood Estimation (MLE) method. Therefore, there is no fitness assessment through r values. If the outcome from the logistic function (Eq. 5.3) is greater
than 0.5 (probability equal to 50%), the result can be classified as 1 (True), otherwise is 0 (False).
The logistic regression method was applied to pollution events in the city of
Antofagasta based on observational meteorological and PM data. An extreme event
was defined as the daily mean of PM (PM2.5 or PM10 ) exceeded the 80th percentile.
This limit seems reasonable since the values obtained for both PM2.5 (16 µgm-3 )
and PM10 (46 µgm-3 ) lies within the latent range for the annual mean policy for
both contaminants. As explained in 3, the term ‘latent’ in Chilean normative means
the range between 80 and 100% of the normative threshold, meaning a potential
risk for human health. Additionally, a sensitivity test was performed considering
thresholds between percentiles 60 to 95.
Three experiments were carried out using different sets of input variables, as
presented in Tab. 5.3. The first one (Exp1) considers the VC as part of the independent variable list along with other meteorological variables. The second one (Exp2)
considers VC and ASI index as independent variables. The third experiment (Exp3)
comprises only the meteorological variables listed in Tab. 5.3. The models were fitted using a training dataset corresponding to 75% of the data, with the performance
of the resulting model assessed using the remaining 25% of the data. The models
were assessed using the metrics of accuracy, precision and recall, as well as plotting the Receiver Operating Characteristic (ROC) (depicting true positive against
the false positive rates), and the confusion matrix (which summarises true and false
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positives along with true and false negatives). ROC curve is a measure of the classification performance, and the area under this curve (AUC-ROC) is used to measure
the performance of the prediction (Marzban, 2004).
A regularisation technique was carried out, which penalises large weight coefficients to reduce overfit and peculiarities from the training dataset. This technique
is known to improve performance on unseen data. Initially, all models were fitted
without regularisation and then the method was applied. In all cases, a better fit to
the evaluation data were achieved.
Table 5.3: Observational datasets used for logistic regression experiments (Exp1, Exp2 and
Exp3). wd: surface wind direction, T: surface temperature, AP: surface atmospheric pressure, RH: relative humidity

Experiment Atmospheric Ventilation Features Other Meteorological Features
Exp1
VC
T,RH,AP,wd
Exp2
VC,ASI
T,RH,AP,wd
Exp3
T,RH,AP,wd
Wind direction was discretised to the four cardinal points. Also stagnation
days were included as dummy variables, set as 1 when a day was stagnant under
ASI criteria or 0 when not. Additionally, weekdays and weekend days were also
incorporated as dummy variables to indirectly distinguish behaviours potentially
linked to non-natural emissions and governed by intra-weekly cycles, such as urban
transport. All variables were normalised prior to computation.

5.3

Atmospheric Ventilation over the Atacama Desert

The daily Ventilation Coefficient (VC) was computed from surface wind speed and
boundary layer height for the ERA5 reanalysis and the three RCMs (Tab. 5.1).
Surface wind patterns (wind speed and direction) over northern Chile are primarily
governed by the South Pacific Anticyclone (SPA) at synoptic spatial-time scales
(see §3.1). At local scales, the effect of the SPA is still significant across coastal
areas. However, as discussed by Muñoz et al. (2013), over inland desert regions,
the surface windspeed is primarily modulated by topography (Fig. 5.1), with higher
windspeeds over the relatively flat areas of the central desert.
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The four different datasets produce broadly similar patterns of wind speeds

(Fig. 5.1). Over the ocean the wind speed spatial distribution and magnitude match
relatively closely in WRF341I and ERA5, with the higher resolution RegCM4CL09 show similar features but with additional fine scale details. Although RegCMSAM44 simulates this same pattern polewards of 23°S, to the North the wind speeds
are damped in comparison to by up to 3 ms-1 (Fig. 5.1).
Some large variation in wind speed from the four datasets is seen over land
(Fig. 5.1). In relatively flat inland desert areas between 20 and 24 °S, the three
models and the ERA5 reanalysis reproduce similar wind speeds between 1 and 3
ms-1 . The finer RegCM4-CL09 simulates a confined region with significantly higher
velocities to the North of Calama – something which is smeared out in the coarser
RegCM4-SAM44 dataset. For this area of complex topography RegCM4-CL09
simulates wind speeds as strong as at the top of the Andes.
Overall, the spatial distribution of wind speeds seen in the ERA5 over the
Northern Atacama region (18-24°S) agrees with the modelled datasets presented
here (Fig. 5.1). Differences emerge as one heads up into the Andes. Although
resolution clearly affects the spatial pattern of wind speed, all models simulate relatively higher values in the Andes, especially over the Altiplano (Andean region at
18-20°S), where altitudes reach a mean of 3,800 m above sea level (Fig. 5.1). This
is less evident in WRF341I, but still the model reproduces higher wind speeds associated with easterly wind anomalies in the middle and upper troposphere, which
favour moisture transport from the east (Vuille, 1999). Intense dust storms have
been described over this area (Gaiero et al., 2013). This pattern is only weakly seen
in the ERA5 reanalysis and few differences in wind speed magnitude are observable
between the Andean region and the central desert (Fig. 5.1d).
Over the Southern region of the Atacama Desert (24-28°S), where complex
topography predominates, the three regional climate models show higher velocities
above the Andes (bottom right of Fig. 5.1a,b,c). This pattern is not seen in ERA5,
which seems less sensitive to the differences in topography and altitude.
The performance of models in surface wind speed simulation was assessed
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Figure 5.1: Decadal mean (2010-2019) of the surface wind speed computed from (a)
WRF341I-SAM44, (b) RegCM4-SAM44, (c) RegCM4-CL09, and (d) the
ERA5 Reanalysis. The black star denotes the location of the Cerro Moreno
radiosonde site (CM-RS). Black dots depicts the SINCA ground monitoring
sites at Antofagasta (Ant), Tocopilla (Toc), Iquique (Iqu), Sierra Gorda (SG)
and Calama (Cal). Black contour lines represent topography at 250 m vertical
resolution.

against observational records from Cerro Moreno (Antofagasta, coast) and Calama
(inland) sites belonging to the DMC network (Fig. 5.2). These sites were chosen because they have more wind speed observations than those available from the
SINCA sites (Tab. 5.2). At both locations, the four products underestimate monthly
means of wind speed (Fig. 5.2). At the coastal site of Cerro Moreno, the observa-
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tional record depicts consistent wind of 3.6 ms-1 (25-75% range of 3.4–3.9 ms-1 ),
which is at least 1 ms-1 faster than all the products. In this area, all models capture the monthly variations in wind speed, with r values greater than 0.5, except
for RegCM4-SAM44 whose r value was 0.37. The higher resolution version of this
same model (RegCM4-CL09) both correlates better with the observations (r=0.55)
and produces wind speeds closer to those observed. Although WRF341I-SAM44
preforms best of the 3 RCMs on monthly correlations, it underestimates the mean
wind speed the most. ERA5 reproduces well both the interquartile amplitude and
variability (r=0.65), but has systematically simulated 1 ms-1 slower than observations. Over this area, the wind pattern is directly modulated by the SPA, occasional
low-pressure systems intrusions and the sea-land flow (see §3.1). As the role of
topography is less predominant is reasonable to expect that models perform reasonably well. Indeed, over the ocean region of the coast of Antofagasta, the CMIP5
dataset has been found to behave with a certain agreement, and no significant differences have been found between coarse and fine resolution climate models (Oyarzún
and Brierley, 2019). Despite this, when compared with a single ground monitoring
site directly governed by boundary layer effects, the local topography can play a
crucial role. The disagreement between models and the observational dataset does
not necessarily indicate poor model performance at larger spatial scales. In addition, this coastal site (Antofagasta) is located in a land-ocean transition where several coastal phenomena take place, such as convective transport of moisture. These
processes are parameterised within the model at multi-kilometre horizontal scale.
Hence, their local effect is not dynamically computed.
Over the inland region of Calama, the complex topography provides an additional challenge for modelling performance. In fact, none of the three climate
models (WRF341l-SAM44, RegCM-SAM44 and RegCM-CL-09) captured surface
wind speed variability (Fig. 5.2). In contrast, ERA5 reproduced a similar spread of
wind speeds (an interquartile range of 0.7 ms-1 ) to observations, but with a robust
offset in magnitude. The ERA5 wind speeds exhibit an r-value that is considerably
lower to that computed for Cerro Moreno (r=0.39). The horizontal resolution of
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ERA5 is still coarse for local analyses in the complex topography of Calama, it provides a finer-scale output than WRF341I-SAM44 and RegCM-SAM44 (Tab. 5.2).
The even finer output from the 10-km resolution RegCM-CL09 might suffer from
the resolution-related uncertainties of its forcing ERA-Interim dataset.

Figure 5.2: Surface wind speed at Cerro Moreno, Antofagasta (upper) and Calama (bottom). Blue boxes depict the 25–75 percentiles of the dataset, and the horizontal
red line depict the median. The observed annual cycle computed from monthly
means of surface wind speed at each site are shown in the right hand panels.
The r-value represents the Pearson coefficient computed for linear correlation
between each model’s daily mean of wind speed and the Antofagasta (upper)
and Calama (bottom) dataset..

The other variable needed to calculate the ventilation coefficient is the boundary layer height (BLH). As described in §5.1.1, non-local PBL schemes in climate
models are more appropriate for the simulation of wind shear turbulence under stable conditions in comparison to local PBL schemes (Xie et al., 2012). The four
gridded products used comprise a non-local PBL scheme for BLH computation
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(Fig. 5.3).
The WRF341I-SAM44 model comprises the Yonsei University (YSU, Hong
et al. (2006)) non-local closure PBL scheme in which the BLH is computed based
on the formulation of a bulk Richardson number between the surface and the height
of the PBL. In the YSU scheme, a critical bulk Richardson number equal to zero determines the minimum flux level. As discussed by (Hong et al., 2006), this scheme
has been found suitable for both real-time forecasting and transient climate simulations due to an improved convective processes representation within the PBL,
including a more realistic turbulence intensity in the mixing layer, in comparison to
its previous version (Hong and Pan, 1996).
Regarding RegCM4-CL09 and RegCM4-SAM44, both configurations comprise the Holtslag et al. (1990) non-local PBL scheme, in which the BLH is calculated by an iteration procedure employing a bulk critical Richardson number
formulation. Then a non-local vertical profile of eddy diffusivity for momentum,
moisture, and heat is adopted for the layer between the surface and the PBL height
(Giorgi et al., 2012).
The ERA5 reanalysis comprises the non-local PBL scheme firstly proposed
by Vogelezang and Holtslag (1996), which has been described as a suitable choice
for applications on radiosondes, reanalysis and climate model outcomes (Seidel
et al., 2012). Similar to WRF341I-SAM44, RegCM4-CL09 and RegCM4-CL44,
the BLH is computed based on a bulk Richardson number. The surface frictional
effects are ignored since the friction velocity is unknown in radiosonde data. Also,
near-surface winds at 2m height are set to zero because radiosonde data do not
comprise winds close to the surface. Considering the above, the BLH is defined
as the lowest level at which the bulk Richardson number equals a critical value of
0.25. As argued by Seidel et al. (2012), this is suitable for both convective and
stable planetary boundary layers.
Fig. 5.3 reveals substantial discrepancies between the four gridded datasets in
their simulation of decadal mean boundary layer height (2010-2019). WRF341ISAM44 and ERA5 simulate shallow boundary layers across the Atacama Desert,
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ranging in between a few meters up to 700 m above ground level, with the highest
values towards the Andes especailly over Calama (Cal) and Sierra Gorda (SG) (Fig.
5.3a,d). RegCM4 simulates considerably higher boundary layers at both resolutions, with values up to 1,500 m above the ground over the Atacama. Again higher
values tend to be located towards the Andes, although most of the middle desert
exhibits decadal means greater than 1,000 m above the ground (Fig. 5.3b,c). Some
differences between the RegCM4 resolutions are observable along the coastline between Iquique (Iqu) and Antofagasta (Ant), yet both are substantially higher than
those computed by WRF341I and ERA5 over the same area.
The elevated boundary layers in RegCM4 seem to be linked to a persistent
systematic warm bias seen over the Atacama region (Bozkurt et al., 2019). This
is attributed to the complexities of simulating land surface and radiative processes
and has been reported for other regions in earlier versions of RegCM (such as the
3.5°C warm bias reported by Marcella and Eltahir, 2012, over Southwest Asia). As
reported by Bozkurt et al. (2019), in the 0.09°resolution RegCM4 model (RegCM4CL09) over Northern Chile, the warm bias ranges between +2 and +5°C, with a
mean for the Atacama Desert of about +4°C. The coarser 0.44°resolution model
(RegCM4-SAM44) reproduces a warm bias of about +2°C, similar to those of forcing reanalysis ERA-Interim. Larger bias from the finer model (RegCM4-CL09)
does not necessarily imply a poor representation of temperature patterns and surface fluxes. Indeed, as pointed out by Bozkurt et al. (2019), RegCM4-CL09 reproduced a closer variability and magnitude estimation of evaporation fluxes over the
area compared to observations. It also better represents the temperature inter-annual
variability.
All products show a boundary layer that is roughly half the height over the
coastal desert (Fig. 5.4) as that over inland desert areas (Fig. 5.5) – consistent
with Fig. 5.3. The amplitude of the seasonal cycle does not scale proportionally
between them, suggesting this is closer to an annual mean offset. RegCM4-SAM44
and RegCM4-CL-09 simulate a TILH over the inland desert of 1200 m above the
ground (compared to 600 m near the coast). This higher inland value provide a
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Figure 5.3: Decadal mean (2010-2019) of the Boundary Layer Height (BLH in metres)
computed from (a) WRF341I-SAM44, (b) RegCM4-SAM44, (c) RegCM4CL09, and (d) ERA5. The black star denotes the location of the Cerro Moreno
radiosonde site (CM-RS). Black dots depicts the SINCA ground monitoring
sites at Antofagasta (Ant), Tocopilla (Toc), Iquique (Iqu), Sierra Gorda (SG)
and Calama (Cal). Black contour lines represent topography at 250 m vertical
resolution

much closer fit to the observations, although it seems unlikely that the CM site
really samples the inland conditions. The deeper boundary layer inland observed
in the four datasets is naturally expected because of extremely high solar radiation
exposure throughout the day over the desert.
When analysing the area-averaged time series of BLH of computed for the
coastal and inland areas (Fig. 5.3), the four gridded datasets reproduce a similar
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seasonality than the one computed for the Cerro Moreno radiosonde (see §3.2).
The simulated boundary layer is taller in summertime and its height drops in altitude in wintertime (Figs 5.4 and 5.5). The observed TILH exhibits a remarkable
decreasing trend from about 1,500 m height in 1981 to 1,300 m height in 2010
(Fig. 5.4). The monthly anomalies are with respect to a climatology calculated
over the entire validation period (1981-2010) and shows interannual variability as
well as the downward trend (Figs. 5.4). This decline has been reported by Schulz
et al. (2011), who linked it to an observed cooling of the sea surface over the Humboldt coastal region since the mid-1970s (Falvey and Garreaud, 2009; Schulz et al.,
2011). This ocean cooling is captured by CMIP5 global climate models and arises
from intensified upwelling in the upper ocean layers during last decades (Oyarzún
and Brierley, 2019). The three regional models (WRF241I, RegCM4-SAM44 and
RegCM4-CL09) simulate this boundary layer shallowing, albeit with a weaker trend
than observations for the coastal desert area (Fig. 5.4) although the magnitude of
decline over the inland area (Fig. 5.5). On the other hand, ERA5 does not capture
this decline, perhaps suggesting a need for dynamically downscaling the coastal
local meteorology to capture the phenomenon.
The four datasets all show a zonal gradient in the ventilation coefficient (Fig.
5.6), exhibiting higher VC over the inland area (ID) compared to the coastal area
(CD). The magnitudes differ considerably (Fig. 5.6), which is to be expected given
the substantial differences in the simulated BLH (Fig. 5.3). RegCM4-SAM44 and
RegCM4-CL09 simulate higher VC values than WRF341I-SAM44 and the ERA5
reanalysis, whose patterns over land are visually similar. It is relevant to note that
despite the discrepancies in magnitude, most of the area remains below the threshold
of 6,000 m2 s-1 (Holzworth, 1972) – although that was daily threshold, rather than
an annual mean.
Although the BLH primarily controls the ventilation coefficient magnitude,
the spatial distribution of VC (Fig. 5.6) seems to be governed by the topographymodulated wind patterns over land (Fig. 5.1). One such example is the higher
VC values over Calama and the exceptional higher values over the mountainous
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Figure 5.4: Area averaged time series of observational (dotted black line) and simulated
boundary layer height from gridded datasets for the coastal desert (CD) area.
Upper: anomalies computed with respect to the climatological cycle (averaged
over 1981-2010). Bottom: absolute-value time series. Intra seasonal cycle has
been removed, preserving seasonality..

Eastern land from 25°S to the South. On the other hand, all datasets reproduce lower
atmospheric ventilation along the coast due to the low BLH. Then, VC increases off
the shore due to the significant rise of wind speed over the ocean, despite similar
boundary layer heights.
A ventilation coefficient can be computed from the Cerro Moreno radiosonde
observations combined with and the surface wind speed measurements from
Antofagasta (Figs. 5.7 and 5.8). This record shows a strong decline during the
last decades, which is driven by the observed decline of BLH (Figs. 5.4). The observed trend in VC is roughly an order of magnitude larger than that seen in any of
the products.
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Figure 5.5: Area averaged time series of observational (dotted black line) and simulated
boundary layer height from gridded datasets for the inland desert (ID) area.
Upper: anomalies computed with respect to the climatological cycle (averaged
over 1981-2010). Bottom: absolute-value time series. Intra seasonal cycle has
been removed, preserving seasonality..

In the coastal desert area (CD), all three regional models simulate a decline
in VC (Figs. 5.7). This decline is weaker in WRF341I-SAM44 than in RegCM4SAM44 and RegCM4-CL09, because of its shallower boundary layer (Fig. 5.4). Interestingly, ERA5 does not exhibit a reduction in VC, even showing a small increase
in VC towards the end of the evaluation period during the 2000s (Fig. 5.7). Over the
inland desert (ID, Fig. 5.8), RegCM4-SAM44 and RegCM4-CL09 shows a longterm trend anomalous VC of similar magnitude to those over the CD area (Fig. 5.7),
ranging from about +300 to -150 m2 s-1 .However, in ID both RegCM-SAM44 and
RegCM-CL09 are reproduced with a similar magnitude to the observations, which
overlaps towards the ends of the period of analysis. The ventilation coefficient is
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Figure 5.6: Decadal mean (2010-2019) of the Ventilation Coefficient (VC) computed
from (a) WRF341I-SAM44, (b) RegCM4-SAM44, (c) RegCM4-CL09 and (d)
ERA5. The black star denotes the location of the Cerro Moreno radiosonde
site(CM-RS). Black dots depcits the SINCA ground monitoring sites at Antofagasta (Ant), Tocopilla (Toc), Iquique (Iqu), Sierra Gorda (SG) and Calama
(Cal). Blue rectangles corresponds to the Coastal Desert (CD) and Inland
Desert (ID) areas..

lower in all data products and regions than calculated from the observations. The
observed mean VC of 5000 m2 s-1 is still over 1000 m2 s-1 higher than the highest
simulated mean value (RegCM4-SAM44 inland; Fig. 5.8).
Observed VC and simulated VC calculated from RegCM4-SAM44 and
RegCM4-CL09 exhibit a clear seasonal pattern across the Atacama with more
intense ventilation during summer and lower in winter (Figs. 5.7 and 5.8, bottom).
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This is expected because of the annual cycle of both wind speed and BLH. This
seasonality signal is weaker in ERA5 and WRF341I-SAM44. However, in the inland desert (Fig. 5.8, bottom), ERA5 reproduces a clear seasonality matching a less
defined annual cycle of RegCM4-SAM44 and RegCM4-CL09. On the contrary,
WRF341I-SAM44 exhibits the opposite behaviour, with more ventilated conditions
in winter.
The observed VC experiences seasonal exceedence of the 6,000 m2 s-1 threshold through the period, although the amount of these reduce dramatically after 1997
(Fig. 5.7) with the exception of the 1980s decade. According to the above and
considering Holzworth (1972) criterion, the Atacama desert land is prone to prevailing unvented conditions, at least at a regional scale. Daily values of VC and
their assessment against Holzworth (1972) threshold are discussed in the following subsections. For the four gridded datasets, VC remains below the 6,000 m2 s-1
threshold through the period. This suggests that an absolute threshold is not appropriate across the various data sources and relative thresholds must be defined for
each product.

5.4

Particulate Matter and Atmospheric Ventilation
Relationships

Particulate matter concentrations depend on several natural and anthropogenic factors (Chapter 3). Therefore, it is unrealistic to expect strong linear relationships
between particulate concentration and the ventilation coefficient. Exploring the relationship between these parameters nonetheless provides insights into the natural
factors influencing air pollutants concentrations (Zhao et al., 2011a).
Ground-based observations of PM10 and PM2.5 from five sites (Tab. 5.2) were
converted to monthly averages and correlated with the observed and modelled VC.
At all locations, observed VC exhibits a negative relationship with PM2.5 (Fig. 5.9)
and PM10 (Fig. 5.10). These relationships can be summarised by correlation statistics, and results for both observed and simulated VC, boundary layer height and
wind speed are presented in Tab. 5.4.
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Figure 5.7: Temporal variation in ventilation coefficient (VC). Area averages over the
coastal desert area (CD) of simulated VC are shown for four gridded datasets
(colours), along with observations from near Antofagasta (dotted black line).
Upper panel: anomalies computed with respect to a climatological cycle computed over entire period of analysis 1981-2010. Bottom panel: absolute-value
time series with a smoothing applied.

The observed VC from Antofagasta shows a negative relationship with PM2.5
(Fig. 5.9) at all five sites selected. The strong relationships at both Tocopilla and
Calama are worthy of note. These are some of the most complete records and
cover both inland and coastal conditions. This indicates at the seasonal cycle and
long term trend over a broad area and influenced by the varying meteorological
conditions. Both coastal and inland sites are exposed to substantive anthropogenic
emissions, including urban transport, coal power plants (Toc), and open-pit mining
operations (Cal) (see details of relevant emission sources in §3.3). As previously
discussed, although Antofagasta, Calama and Sierra Gorda present higher VC, all
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Figure 5.8: Temporal variation in ventilation coefficient (VC). Area averages over the inland desert area (ID) of simulated VC are shown for four gridded datasets
(colours), along with observations from near Antofagasta (dotted black line).
Upper panel: anomalies computed with respect to a climatological cycle computed over entire period of analysis 1981-2010. Bottom panel: absolute-value
time series with a smoothing applied.

the locations are under persistent unvented conditions (< 6,000 m2 s-1 ). This a conservative assumption, since along the coast, the TILH caps and modulates the BLH
(Schulz et al., 2011). Regarding the inland sites (SG and Cal), although the nature
of the BLH and temperature inversion layer formation over the inland desert derives
from local radiative effects, the marine ”trade-wind” TILH still exerts an effect on
the inland BLH variability and the generalised stable atmospheric conditions of the
region.
Some interesting differences are seen in the relationship of PM10 concentrations to ventilation (Fig. 5.10) compared to those of PM2.5 – although an in-
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Figure 5.9: Comparison between monthly-mean observed time series of ventilation coefficient with PM2.5 for Iquique, Tocopilla, Antofagasta, Sierra Gorda and Calama.
The gaps in the plots occur where there is a lack of PM2.5 data in those periods.
This also means that the horizontal and vertical axes are the same between the
panels..
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verse relationship still exists at all four sites (Iquique has no PM10 measurements).
Tocopilla and Antofagasta, both coastal sites, present considerably high correlations between VC and PM10 (r values equal to 0.61 and 0.72 respectively). These
are stronger than PM2.5 relationships at both sites, which makes sense given their
stronger potential incidence of in-situ anthropogenic sources that add noise to the
unrelated meteorological conditions. However, PM10 variability tends to be modulated by atmospheric ventilation, because it relates to both emission and transport
of coarse particles in these coastal areas, such as marine aerosols and mineral dust.
Conversely, PM10 in Calama correlates more weakly with VC (r = 0.36) in comparison with PM2.5 (r = 0.64). In this location, the anthropogenic emissions of coarse
PM are substantial, because of the operation of the open-pit mines of Chuquicamata and Mansa Mina located to the north of the City. Although the mines operate throughout the year, the intensity of the operations and hence emissions (say
through local transport on unpaved roads) responds to external factors such as the
global price of copper. A similar effect is observed in Sierra Gorda, although the
impact is less severe. To truly assess the relative natural and anthropogenic contributions implied by these relationships, chemical transport modelling would need to
be performed. Nonetheless the results here presented are reasonable and align with
the corresponding nature of the emissions in each location.
A close look at Tab. 5.4 reveals significant agreement and discrepancies between the correlations computed from observed VC and the gridded datasets. The
observed estimate of the depth boundary layer (technically the temperature inversion level height, TILH) shows higher correlations with PM concentrations than
VC for most instances. This reveals a considerable effect of the boundary layer
modulating both PM10 and PM2.5 levels at both coastal and inland locations and
the effect of wind speed variations do not matter (except for Iquique). This is of
particular significance due to the observed decline of the TILH observed during the
last decade. This trend is expected to continue, as inferred by the increasing coastal
upwelling intensity at the ocean surface simulated from CMIP5 during the 21st Century and the modelled coastal upwelling and BLH trends from the UKESM1 model

174

Chapter 5. Atmospheric Ventilation and Particulate Matter Variability

Figure 5.10: Comparison between monthly-mean observed time series of ventilation coefficient with PM10 for Tocopilla, Antofagasta, Sierra Gorda and Calama. The
gaps in the plots occur where there is a lack of PM2.5 data in those periods.
This also means that the horizontal and vertical axes are the same between the
panels..

contributing to CMIP6 discussed in Chapter 6. A particularly strong correlation
is observed in Sierra Gorda, where the PM10 relationship with the TILH is much
higher (r = −0.74), than with the ventilation coefficient (r = −0.48).
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Table 5.4: Linear correlation between observed VC,TILH and surface wind speed (ws),
and modelled VC,BLH and surface wind (ws) speed with observed PM2.5 and
PM10 in Iquique (Iqu), Tocopilla (Toc), Antofagasta (Ant),Sierra Gorda (SG)
and Calama (Cal). The results are presented for Observed VC, whose case
BLH is given by the TILH, and the gridded datasets RegCM-SAM44, RegCM4CL09 and ERA5. WRF341I-SAM44 has not been considered due to there
was no enough collocation data between the modelling and observational dates
to perform monthly-basis correlations (5.1 and 5.2). Also, because of the
same, RegCM4-SAM44 and RegCM4-CL09 were not considered for analyses
in Iquique

Site
VC

Obs
TILH ws

VC

Iqu
Toc
Ant
SG
Cal

-0.71
-0.18
-0.38
-0.32
-0.64

-0.47
-0.54
-0.49
-0.62
-0.66

-0.71
0.18
-0.13
0.10
-0.43

0.38
-0.61
-0.63
-0.24

Iqu
Toc
Ant
SG
Cal

-0.61
-0.72
-0.48
-0.36

-0.64
-0.61
-0.74
-0.51

-0.13
-0.56
-0.04
0.00

0.08
-0.74
-0.22
0.54

Reg44
BLH ws
PM2.5
0.24 0.35
-0.61 -0.46
0.24 -0.55
-0.09 -0.16
PM10
0.0
0.14
-0.80 -0.45
0.22 -0.23
-0.14 0.49

VC

Reg09
BLH ws

VC

ERA5
BLH ws

0.24
-0.61
-0.67
-0.41

0.25
-0.61
0.11
-0.17

0.18
-0.61
-0.58
-0.24

-0.86
0.11
-0.55
-0.21
-0.05

-0.84
0.11
-0.56
0.00
0.02

-0.90
0.10
-0.52
-0.44
-0.27

-0.08
-0.77
-0.32
0.48

-0.13
-0.82
0.17
-0.28

-0.02
-0.74
-0.29
0.58

0.0
-0.63
-0.11
-0.02

0.13
-0.61
-0.10
-0.10

-0.12
-0.64
0.01
0.22

Regarding simulated VC, mixing results are observed. In the coastal sites of
Iquique and Antofagasta, the gridded datasets reproduce an even higher correlation
in comparison with observed VC. Unlike the last one, gridded data suggest a significant effect of both BLH and ws on PM variability. The opposite is the case of
inland sites (Sierra Gorda and Calama) and the coastal city of Tocopilla. This is
expected when analysing Fig. 5.2 (bottom), which shows an almost null correlation
between modelled and observed ws at Calama. Although there is some agreement
between the modelled VC correlations and the observed ones at these locations,
there are significant discrepancies regarding their constituents components (BLH
and ws). This might be associated with the difficulties of the gridded products to
capture their variability at such complex terrain.
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5.5

Atmospheric Stagnation and Particulate Matter
Events

This section aims to understand the role that atmospheric stagnation plays, defined as ASI (Wang and Angell, 1999), on PM10 -PM2.5 observed events. First,
wind speed at 500 hPa records (ws500) from the Cerro Moreno radiosonde dataset
are contrasted against the four gridded products used in this Chapter (WRF341ISAM44, RegCM4-SAM44, RegCM4-CL09 and ERA5). This is to provide confidence in computing, for all sites, an observational ASI using mid-tropospheric
winds from the radiosonde records (Cerro Moreno). The above, along with assessing models performance for computing modelled ASI. Then, observed ASI is
discussed, followed by the analysis by the spatial distribution of stagnation over
northern Chile from the four gridded products. Finally, ASI and PM links during
PM10 and PM2.5 events are discussed along with prevailing atmospheric ventilation
(VC) conditions.

5.5.1

Mid-tropospheric wind from Cerro Moreno and gridded
products

The mid-troposheric wind speed is one of the variables needed to compute ASI
(Wang and Angell, 1999). Therefore is sensible to assess the fidelity of this variable
in the four products, to see if it can account for the variation in simulated ASI seen
above. The four datasets satisfactory simulate both magnitude and variability of
the mid-tropospheric wind speeds over Antofagasta (Fig. 5.11), as compared to the
profiles observed at nearby Cerro Moreno. Additional comparison between these
observations simulated wind speed over Calama shows that, as expected, ws500
preserves its magnitude across the area of interest (Fig. 5.11).
The radiosonde observations from Cerro Moreno at 500 hPa are representative
of the whole area, given the consistency demonstrated in the four products. These
records correspond to morning measurement at 8 or 9 am local time. However,
because of the near absence of a daily cycle of ws500 above the boundary layer and
the governing topography, this is of little consequence.
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Figure 5.11: Left: Model performance of wind speed at 500 hPa (ws500) height in contrast
to observational records at Cerro Moreno (labelled as Antofagasta (Ant)). The
upper plot shows the modelled ws500 over Antofagasta, and the bottom plot
shows the modelled ws500 over Calama. Blue boxes depict the interquartile
data. The horizontal red line depicts the median. Right: climatological annual
cycle wind speed at 500 hPa observed at Cerro Moreno..

5.5.2

Observed ASI

Table. 5.5 summarises observed stagnation computed with ws500 records from
Cerro Moreno and surface wind speed measured at each location. Tocopilla presents
the highest number of stagnant days (1,756), corresponding to 62.7% of the period
of record. The above due to a predominance of days when surface wind speed meet
the Wang and Angell (1999) criterion (ws < 3.2ms-1 ). It is interesting to note that
Antofagasta, located 180 km south of Tocopilla, presents considerably lower stagnant days (18.8% of the total). Both correspond to coastal cities directly exposed to
the SPA. The above difference is driven by the higher amount of days in Tocopilla
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when surface wind speed met the criterion for ASI, which suggest that local factors,
such as topography or built-environment interferences, might be impacting (reducing) local wind speeds in Tocopilla. Another factor to consider is the zonal location,
which is discussed in the next Section.
Regarding inland desert locations, whereas Sierra Gorda presents a similar
stagnant days frequency than Antofagasta (18.8% of the total.), Calama presents
a considerable low number of stagnant days (2.6%). This is mainly because of the
reduced amount of days meeting the Wang and Angell (1999) criterion for surface
wind speed (259 days out of 4,392).
Table 5.5: Observed stagnation computed from Cerro Moreno ws500 data and surface wind
speed for Tocopilla (Toc), Antofagasta (Ant), Sierra Gorda (SG) and Calama
(Cal). Surface wind speed in Tocopilla and Sierra Gorda has been obtained
from the SINCA database. For Antofagasta and Calama, the DMC sites in
each location have been used (they offer a more extended monitoring period).
The second column summarises the number of days (wind speed daily average)
when the Wang and Angell (1999) criterion is met. Similarly, the third column
summarises the number of days (ws500 measure in each day) when the Wang
and Angell (1999) criterion for ws500 is met. Stg days refers to the number
of stagnant days observed (ASI=1) during the monitoring period (Period), an %
corresponds to the percentage of days out of the total (Total records) that are
stagnant.

Site ws < 3.2ms-1
[days]
Toc 2,679
Ant 1,822
SG 579
Cal 259

5.5.3

ws500 < 13.0ms-1
[days]
1,850
4,225
1,254
3,251

Stg.
days
1,756
1,187
344
127

%

Total
records
62.7 2,801
18.8 6,330
17.8 1,930
2.6 4,932

Period
Dec2005-Sep2018
Jan2000-Sep2018
Sep2012-Sep2018
Feb2003-Sep2018

ASI spatial distribution

The Air Stagnation Index (ASI) has been computed for all the four data products
(Tab. 5.1). The Wang and Angell (1999) thresholds were used (Section 5.1.3) and
the number of days per year averaged over the period 1981-2010 (Fig. 5.12).
Most of Northern Chile presents a significant amount of stagnation episodes
(henceforth ‘stagnant days’), in agreement with the prevailing unvented conditions
over the Atacama. Although some spatial discrepancies are observed between the
different datasets, (potentially linked to differences in spatial resolution), there is
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a consistent pattern of higher frequency of stagnant events at the lower latitudes
of the Atacama, with a reducing amount towards the South (Fig. 5.12). The semipermanent stagnant conditions in the Northern Atacama are highly influenced by the
hyper-aridity and virtual absence of rainfall. Although the pattern is also evidenced
from ERA5 (Fig. 5.12d), this reanalysed dataset reproduces considerably more
stagnant days. Some areas between 18 and 20°S experience an average of over 300
stagnant days per year in ERA5.
At the 2 inland sites (Sierra Gorda and Calama) all the datasets suggest between 100 to 180 stagnant days per year on average (Fig. 5.12). Greater variability is shown in the coastal locations, likely due to the models’ different horizontal
resolution and their representation of the ocean-land boundary. WRF341-SAM44
and RegCM4-CL09 simulate 130 and 190 stagnant days per year at Iquique respectively, whereas RegCM4-SAM44 and ERA5 suggest less than 50 stagnant days
per year. In the case of Tocopilla, both coarser models (WRF341I-SAM44 and
RegCM4-SAM44) simulate about 90 stagnant days per year, whereas RegCM4CL09 and ERA5 show lower figures of about 30 and 60 stagnant days, respectively
(Fig. 5.12). Finally, Antofagasta presents a higher stagnation than its coastal counterparts in all datasets with both WRF341I-SAM44 (120 days), RegCM4-SAM44
(100 days) suggesting stagnation persists for more than a whole season on average.
Despite the variations between the different datasets, the results suggesting that a
substantial region of the Atacama desert experience over 4 months of stagnant conditions per year fit with the findings of Horton et al. (2014) for Northern Hemisphere
dry subtropical regions.

5.5.4

ASI and PM levels

Fig. 5.13 presents an observational analysis between the ASI and PM (PM2.5 and
PM10 ) for Tocopilla, Sierra Gorda, Antofagasta and Calama. It also includes the
ventilation coefficient, in order to explore the intersection with stagnation. In Fig.
5.13, days where the Wang and Angell (1999) thresholds for ASI index were met
are coloured red, whilst other days are shown in black.
Stagnant days in all locations take place under unventilated conditions (as also
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Figure 5.12: Stagnant episodes estimated according to the thresholds defined by Wang
and Angell (1999) for ASI index computation. ASI was computed from
WRF341I-SAM44 (a), RegCM4-SAM44 (b), RegCM4-CL09 (c), and ERA5
(d). The black star denotes the location of the Cerro Moreno radiosonde site
(CM-RS). Black dots depicts the SINCA ground monitoring sites at Antofagasta (Ant), Tocopilla (Toc), Iquique (Iqu), Sierra Gorda (SG) and Calama
(Cal).

found by Trail et al., 2013), with only 6 days across all sites and all PM variables
that occur with a VC above the threshold of 6, 000m2 s-1 . In fact, as summarised
in Tab. 5.6 for both PM2.5 and PM10 over 99% of total stagnant days observed
in every site took place in days with a VC value lower than 6,000 m2 s-1 , (black
horizontal lines in Fig. 5.13). It is also important to note that 72.4% of all days
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in Calama fall below the unventilated threshold, and 97% in Tocopilla (Tab. 5.6).
As discussed in §5.5.2, Calama seems somewhat of an outlier amongst the four
sites, as is experiences a much lower number of stagnant days (Fig. 5.13d and Tab.
5.6). Also, PM2.5 presents no extreme values, as daily mean, which as discussed
in Chapter 3 is reasonable to observe due to the predominance of coarse particulate
matter anthropogenic sources in the area.
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Figure 5.13: Daily observations of PM10 -PM2.5 and ventilation coefficient. Each day is
represented by a cross that is coloured red if it is stagnant according to the ASI
definition, and black otherwise. Horizontal black lines denote the threshold
VC = 6, 000m2 s-1 . Note the different horizontal scales, which vary in relation
to each sites particular matter observations. Iquique has not been included as
this site does not measure PM10 .
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Table 5.6: ASI and VC relationships for PM2.5 and PM10 datasets. Data (days) correspond
to the total length of the dataset containing VC, ASI and PM10 -PM2.5 . This
varies between PM10 and PM2.5 , with PM10 records usually being longer. than
PM2.5 . VC < 6, 000m2 s-1 : number of days that meet this condition out of the
total data. Stg. days: number of stagnant days as defined by the ASI index.
Stg. days & VC < 6, 000m2 s-1 : number of days that are both stagnant and
unventilated.

Site data (days) VC < 6, 000m2 s-1
Toc
Ant
SG
Cal

2,086
1,286
1,890
2,449

2,006 (96.2%)
1,056 (82.1%)
1,679 (88.8%)
1,833 (74.8%)

Toc
Ant
SG
Cal

2,737
2,182
1,907
1,828

2,656 (97.0%)
1,770 (81.1%)
1,695 (88.9%)
1,323 (72.4%)

Stg. days Stg. days & VC < 6, 000m2 s-1
PM2.5
1,237
1,236 (99.9%)
229
227 (99.1%)
332
331 (99.7%)
31
31 (100.0%)
PM10
1,676
1,675 (99.9%)
384
381 (99.2%)
337
336 (99.7%)
21
21 (100%)

The occurrence of PM events depends on location, and although all extreme
events have taken place under the Holzworth (1972) limit, these do not necessarily
occur under stagnant conditions as defined by ASI. In fact, only at Tocopilla (Fig.
5.13a) is an evident pattern of extreme events during stagnant days and unvented
conditions observed for both PM2.5 and PM10 . In this location, similar to the pollution events described by Dawson et al. (2014) in Birmingham (Alabama), extreme
PM10 and PM2.5 events (> 200µgm-3 ) took place in the presence of stagnation and
low temperature inversion heights.

5.6

Statistical modelling of particulate matter events

Three experiments (Tab. 5.3) were carried out in order to understand the variables
and their respective weights linked to extreme PM events. These were defined as
being above 80th percentile (p80) of the PM2.5 and PM10 datasets, which corresponds to 16 and 46 µgm-3 respectively. Both values are within the “latent” range
of the annual mean Chilean standard of each pollutant. As described in §3.4, “latent” non-attainment means that the air pollutant concentration lies between 80 and
100% of the threshold value, which corresponds to 15 − (<)20µgm-3 for PM2.5 and
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40 − (<)50µgm-3 for PM10 . All of the logistic models use surface meteorology as
inputs. These are combined with the ventilation coefficient in experiment 1 (Tabs
5.7), combined with the ventilation coefficient and ASI in experiment 2 (Tab. 5.8,
or just used by themselves (Tab. 5.9). The coefficients associated with each input variable are determined using a subset of the available data, and then evaluated
against the data that was left out (§5.6).
Each of the 3 experiments are evaluated through skill-scores developed for
logical data. ‘Accuracy’ measures the number of cases, either true or false (PM
event or non-event) estimated, it means the ratio between the observations predicted
correctly and the total of observations. ‘Precision’ measures the performance of the
model for predicting true cases (PM events), which means the ratio between true
values predicted correctly and the total of true values predicted (either correct or
not). ‘Recall’ indicates the quantity of actual true values that the model is able to
identify, which means the ratio between true values predicted correctly and the total
of true values in the observational dataset. The final measure used is the area under
the receiver operating characteristic (ROC) curve (AUC-ROC) (§5.6). An AUCROC equal to 0.5 indicates difficulties for discrimination, whereas a value equal to
1 indicates perfect class discrimination. The actual ROC curves are presented in
Fig. 5.14. Tabs. 5.7, 5.8 and 5.9 summarise the model results for each experiment.
To illustrate the performance of the experiment, Confusion matrices are presented
in Fig. 5.15. These explicitly shown true and false positives and true and false
negatives predicted by each model on the testing dataset (25% of the total).
Experiments 1 and 2 (Figs. 5.7 and 5.8) produce a better prediction than the
experiment using solely meteorological variables (Tab. 5.9). Although the PM10
and PM2.5 models derived using just relative humidity, surface temperature and
atmospheric pressure nonetheless demonstrates some skill. In all three experiments,
better predictions are found for PM2.5 than PM10 .
AUC-ROC values are greater than 0.8 in all models incorporating the ventilation coefficient, and slightly higher still once ASI is also included (c.f. Tab. 5.8
with Tab. 5.7). It is also noticeable that the normalised coefficients of VC and sur-
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face temperature are considerably larger, and both negatives. On the other hand, the
ASI coefficient is positive, but its magnitude is smaller. This agrees with the results
for extremely large PM events (> 200µgm-3 ) shown in Fig. 5.13 where large PM
events predominantly occur under unvented conditions without clear trends regarding stagnation. This strengthens the argument that both PM2.5 and PM10 events
in Antofagasta are linked to a decrease in surface temperature under unventilated
conditions not only for very large events, but also for mild events above 16 and 46
µgm-3 as a daily mean of PM2.5 and PM10 , respectively. The model for experiment
1 was able to predict 241 true positive values for PM10 and 266 true positives for
PM2.5 (Fig. 5.15). On the other hand, the models predicted 84 false PM10 events
and 64 false PM25 events. This leads to an accuracy of 0.74 and 0.78 for PM10
and PM2.5 events prediction, respectively (Tab. 5.7). In the case of experiment 2
(Fig. 5.15 c and d), the model predicted 231 true positive values for PM10 and 271
true positives for PM2.5 . On the other hand, the models predicted 94 false PM10
events and 59 false PM25 events. These differences with experiment 2 suggest that
experiment 1 better predicted PM10 events, whereas experiment 2 better predicted
PM2.5 events. However, this difference is relatively small, as observed in the recall
values in Tabs. 5.7 and 5.8.
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Table 5.7: Logistic Regression Statistics for Experiment 1 (exp1).

Feature Exp1 Coef PM10
RH
0.86
T
-3.06
AP
0.72
VC
-5.23
wd E
1.07
wd S
0.22
wd W
0.77
wday
1.37
wend
0.69
-3
PM ev (µgm )
46.0
AUC-ROC
0.82
accuracy
0.74
precision
0.74
recall
0.74
Total Data
1592

Coef PM2.5
-0.64
-5.63
-0.24
-5.51
1.87
0.95
2.04
2.39
2.47
16.0
0.85
0.78
0.77
0.81
1572

Table 5.8: Logistic Regression Statistics for Experiment 2 (exp2).

Feature Exp2
RH
T
AP
VC
ASI
wd E
wd S
wd W
wday
wend
PM ev ( µgm-3 )
AUC-ROC
accuracy
precision
recall
Total Data

Coef PM10
1.14
-3.74
0.48
-3.76
1.13
0.72
0.13
0.71
1.11
0.44
46.0
0.82
0.74
0.76
0.71
1592

Coef PM2.5
-0.88
-6.20
-0.67
-4.65
0.78
1.72
1.06
2.07
2.45
2.40
16.0
0.87
0.79
0.79
0.82
1572

In experiment 3, the model performance led to lower values of accuracy, precision and recall (Tab. 5.9) compared to the previous two experiments. The above is
related to the lack of predicting variables characterising atmospheric ventilation. In
this scenario, where wind speed and BLH are not considered, surface temperature
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arises as the most significant variable associated with PM2.5 and PM10 events. However, this presumably relates to being temperature a proxy for the seasonal cycle. As
indicated by the AUC-ROC values (0.71-0.79) for experiment 3 in comparison with
experiment 2, when including VC and ASI as predicting variables, the models gain
the ability to predict about 10 to 15% more true positive or true negatives values
(correct PM events and correct PM non-events).
Table 5.9: Logistic Regression Statistics for Experiment 3 (exp3).

Feature Exp3
Coef PM10
RH
0.32
T
-4.09
AP
-0.54
wd E
1.72
wd S
0.18
wd W
0.51
wday
1.50
wend
0.92
-3
PM ev ( µgm )
46.0
AUC-ROC
0.71
accuracy
0.67
precision
0.67
recall
0.66
Total Data
1592

Coef PM2.5
-0.54
-6.68
-1.49
2.16
0.84
1.64
2.27
2.37
16.0
0.79
0.71
0.70
0.74
1572
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Figure 5.14: ROC curves for normalisation weights (regularisation method) 0.005, 0.1, 0.3,
0.5 and 0.7, for experiments 1, 2 and 3. AUC-ROC value in caption corresponds to the normalisation weight 0.7 which in all cases was the highest
AUC-ROC value..
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Figure 5.15: Confusion Matrices for Experiments 1, 2 and 3.

A sensitivity test was carried out over a range of PM thresholds ranging from
the 60th percentile to the 95th percentile, using the best performing set-up (exper-
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iment 2, which includes VC and ASI). The model performance improves as the
threshold becomes higher (Tab. 5.10), for example the AUC-ROC increases from
0.75 (60%ile) to 0.87 (for the 95%ile). It is notable that the coefficient for ASI varies
little between during these sensitivity tests. However, the parameter for VC doubles
in magnitude, suggesting an increasing role as the PM10 events become more extreme. Another interesting lessons from this sensitivity test, is that the weekday
and weekend variables show a reduced role as the threshold increases (Tab. 5.10) reaching an equilibrium . This suggests that the potential emissions associated with
economic activity, such as anthropogenic traffic emissions, plays a role in determining above-average pollution events, but less so for the extreme ones.
Table 5.10: Sensitivity test for experiment 2. Target: PM10 events.

Perct. PM10
(µgm-3 )
60
65
70
75
80
85
90
95

38.1
40.0
42.0
43.7
46.0
49.0
52.8
59.6

AUCROC

Precision Coef wday Coef wend

0.75
0.78
0.77
0.79
0.82
0.83
0.85
0.87

0.71
0.74
0.72
0.77
0.74
0.76
0.74
0.78

0.84
0.71
1.02
1.14
1.11
1.28
1.32
0.85

0.16
0.02
0.29
0.52
0.44
0.71
0.93
0.55

wday/
wend
ratio
5.3
35.5
3.5
2.2
2.5
1.8
1.4
1.5

VC

ASI

-2.77
-2.94
-3.7
-4.09
-3.76
-4.18
-5.87
-6.35

1.4
1.17
1.1
1.07
1.13
1.21
1.13
1.01

These results contribute to an understanding of both PM variability and the
characterisation of events, either mild or extreme. This understanding could have
direct implications on local policies and their link with public health, where the
prediction of events plays a crucial role. The understanding of the PM variability
allows for better targeting of mitigation measures, potential adopting an approach
where major emitters are asked to curtail operations if certain meteorological conditions are forecast. The simple, logistic models were able to predict at least 70%
of PM events highlighting the potential for more sophisticated air-quality modelling
approaches around Antofagasta.
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Summary

Atmospheric ventilation was explored through the ventilation coefficient (VC) in
northern Chile from observational, modelled and reanalysed datasets. Consistently,
all gridded datasets (WRF341lI-SAM44, RegCM4-SAM44, RegCM4-CL09, and
ERA5) reproduce mostly unvented conditions (VC = 6, 000m2 s-1 ) across the Atacama Desert, which reaches minimum ventilation during wintertime when the
boundary layer height (BLH) is lower. On the other hand, during spring and summer, atmospheric ventilation increases due to the higher BLH and the increased
wind speed modulated by an intensification of the South Pacific Anticyclone (SPA).
The four gridded products analysed reproduce higher VC over inland areas, which is
primarily explained by a higher BLH computed over the interior of the Atacama. In
particular, RegCM4-SAM44 and RegCM4-CL09 reproduce a considerably higher
BLH, and hence VC, linked to a systematic positive temperature bias in RegCM4
over northern Chile.
Regarding the temperature inversion layer height (TILH) along the coast, a
decreasing trend is computed from the observational radiosonde data for 1991-2010.
This decline is also reproduced for BLH by the four gridded dataset over both the
coast and over the inland desert. particularly RegCM4-SAM44 and RegCM4-CL09
reproduce VC in a similar magnitude than the observations (around 4, 000m2 s-1 ).
Respect the role that atmospheric ventilation plays on PM variability, low to
high Pearson values were computed between observed PM2.5 and observed VC. In
particular, high correlations were obtained in Iquique (r=-0.71) and Calama (r=0.64). Similarly, low to high correlations were computed between PM10 and VC.
The higher relationships were found in Tocopilla (r=-0.61) and Antofagasta (r=0.72).
Both PM10 and PM2.5 events occur mostly under unvented conditions. However, stagnation (ASI) does not arise as a determinant factor during PM events. The
exception for the above is Tocopilla, where extreme events of both PM10 and PM2.5
occur during unvented and stagnant days.
A logistic model comprising VC, ASI , and a set of meteorological variables,
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was set up for predicting PM10 and PM2.5 events in the city of Antofagasta. At least
70% of PM events were successfully predicted, and VC emerged as the most significant predictor in the three experiments performed. ASI significance was considerably lower. This model represents a low-cost initiative for predicting PM events
in other cities like Antofagasta where predictions services are not available.
Other potential explanatory variables not included in this study, such as natural
emissions or a more sophisticated proxy for anthropogenic emissions, might be
expected to result in more accurate predictions in the logistic model. Having built
a skilful logistic model, a sensible next step would be to feed it with future trends
of modelled meteorological data (such as RCMs outcomes) in order to project the
occurrence of events. This would complement analyses based on Earth System
Models (ESMs), an example of which is conducted at a coarser spatial and temporal
scale in Chapter 6.

Chapter 6

Regional Climate Change and Future
Particulate Matter over Northern
Chile
Global environmental change is modifying the concentration and composition of
pollutants in the atmosphere, which is exacerbated by the extreme sensitivity of air
pollution to weather (Fiore et al. (2015); Von Schneidemesser et al. (2015)), atmospheric ventilation and stagnation (Kassomenos et al., 1995; Zhao et al., 2011a).
However, the sign of these impacts and their magnitude at a given location depends
on both natural and anthropogenic forcings which co-exist at different spatial and
time scales (see Chapter 3). Natural forcings comprise changes in climate, synoptic
meteorology and natural emissions, such as mineral dust or sea salt, and feedbacks
between these forcings and air pollution usually take place in both directions. Indeed, air pollutants can directly impact local weather and long-term climate. Therefore, the understanding of air quality phenomena at local scales is essential for targeting both local air quality policies and climate change mitigation and adaptation
strategies.
The Atacama Desert produces an estimate of 35-55 x 106t per year of mineral
dust directly emitted to the atmosphere (Zender et al., 2003), representing about
2.3-2.6% of the global mineral dust production (Ginoux et al., 2004; Tanaka and
Chiba, 2006) (See Chapter 4). A factor to consider is that Particulate Matter (PM)
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emissions can impact over a larger area than covered by the local legislation, where
the emission sources are located (Fiore et al., 2015). Also, air quality and climate
change policies are usually set by separate bodies, and the mitigation of one is not
necessarily beneficial for the mitigation of the other (Maione et al., 2016). For example, whereas the global effort of decreasing SO2 emissions has direct benefits
for human health, this reduction prevents it masking greenhouse gas induced warming (Bedsworth, 2011). Nonetheless, drastic measures to mitigate climate change
through cutting fossil fuels consumption, certainly represent an opportunity to improve local air quality levels West et al. (2004); Thambiran and Diab (2011). Therefore, whereas climate change policy should consider local air quality standards, the
future changes of air quality meteorology may force additional mitigation efforts
for meet air quality standards. The above is called the climate penalty (Junkermann
et al., 2011; Bedsworth, 2011).
As described in Chapter 3, major climate controls on the Atacama Desert, governing its extreme arid environment and the atmospheric stability of the region, are
the South Pacific Anticyclone (SPA), atmospheric moisture, the persistent Temperature Inversion Layer along the Northern Chilean coast, and the Humboldt coastal
upwelling system. The dynamic interconnection between these factors is crucial for
particulate matter dispersion. The SPA dynamically modulates winds patterns. The
coastal upwelling and their effect on Sea Surface Temperature (SST) - along with
the Hadley Cell zonal subsidence - contributed to a persistent Temperature Inversion
Layer (TIL) along the Atacama latitudes (see §3.1). Both wind patterns and Temperature Inversion Layer Height (TILH) are the main drivers of atmospheric ventilation
(Kassomenos et al., 1995). Therefore, there is a strong connection between the major climate drivers of the Atacama Desert and pollutants dispersal in the region. In
this section, the main climate and ocean drivers of the Atacama Desert are explored
under climate change for a set of Shared Socioeconomic Pathways (SSP) scenarios.
This chapter introduces the connection between climate change and air pollution, including policy implications. Then, the Humboldt coastal upwelling system
is discussed in terms of the available literature and its representation in previous
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modelling experiments. The third section presents the UK Earth System Model
(UKESM1-0-LL), SSP scenarios and the dataset explored in the following sections.
The fourth section analyses future regional warming of the Atacama Desert, followed by the study of future vertical stability over Northern Chile in section 5.
Finally, projections on future Particulate Matter concentrations over the Atacama
Desert are discussed, followed by a summary of the main findings of the chapter.
Elements of this chapter were taken from the article titled ’The future of coastal
upwelling in the Humboldt current from model projections’ published in Climate
Dynamics in 2019 by Damián Oyarzún Valenzuela and Chris M. Brierley (cited as
Oyarzún and Brierley (2019)). The paper explored ocean upwelling intensity at different depths in the Humboldt system through the analysis of the upward ocean mass
transport variable included in some models contributing to the Coupled Model Intercomparison Project Phase 5 (CMIP5). Its relationship with wind stress and ocean
stratification was analysed throughout the Historical experiment (1850-2005) and
the Representative Concentration Pathways 8.5 (RCP8.5) climate change scenario
(2006-2100). As a complement to this peer-reviewed article, the section Vertical
Stability over Northern Chile explores coastal upwelling in the Humboldt system
from UKESM1-0-LL. Elements in common are the literature review on coastal upwelling and the methods for studying the upward ocean mass transport variable.
Also, the results from UKESM1-0-LL are discussed in the context of the previous
results reported in Oyarzún and Brierley (2019).

6.1

Climate Change and Air Pollution

The interaction of air pollutants with the climate in the atmosphere depends on their
composition. Whereas some pollutants tend to cool the atmosphere, others lead to
warming. Indeed, Fiore et al. (2015) highlighted the interaction of PM with solar
radiation and its significant role as a precursor of climate change. However, the
effects of aerosols radiation-interactions depend on particles composition. Predominantly, aerosol particles scatter solar radiation (Watson, 2002). As a result, the
atmosphere cools due to the short-wave radiation sent back to space interrupting

196Chapter 6. Regional Climate Change and Future Particulate Matter over Northern Chile
its path to the surface, what is called the ”aerosol direct effect” (Fiore et al., 2015)
(Fig. 6.1). However, whereas this cooling process takes place, constituents of PM
such as black carbon (BC), brown carbon (BrC), and mineral dust absorb the solar short-wave radiation, which leads to warming of the atmosphere (aerosol semidirect effect) (Ramanathan and Feng, 2009; Fiore et al., 2015). The absorption of
solar radiation by aerosols can modify the atmospheric temperature profile leading
to a temperature inversion layer. As a result, a stable atmosphere and unfavourable
ventilation conditions for air pollutants are created (Ackerman et al., 2000; Fiore
et al., 2015) (see §3.1). Natural and anthropogenic aerosols act as cloud condensation nuclei (CCN) and cloud ice nuclei (IN) leading to an enhanced number of
droplets. Both liquid and crystals droplets modify clouds albedo, making them
more reflective (first indirect effect) (Twomey, 1977; Ramanathan and Feng, 2009;
Fiore et al., 2015) and increasing their lifetime (aerosols second indirect effect) (Albrecht, 1989; Fiore et al., 2015) (Fig. 6.1). The cooling effects of aerosols have also
been linked to decreasing evaporation rates from the land surface, and leading to
a weakening of the hydrological cycle at different scales (Ramanathan and Feng,
2009).

Figure 6.1: Aerosol–radiation (ari) and aerosol–cloud interactions (aci). Blue arrows depict
solar radiation and grey arrows terrestrial radiation. (Boucher et al., 2013).

The study of long-term changes in the climate system on air quality has mainly
been developed around the understanding of potential changes on air quality mete-
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orology. In this regard, future atmospheric ventilation and frequency of stagnation
events have been inferred from climate change experiments at local and regional
scales. Horton et al. (2014) computed the Air Stagnation Index (ASI), used in Chapter 5, from the CMIP5 dataset in order to analyse the response of stagnations events
under global warming at a global scale. The study concluded that the frequency of
stagnations events would increase over roughly 55% of the populated areas around
the globe, with the highest increases in the tropics and subtropics where stagnation
days may rise by 40 days per year. This might result in increasing unfavourable
conditions for air quality in populated areas under climate change. Precipitation
is a key component for ASI computation, and its seasonality at a regional scale is
fundamental to understand long-term climate impacts on PM (Dawson et al., 2014).
However, modelled ASI carries a significant uncertainty due to the poor simulation
of precipitation, especially in some rainy regions (Horton et al., 2012). With a similar approach, an earlier study by Tai et al. (2012) analysed atmospheric ventilation
and air quality meteorology over North America from 15 GCMs contributing to
CMIP3. They found that changes on the dominant meteorological modes will lead
to an annual mean increase by 0.1 µgm-3 of PM2.5 over the eastern United States
by the year 2050. These results were aligned with those previously reported by Leung and Jr. (2005) based on the Penn State/NCAR Mesoscale Model (MM5). The
authors found decreasing trends of atmospheric ventilation along with increasing
stagnation conditions across the Midwest USA.
Results at regional and local scales have been reported from the application
of regional climate models, such as the Weather Research and Forecasting (WRF)
model (Trail et al., 2013; Zhao et al., 2011a). Zhao et al. (2011a) applied WRF at 4
km spatial resolution to analyse future air quality by 2047-2053 in comparison to a
baseline in 2000-2006 in California, USA. Air pollution episodes would be closely
connected to stagnation events and ventilation conditions given by wind speed, sea
breeze intensity and the planetary boundary layer height (PBLH). Whereas better ventilation conditions in the coast of Los Angeles County are expected during
summer, in the San Joaquin Valley, stronger stagnation and pollution events are
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projected for both summer and winter seasons (Zhao et al., 2011a). Also, aerosols
and climate interaction at local scales have been explored using coupled RCM and
Chemical Transport Models (CTM) schemes. For instance, Yang et al. (2012) studied the interaction of aerosols with precipitation and stratocumulus cloud systems in
Southern Peru and Northern Chile using WRF-Chem in a domain of 9 km horizontal grid spacing. Nonetheless, increasing horizontal resolution does not necessarily
guarantee a better model performance. The above because it depends on the location, seasonality, parametrisation schemes and boundary conditions (Rojas, 2006;
Flato et al., 2013b; Walther et al., 2013).
The first attempts to analyse and quantify the relationship between potential
warming of the atmosphere and heat-absorbing gases dates from the end of the
20th century (Arrhenius, 1896). Since then, until mid-1970s, global warming was
strictly linked to CO2 concentrations in the atmosphere. Since the 1970’s other anthropogenic air pollutants emissions, such as O3 , NOx and CO, have progressively
been recognised as greenhouse forcing. However, only during the last decades, air
pollution from large urban areas has been accepted of playing a significant role in
the atmospheric radiative balance due to the large transport of gases and airborne
particles (aerosols) through continents and oceans. Indeed, satellite data reveals that
air pollutants can travel trans-oceanic and trans-continent distances within a week
(Ramanathan and Feng, 2009). Although the large-scale transport of aerosols is a
direct threat to human (Samoli et al., 2011), the interaction of airborne particles in
the atmosphere may lead to positive (warming) or negative (cooling) radiative forcing depending on their composition, as mentioned earlier. The radiative forcing for
the major PM components, namely sulfate, nitrate, black carbon (BC) and organic
carbon (OC), varies in magnitude and sign (Fig. 6.2).
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Figure 6.2: Aerosols radiative forcing, annual mean (top of the atmosphere); Black Carbon
(CC), Primary and Secondary Organic Aerosols (POA-SOA), Mineral aerosols,
biomass burning (BB), Nitrate and Sulphate (Boucher et al., 2013).

Sulfate from SO2 oxidation is dominant in cloud-albedo interactions being the
major cooling contributor for the net aerosol radiative forcing (RF) with a radiative
forcing due to aerosol-radiation interaction (RFari) estimated in -0.4 W m−2 with
an uncertainty range of -0.6 to -0.2 W m−2 (Myhre et al., 2013). The effective RF
(ERF) for sulfate considering radiative (ERFari) and clouds (ERFaci) interactions
have been estimated by -0.98 W m−2 , representing about 85% of the overall forcing
from aerosols (Zelinka et al., 2014). Similar to sulphate, nitrate from NOx oxidation also has a negative RFari, estimated in -0.11 W m−2 (Boucher et al., 2013) (Fig.
6.2). Sulfate and nitrate are closely connected due to the common dependence on
ammonia. Therefore, although nitrate RFari is relatively small, a decrease of SO2
concentration could lead to an increase of nitrate due to the higher availability of
ammonia in the atmosphere, which tends to favour sulphate particles formation over
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nitrate aerosols (Bauer et al., 2007). However, this interaction is complex because
of the differences in seasonal patterns, regional spatial variability and particles composition (Fiore et al., 2015).
Organic carbon has a RF estimated by -0.12 W m−2 (Boucher et al., 2013),
this considering both primary sources and secondary formation. OC has been observed as a predominant component in high PM pollution events. In fact, Wang
et al. (2015b) analysed high concentrations of PM2.5 during a drought episode in
summer in the southern United States. Based on surface observations and a chemical transport modelling (CTM - GEOS-Chem), they attributed most of the PM2.5
concentrations to OC from wildfires. Another carbonaceous component of aerosols
is the so-called Brown Carbon (BrC), which is originated from organic matter combustion, and characterised by absorbing components leading to atmospheric warming. However, this is commonly ignored in models (Fiore et al., 2015). Wang
et al. (2014) estimated an RF for BrC of -0.11 W m−2 based on absorption optical
depth and observational data, and suggest BrC as an absorbent component of OC
rather than of BC. BC has a positive radiative forcing (RFari) estimated in +0.64
W m−2 , which comprises anthropogenic fossil and biofuel emissions (+0.40 W m−2 )
(Boucher et al., 2013), biomass burning and the albedo effect by deposition on snow
and ice surfaces (+0.24 W m−2 ) (Myhre et al., 2013). BC has been tied to a decrease
in precipitation (Fiore et al., 2015). For instance, Bollasina et al. (2011) found robust connections between large BC anthropogenic emissions and the decrease of
precipitations during the Asian monsoon in the second half of the 20th Century.
Estimations of aerosol radiative forcing mainly rely on General Circulation
Models (GCM), and Chemistry-Transport Models (CTM) which simulate aerosols
abundances based on prescribed aerosols emissions. Although direct observations
of aerosols started in the 1960s, most of the long-trend time series of observed
aerosol abundance date from the late 1980’s (Fiore et al., 2015). The preindustrial
abundance of particles has partially been inferred by ice cores (Ruppel et al., 2014;
Zdanowicz et al., 2015) and sediments cores (Husain et al., 2008), but these estimations are scarce (Carslaw et al., 2013). These have mainly been obtained from
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remote cores, difficult to link to aerosols abundance close to the emission sources
(Fiore et al., 2015) or to large-scale concentrations and transport.
An additional challenge for the study of climate change and airborne particles
connections is the differentiation between natural and anthropogenic contributions
to the total mineral dust load. Anthropocene contributions are primarily associated
with agriculture and human influence on erosive soils, where mineral dust is available (Bellouin et al., 2020). The anthropogenic contribution to the global mineral
dust load has been estimated by 25%, ranging from 8% in North Africa to 75% in
Australia (Ginoux et al., 2012).
As reported in Fig. 6.2, the mineral dust RFari ranges between -0.3 and +0.1
W m−2 , comprising both natural and anthropogenic particles (Boucher et al., 2013).
The contribution of anthropogenic aerosols to the mineral dust RF is highly uncertain (Mahowald et al., 2009; Bellouin et al., 2020). The above is because natural and
anthropogenic sources of mineral dust are usually coexisting close to each other, being hard to differentiate between them (Mahowald et al., 2009). The negative mean
value of RFari (-0.1 W m−2 ), presented in Fig. 6.2, comprises the compensating
effect of both short-wave scattering (negative feedback; cooling) and long-wave
absorption (positive feedback; warming) from the different constituent species of
anthropogenic mineral dust (Bellouin et al., 2020).

6.2

The Humboldt Coastal Upwelling System

The eastern boundaries of the Pacific and Atlantic Oceans at subtropical latitudes
encompass large areas of coastal upwelling (Sydeman et al., 2014). This upwelling
activity is characterized by a relatively shallow vertical transport of mass of water
sourced from about 300 m depth (Talley et al., 2011), which is dynamically independent from the ocean gyres systems governing subtropical ocean circulation.
An offshore Ekman transport forced by equatorward upwelling-favorable winds has
been long accepted as the main driver of the greatest eastern coastal upwelling systems on the Earth (Sverdrup, 1938). The offshore surface transport is replaced by
water upwelled from depth (Bakun, 1990; Neelin, 2011; Bakun et al., 2010) leading
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to the emergence of cold, nutrient-rich waters at the surface (Bakun, 1990; Warwick
and Marjorie, 2001; Diffenbaugh et al., 2003; Bakun et al., 2010; Sydeman et al.,
2014; Bakun et al., 2015) (Fig. 6.3). As these systems play a significant role for
marine life and hence the fishing industry, variations of coastal upwelling intensity have direct ecological and economic impacts (Vecchi et al., 2006; Bakun et al.,
2010; Sydeman et al., 2014; Rykaczewski et al., 2015).

Figure 6.3: Global warming would lead to an intensification of coastal upwelling due to
exacerbation of the Ekman transport. As stated by Bakun (1990), this would
be explained by an increase of the pressure gradient between the coastland
(thermal) low-pressure and the higher surface pressure over the ocean (Bakun
et al., 2010).

As described in Chapter 3, the extremely arid conditions of the Atacama Desert
are the result of several land-climate-ocean processes taking place at different time
and spatial scales. In addition to the zonal forcing given by its location under the
subsidence system of the Hadley cell (Houston and Hartley, 2003; Sträter et al.,
2010; Muñoz et al., 2011; Schulz et al., 2011), the subtropical anticyclone of the
Southeast Pacific leads to a constant southerly airflow. This drives the active coastal
upwelling of the Humboldt current along the Northern Chilean and Southern Peruvian coasts. This upwelling system is the most productive system in the world
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(Daneri et al., 2000; Bakun et al., 2010; Taylor et al., 2008; Garreaud and Falvey,
2009; Oerder et al., 2015) and provides between 15 to 20% of the world’s fish extraction (Sherman and Hempel, 2008).
Because of the Humboldt coastal upwelling, surface waters in the Southeast
margin of the Pacific Ocean exhibit a remarkable pattern of cold temperatures in
comparison to its zonal mean (Schulz et al., 2011). Both the stable subsidence system (zonal forcing) and the persistent cold sea surface water along the coast (ocean
forcing) lead to strong atmospheric stability and the formation of the very persistent temperature inversion layer (TIL) described in §3.1 and §3.2, which inhibits
convection and hence precipitation (Houston and Hartley, 2003; Sträter et al., 2010;
Muñoz et al., 2011; Schulz et al., 2011).
Although the importance of coastal upwelling systems is widely recognised,
their future behaviour is still uncertain (Bakun et al., 2010). The so-called Bakun
(1990) hypothesis, based on observational wind data from ship records during the
second half of the 20th Century, expects an intensification of coastal upwelling in
the Major coastal upwelling systems along the subtropical zones as global warming increases. The mechanism for this is a seasonal strengthening during the warm
season of upwelling-favorable winds along-shore, due to an increasing atmospheric
pressure gradient driven by a large-scale exacerbation of the land-sea thermal contrast. Sydeman et al. (2014) applied logistic regression methods on observational
data from the 20th Century in order to analyse upwelling-favourable wind intensification, in terms of velocity, during the warm season. In accordance with the Bakun
(1990) hypothesis, with the exception of the Iberian system, they observed an intensification of wind stress during the warm season in all the major coastal upwelling
systems on the planet. This result is similar to other studies based on observed data
and modelling outcomes throughout the 20th Century arguing a potential strengthening of upwelling-favourable winds in coastal upwelling areas under future climate
change (Cane, 1997; Diffenbaugh et al., 2003; Garreaud and Falvey, 2009).
Belmadani et al. (2013) suggested an intensification of upwelling-favourable
winds due to the supported evidence of the expansion of the Hadley cell subsidence
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system (Mitas and Clement, 2005; Lu et al., 2007; Garfinkel et al., 2015), and a
poleward expansion and intensification of the South Pacific subtropical anticyclone
(Li et al., 2013b; Rykaczewski et al., 2015; Aguirre et al., 2019). The above leads
to a pronounced increasing trend of wind stress, especially at higher latitudes of the
upwelling systems (Belmadani et al., 2013; Aguirre et al., 2019). This phenomenon
was consistently observed for the Humboldt system across 13 climate-ocean coupled GCMs contributing to CMIP5 and distinctive seasonalities were identified for
the lower and higher latitudes of the Humboldt (Oyarzún and Brierley, 2019). The
poleward shift of the the subtropical anticyclone during summer has been associated to an stronger coastal upwelling off the coast of central Chile with almost null
activity in winter. Also, observational evidence support that the mentioned migration of the anticyclone under warming and its effect enhancing coastal upwelling
would be leading to an exceptional cooling and increase of sea water salinity in the
surface 80 m depth layer along the coast of central Chile (Schneider et al., 2017).
Several studies have identified this intensification of the upwelling-favorable winds
throughout the warm season in the Southern Hemisphere (Bakun et al., 2010; Belmadani et al., 2013; Sydeman et al., 2014; Rykaczewski et al., 2015). Based on
15 global climate models contributing to CMIP3, Garreaud and Falvey (2009) suggested a strengthening of the upwelling-favourable winds in the Humboldt system
at the end of the 21st Century. A similar trend has also been reported by in climate
model simulations in CMIP5 (Rykaczewski et al., 2015; Wang et al., 2015a). However, different spatial patterns of this intensification were found during the warm
season. Whereas wind speeds increase in the southern region of the Humboldt, a
weakening of upwelling-favorable winds during summertime is projected nearer the
Equator.
A debate about a possible weakening of the Humboldt system during the last
Century and future projections has also taken place. Whereas some early studies
argued possible errors in wind estimation methods and the equipment used for direct
measurements (Peterson and Hasse, 1987; Ramage, 1987; Wright, 1988; Cardone
et al., 1990), other research based on observed data and modelling outcomes (Hsieh
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and Boer, 1992; Clarke and Lebedev, 1996; Vecchi et al., 2006) directly suggest a
potential decline of the Humboldt upwelling system.

6.2.1

Coastal Upwelling in Modelling experiments

Some relevant processes related to coastal upwelling are not fully represented in
AOGCMs, because of model resolution (Boville and Gent, 1998; Mote and Mantua,
2002; Burroughs, 2007; Palmer, 2014). For instance, the inaccurate representation
of marine stratus clouds in models may lead to errors in wind stress simulations
(Mote and Mantua, 2002). In the ocean, mesoscale eddies have a direct effect on
water properties and the local current dynamics on a spatial-scale smaller than regular AOGCM ocean grids (Griffies, 2004; Flato et al., 2013a). In addition, because of
the interaction with complex mixing processes, the estimation of mesoscale eddies
in boundary regions is especially hard (Griffies, 2004).
Different spatial resolutions in couple climate-ocean models, such as
AOGCMs, have led to substantially different (and even contradictory) outcomes.
The studies by Hsieh and Boer (1992) and Mitchell et al. (1990) based on wind velocity and pressure gradient outcomes suggested a weakening of the major coastal
upwelling systems. However, differences have been obtained as the spatial resolution of GCM has improved. While the spatial resolution in the model used by Hsieh
and Boer (1992) was 3.75° (roughly 300 to 400 km), Mote and Mantua (2002)
based on two GCMs (CSM and HadCM3) with resolution of about 200 km reported
no significant variations of wind stress for the EBCS. Nonetheless, recent studies
based on modelling approaches at finer resolutions do not necessarily suggest an
opposite trend to earlier models. Indeed Vecchi et al. (2006), based on a single
GCM (GFDL CM2.1) with a resolution of 2.0° latitude and 2.5° longitude, suggest
a potential decline of the Humboldt upwelling system. On the other hand, the 23
coupled GCMs from the CMIP3 dataset with varying resolutions between 0.3° and
5.0° reported mixed results for the Humboldt system without a clear trend (Wang
et al., 2010). However, as Miranda et al. (2012) pointed out, there is still a scarcity
of coastal upwelling studies based on modelling approaches and the apparently
opposing results from models with different resolutions might be partly explained
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by the scale of analysis rather than being contradictory projections (Bakun et al.,
2010).

6.2.2

Wind Stress and Upward Ocean Mass Transport

There is consensus regarding the role of wind stress as a main driver of coastal
upwelling. Therefore, modelling and observational data-based approaches developed to date have mainly been focused on upwelling-favorable wind pattern analyses. Different approaches to conceptualize wind stress in climate models have
been adopted. Studies have considered surface wind velocity (Garreaud and Falvey,
2009; Echevin et al., 2011; Sydeman et al., 2014), a combination of wind stress and
the Ekman mass transport (Aravena et al., 2014), surface atmospheric pressure gradients as a proxy for winds stress (Clarke and Lebedev, 1996; Vecchi et al., 2006)
and also time-averaged eastward (u) and northward (v) velocity components of wind
(Yelland and Taylor, 1996; Mote and Mantua, 2002; Bakun et al., 2010; Varela et al.,
2015).
As upwelling dynamic is hard to measure in the field, there are not enough
data from observations and most of the upwelling phenomenon has been inferred
from Global Circulation Models (Talley et al., 2011) or indirect estimations from
climate-ocean variables, such as wind stress patterns. In addition, upwelling-related
ocean variables such as the sea surface temperature (SST) do not necessarily represent a proper proxy for temporal changes of coastal upwelling (Lorenzo et al., 2005;
Chen et al., 2012). Lorenzo et al. (2005) reported positive correlations of upwellingfavorable wind intensity and SST in the California upwelling system. This apparently unexpected relationship was suggested to have arisen from a large-scale heat
flux from atmosphere-ocean interactions. Indeed, SST is not only affected by ocean
upwelling but also depends on other complex ocean-atmosphere interactions (McCabe et al., 2015; Tim et al., 2015; Schneider et al., 2017).
The upward ocean mass transport variable (kg s-1 ), described in the following
section, and whose name on the Earth System Grid Federation (ESGF) is wmo,
represents a direct output from models which can be used as a measure of upwelling
activity. This was included in some of the AOGCMs contributing to CMIP5 and the
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UKESM1 model contributing to CMIP6. As Griffies et al. (2010) stated, this is
an adequate indicator for analysis in part because other physical variables such as
vertical velocity can be also derived from it. Despite above, and considering the fact
that earlier models contributing to CMIP3 only computed vertical velocity, there is
a scarcity in studies of upwelling based on the upward ocean mass transport variable
and its relationship with other climate-ocean variables related to coastal upwelling.
A study by Xu et al. (2014) in the Southeast Atlantic Ocean incorporated analysis
of the upward ocean mass transport, but the main focus was sea-surface temperature
biases rather than exploring upwelling.

6.3

UKESM1 Dataset for Climate Change Exploration over the Atacama Desert

Outcomes from the UKESM1 model described in Section 2.5.2 were used for a
range of climate change scenarios. This section first described the Shared Socioeconomic Pathways (SSPs) climate change experiments explored in this chapter, followed by the description of the datasets from UKESM1 used.

6.3.1

The Shared Socioeconomic Pathways (SSP)

The Shared Socioeconomic Pathways (SSPs) were developed as the framework of
future climate change scenarios. These were used in the IPCC AR5 report but independent of the forcing Representative Concentration Pathways (RCPs) experiments.
For CMIP6, SSPs are associated with a radiative forcing scenario. The main goal
of Shared Socioeconomic Pathways (SSPs) is to facilitate integrated analysis of the
simulated climate change impacts along with vulnerability, mitigation and adaptation strategies (Riahi et al., 2017). In this sense, the challenge for future scenarios
formulation is the need for providing both a reasonable description of alternative
future climates and a consistent range of possible socioeconomic pathways. As research suggests, an adequate formulation of potential socioeconomic developments
might be essential for adaptation and mitigation plans (Field et al., 2014; Riahi et al.,
2017).
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Five narratives are the core for SSPs scenarios formulation; sustainable development (SSP1), middle-of-the-road development (SSP2), regional rivalry (SSP3),
inequality (SSP4), and fossil-fueled development (SSP5). As discussed in Section
3.4 and briefly in previous subsections of this chapter, climate change policies and
air quality control are not always aligned. Therefore, mitigation efforts of one of
them do not guarantee a positive impact on the other. SSPs formulation addresses
this issue by defining socioeconomic scenarios that represent alternative or combined efforts for both climate change and air quality policies.
According to the above, the main components for SSPs developing are the
narratives (storylines), scenario drivers (population, urbanisation and GDP), baseline scenarios, mitigation scenarios, country projections and Integrated Assessment
Modelling (IAM) outcomes (Riahi et al., 2017). The SSP1 proposes a gradual shift
to a sustainable world, including demographic transition associated with educational and health investments, and a well-being-based economic growth. Also, society behaviour tends to lower material and energy consumption, and a reduction
in inequality globally. SSP3 involves an increasing nationalism, focused on domestic issues rather than a global joint pathway. Population growth is high in the
developing world, local food and energy security is a priority, and the achievement
of global environmental goals declines. Inequality persists and intensifies in some
regions. Finally, SSP5 proposes a world of intense fossil fuel extraction and consumption, and a high-demand energy lifestyle. There is a rapid technological and
economic progress and significant investments in education, health and the promotion for human and social capital. Global population still increases during the next
decades under the SSP5 but declines towards the end of the century (Riahi et al.,
2017; Rao et al., 2017). As results of the above, some environmental issues are
successfully managed, and air pollution is noticeably controlled. This last consideration proposes an interesting paradox in line with the insights reported by previous
studies (West et al., 2004; Bedsworth, 2011; Thambiran and Diab, 2011; Maione
et al., 2016). A world based on intensive extraction of fossil fuels (SSP5) but strong
pollution control, might result in a moderate or even no increase of air pollution
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levels. However, a partially fossil-dependant world (SSP3), prioritising domestic
issues and weaker pollution controls might lead to significant worsening of air pollution levels.
In this study, UKESM1 data from SSP126, SSP370 and SSP585 are analysed.
The SSP126 scenario corresponds to the SSP1 sustainability socio-economic family
with a nominal 2.6 W m-2 radiative forcing level by 2100. The second experiment
explored in this study, the SSP370, corresponds to a medium-high regional rivalry
reference experiment with a nominal 7.0 W m-2 radiative forcing level by 2100. Finally, the SSP585 is a high reference scenario from the SSP5 socio-economic family
in the context of a high fossil-fuel-based world, with a nominal 8.5 W m-2 radiative
forcing level by 2100 (Meinshausen et al., 2019).

6.3.2

UKESM1 Dataset

Historical and future climate change over the Atacama desert region was explored
from modelling outcomes from UKESM1, described in Chapter 2. These variables
were analysed throughout the Historical and the SSP126, SSP370, and SSP585 experiments (1850-2100). It is important to state that the three SSPs scenarios share
the same Historical simulation, and only the ensemble member r1i1p1f2 was used.
Additionally, future Particular Matter (PM10 and PM2.5 ) concentrations were explored based on the aerosols species outcomes computed in the aerosol scheme in
UKESM1.
The following Table 6.1 summarises the gridded datasets and experiments
analysed in the present chapter, and Table 6.2 details the climate and ocean variables considered.

ERA5 Reanalysis

Modelling
Dataset
UKESM1
U.K.’s Met Office and
Natural Environment
Research
Council
(NERC)
European
Centre
for
Medium-Range
Weather
Forecasts
(ECMWF)

Institution

31km x 31km (atm.)

Horizontal Resolution
(°Lat x °Lon)
1.25 x 1.875 (land and
atm.) - 1, 1/4 and 1/12°
at the Equator (ocean)
Historical (18502014), SSP126,
SSP370, SSP585
(2015-2100)
(1980-2018)

Experiments

Table 6.1: Gridded Datasets used in this Chapter.

Copernicus (2017)

Sellar et al. (2019)

Reference
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Table 6.2: Gridded and Observed Climate and Ocean Variables. *DMC: Antofagasta
ground observational site, administrated by the Chile’s Meteorological Service
(DMC), 1950-2018. For full description see Chapter 2. **CMRS: Radiosounding launching site (once a day at 12:00 UTC) in Cerro Moreno Antofagasta, 1973-2018. Dataset administrated by the University of Wyoming. For full
description see Chapter 2. BC: Black carbon, POM: Particulate Organic Matter,
ap: atmospheric profile, op: oceanic profile, Freq: output time-frequency

Dataset

Variable Name
Air temperature
Surface air temperature
Specific humidity
Relative humidity
Surface pressure
Eastward near-surface wind
UKESM1 Northward near-surface wind
Planetary boundary layer hight
Surface meridional wind stress
Sea water potential temperature
Upward ocean mass transport
PM10 sea salt concentration
PM10 BC aerosol concetration
PM10 sulphate aerosol concentration
PM10 POM aerosol concentration
PM10 dust aerosol concentration
PM10 total concentration
PM2.5 sea salt concentration
PM2.5 BC aerosol concentration
PM2.5 sulphate aerosol concentration
PM2.5 POM aerosol concentration
PM2.5 dust aerosol concentration
PM2.5 total concentration
Eastward Near-Surface Wind
WRF341I Northward Near-Surface Wind
Height of Boundary Layer
ERA5
Surface Air Temperature
DMC*
Surface Air Temperature
CMRS** Air temperature

Acronym
ta (ap)
tas
hus (ap)
hur (ap)
ps
uas
uas
zmla
tauvo
thetao (op)
wmo (op)
uas
vas
zmla
tas
tas
ta (ap)

Unit
K
K
ratio
%
Pa
ms-1
ms-1
m
Nm-2
C
kgs-1
gm-3
µgm-3
µgm-3
µgm-3
µgm-3
µgm-3
µgm-3
µgm-3
µgm-3
µgm-3
µgm-3
µgm-3
ms-1
ms-1
m
K
K
K

Freq
mon
mon
mon
mon
mon
mon
mon
day
mon
mon
mon
mon
mon
mon
mon
mon
mon
mon
mon
mon
mon
mon
mon
day
day
day
hor
hor

Gridded data were analysed for the Atacama desert region, hereafter the Atacama region, which is defined as the area in Northern Chile between 18°S - 27°S latitude and 68°W - 73°W longitude, which is highlighted in map plots. For time series
computation of atmospheric gridded variables from UKESM1, the areacella vari-
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able was used for normalised area-average calculations. In the case of the oceanic
gridded variables from UKESM1 (wmo, tauvo, thetao), the region studied corresponds to the Northern Humboldt ocean region described in Oyarzún and Brierley
(2019), i.e 16°S - 28°S latitude and from the coastline until 75°W longitude. Over
this region, weighted area-averaged time series were computed using the areacello
variable from the UKESM1 dataset.
For atmospheric stratification analyses, the environmental lapse rate (ELR)
was computed from the UKESM1 temperature dataset. As described by Tiwary
and Colls (2010), ELR corresponds to the lapse rate observed over a region in a
given time. When this value is lower than the dry adiabatic lapse rate (DALR, 9.8
°C km-1 ), the atmosphere is usually stable. However, the same air mass could be
unstable depending on its content of liquid water. A saturated air mass can convect
if the saturated adiabatic lapse rate (SALR) declines under the ELR. Therefore,
computing the environmental lapse rate is a direct measure of atmospheric stability.
According to the above, a linear regression (T = f (h)) was fit for every atmospheric
column on the modelling grid cell in the Atacama region, in order to computed the
rate (slope) of temperature change by height.
For coastal upwelling analyses, as described in Oyarzún and Brierley (2019),
surface meridional wind stress (tauvo) on the upper level of the ocean grid was used
as a simplification of the resultant wind stress given the coastal geometry along with
the Northern Region of the Humboldt system. Additionally, atmospheric and ocean
stratification were analysed through the air and seawater potential temperature profiles, respectively. Upwelling was explored for five different depths: 30, 50, 100,
150 and 300 m. The estimation of upward transport (wmo) is based on the formulation by Adcroft and Hallberg (2006) and summarised by Griffies et al. (2010) as
follows:
V s = ρws dxdy

(6.1)

V s is the vertical mass transport at s-surface, ρ is the in situ or reference density, ws is the surface flux in the vertical coordinate and dxdy represents the area
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of the grid cell. In the terrain following models, the upward mass of water transport is computed by mass-volume conservation whereas in isopycnal models this is
computed by the physics of the mass of water across an isopycnal coordinate.
PM10 and PM2.5 concentrations gridded data were obtained from the Met Office (Turnock et al., 2020). These were inferred from the direct outcomes of the
aerosols species in UKESM1: sea salt aerosols, BC aerosol, sulphate aerosol, POM
aerosols and dust aerosol. Particulate Matter concentrations were requested as direct output for all CMIP6 contributing models. However, dealing with model ensembles for PM exploration is strongly limited by the inconsistency between the
different aerosols schemes across the models. Therefore, PM atmospheric concentrations were calculated based on the individual component mixing ratio of the
species aforementioned. Although this is an approximation, it provides a consistent
approach (Turnock et al., 2020) which will allow comparing the results reported in
this Chapter with other modelling results from the CMIP6 dataset.

6.4

Regional Warming over Northern Chile

This section focuses on the analysis of surface temperature trends from UKESM1
which are discussed in the context of the regional warming previously reported in
the IPCC AR5 report. Also, the temperature bias of UKESM1 in the region is explored. Then, future impacts on the moisture content of the atmosphere, specifically
specific and relative humidity, are analysed.

6.4.1

Surface Temperature Projections

The projected warming over the Atacama region was computed for the SSP126,
SSP370 and SSP585 scenarios in UKESM1 (Fig 6.4). For the Atacama Desert region UKESM1 projects increasing temperatures by 2.4°C under the SSP126, 4.7 °C
under the SSP370 and 5.6 °C under the SSP585 scenario in 2071-2100, relative to
1986-2005. The three experiments simulate increasing trends similar their respective global mean (Fig. 6.4). Values from the SSP585 experiment are in a similar
order of magnitude than the one computed from the CMIP5 dataset for the extreme
climate change scenario RCP8.5, reported in the IPCC AR5, Chapter 12 (Collins
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et al., 2013) (Fig 6.5). The spatial distribution for the anomalies for the three experiments is presented in Fig 6.6. The change signal is stronger in the land than the
ocean, and a particularly high strong signal is observed at the top of the Andes in the
Chilean-Argentinean frontier along Northern Chile, similar to available modelling
evidence (Byrne and Ogorman, 2013; Sherwood and Fu, 2014; Berg et al., 2016;
Chadwick et al., 2016).

Figure 6.4: Anomalous surface temperature simulated by UKESM1 for the Atacama region under the SSP126, SSP370 and SSP585 scenarios compared with global
anomalies for the same experiments. Anomalies with respect to 1986-2005.
Solid and dashed lines correspond to the low-pass filtered time series with seasonal and inter-annual cycles removed.
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Figure 6.5: a) CMIP5 ensemble mean (39 models) of the climate change signal for surface
temperature. Anomalies for 2081-2100 with respect to 1986-2005. Stippling
indicates regions where the change is greater than two standard deviation of the
internal variability. Taken from Collins et al. (2013). b) Surface temperature
bias between the CMIP5 ensemble mean and ERA-Interim ECMWF reanalysis
(Dee et al., 2011), 1980-2005. Taken from IPCC AR5, Chapter 9 (Flato et al.,
2013a) .

The Fifth Assessment Report of the Intergovernmental Panel on Climate
Change IPCC AR5, in its Chapter 9 Evaluation of Climate Models (Flato et al.,
2013a), reported a distinctive global pattern for global surface temperature (2 m)
bias between the CMIP5 ensemble mean and the ERA-Interim ECMWF reanalysis (Fig 6.5). With the exception of some regions in Eastern North America and
Eastern Europe-Western Asia, most of the Northern Hemisphere presents a negative
bias exacerbated towards the Arctic. On the other hand, in the Southern Hemisphere
with the exception of some regions over Australia, Antarctica and the Western Pacific and Atlantic Oceans, a significant portion of sea and land surface presents a
positive bias. This is strongly exacerbated over the Humboldt and Benguela coastal
upwelling systems off the coasts of western South America and Africa, respectively.
Specifically, over Northern Chile and the Humboldt region a temperature bias until
5 or > 5 ° were computed from the CMIP5 dataset (Fig 6.5). As Flato et al. (2013a)
argued, for most of the globe, a bias within +/-2°C was computed. However, significant higher bias was computed for regions such as the North Atlantic ice edge,
Himalayas and the Humboldt and Benguela upwelling systems.
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Figure 6.6: Historical and anomalous surface temperature simulated by UKESM1 under
the SSP126, SSP370 and SSP585. Anomalies computed for 2071-2100 with
respect to 1986-2005. Red box: Atacama region.

From UKESM1 surface temperature outcomes, the UKESM1 temperature bias
was calculated with respect to the Fifth generation of ECMWF atmospheric reanalyses of the global climate ERA5 dataset (Copernicus, 2017). Fig. 6.7 (upper)
present the correlation between UKESM1 and ERA5 area average surface temperature mean for the Atacama region (18°S and 27°S latitude, 68°S and 73°S
longitude) and the modelled grid-cell over the Antofagasta ground observational
site (-23.60°S,-70.39°W) administrated by the Chilean Meteorological Service (Dirección Meteorológica de Chile, DMC). The same figure (bottom) shows the seasonal cycle for the bias computed for both areas. At a regional scale (a) there is a
high correlation (0.87) between UKESM1 and ERA5, whereas between UKESM1
and the observed data DMC (b) a moderate (0.45) correlation was found. The above
is reasonable as both UKESM1 and ERA5 capture the synoptic variability of climate
forcers over the Atacama, and the computed bias remain constant at inter-annual
time-scales. Although a positive correlation exists between the model and the observational data from Antofagasta, the last is influenced for both the local coastal
topography and the urban heat island from the city, located next to the monitoring
site. As noticed from the scatter plots, both ERA5 and the observed temperatures
are higher than those simulated for UKESM1. This positive bias is consistent with
what was reported by Flato et al. (2013a) for the region.

6.4. Regional Warming over Northern Chile

217

The Humboldt upwelling system has an strong influence on both surface temperature and atmospheric stability in the region. As described in Oyarzún and
Brierley (2019) and in §6.2, this northern region of the Humboldt system exhibits
a marked seasonality with two peaks during the austral autumn and spring, with almost null upwelling activity (or even negative), during summer. When plotting the
UKESM1 bias seasonality, similar behaviour is observed (Fig. 6.7, bottom). During summer, the positive surface temperature bias lies within the to 2°C, similarly
magnitude to that reported for most of the globe in Flato et al. (2013a). However,
when coastal upwelling activity reaches its peak, the bias with respect to the surface temperature observed at the coastal monitoring site at Antofagasta reaches until
6°C during autumn and spring (Fig. 6.7,d). This supports the argument of the misrepresentation in models of the large effect of coastal upwelling on the local SST,
modulating not only its magnitude but also its role in setting the high atmospheric
stability governing the climate of the Atacama desert.
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Figure 6.7: upper: linear correlation in 1980-2018 between UKESM1 surface temperature
and a) ERA5 reanalysis (Atacama region) and b) observed surface temperature records from the Antofagasta ground monitoring site (modelling cell over
the site location). Bottom: seasonal cycle of surface temperature bias between
UKESM1 and c) ERA5 and d) surface temperature records from the Antofagasta site.

A significant factor to consider is the substantially higher climate sensitivity
computed in CMIP6 models in comparison with their CMIP5 counterparts (Zelinka
et al., 2020). Climate sensitivity has been defined by convention as the global mean
surface temperature response to a hypothetical CO2 doubling, which was earlier
reported in the range between 1.5 and 4.5 °C (Wainwright and Mulligan, 2013;
Zelinka et al., 2020) and recently estimated between 2.0-5.7°C, and 2.3-4.7 °C with
5-95% confidence range (Sherwood et al., 2020). As summarised by Zelinka et al.
(2020), the climate sensitivity computed from 27 models contributing to CMIP6
simulate a figure between 1.8 and 5.6 °C, with almost the half of them exceeding
4.5 °C. This increase has been attributed to higher positive clouds feedbacks due to

6.4. Regional Warming over Northern Chile

219

a decreasing low clouds surface at extratropical latitudes, and its consequent effects
on decreasing albedo. The above along with a weaker increase of cloud water content as response to increasing warming. On the other hand, non-cloud feedbacks
do not show significant changes. As described in §3.1, the presence of the low
clouds deck along the coast of Northern Chile responds to the Hadley Cell subsidence and the quasi-permanent atmospheric stability governing the region, which
is also driven by the Humboldt upwelling and SST patterns. Zelinka et al. (2020)
proposes an increase in liquid condensate fraction as a possible explanation, but it
is still unclear the exact underlying mechanism controlling the strengthened of the
cloud feedback in the currently available CMIP6 outcomes (Cesana et al., 2019;
Zelinka et al., 2020). Therefore, validation studies based on observations should
provide more evidence in the near future, along with the analyses from the entire
CMIP6 dataset once available. The above might be especially relevant in regions
such as the Western margin of South America where a strong surface temperature
bias is reported, and a persistent low cloud deck takes place.

6.4.2

Atmospheric Moisture Projections

Increasing moisture in the air leads to a decrease in air density, promoting instability.
As instability enhances atmospheric dispersion, increasing humidity has been linked
to decreasing air pollution levels (Tiwary and Colls, 2010). Water cycle studies
over a given region usually involve precipitation analyses, which is also a direct
input for computing atmospheric stagnation (Wang and Angell, 1999; Horton et al.,
2014). However, as the hyper-arid climate of Atacama desert experiences almost no
precipitation (Quade et al., 2008; Schulz et al., 2011; Sträter et al., 2010) exploring
humidity patterns represents a reasonable approach for exploring the water cycle in
the area.
Historical specific and relative humidity present a relatively similar pattern
over the Atacama Region (Fig 6.8, middle and bottom). Both exhibit a decreasing
trend at the lower troposphere throughout the 20th Century (bottom level in Fig
6.8), which is consistent with decreasing SST trends historically observed in coastal
upwelling regions, and also consistent with reported surface trends observed for
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low and mid-latitude land regions during the last decades (Simmons et al., 2010;
Willett et al., 2014). This decreasing trend continues for both specific and relative
humidity during the 21st Century (SSP585), although the reduction is much stronger
in surface specific humidity. This surface consistency does not happen aloft, where
the two variables show completely opposite behaviour for the tropospheric layer
between 950 and 750 hPa.
A progressive and increasing land-ocean contrast is simulated in the SSP126,
SSP370 and SSP585 climate change experiments (Fig 6.8, upper panel). Whereas
specific humidity is projected to increase over the South Pacific Anticyclone (SPA)
region, as expected due to increasing SST, a decreasing trend is simulated over
the Atacama Desert not only at the surface but across the atmospheric profile until
about 400 hPa (Fig 6.8, middle panel). This result is consistent with the land-ocean
contrast described by the global patterns of evaporation change rates reported by
Chadwick et al. (2016), who projected decreasing evaporation rates for the Atacama
region. As Byrne and O’Gorman (2018) pointed out, climate models predict a decline of relative humidity on land with a relatively unchanged signal over oceans.
However, the authors reported increasing trends of specific humidity over land, opposite to the UKESM1 projection presented in Fig 6.8 (middle). In the study, the
researchers theorise a connection between SST increase and specific humidity over
land, which is particularly strong at low latitudes. However, the anomalous area
averages computed by Byrne and O’Gorman (2018) are not representative of the
Atacama region, which is governed by the atmospheric subsidence, and the Humboldt coastal upwelling system driving an opposite observed trend of SST.
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Figure 6.8: Humidity anomalies computed for 2071-2100 with respect to 1986-2005. Upper: Historical and anomalous specific humidity simulated by UKESM1 under
the SSP126, SSP370 and SSP585. Red box: Atacama region. White continental regions depict land at 850 hPa. Middle: atmospheric profile of anomalous
specific humidity as area-average of the Atacama region box. Bottom: atmospheric profile of anomalous relative humidity as area-average of the Atacama
region box. Black vertical dashed lines depict the end of the Historical experiment.
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6.5

Atmospheric Stability in Northern Chile

Atmospheric stability is explored through the analysis of the major factors setting
the stable conditions over the region (see §3.1). First, the South Pacific Anticyclone is studied along with its role in controlling regional wind patterns. Second,
atmospheric stratification is explored along with future trends of the Atmospheric
Boundary Layer Height. Finally, the future of the Humboldt coastal upwelling is
discussed as well as its connection with ocean stratification.

6.5.1

The South Pacific Anticyclone under Climate Change

The South Pacific Anticyclone (SPA) is the primary driver of winds patterns along
the coast of Central and Northern Chile. Its seasonality, analysed below, directly
modulates the intensity of both zonal and meridional wind components, which on
land are locally modified by topography. Therefore, as described in Chapter 5,
SPA seasonality set the annual variability of atmospheric ventilation. In order to
explore future changes on the SPA expansion and intensity, surface air pressure
fields from UKESM1 were explored throughout the 20th and 21st Centuries. Fig 6.9
depicts the spatial change of the SPA in 2071-2100 relative to 1986-2005. The SPA
occurs further southward during the austral summer reaching slightly higher surface
pressure at its centre of about 1023.5 hPa in comparison with 1023.2 hPa in winter,
as mean value for 1986-2005. Also, in summer the SPA shifts westward from an
average latitude of -91°W to about -98°W longitude at its centre point, which results
in a decrease of the surface pressure over the Atacama Desert region. This seasonal
behaviour prevails in the simulated trends for the SSP126, SSP370 and SSP 585
experiments. However, an extension and intensification of the SPA are simulated
to take place during both seasons, as represented by the surface pressure anomalies
computed for 2071-2100 (Fig 6.9). Specifically, under the SSP585 scenario, when
the climate change signal is stronger, the SPA centre point would reach 1025.1 hPa
at -29°S latitude in the austral winter, while in summer the SPA centre would reach
1025.4 hPa at -37°S latitude as the monthly average for 2071-2100.
Since high-pressure systems are associated with enhanced atmospheric stagnation and a decline of ventilation, Anticyclone forcing has been found correlated
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Figure 6.9: Surface pressure anomalies simulated by UKESM1 for 2071-2100 with respect
to 1986-2005 for the Historical and under the SSP126, SSP370 and SSP585
scenarios in winter (upper) and summer(bottom). Red meridians corresponds to
-90°W longitude for which the SPA transects in 6.10 were computed. Crosses
depicts the centre of the SPA calculated as maximum surface pressure period
mean under the Historical and each SSP scenario. Red box: Atacama region.

with a worsening of air quality (Buchholz et al., 2010; Tiwary and Colls, 2010;
Vallero, 2014; Grundstrom et al., 2015). For the Atacama Desert area, an increase
of surface pressure is projected in both summer and winter (Fig 6.9), with annual
mean anomalies up to 0.5, 1.2 and 1.5 hPa in 2071-2100 under the SSP126, SSP370
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and SSP585, respectively, in comparison with 1986-2005 values.
The expansion of the SPA is depicted in Fig 6.10 taken as meridional reference -90 °W (red meridian in Fig 6.9). Whereas the Northern margin of the SPA
is projected to remain almost constant during the Historical and the three SSP experiments, the Southern edge displaces progressively reaching 1022 hPa threshold
at about -44°S latitude under the fossil-fuel-intense world experiment SSP585 by
the end of the 21st Century. Under the SSP126 and SSP370 scenarios, this surface
pressure is reached at about -40 and -41 °S latitude, respectively. As observable in
Fig 6.10, and according with the SPA seasonality captured by UKESM1 throughout
the 20th and 21st Centuries (Fig Fig 6.9), the maximum latitudinal surface pressure
computed for the -90 °W (black crosses) profile progressively shift southward in the
three experiments analysed.
Changes in the SPA will necessarily drive changes on winds patters along the
western edged of Southern South America. As SPA exhibits a marked seasonal
cycle, wind patterns are also expected to respond seasonally to climate change.
Fig 6.11 presents the historical wind magnitude (1986-2005) and future anomalies
(2071-2100) for the eastern and northern near-surface wind components during winter. Similarly, summertime changes are presented in Fig 6.12. In winter, meridional
winds along the Chilean coastline reach their maximum at lower latitudes than in
summer, due to the position of the SPA closer to the Equator. This behaviour is
progressively exacerbated under the three SSPs experiment analysed. In winter
the maximum anomalies of northern near-surface winds are simulated around -35
°S latitude whereas in summer these migrate towards higher latitudes until about
-40 °S latitude, consistent with the SPA seasonality. As observed in leftmost maps
in Figures 6.11 and 6.12, the zonal component of winds over the ocean is highly
influenced by the latitudinal edges of the SPA, which in turn reproduce higher positive anomalies over the land in the Atacama region in both seasons. As described in
Section 3.1 based on substantial literature (Houston and Hartley, 2003; Sträter et al.,
2010; Muñoz et al., 2011; Schulz et al., 2011), wind over the Atacama desert are
dominated by a strong sea-land zonal component, positive (eastward) in day-time
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Figure 6.10: Surface pressure longitudinal transects calculated at -90°W longitude throughout the Historical and SSP126 (upper), SSP370 (middle) and SSP585 (bottom)
experiments. Black vertical dashed lines depict the end of the Historical experiment. Black crosses represent the latitude of the maximum surface pressure monthly mean for each month in 1850-2100.

and negative (westward) in nigh-time. The daily cycle is dominated by the landocean gradient of atmospheric pressure and radiative responses, but wind intensity
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at synoptic scales is strongly dependant on the SPA (Garreaud and Falvey, 2009).
Figure 6.13 presents the resultant wind speed and its transient climate signal as area-average for the Atacama region. As reported in previous literature
(Rykaczewski and Checkley, 2008; Wang et al., 2010; Aguirre et al., 2019), wind
speed over Northern Chile is expected to increase for the three SSPs scenarios.
Also, its seasonality is consistent with the changes previously described for both
wind components. A strong wind speed seasonality is simulated with peaks in May
and October. A similar seasonal influence is projected for the climate change signal.
It will reach its maximum in wintertime when SPA intensification is closer to the
Atacama, and minimum in summer when the change seems to be less sensitive to
the SPA. As will be discussed in the following subsections, this seasonality is consistent with northward wind stress annual cycle. Thus, same seasonality is exhibited
by the coastal upwelling at these latitudes, the so-called Northern Humboldt region
(Oyarzún and Brierley, 2019).

6.5.2

Atmospheric Stratification and the Planetary Boundary
Layer

Ocean stratification due to increasing warming has been widely discussed in terms
of its impact on marine ecosystems, ocean circulation (Roemmich and McGowan,
1995; Sigman et al., 2004; Chhak and Di Lorenzo, 2007; Capotondi et al., 2012;
Vincent et al., 2014; Nummelin et al., 2016), and its connection with coastal upwelling (Oyarzún and Brierley, 2019). However, there is a scarcity of studies
analysing atmospheric stratification and its links with other atmospheric phenomena
such as BLH trends and surface pressure patterns. In this sense, the study of atmospheric stratification and its connection with major climate drivers governing the
hyper-arid climatology of the Atacama region has received scant attention. Existing studies have focused on the characterisation of the temperature inversion layer
based on radiosonde data (Rutllant et al., 2003; Schulz et al., 2011; Rutllant et al.,
2013) and the analysis of land-ocean temperature contrasts Falvey and Garreaud
(2009) along the coast of Northern Chile.
A more stratified and stable atmosphere might lead to adverse conditions for
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Figure 6.11: Eastward near-surface wind anomalies simulated by UKESM1 for 2071-2100
with respect to 1986-2005 for the Historical and under the SSP126, SSP370
and SSP585 scenarios in winter (upper) and summer(bottom). Red box: Atacama region.

pollutants dispersion, as opposed to unstable or neutral states where pollutants disperse and dilute under stronger mixing and convection (Tiwary and Colls, 2010).
Additionally, a worst-case scenario for atmospheric stability is usually given by
the presence of a temperature inversion layer, whose base-height usually coincides
with the deep of the Boundary Layer height (BLH) (Garrat, 1992; Tiwary and Colls,
2010; Schulz et al., 2011). UKESM1 suggests an increased stratification of the Tro-
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Figure 6.12: Northward near-surface wind anomalies simulated by UKESM1 for 20712100 with respect to 1986-2005 for the Historical and under the SSP126,
SSP370 and SSP585 scenarios in winter (upper) and summer(bottom). Red
box: Atacama region.

posphere throughout the 20th and 21st Centuries, which is especially pronounced
from the the mid-21st Century under the SSP370 and SSP585 scenarios (Fig. 6.14).
During the SSP126, although stratification would arise as results of moderate global
warming, this would remain mostly constant since the 2050s. In Fig. 6.14, it is noticeable the continuous increase of air temperature in the entire tropospheric profile
as anomalies have been computed with respect to 1871-1900. However, since the
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Figure 6.13: Anomalous wind speed simulated by UKESM1 throughout the Historical and
SSP126, SSP370 and SSP585 scenarios. Anomalies computed with respect to
1986-2005. Bottom left: seasonal cycle for 1986-2005. Bottom right: Climate
change signal in 2071-2100 with respect to 1986-2005.

present (dashed vertical black line) increasing temperature across the entire profile
is projected to rise substantially. During the SSP585, air temperature would rise
over 6 degrees from 950 hPa up to the top of the Troposphere towards the end of
the Century. At higher altitudes, from around 500 hPa, the temperature might experience that increment since the mid-century. The decreasing observed SST trend
reported for the area (Falvey and Garreaud, 2009) is not reproduced by UKESM1
simulations. Indeed, as argued by the authors, models have historically had difficul-
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ties reproducing the cooling of the sea surface over coastal upwelling regions.

Figure 6.14: Atmospheric temperature stratification. Atmospheric profiles of anomalous
air temperature. Anomalies computed as area-average of the Atacama region
box for 2071-2100 with respect to 1871-1900 throughout the Historical and
a) SSP126, b)SSP370 and c) SSP585 scenario. Black vertical dashed lines
depict the end of the Historical experiment.
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When plotting boundary layer projections over the Atacama region, a substantial decline is simulated throughout the 20th Century, and during the 21st Century
under the SSP585 (Fig 6.15). BLH seasonality is consistent with the seasonality
computed for the Temperature Inversion Layer (TILH) from the observational radiosounding dataset in Cerro Moreno Antofagasta (-23.65°S latitude, see §3.2). It
exhibits a defined annual cycle with high layer depth during summer and lower in
winter (Fig 6.15).
Modelled BLH seems to decline consistently along with increasing stratification during the SSP585 experiment (-39 m in 2071-2100). Although BLH also
decreases during the Historical experiment (1850-2014), stratification change is not
visually detectable in this period. The decreasing signal of BLH is also detected
for the TILH computed from the coastal radiosonde observations (Fig 6.16, upper).
However, TILH changes are one order of magnitude higher, which is expected as
these are instant measurements recorded once a day at 12:00 UTC. This reduction
in the TILH base was also reported in a previous study by Schulz et al. (2011). The
authors attributed the observed negative trend to the sea surface cooling previously
reported by Falvey and Garreaud (2009) for the Humboldt region.
In order to understand atmospheric stratification and a potential connection with BLH decline, the environmental lapse rate (ELR) was computed from
UKESM1 vertical temperature data (see Methods subsection). The results are plotted along with the BLH time series under the SSP585 scenario in Fig 6.16. The
temperature lapse rate did not exhibit substantial changes until the 1990’s decade
when an abrupt decline begins and extents during the 21st Century. Despite that
BLH also declined, the connection between both seems to depend on the time scale
of the analysis. BLH exhibits an opposite seasonal cycle than the lapse rate. In
summer, the boundary layer base is higher, whereas lower lapse rates take place.
Therefore, negative correlations are computed at annual time scales. On the other
hand, when computing decadal or inter-annual time scale correlations (after removing the seasonal cycle), positive values are obtained. Although enhanced warming
is expected to lead a reduction in lapse rates, their final effect on atmospheric sta-
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bility will depend on the saturated lapse rates values. In the case of the Atacama, it
seems reasonable to interpret that a decline of lapse rates would lead to increased
stability since saturated air masses rarely form. Also, the atmosphere tends to be
stable under dry conditions (Marshall and Plumb, 2008).

Figure 6.15: Anomalous Boundary Layer height (BLH) simulated by UKESM1 and computed as area-average of the Atacama region throughout the Historical and
SSP126, SSP370 and SSP585 scenarios. Anomalies computed with respect to
1986-2005. Bottom left: seasonal cycle for 1986-2005. Bottom right: Climate
change signal in 2071-2100 with respect to 1986-2005.
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Figure 6.16: Upper: atmospheric temperature stratification. Atmospheric profile of anomalous air temperature. Anomalies computed as area-average of the Atacama
region box for 2071-2100 with respect to 1986-2005 throughout the Historical and SSP585 scenario. Black vertical dashed lines depict the end of the
Historical experiment. Black solid line corresponds to anomalous BLH timeserie simulated by UKESM1 and computed as area-average of the Atacama
region for 2071-2100 with respect to 1986-2005 throughout the Historical and
SSP585 scenario. Blue line corresponds to the anomalous Temperature Inversion Layer Height (scaled by a factor of 0.1) for the same period, calculated from air temperature data observed at Cerro Moreno radiosonde site in
Antofagasta (see §3.2). Bottom: Blue line depicts anomalous BLH presented
in upper plot. Orange solid line corresponds to the anomalous temperature
lapse rate computed as area-average of the individual grid cell rates calculated
over the Atacama Region.

The global spatial distribution of the BLH change under the SSP585 scenario
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is presented in Fig 6.17. Globally, apart from the oceans, large regions where
BLH is projected to decline are Southern South America, including the Atacama
region, Eastern USA, the Saharan region, and the subtropical latitudes in Asia. Areas exposed to both coastal upwelling and Anticyclones coincide with depicting
decreasing trends, such as California (Western North America), Atacama (Western
South America), Benguela (Western Southern Africa) and Canary (Western Northern Africa and Southwest Europe), the so-called Eastern Boundary Current Systems
(EBCS). A strong negative correlation was found in the Atacama region between
monthly mean surface air pressure, dominated by the SPA, and BLH (r=0.81). Indeed, BLH is higher, when the Anticyclone migrates southward, and lower surface
pressures take place. Although it is not possible to establish causality, a plausible
explanation is that the increase of BLH during summer seems to respond to both
a decrease of the temperature lapse rate, typical of a warmer atmosphere and a decrease in surface pressure associated to the migration of the SPA to the south. At
longer time scales during the 21st Century, a pronounced expansion and intensification of the SPA would lead to a decline of BLH, along with a decline in temperature
lapse rate promoting atmospheric stability. The above, in addition to the observed
decline of SST on promoting atmospheric stability (Falvey and Garreaud, 2009).

Figure 6.17: Global anomalous BLH mean SSP585. Right: global anomalous BLH mean
for 2081-2100 with respect to 1986-2005 under the SSP585 scenario. Left:
linear correlation between anomalous surface pressure and BLH in the Atacama region for 1850-2100 throughout the Historical and SSP585 scenarios.
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Ocean Forcing: the Humboldt Upwelling System

The traditional approach to analyse future trends of coastal upwelling activity has
relied on wind patters studies. On the Northern Humboldt region, off the coast of
the Atacama Desert, the CMIP5 ensemble projects increasing wind stress, which
will force increasing upwelling activity at the surface layers of the ocean (Oyarzún
and Brierley, 2019) (Fig 6.18). However, the historical influence of wind stress on
deeper ocean layers until 300 m depth, is expected to decline during the 21st Century under the RCP8.5 experiment. In fact, a disconnection at about 100 m depth is
observed, and coastal upwelling below this starts to decline. Prior to Oyarzún and
Brierley (2019), the research community attributed increasing trends at all depths
based on wind stress patterns. In order to complement this analysis, and the connection of this phenomenon with ocean stratification described in Oyarzún and Brierley
(2019), the UKESM1 outcomes of the upward ocean mass transport describing upwelling are presented in Fig 6.19.
Similar to the CMIP5 ensemble under the RCP8.5 (Fig 6.18), UKESM1 reproduces a decline in upwelling intensity during the three SSP scenarios analysed,
and it simulates the disconnection between wind stress and upwelling at shallower
waters, about 50 m depth. This is consistent across the SSPs and can be attributed to
the fact of increasing wind stress, which not exhibits significant differences between
the different experiments. This difference with the CMIP5-based analysis might be
partially explained since the study reported in Oyarzún and Brierley (2019) focused
in an active upwelling season (spring), in order to make it comparable with the
Southern Humboldt region, also covered in that study. Unlike higher latitudes, the
Humboldt exhibits almost persistent activity throughout the year which peaks in
autumn and spring (Fig 6.20). Hence, the entire annual dataset is reported here.
Although the general response of upwelling to climate change is captured in the
Three SSPs, particularly more severe declines are simulated for the SSP370 and
SSP585 by depth. Whereas similar to SSP126 no significant change is expected at
50 m depth, at 300 m depth upwelling is projected to decline until -4 x10-4 kgs-1 m-2
towards the end of the 21st Century under the SSP585.
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Figure 6.18: CMIP5 (13 models) Ensemble mean time series of anomalies for wind stress
(left) and coastal upwelling (right) at 30, 50, 100, 150 and 300 m depth for the
Northern Humboldt area in spring season (Sep-Nov). Anomalies computed
with respect to 1871-1900 (Oyarzún and Brierley, 2019).
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Figure 6.19: UKESM1 time series of anomalies for wind stress (black line, right y-axis)
and coastal upwelling (left y-axis) at 30, 50, 100, 150 and 300 m depth for
the Northern Humboldt area throughout the Historical and SSP126 (upper),
SSP370 (middle) and SSP585 (bottom) experiments.

The disconnection between wind stress and coastal upwelling relies on a opposite forcing, ocean stratification, which interrupt the vertical flow (Lorenzo et al.,
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2005; Oyarzún and Brierley, 2019). The intensification of ocean stratification is
consistent with the decline of upwelling by depth (Fig 6.21). Maximum temperature increases are simulated at shallow levels until about 100 m depth, where the
disconnection takes place, and the anomalous increasing warming is especially intense until about 300 m, similar depth from which waters are sourced in coastal
systems (Talley et al., 2011).
The stratification of the climate system simulated by UKESM1 under the
SSP585 is illustrated in Fig 6.22. As discussed before, SST decline due to surface
upwelling activity has not been successfully reproduced in global models. However, cool seawater episodes conducing to a cooling of the lower Troposphere are
simulated during the Historical experiment. The effects of this heat interchange are
directly related to atmospheric stability and constitute a major driver of the climate
of the Region. The stratification of both atmosphere and ocean are already modifying ocean upwelling intensity and might also be playing a fundamental role in the
simulated decline of the BLH over northern Chile.

Figure 6.20: UKESM1 seasonal cycle of coastal upwelling at 30, 50, 100, 150, and 300
m depth for the Historical period (1985-2005) (left) and the climate change
signal (right) in terms of absolute values computed for 2071-2100 with respect
to 1986-2005. .
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Figure 6.21: UKESM1 ocean temperature stratification under Historical and SSP585 scenarios. Atmospheric profiles of anomalous sea water potential temperature. Anomalies computed as area-average of the Northern Humboldt region
for 2071-2100 with respect to 1871-1900 throughout the Historical and a)
SSP126, b)SSP370 and c) SSP585 scenario. Black vertical dashed lines depict the end of the Historical experiment. Time series correspond to coastal
upwelling under the Historical and SSP585 scenarios as plotted in Fig. 6.19
(bottom).
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Figure 6.22: UKESM1 climate system temperature stratification. Atacama desert - Northern Humboldt region. Units in y-axis have been preserved for consistency
with the rest of the analyses. Atmospheric (hPa) and oceanic (m) vertical
levels have been plotted raw to contrast vertical resolutions between the atmospheric and oceanic grids in UKESM1.

6.6

Future Particulate Matter in the Atacama Desert

As described in section 6.3.4, PM10 and PM2.5 were inferred from the individual
aerosol species concentrations computed in the UKESM1 aerosol scheme. Additionally, coarse particulate matter (CPM or PMcoarse ), or the coarse fraction of
PM10 , was calculated as the difference between PM10 and PM2.5 concentrations.
In an area of important natural dust activity, PMcoarse is a useful indicator of the
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dust fraction of PM10 . The projected total PM10 and PM2.5 concentrations exhibit
a similar trend for both the Historical and SSPs experiments, as area average in the
Atacama region (Fig 6.23, a and b). During the 20th Century both are simulated to
have increased progressively until the mid-century. Followed by a dramatic increase
since the 1950s, which peaks during the 1990s and rapidly decline at the end of the
Century.
An approach to identify the driver of this abrupt rise of PM concentrations is
the exploration of the aerosols species trends (Fig 6.23, d and e). For both PM10
and PM2.5 , most the aerosols species exhibit little change during the 20th Century.
However, sulphur aerosols concentration pushed PM levels up dramatically during
the second half of the 20th . In order to explore the nature of this sulphur aerosol rise,
the anthropogenic sulphur emissions dataset from the Community Emissions Data
System (CEDS) contributing to CMIP6 (Hoesly et al., 2018) was analysed. Similar to UKESM1 outcomes, Fig 6.24 depicts the area-average time series of sulphur
emissions by sector for the Atacama region. For this area, the industrial and energy
sector present emissions three orders of magnitude higher with respect to the other
sectors (plotted at the right y-axis in Fig 6.24). This is explained by the intrinsic nature of the Desert, an area with lower population density and almost no agriculture.
As reported by Lamarque et al. (2010) and Hoesly et al. (2018), after the second
world war the emission of anthropogenic SO2 and other air pollutants boosted globally. Unlike other emissions such as NOx or CO, Latin America exhibited a decrease
of SO2 emissions towards the end of the Century. For the Atacama (Fig 6.24, upper), this is mainly explained by emissions from the industrial sector. When looking
at the spatial distribution of the industrial sulphur emissions during the past Century (Fig 6.24, bottom), an increase of emissions are recognisable on the Atacama
Desert (red box), and the trends of PM10 and PM2.5 concentrations illustrated in Fig
6.23 (a and b) are clearly represented. An abrupt increase of emissions is depicted
in 1971-2000 with a subsequent decline in 2001-2014. It is noticeable the similar
trend over the mining region of Southern Peru. However, over this area, no decline
is observed after the peak in 1971-2000. On other regions of South America, such
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as eastern Argentina, a consistent rise of the emissions is observed.

a)

b)

c)

d)

e)

f)

Figure 6.23: Upper: PM10 (a), PM2.5 (b) and Coarse Particulate Matter (CPM) (c) time
series as area-average of the Atacama region, inferred from aerosol species
simulation in the UKESM1 aerosol scheme. Historical and SSP126, SSP370
and SSP585 scenarios. Bottom: time series of aerosols species as area-average
of the Atacama region throughout the Historical and SSP370 scenario.

Global inventories present some degree of uncertainty with respect to local
emissions. In South America, most of the effort is on characterising GHG emission
to meet international commitments. However, there is a scarcity of domestic air
pollution inventories, especially in remote areas (Huneeus et al., 2020). Despite
the above, the previous analysis is consistent with the national mining and energy
history in Chile during the 20th Century. This region, similarly to the South of
Peru, has historically had a mining culture focused on the extraction of copper,
iron and gold reserves across the Desert (see §3.3). Therefore, sulphur emissions,
especially sulfur dioxide, are monitored by the industry and the government (RuizRudolph et al., 2016). Mining activity and the operation of the coal- and oil-fired
power plants increased rapidly since the 1950s. Therefore, significant emissions of
sulphur species seem coherent, at least their simulated trend. An important inflexion
point in Chilean regulation during the decade of the 1990s was the enactment of the
Chilean ”law on general bases of the environment” in 1994 (MINSEGPRES, 1994).
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This normative body was the beginning for the enactment of specific legislation on
emission and air quality levels of concentration, including sulphur dioxide. It led
to an increment in innovation and emission control technology to reduce emissions.
As this corresponds to a national policy, its effects on decreasing sulphur emissions
by 2001-2014, are noticed across the entire Country (Fig 6.24, bottom).

Figure 6.24: Upper: time series for the historical period of anthropogenic aerosols emissions. Computed for the Atacama region from the Community Emission Data
System (CEDS) emission inventory. Bottom: Sulphur aerosol emissions during four 30-year period. Red box: Atacama region.

Future PM concentrations strongly depend on the modelling scenario. Their
formulation propose not only GHG emissions patterns but also air quality control
strategies which are independent of the efforts on fighting climate change. Indeed,
under the SSP370 experiment, PM10 is projected to rise by 5.0 µm-3 as monthly
mean for the period 2071- 2100 with respect to 1871-1900 (Fig 6.23, a). This is pri-
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marily attributed to sulphur aerosols emission, and in less extent to dust emissions
(Fig 6.23, d). This is consistent with the results by Chadwick et al. (2016) discussed
in subsection Atmospheric Moisture Projections. The cooling effects of certain
aerosols, such as sulphur compounds, have been associated with decreasing evaporation rates over the land surface, debilitating the hydrological cycle (Ramanathan
and Feng, 2009). Under the SSP585, a weaker increase is projected for the same
period (3.2 µgm-3 ). The more abrupt rise under SSP370 occurs due to the absence
of emissions control plans. Therefore, even under a slightly favourable scenario
in terms of climate change mitigation, failing in air pollution control exacerbate
significantly PM10 projections. This has recently highlighted by sensitivity studies
that emphasise the role of emission controls driving future air quality (Cholakian
et al., 2019). Similar discrepancies between aerosols projections under the SSP370
and SSP585 have been found for other regions on the globe (Turnock et al., 2020).
As warned by Maione et al. (2016), this contradictory behaviour put in evidence
the relevance of deploying a consistent mitigation plan for climate change and air
quality as a whole. On the other hand, although a slight increase by 0.8 µgm-3 is
projected under the SSP126 for 2071- 2100 with respect to 1871-1900, a declining
trend is projected under the SSP126 during the 20th . This reflects the potential results under the existence of more cohesive mitigation plans comprising both climate
change and air pollution strategies.
Regarding PM25, a similar trend of PM10 is projected, but slightly weaker (Fig
6.23, b). Under the SSP370, a rise by 3.5 µgm-3 is projected for the same period
of reference, whereas for the SSP585 and increment by 2.0 µgm-3 is simulated. On
the other hand, and similar than PM10 , a consistent decline is projected under the
SSP126 scenario, reaching almost zero net emission at the end of the 20th Century
in comparison with 1871-1900 (0.2 µgm-3 ). Unlike PM10 , dust emissions are not
relevant for PM2.5 concentrations (Fig 6.23, e), as they contribute mainly to the
coarse fraction of PM10 (Fig 6.23, c and f). As presented in Chapter 4, increasing
Aerosol Optical Depth (AOD) observations from MODIS satellite data are strongly
correlated with eastward zonal winds. UKESM1 projects a rise of eastward near-
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surface wind over the Atacama (Figures 6.12 and 6.11), which in future might lead
a progressive rise of dust production. As presented in Figure 6.23 (a and b), the
coarse fraction of PM10 during the 20th Century was very small, meaning that most
of the PM10 corresponded to fine PM2.5 particles. However, under the three future
experiments analysed, PMcoarse is expected to increase due to a climate forcing,
unlike the anthropogenic signal behind the other aerosols species computation. As
described in Section 2.5.2, in UKESM1 all anthropogenic emissions are prescribed
from global inventories. However, natural aerosols emissions, such as mineral dust,
are dynamically computed due to the full coupling of ESM components. In particular, mineral dust is independently computed through the CLASSIC dust scheme
(Bellouin et al., 2011b). Therefore, a plausible reason for the increasing trend simulated for PMcoarse might be the consistent increase of wind speed simulated throughout the three SSPs analysed (Fig. 6.13), consistent with the observed connection of
dust and zonal wind discussed in §4.5.

6.7

Summary

This chapter explored historical and future simulations over Western South America under three climate change scenarios (SSP126, SSP370 and SSP585) from the
UK Earth System Model Version I (UKESM1). Regional warming was explored
through temperature and atmospheric moisture projections, whereas atmospheric
stability was examined by analysing the South Pacific Anticyclone (SPA), atmospheric stratification and the planetary boundary layer. Then, the ocean forcing was
studied by the analysis of the Humboldt coastal upwelling system. Finally, future
PM10 and PM2.5 trends were explored.
UKESM1 reveals a poleward extension and intensification of the South Pacific
Anticyclone (SPA) during the austral summertime. This trend is projected to intensify during the 21st Century under the three experiments analysed (SSP126, SSP370
and SSP585). The expansion and intensification of the SPA enhance equatorward
surface winds, which promote the strengthening of westward upwelling favourable
winds. Also, increasing atmospheric stratification is proposed to be linked to a de-
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creasing trend of the BLH, which is projected to decline during the 21 srt Century.
Increasing coastal upwelling induces a decline of SST and promotes atmospheric
stability. However, upwelling intensity is projected to decline at about 100 m ocean
depth. The above because of the increasing ocean stratification and disconnection
of the surface wind stress forcing.
UKESM1 reveals a pronounced peak of PM10 and PM2.5 that took place over
northern Chile during 1970-2000. This is associated with an abrupt peak of SO2
industrial emissions. At the end of the 1990s, these extremely high PM concentrations declined, coinciding with the enactment of the Chilean law on general bases
of the environment.
Future trends of PM10 and PM2.5 are highly sensitive to the mitigation measurements adopted by each experiment. An increasing trend is projected under
the SSP370 and SSP385. This is more pronounced under the SSP370 experiment
because of a relaxing in control measurements, along with an increase of SO2 emissions and, in less magnitude, an increase of mineral dust emissions. These results
highlight the impact that future mitigation plans would have on PM10 and PM2.5
concentrations over northern Chile and suggest the need to computing a climate
penalty for northern Chile.

Chapter 7

Discussion and Conclusion
This chapter summarises the findings and results from the previous chapters, discusses their contribution, places them in context, and answers the four research
questions stated in §1.3. Then the limitations of the work are then discussed, followed by suggestions for future research and the implications of the research beyond
academia. Finally, overall conclusions are presented.

7.1

Research questions and key findings

The Atacama Desert is one of the driest environments on Earth, in fact, it is the driest
desert in the world. A quasi-permanent temperature inversion layer (TILH) along
the northern Chilean coast, capped by the Hadley cell subsidence, promotes strong
atmospheric stability, which is also enhanced by the Humboldt coastal upwelling
activity and the anomalously cold sea surface temperature. These along with the
rainshadow effect of the Andes Cordillera, promote exceptionally arid conditions
with almost no precipitations.
Despite these particular geographical conditions and the fact that it contains
about 1.5 million people, it has received scarce attention in terms of both anthropogenic and natural emissions of air pollutants and their relationships with the governing climate and meteorology. According to the Chilean emissions and transfer
registry (RETC) database, the mining and coal-and oil-based energy production
industries have led, and continue to dominate, significant emissions of particulate matter (PM10 and PM2.5 ) and gases (NOx and SO2 ) (§3.3). As described in
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§3.4, observational air quality data from the SINCA network provide evidence that
nine sites measuring PM10 exceeded WHO annual mean guidelines for PM10 (20
µgm-3 ) and five out of the twelve sites measuring PM2.5 exceed the WHO annual
mean guidelines for PM2.5 (10 µgm-3 ). However, an almost opposite scenario is observed when comparing against Chilean standards. Only one site measuring PM10
exceeded the Chilean threshold for the annual mean (50 µgm-3 ), and none of the
twelve sites measuring PM2.5 exceeded the Chilean standard for this pollutant (20
µgm-3 ). This highlights the importance of revising local air quality policy and ensuring their agreement with international guidelines. These features of the Atacama
Desert environment motivated the four research questions proposed in §1.3, which
are analysed along with the key findings from the previous chapters in the following
subsections.

7.1.1

Natural mineral dust and atmospheric ventilation as natural forcers

The dust cycle in the Atacama Desert has remained unexplored prior to this work,
despite being an area with historical problems of particulate matter concentrations.
Previous global or continental scale studies suggested maximum dust production
in northern Chile during summer (Ginoux et al., 2012; Martins et al., 2017) and
estimates have placed the contribution of the Atacama Desert to global load at 2.32.6%(Zender et al., 2003; Ginoux et al., 2004; Tanaka and Chiba, 2006). However, there is scarce evidence in the literature regarding mineral dust sources, their
variability and the frequency of dust events. This lack of understanding motivated the satellite-based mineral dust study presented in Chapter 4 and the formulation of research question 1: what is the geographical and temporal distribution of mineral dust and its sources in the Atacama Desert?. The AOD retrievals
from MCD19A2 MODIS datasets, which corresponds to Terra (morning) and Aqua
(afternoon) retrieval post-processed with the MAIAC algorithm (Lyapustin et al.,
2011a,c) showed a better agreement with the AERONET site in Arica, in comparison with the Deep Blue (MOD04L2 and MYD04L2) products during the period of
analysis, 2010-2020 (§4.3). Based on the analysis of AOD and Angstrom exponent
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(α) data, two areas located in the northern and southern margins of the Antofagasta
region were identified as dominant mineral dust sources. These show relatively high
AOD values (up to 0.25, as a decadal mean in summer and spring) and very low α
values (< 0.5 as a decadal mean in summer and spring) (§4.3). At a seasonal time
scale, no significant differences were computed between Aqua and Terra retrievals.
Mineral dust events across these zones, which take place preferably in summer and
spring, registered AOD values up to 0.7. Relative seasonal thresholds were used to
define an event. Particularly in the active season (summertime), the episodes registered AOD over 0.20 for Terra retrievals and 0.22 for Aqua retrievals. In both areas
identified as mineral dust sources in the Antofagasta Region, an increasing trend
of mineral dust events during summertime was identified during Aqua retrievals.
Also in both regions, the frequency of events increased from about 5 in 2010 up to
over 12 in 2017-2019 (§4.3). A positive correlation with surface wind speed computed from the ERA5 reanalysis was found. However, the underlying mechanisms
behind this notorious increasing trend require further attention. The understanding
of the mineral dust cycle refers to a major natural source of PM across northern
Chile. Therefore, its understanding provides insight into the potential role of this
natural source on air quality levels across the region. Future research in this regard
is discussed in the following section.
The prevailing stable conditions along the coast of the Atacama Desert, as well
as the predominance of the quasi-permanent temperature inversion layer (TILH)
along the coast, motivated research question 2, as listed in §1.3: What role do local
atmospheric conditions play in episodes of dangerous particulate matter levels in
the Atacama Desert?. The approach chosen for answering this question involved
two families of data; observational and modelled (§5.2). Despite the evidence
for intense anthropogenic and natural emissions, a relationship between the observed ventilation coefficient (VC, Kassomenos et al. (1995)) and PM10 -PM2.5 levels was found (§5.4). The four gridded datasets explored for computing gridded VC
(WRF341I-SAM44, RegCM-SAM44, RegCM-CL09 and ERA5) reasonably reproduced VC and PM relationships, particularly on the coastal cities of Iquique and
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Antofagasta. Most of the high-concentration episodes of PM10 and PM2.5 (daily
mean greater than 100 µgm-3 in both cases) in the cities of Antofagasta, Tocopilla,
Sierra Gorda and Calama took place during unvented days when the VC daily mean
was lower than the threshold of 6,000 µgm-3 , as defined by Holzworth (1972).
On the contrary, the atmospheric stagnation index (ASI, Wang and Angell (1999)),
which omits the boundary layer height (BLH) effect, does not seem to contribute
to the occurrence of PM episodes (§5.5). These results highlight the role that plays
the temperature inversion layer height (TILH) on PM10 and PM2.5 variability in
northern Chile.
A logistic model purely based on atmospheric variables for the city of Antofagasta predicted PM10 events (daily means) reasonable well with 0.74 of accuracy
and PM2.5 events with 0.78 of accuracy (§5.6). The threshold for the definition of
events was defined as 80th percentile of the daily mean observations. These concentration values lied on the “latent” range of both PM10 (CONAMA, 1998) and
PM2.5 (MMA, 2011) Chilean standards. As described in both normative bodies,
the “latent” range corresponds to that between 80 and 100% of the standard value.
This means that the predicted events correspond to PM levels that relate, potentially,
to exceedances of the annual mean standard. As expected, in all experiments, VC
adopted a negative sign, which resulted in the most significant factor contributing
to the model. Under an uncertain climate change scenario and future anthropogenic
emissions, it is reasonable to consider the potential need of computing a climate
penalty for PM levels in northern Chile. If the observed decreasing trend of the
TILH (§5.3), and consequently of the BLH, above the region intensifies during the
21st Century, additional mitigation efforts might be needed in order to meet air
quality standards. Future research in this regard is also discussed in the following
section.

7.1.2

The future of the Atacama Desert

In order to answer the third research question proposed in §1.3 - What are the mechanisms by which the climate of the hyper-arid environment in Northern Chile is
projected to change over the coming century? - the governing climatic factors con-
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trolling the Atacama Desert were analysed by the UKESM1 model contributing to
CMIP6.
The decreasing trend of the BLH described in §5.3, was also reproduced by
the UKESM1 model, as presented in §6.5.2. The intensification of atmospheric
temperature stratification is leading to a decreasing BLH in the lower troposphere
over the Atacama. Similarly, an increasing temperature stratification of the eastern
South Pacific Ocean (§6.5.3) is triggering a decline of coastal upwelling (upward
water mass flow) at about 100 m depth (and deeper). The consequences of a decline of the BLH on PM levels over northern Chile is unknown and has not been
previously reported. This is complemented with changes in wind patterns, directly
associated with the seasonal variability of the South Pacific Anticyclone (SPA).
Currently, the SPA extends poleward and intensifies during the austral summertime.
As UKESM1 reveals, and in agreement with evidence from the literature, this behaviour is being enhanced as a result of climate change for the three experiments
explored (SSP126, SSP370 and SSP585) (§6.5). This intensification of the SPA
enhances equatorward surface winds, which trigger two fundamental processes that
indirectly promote particulate matter concentrations over northern Chile. First, an
intensification of westward upwelling favourable winds, which lead to increasing
coastal upwelling intensity in the surface layer of the ocean (in contrast with the decreasing intensity by depth, due to stratification)(§6.5.3). The enhanced upwelling
activity at the ocean surface promotes decreasing sea surface temperature (SST),
which in turn partially promotes the governing atmospheric stability and scarcity of
precipitations. Second, an intensification of the southwest inflow toward the Atacama modulates seasonal and daily cycles of winds patterns, as described by Muñoz
et al. (2013) and Rutllant et al. (2013), especially in summer afternoons. This intensification of wind, along with a higher BLH (and coastal TILH), explains the increased ventilation in summer and unvented conditions in winter, as computed from
the surface and upper air observational records, modelled outcomes and reanalysed
data in §5.3. Following the understanding of the ocean-climate factors that governs
the hyper-arid climate of northern Chile and their potential affectation under climate
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change, the fourth research question proposed - How would mineral dust, PM10 and
PM2.5 atmospheric concentrations respond under these future climate changes? was addressed by exploring PM10 and PM2.5 trends from UKESM1 and the input
emission inventory data in UKESM1; the community emission data system (CEDS)
emission inventory. According to CEDS, SO2 emissions from the industry sector
have historically (20th Century) modulated PM10 and PM2.5 concentrations over
northern Chile (§6.6). A dramatic peak of SO2 emissions was computed between
the years 1970 and 2000, which coincides with the intensification of copper exploitation in northern Chile. Similarly, this peak was also reproduced over southern
Peru. However, whereas an evident decline of the emissions is observed in Chile after the 1990s, in Peru the increasing trend remained during the 2000s. This decline
of SO2 emissions in Chile coincides with enactment in 1994 of the Chilean ”law on
general bases of the environment” (MINSEGPRES, 1994), which forces industries
to control their gaseous (including SO2 ) and particulate matter emissions, and submit detailed environmental impact assessments, including appropriate mitigation
plans.
The future trends of PM10 and PM2.5 computed from UKESM1 are highly
dependant on the emission scheme adopted in each experiment analysed (SSP126,
SSP370 and SSP585). As discussed in §6.6, a decline during the 21st Century
is projected under the SSP126 due to mitigation plans covering both GHG and air
pollutant emissions. However, an increase of PM10 and PM2.5 is projected under the
SSP370 and SSP585 scenarios. In a world with high GHG emissions but significant
air quality control measures (SSP585), a weaker increase is simulated in comparison
to a world whose development sustains lower GHG emissions but uncontrolled air
quality emissions (SSP370). Under the SSP370 experiment, an abrupt increase of
both PM10 and PM2.5 concentrations is projected. This is primarily associated with
an increase in SO2 emissions over northern Chile as well as a sustained increase
in mineral dust emissions. These results, along with the observed effect of the
Chilean environmental legislation during the1990s on SO2 emissions, highlight the
significant impact that future mitigation plans will have on PM10 and PM2.5 levels.
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This supposes a major challenge for adopting joint mitigation strategies considering
air quality and climate change, in agreement with international standards relying on
a common reference for protecting human health, the environment and promoting
sustainable development. The above would contribute to avoiding disagreements on
qualifying air quality levels and the consequent mitigation actions triggered from
this classification, as shown for northern Chile by the contrast between Chilean and
WHO standards (§3.4).
The increase in mineral dust emissions projected by UKESM1 seems reasonable due to the increased wind speeds projected over the central latitudes of the
Atacama (about 23°S), which are associated with the intensification and expansion
of the SPA. However, it is not clear if UKESM1 is adequately reproducing local
mineral dust production. Additionally, these results highlight the high sensitivity of
PM projections from UKESM1 to the prescribed emission inventory. The impact
of the decreasing trend of BLH on PM10 and PM2.5 trends is not evident, although
it seems reasonable to postulate that a decline in BLH might enhance PM concentration levels, especially in the absence of appropriate mitigation measures. This
assumption represents a valuable starting hypothesis for future research.

7.2

Limitations

The complexity of the geography of northern Chile imposes a significant challenge
for both observational and modelling datasets. However, the ground level and upper
air observational datasets used in this research have provided a good frequency of
data and time framework for the study.
Surface observations correspond to local data restricted by local conditions.
The significance of this impact depends on the location. Wind patterns data at
coastal sites are suitable for explaining local scales patterns and their links with
synoptic climate drivers, such as SPA variability. However, in inland desert areas,
the topography restricts winds patterns to local conditions. Therefore, observational
analysis of air quality and atmospheric ventilation was restricted to each monitoring
site. Increasing the monitoring effort in the SINCA and DMC networks and incor-
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porating additional launching sites for upper air observation in inland areas would
significantly improve the analysis.
Regarding satellite observations, the aerosols retrievals analysed were used at
their best quality as defined by MODIS. However, this led to a lower amount of valid
data for the mineral dust characterisation. Also, due to the persistent morning stratocumulus deck along the coast, satellite retrievals cannot reproduce reliable data
on coastal boundaries, where mineral dust activity can also occur. Similarly, Deep
Blue products (MOD04L2 and MYD04L2), which provided the angstrom exponent
data (α) suffer from a significant lack of data on the Andes Cordillera. Although
the scarce literature on mineral dust activity over Northern Chile has previously
suggested a potential for dust production predominantly in the central region of
the Desert, potential dust sources located in the Andes Cordillera might be missed.
However, the top of the Andes is dominated by very complex topography and high
roughness that suggest that intense dust production is unlikely.
The modelling datasets used, including regional climate models, reanalysed
data, and earth system simulations, are state of the art for exploring the climate system at global and regional scales and, according to products resolution, at a local
scale. However, models suffer from multiple sources of uncertainty given partially
by the parameterised processes not dynamically simulated. For the study area, two
relevant factors especially contribute to uncertainty in the models; convective transport under the TILH along the coast and the complex topography of the inland desert
areas. These uncertainties directly impact BLH and wind pattern simulations. The
use of observational datasets contrasting with modelling results helped to deal and
understand these limitations.
Finally, climate change scenarios have been explored based on prescribed
global anthropogenic emission inventories in UKESM1. Even though the results
contribute significantly to the understanding of an unexplored region in terms of
future air quality trends under a range of climate change experiments, a refined
method might consider modelling PM using local emission inventories, such as the
Emissions and Transfer Registry (RETC in Spanish) (§3.3). However, this would
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require re-running UKESM1 for the four experiments studied, which is out of scope
of this study. Finally, a more robust result would have been achieved by using an
ensemble of models contributing to CMIP6. However, the focus was on exploring
the multiple elements of the climate system, concluding with future trends of PM.
Significant extra resources are required if multiple models are used due to the different aerosols schemes across the ensemble members. Future research in this regards
is proposed in the following section.

7.3

Reflections for future research and practice

The mineral dust cycle in northern Chile had not previously been explored. Therefore, this research first focused on understanding the dust cycle, source areas and
their variability. However, this knowledge indicates future research opportunities
in several aspects. A first approach is to further understand the connection between aerosols retrievals from satellite sensors and particulate matter levels, which
requires devoted atmospheric chemistry modelling of the vertical distribution of
aerosols. A satellite-based tool for air quality prediction would provide PM concentrations in isolated areas where there is a lack of monitoring, complementing the
observational database of SINCA. A second element that deserves further study is
applying the knowledge gained on the dust cycle in order to validate future mineral
dust simulations over northern Chile. In particular, the fine resolution (1 km) of the
MCD19A2 product and its good data availability allow the development of a suitable dataset for validating models on complex terrain. This study is also expandable
to a continental scale for South America due to the lack of mineral dust studies in
the region, where Patagonia and central Argentina are also important sources of
mineral dust that had not been yet characterised in the literature.
Mineral dust is an aspect of concern for the solar energy industry, which has
grown dramatically in northern Chile over recent years. Chemical transport simulations validated with satellite-derived mineral dust products might represent a robust
basis for developing dust forecasting and compute their effects on soiling and direct
normal irradiance (DNI). Both are crucial elements for the productivity of photo-
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voltaic panels.
Regarding air quality forecasting for policy purposes, it is important to highlight that there is no operational forecasting tool in Chile. The logistic model proposed for PM10 and PM2.5 represents an opportunity for developing a low-cost solution suitable for PM prediction. The expansion of this tool for predicting PM
or other pollutants variability might require adding independent variables so far no
considered. For instance, council-level emissions from RETC could be incorporated to strengthen forecasts along with modelled or reanalysed BLH data in areas
with a lack of upper-air observations. This work would require the expansion of
both ground level and upper air observations across the Desert.
In terms of policy implications, in addition to the development of a PM forecasting tool, based on the observed and projected decline of the BLH, the estimation
of a climate penalty for PM10 and PM2.5 would be of significant value. However,
this should be done at smaller spatial scales, removing possible uncertainties from
local environmental factors, such as topography and its effect on the local wind patterns. Although the decline of BLH seems robust from observations and models,
wind patterns require local-scale characterisation to adequately test their impact on
ventilation under decreasing BLH trends.
The results presented here on climate change impacts across northern Chile
and the southeast Pacific Ocean have been based on one model (UKESM1). A
natural next step would be to expand the analysis considering an ensemble of models contributing to CMIP6, with a focus on atmospheric stability and PM levels
across northern Chile. Among other relevant elements of the climate dynamics of
the region, the above would imply an analysis of BLH trends from multiple ensemble members and PM10 -PM2.5 data from simulations. However, the latter would
imply a critical challenge because of the differences in aerosols schemes among
models. This study could also be expanded to other areas in central and southern Chile, and potentially across South America. Also, future simulations based
on the RETC emission inventory would be beneficial for analysing future air quality trends. Finally, future research might comprise studying the Humboldt coastal
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upwelling system from the CMIP6 ensemble members in order to compare with
the results reported by (Oyarzún and Brierley, 2019) based on the CMIP5 dataset.
Expanding the study to other eastern boundary upwelling systems would also be a
valuable contribution to the field.

7.4

Conclusion

This research was situated in northern Chile, an area of complex geography where a
range of natural forces promote the dominating hyper-arid environment and coexist
with anthropogenic forcings that promote high PM10 and PM2.5 concentrations. The
study has provided novel knowledge that serves as a source of understanding for
fundamental and unexplored processes in the Atacama Desert, which have direct
implications for public health and future policy design.
Understanding the mineral dust cycle is the basis for mineral dust forecasting
and its operational applications on air quality and solar power generation. Similarly,
the role of the variability of the temperature inversion layer height on air pollution,
either PM or gaseous compounds, remained unexplored, despite the history of the
Atacama of intense anthropogenic intervention. These results strongly suggest the
study of a climate penalty in northern Chile regarding PM emissions. This is reinforced by the future projections of PM10 and PM2.5 concentrations from UKESM1,
which provide evidence of the high sensitivity of future air quality to mitigation
plans. The above, along with a projected intensification of the major drivers of the
hyper-arid climate and stable atmospheric conditions of the Atacama Desert during
the 21st Century.
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Appendix
National Air Quality Information System of Chile (SINCA) - Ministry of Environment (MMA)
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Figure A1: Details of the air quality monitoring records of the National Air Quality Information System of Chile (SINCA). The length of the records and the variables
measured are shown.
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National Air Quality Information System of Chile (SINCA) - Ministry of Environment (MMA)
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Figure A2: Details of the meteorological monitoring records of the National Air Quality
Information System of Chile (SINCA). The length of the records and the variables measured are shown.
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Le Hégarat-Mascle, S., Maille, M., Rajot, J.-L., Vidal-Madjar, D., et al.: Surface
and aerodynamic roughness in arid and semiarid areas and their relation to radar
backscatter coefficient, Journal of Geophysical Research: Earth Surface, 111,
2006.
Martins, V. S., Lyapustin, A., de Carvalho, L. A., Barbosa, C. C. F., and Novo, E. M.
L. d. M.: Validation of high-resolution MAIAC aerosol product over South America, Journal of Geophysical Research: Atmospheres, 122, 7537–7559, 2017.
Marzban, C.: The ROC curve and the area under it as performance measures,
Weather and Forecasting, 19, 1106–1114, 2004.
McCabe, R. M., Hickey, B. M., Dever, E. P., and MacCready, P.: Seasonal CrossShelf Flow Structure Upwelling Relaxation, and the Alongshelf Pressure Gradient in the Northern California Current System, J. Phys. Oceanogr., 45, 209–227,
2015.
McGregor, G. R. and Bamzelis, D.: Synoptic Typing and its Application to the
Investigation of Weather Air Pollution Relationships, Birmingham, United Kingdom, Theoretical and Applied Climatology, 51, 223–236, 1995.
Meinshausen, M., Nicholls, Z., Lewis, J., Gidden, M. J., Vogel, E., Freund, M.,
Beyerle, U., Gessner, C., Nauels, A., Bauer, N., et al.: The SSP greenhouse gas

BIBLIOGRAPHY

289

concentrations and their extensions to 2500, Geosci. Model Dev. Discuss, 2019,
1–77, 2019.
Melas, D., Ziomas, I. C., and Zerefos, C. S.: BOUNDARY LAYER DYNAMICS
IN AN URBAN COASTAL ENVIRONMENT UNDER SEA BREEZE CONDITIONS, Atmospheric Environment, 29, 3605–3617, 1995.
Mena-Carrasco, M., Oliva, E., Saide, P., Spak, S. N., de la Maza, C., Osses, M.,
Tolvett, S., Campbell, J. E., Molina, L. T., et al.: Estimating the health benefits
from natural gas use in transport and heating in Santiago, Chile, Science of the
Total Environment, 429, 257–265, 2012.
Menut, L., Tripathi, O. P., Colette, A., Vautard, R., Flaounas, E., and Bessagnet, B.:
Evaluation of regional climate simulations for air quality modelling purposes,
Climate Dynamics, 40, 2515–2533, 2013.
Mhawish, A., Banerjee, T., Broday, D. M., Misra, A., and Tripathi, S. N.: Evaluation of MODIS Collection 6 aerosol retrieval algorithms over Indo-Gangetic
Plain: Implications of aerosols types and mass loading, Remote sensing of environment, 201, 297–313, 2017.
Mhawish, A., Banerjee, T., Sorek-Hamer, M., Lyapustin, A., Broday, D. M., and
Chatfield, R.: Comparison and evaluation of MODIS Multi-angle Implementation of Atmospheric Correction (MAIAC) aerosol product over South Asia, Remote Sensing of Environment, 224, 12–28, 2019.
Mi, W., Li, Z., Xia, X., Holben, B., Levy, R., Zhao, F., Chen, H., and Cribb, M.:
Evaluation of the moderate resolution imaging spectroradiometer aerosol products at two aerosol robotic network stations in China, Journal of Geophysical
Research: Atmospheres, 112, 2007.
Michel Flores, J., Bar-Or, R., Bluvshtein, N., Abo-Riziq, A., Kostinski, A., Borrmann, S., Koren, I., and Rudich, Y.: Absorbing aerosols at high relative humidity: linking hygroscopic growth to optical properties, Atmospheric Chemistry
and Physics, 12, 5511–5521, 2012.

290

BIBLIOGRAPHY

Miller, R. L., Tegen, I., and Perlwitz, J.: Surface radiative forcing by soil dust
aerosols and the hydrologic cycle, Journal of Geophysical Research, 109, 2004.
Minguillón, M., Querol, X., Baltensperger, U., and Prévôt, A.: Fine and coarse PM
composition and sources in rural and urban sites in Switzerland: local or regional
pollution?, Science of the Total Environment, 427, 191–202, 2012.
MINSAL, Ministerio de Salud, S. d. S. P.: D.S 138/2005. Establece obligacion de
declaran emisiones que indica, 2005.
MINSEGPRES, M. S. G. d. l. P.: Ley 19300, Aprueba Ley sobre Bases generales
del Medio Ambiente, 1994.
Miranda, P. M. A., Alves, J. M. R., and Serra, N.: Climate change and upwelling:
response of Iberian upwelling to atmospheric forcing in a regional climate scenario, Climate Dynamics, 40, 2813–2824, 2012.
Mitas, C. M. and Clement, A.: Has the Hadley cell been strengthening in recent
decades?, Geophysical Research Letters, 32, 2005.
Mitchell, J. F. B., Manabe, S., Meleshko, V., and Tokioka, T., eds.: Equilibrium
Climate Change - and its Implications for the Future, Cambridge University Press
(CUP), 1990.
MMA: D.S 12/2011. Establece norma primaria de calidad ambiental para material
particulado fino respirable MP2,5., 2011.
MMA, M. d. M. A.: Sistema de evaluacion de impacto ambiental, Chile, Ministerio
del Medio Ambiente, URL http://www.sea.gob.cl/, 2015.
MMA, M. d. M. A. d. C.: Informe Consolidado de Emisiones y Transferencias
de Contaminantes. 2005-2016, RETC, Tech. rep., MMA Ministerio de Medio
Ambiente de Chile, 2018.
Mohan, S. M.: An overview of particulate dry deposition: measuring methods,
deposition velocity and controlling factors, International journal of environmental
science and technology, 13, 387–402, 2016.

BIBLIOGRAPHY

291

Molina, A., Falvey, M., and Rondanelli, R.: A solar radiation database for Chile,
Scientific reports, 7, 1–11, 2017.
Mote, P. W. and Mantua, N. J.: Coastal upwelling in a warmer future, Geophysical
Research Letters, 29, 53–1–53–4, 2002.
Mulcahy, J., Jones, C., Sellar, A., Johnson, B., Boutle, I., Jones, A., Andrews, T.,
Rumbold, S., Mollard, J., Bellouin, N., et al.: Improved aerosol processes and
effective radiative forcing in HadGEM3 and UKESM1, Journal of Advances in
Modeling Earth Systems, 10, 2786–2805, 2018.
Mulcahy, J. P., Johnson, C., Jones, C. G., Povey, A. C., Scott, C. E., Sellar, A.,
Turnock, S. T., Woodhouse, M. T., Abraham, N. L., Andrews, M. B., et al.: Description and evaluation of aerosol in UKESM1 and HadGEM3-GC3. 1 CMIP6
historical simulations, Geoscientific Model Development Discussions, pp. 1–59,
2020.
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