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ABSTRACT

The exposure to aerosols is one danger U.S. soldiers face in Afghanistan that may
go unseen. Using the Davis Rotating-drum Universal-size-cut Monitoring
(DRUM)

cascade impactor,

concentrations from Bagram,

size-

and time-

resolved

aerosol

Afghanistan were collected.

chemical

These aerosol

concentrations were combined with a meteorological analysis and Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) model meteorological
backward trajectories to establish source sectors. These sectors, along with time of
year, were then used as a predictive tool for the chemical composition and relative
concentration of aerosols in Afghanistan. Principal components analysis (PCA)
was used to determined potential source types. PMi0 and PM25 were compared to
military exposure guidelines and U.S. national ambient air quality standards.
Results reveal aerosol concentrations in Afghanistan were at levels for which
adverse health effects could be anticipated.
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1. Introduction
1.1. Definition and formation o f aerosols

An aerosol is defined as any solid or liquid particle suspended in a gas.
Aerosols come in many shapes, sizes, densities, and weights causing difficulties in
classifying them. To alleviate this issue, aerosols are classified based on
aerodynamic diameter. A particle’s aerodynamic diameter is the diameter a particle
would have as a perfect sphere with unit density. A particle’s aerodynamic
diameter will be referred to synonymously as its diameter throughout this thesis.
Particulate matter (PM) is often described in terms of its mass in three
different regimes: total suspended particulates (TSP), PM less than 10 qm in
diameter (PM 10), and PM less than 2.5 qm in diameter (PM25).
Atmospheric aerosols can be generated in many ways. Loose material on
the ground can be mechanically lofted by wind such as occurs with desert dust;
aerosols can be emitted directly such as occurs with volcanic ash; particles can be
the product of conglomeration of gases undergoing chemical reactions such as
occurs with sulfur dioxide to sulfuric acid.

1.2. Thesis goals

The climatology of Afghanistan and central Asia in general plays a vital
role in the presence of aerosols spatially and temporally. It affects aerosol
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concentrations, compositions, and diurnal and seasonal fluctuations. Little research
has been done in Afghanistan itself; therefore, the surrounding regions must be
examined to help construct the Afghanistan region’s aerosol puzzle.
In addition to discussing the climatology and aerosol characteristics in this
region of the world, this thesis will examine past research concerning the health
effects of inhaling aerosols and the health safety standards pertaining to aerosols as
well as comparing the results to military exposure guidelines (MEGs), National
Ambient Air Quality Standards (NAAQS), and World Health Organization (WHO)
standards.
This thesis will identify potential sources of aerosols in Afghanistan using a
variety of methods including meteorological backward trajectories and principal
components analysis (PCA). Regional meteorology has a large influence on these
aerosols tending to transport aerosols into Afghanistan from surrounding nations.
The surrounding nations in central Asia have numerous air-quality issues including
natural dust and heavy metals (see section 1.5). Literature exists documenting
these air-quality issues (Shahgedanova and Burt, 1994; Dahl and Kuralbayeva,
2001; Singer et al., 2003; Nabi Bidhendi and Halek, 2007; Schneidemesser et al.,
2010), but the literature lacks information concerning air quality in Afghanistan.
Therefore, this thesis will help fill the gap where the literature is deficient on the
sources and types of aerosols in Afghanistan, especially simultaneous size- and
temporally-resolved aerosol characteristics.

3

The aerosol sampling described in this thesis was conducted at Bagram Air
Force Base (AFB) (34.94° N, 69.27° E) in Afghanistan (see Figure 1.1).

4

Figure 1.1. Location of Afghanistan (in orange) and a map of the surrounding
region. The yellow star in Afghanistan denotes the location of Bagram Air Force
Base.
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1.3. Climatology o f the Afghanistan region

The topography of Afghanistan and the surrounding region and the shifting
of the inter-tropical convergence zone (ITCZ) induce distinct regional climatic
characteristics. Bagram is located at the northern end of the Kabul Valley and is
surrounded on three sides by mountains. Aside from Afghanistan being well
removed from the ocean, the mountains along the Afghanistan-Pakistan border
significantly reduce the moisture influx into the region. Furthermore, during the
Asian monsoon, Afghanistan lies to the north of the ITCZ; therefore, air converges
toward the Himalayas from the vast amount of land to the north (Chen et al.,
2010a; Wang et al., 2010). These features cause difficulties in producing
precipitation, resulting in aerosols to residing in the ambient air for longer periods
of time than in wetter areas because the primary aerosol deposition mechanism of
washout is turned off (Shrestha et al., 2000). In Kabul, Afghanistan, the months of
December through March receive the largest amounts of precipitation with
approximately 1 to 3 cm each month while June through October average a few
millimeters each month (El Dorado Weather, 2011).

1.3.1. Windpatterns

Surface winds in Afghanistan are high during the summer (average of 3.6
m s-1 in Kabul during summer 2010) and low in the winter (average of 2.1 m s-1 in
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Kabul during winter 2010). Occasionally heavy winds with strong gusts occur. On
the larger scale, the upper level westerlies are a dominant wind forcing mechanism
(Han et al., 2008). During the winter and into the spring, the westerly sub-tropical
jet resides on the southern flank of the Himalaya Mountains. While this jet is
present on the southern flank of the Himalayas, the monsoon is inhibited (Schott
and McCreary Jr., 2001). With the onset of the warmer months, the ITCZ moves
northward. Eventually the sub-tropical jet shifts to the northern flank of the
Himalayas allowing the onset of the monsoon in southern Asia and the influx of
drier air into central Asia and Afghanistan (Schott and McCreary Jr., 2001; Allen
and Armstrong, 2011). Evidence for the regularity of this type of flow pattern can
be witnessed in the glacier ice on the Tibetan Plateau. Ice cores show that mineral
dust is a major contributor to impurities in the ice found in the northern Tibetan
Plateau and that sea salt dominates the impurities in ice found toward the south of
the plateau (Cunde et al., 2002).
The general wind patterns of the low to middle troposphere over the
Afghanistan region change throughout the year (NOAA CPC, 2011). They can be
summarized into four distinct periods. December through March experiences a
more westerly/southwesterly flow pattern. April through May, winds are reduced
in strength. This is a transition period to the impending monsoon season. From
June through September, winds in Afghanistan are strong from the north and
northwest, although these tend to reduce in magnitude by August and September.
Many have dubbed this time period as the “wind of 120 days”. During this time
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period, dust storms in Afghanistan are most prevalent (Goudie and Middleton,
2000; see Table 1.1). Finally, October and November experience a post-monsoon
transition period back to the more westerly and southwesterly flow. Table 1.1
shows how the shifting of the winds throughout the year cause variations in the
frequency of dust storms generated monthly in the different regions of
Afghanistan. Mazar-e sharif and Feyzabad, located in northern Afghanistan, see
many of their annual dust storms during the months of June through October;
Ghazni, located in the Kabul Valley south of Bagram, experiences greater numbers
of dust storms April through October; and Bust (also known as Lashkar Gah),
located west of Kandahar, can more than double its average monthly dust storm
count from less than five to more than ten starting as early as February and lasting
through August. These cities, as well as the topography of the Afghanistan, can be
seen in Figure 1.2.
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Table 1.1. Percentage of dust storms by month from various locations around
Afghanistan, Pakistan, and India. Months with the largest frequency of dust storms
are shown in bold (from Goudie and Middleton, 2000).
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Figure 1.2. Afghanistan cities and topography. Star markers indicate capital cities.
Image created via Google Earth (© 2012 Google) in conjunction with U.S.
Geological Survey (USGS) topographical map products (USGS, 2012a).
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1.3.2. Diurnal cycles

Areas all over the world, especially those with complex terrain, experience
diurnal cycles of pollutants and aerosols (Tanner et al., 2005; Vondou et al., 2010;
Saide et al., 2011). The same is true in the Himalayas where topographicallyinfluenced diurnal cycles are present. In the northwestern Himalayan region in
India, Gajananda et al. (2005) showed that maximum values of Aitken nuclei (i.e.
any particle that acts as a condensation nuclei during expansion in an Aitken dustcounter) occur between 11:00 and 14:00 local time. At Manora Peak in the Central
Himalayas, Dumka et al. (2010) saw a single defined peak of black carbon in the
late afternoons between October and March. In Kathmandu Valley, Nepal, Aryal et
al. (2009) found a daily repetitive cycle in the PM25 data with concentration peaks
in the morning and evening periods that diminished during the afternoon and
nighttime respectively.
In Kabul, Afghanistan (approximately 40

km south of Bagram),

topographically-influenced extreme day and night temperature differences can
cause strong nocturnal temperature inversions leading to the build-up of pollutants
overnight. Strong diurnal heating leads to some dilution of these pollutants during
the day (Engconsult Ltd., 2007).
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1.4. Elemental sources and uses

Twenty-seven elements are analyzed in the study described in this thesis.
These elements are Al, As, Br, Ca, Cl, Co, Cr, Cu, Fe, Ga, K, Mg, Mn, Mo, Ni, P,
Pb, Rb, S, Se, Si, Sr, Ti, V, Y, Zn, and Zr. An understanding of their origins and
uses are essential if they are to be sourced back to a specific area. This section will
provide a brief, non-exhaustive overview of some of the sources for many of these
elements.
Several of the elements are primarily contained in crustal material. These
elements include Al, Ca, Cr, Fe, Mg, Mn, Si, and Ti (Emsley, 2002). Many other
elements are contained within crustal material, but their anthropogenic uses have a
substantial contribution and will be discussed in the following paragraphs.
There are a number of Pb and Zn containing deposits in Pakistan (USGS,
2012b). Lead is used in construction, lead-acid batteries, bullets (this region of the
world has been ravaged by war for decades), paints, and gasoline, although many
nations have removed lead from petrol products in recent years (Emsley, 2002).
Zinc is used as an anticorrosive agent and can contaminate soil during the mining
and refining processes (Emsley, 2002). Sulfur dioxide and Cd vapors are produced
in large quantities during the smelting of zinc sulfide ores (Emsley, 2002). Zinc is
often found alongside Pb and Cu in ores. Copper has a number of industrial
applications, including electrical and plumbing equipment (Emsley, 2002).
Hundreds of thousands of metric tons of Cu are produced in Kazakhstan,
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Uzbekistan, and Iran annually (USGS, 2012d). Molybdenum is a byproduct of Cu
and W production and it too has numerous industrial applications such as being
used as a lubricant and anti-corrosion additive (Emsley, 2002).
Arsenic is a by-product of Cu and Pb refining (Emsley, 2002). Significant
amounts of As result from the burning of fossil fuels. Arsenic, like Pb, is found in
bullets. Arsenic is often found naturally with S in mineral compounds as well as
volcanic ash (Emsley, 2002).
Gallium is often found in the form GaAs (Emsely, 2002) and Kazakhstan
produces an estimated twenty tons of gallium each year (USGS, 2012c). Some
refiners collect Ga as a by-product of Zn refining.
Some elements are commonly associated with combustion: K from biomass
burning (Cahill et al., 2008), Se and S from coal, and V and Ni from oil
combustion (Emsley, 2002). Nickel is found in organisms and often naturally with
Fe and S compounds. Significant Ni deposits are found in Russia (Emsley, 2002)
and some in the coastal countries of the eastern Mediterranean Sea such as Greece
(USGS, 2012c). Sulfur is produced during oil refining, but is also found in salt
domes. Some of these salt deposits can be found in Eastern Europe and Western
Asia such as in the Caspian Sea region, Arabian Peninsula, and even in Pakistan at
the Khewra Salt Mine, the second largest salt mine in the world. These salt
deposits, like sea spray from the ocean and seas, contain Cl and Br.
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Other elements such as P and Zr are found in the surrounding area of
Afghanistan. Significant global P reserves are found in Russia and northern Africa
(Emsley, 2002). India is a large producer of Zr (USGS, 2012b).

1.5. Aerosol chemistry and seasonality

Aerosols in Afghanistan and the surrounding region have contributions
from both natural and anthropogenic sources (Lella et al., 2006; Engelbrecht et al.,
2008; Schneidemesser et al., 2010) and from both local and distant locations
(Prospero et al., 2002; Liu et al., 2010). This generates difficulties in establishing
source locations. Saharan and Middle Eastern dust, including local dust generated
in Afghanistan, vehicle emissions, heavy metals from industrial sources, and
controversial burn pits, all contribute aerosols to Afghanistan’s ambient air
(Engelbrecht et al., 2008). In Bagram, Afghanistan, the three main air pollutant
types were found to be geological dust, smoke from burn pits, and heavy metal
condensates suspected to be from lead smelting and battery manufacturing
facilities (Engelbrecht et al., 2008). However, the “National Defense Authorization
Act for Fiscal Year 2010”, also known as H.R. 2647 of the 111th Congress, was
signed into law by President George W. Bush on October 28, 2009 banning the use
of military burning pits in Afghanistan.
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1.5.1. Geological dust

As geological dust has been identified as one of the main aerosols affecting
Afghanistan, understanding its size distribution, concentration, transport, and
composition is crucial to determining exposure levels and health hazards. It has
been found that potential sources of aeolian (aeolian processes refer to the wind’s
ability to shape the Earth’s surface through erosion, transport, and deposition) dust
are “topographic lows or they are situated in close proximity to mountains and
highlands. In mountainous regions (e.g., Afghanistan, Iran, Pakistan, and China),
strong dust sources are often found in closed intermountain basins” (Prospero et
al., 2002).
In Bagram, it was found that nearly 75% of particulates by mass fall
between 2.5 |im and 7.5 |im in aerodynamic diameter and comprises a large
portion of the local PM 10 (Engelbrecht et al., 2008). These particulates are
primarily composed of Si, Al, Ca, Mg, and Fe based compounds (Engelbrecht et
al., 2008; see Figure 1.3). These facts are indicative of dust sources. In addition, it
was determined that a vast majority of the mass in the ultrafine size fraction (< 0.1
|im in aerodynamic diameter) was lead (Engelbrecht et al., 2008). In Lahore,
Pakistan, dust sources contribute on average (maximum) 41% (70% ) of PM10 mass
and 14% (29% ) of PM 2 . 5 mass on a monthly basis while Pb, Zn, and Cd comprised
most of the PM25 mass (Schneidemesser et al., 2010). From these two locations, it
can be inferred that the larger-sized aerosols seen in the Kabul Valley and the
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eastern plain regions can contribute a significant amount of aerosol mass. Fine
sized heavy metals such as lead also appear to be significant in both locations.
In comparison, it has been found that Saharan aerosols are dominated by
mineral dust with an average composition by volume of 64% silicates, 6% quartz,
5% calcium-rich particles, 14% sulfates, 1% hematite, 1% soot, and 9% other
carbonaceous material (Kandler et al., 2007).
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Figei^i'«^ 1.3. Annual mean major chemical species for (a) TSP, (b) PM10, and (c)
PM 2 .5 . Concentrations are expressed as mass fractions of oxides, sulfate (in
gypsum), chloride (in salt), nitrate, and ammonium (from Engelbrecht et al., 2008).
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Dust concentrations exhibit seasonal variations. In what has been dubbed
“the dust belt,” an area extending from the Sahara desert to East Asia, dust activity
peaks in the spring (Prospero et al., 2002). Other studies agree with this
conclusion: in Lahore, Pakistan, the lowest dust concentrations occur during the
monsoon (July through September) and higher concentrations occur during the
pre- and post-monsoon seasons (Schneidemesser et al., 2010); at the Arabian Sea,
dust at the surface peaks in the winter and spring (Tindale and Pease, 1999); and at
a rural mountain site in Nepal, aerosol concentrations were low late in the
monsoon season and post-monsoon season, but gradually increased throughout the
winter season and into spring (Shrestha et al., 2000). Regions further inland, such
as Tehran, Iran, experience higher dust aerosol concentrations in summer (Nabi
Bidhendi and Halek, 2007). This behavior is because Tehran does not receive the
large influx of precipitation needed to suppress dust aerosol formation. In
summary, those areas near the ocean and heavily affected by the precipitation of
the summer monsoon see higher dust aerosol concentrations in the pre- and post
monsoon seasons, especially the pre-monsoon season when precipitation has been
limited for several months beforehand. Such is the case with India until the
summer monsoon rains arrive beginning around June (see Table 1.1). In contrast,
those areas further inland and away from the monsoon rains experience higher dust
aerosol concentrations during the summer months when the winds arrive at the
locations from the north (overland) rather than from the south (over the ocean).
However, due to local effects such as topography, aerosols may not follow the
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expected seasonal pattern. Local winds (anabatic/katabatic wind, boundary layer
turbulence, etc.) can frequently stir up dust even during seasons when the dust
concentration is expected to be low, such as was seen at the base of the Rocky
Mountains in the United States by Orgill and Sehmel (1976).
Regional winds in the Middle East have the ability to loft dust high into the
atmosphere where it can then travel vast distances. Lofting is enhanced by
complex terrain (Kim and Stockwell, 2008). When the synoptic conditions are
right, dust storms occurring in the Sahara Desert and Middle East can lead to the
transport of dust to East Asia (Tanaka et al., 2005). Strong winds associated with
cold front passages and deep low-pressure complexes have been known to cause
rapid increases in suspended particulate matter resulting in transport of Asian dust
from China to the Pacific Ocean (Iino et al., 2004). These Asian dust storms have
scattered dust across Asia (Arimoto et al., 2006) and initiated dust transport to the
Pacific Ocean (Arimoto et al., 2006), Alaska (Cahill, 2003), and the west coast of
the continental United States (Jaffe et al., 2003).

1.5.2. Anthropogenic aerosols
1.5.2.1. Pakistan

In contrast to the dust concentrations that display consistent seasonal
fluctuations, heavy metal concentrations in the region are far more variable due to
the fact that they have an anthropogenic component; however, some still exhibit
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seasonal variations. At Mt. Muztagata in the Eastern Pamirs, just to the east of
Afghanistan, Wu et al. (2009) found that As, Bi, Cd, Pb, and Zn have high
concentrations during the summer (July to October) and low concentrations during
the winter (October to February), a pattern similar to that of crustal aluminum,
while Cr, Cu, and Ni display different behavior than crustal aluminum. Mt.
Muztagata is distant from anthropogenic sources, thus the presence of
anthropogenic pollutants at the site suggests atmospheric transport.
In Lahore, Pakistan, Schneidemesser et al. (2010) found that of the already
extremely high aerosol heavy metal concentrations of Pb (4.4 qg m-3), Zn (12 qg
m-3), and Cd (0.077 qg m-3), 84% of Pb, 98% of Zn, and 90% of Cd concentrations
were less than 2.5 qm in diameter, meaning that these elements were present in the
respirable size fraction. Schneidemesser et al. (2010) is consistent with Smith et al.
(1996) who found high levels of Pb in the ambient air in Pakistan from leaded
gasoline. In addition, Smith et al. (1996) found high ambient levels of Mn, V, As,
Cr, and Ni. Faiz et al. (2009) discovered high soil concentrations of Cd, Cu, Ni,
Pb, and Zn along the Islamabad Expressway in Pakistan adding evidence that some
of the aerosols seen by Smith et al. (1996) and Schneidemesser et al. (2010) are
being emitted by motor vehicles.
At a remote site in northern Pakistan, approximately 370 km east of
Bagram, Afghanistan, that is distant from urban and industrial sources, Ghauri et
al. (2001) found aerosols highly enriched with As, Cd, Cl, Pb, Sb, Se, Tl, and Zn,
suggesting anthropogenic contributions to the aerosol load, especially since Cd and
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Se are typically associated with coal-burning emissions. Selenium in Pakistan may
likely be due to anthropogenic effects, but Se has maritime origins such as
dimethyl selenide (Amouroux and Donard, 1996; Amouroux et al., 2001), and
could be transported to the region.
Coal burning is also a significant contributor of sulfur in the form of SO2 ,
which can be oxidized to form SO\~. Relatively high concentrations of SO24 were
found at the same northern Pakistan site with up to about half believed to have
been derived from in-cloud SO2 to SO24 conversion of coal burning generated SO2
(Ghauri et al., 2001).
In general, Pakistan has been suffering from poor air quality across the
country for many years. Its poor air quality includes extremely high, annuallyaveraged levels of PM, SO2, and Pb amongst other pollutants (Colbeck et al.,
2010).

1.5.2.2 Kazakhstan, Turkmenistan, and Uzbekistan

Kazakhstan, Turkmenistan, and Uzbekistan face numerous pollution
problems, especially heavy metals such as Cd, Zn, Pb, and Fe (Shahgedanova and
Burt, 1994; Farmer and Farmer, 2000; Mukai et al., 2001). These nations,
especially Kazakhstan, have large deposits of metals, such as Cu and Mo, available
for mining (Chen et al., 2010b). The extraction and use of these natural resources,
as well as others such as oil, have led to serious air-quality issues (Dahl and
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Kuralbayeva, 2001). In comparison, Afghanistan has numerous deposits of metals,
coal, and oil, but they remain relatively underexplored and are not a major
economic factor (Kuo, 2007; USGS, 2012b).
As of 2008, the Clearing-House for the Partnership for Clean Fuels and
Vehicles stated that Afghanistan and Uzbekistan were two of the few remaining
nations that used both leaded and unleaded fuels (Clearing-House, 2011).
Afghanistan had plans for phasing out leaded fuels at the time of writing this
thesis, but Uzbekistan had not set a date for the phase out of leaded fuels
(Clearing-House, 2011).
Further pollution matters in the region, especially in the bordering countries
of Kazakhstan and Uzbekistan, arise from the dwindling size of the Aral Sea, and
as a result, increased potential to generate aerosols (Singer et al., 2003). Large
quantities of salts have deposited out of the Aral Sea brine over the past few
decades leading to the formation of gypsum, mirabilite, halite, glauberite, and
epsomite (Zavialov and Ni, 2010). These conglomerates can be lofted into the
atmosphere by the wind and transported.
Finally, similar to other Middle Eastern countries, dust storms are prevalent
in Turkmenistan. Orlovsky et al. (2005) found that dust storms can occur on over
60 days of the year, and in extreme cases, nearly 150 days of the year. Although
not a large metal polluter, Turkmenistan has rich deposits of lead, zinc, and copper
(Haggett, 2002). Its close proximity to Afghanistan and the prevailing wind
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patterns make Turkmenistan a possible source for some of the aerosols in
Afghanistan.

1.5.3. Biomass burning

Ions contribute to the composition of aerosols. Cations and anions can bond
to form the salts observed in PM. One potential cation is potassium (K+). High
temperature biomass fires emit potassium although the potassium concentrations
decrease exponentially for a smoldering fire (Cahill et al., 2008). This behavior
makes potassium a good tracer of smoke from biomass burning.

1.5.4. Aerosols over seas and oceans

In February through April of 1999, before the onset of the Indian monsoon,
a research vessel collecting aerosols traveled through the Indian Ocean into the
Arabian Sea and Bay of Bengal (Ball et al., 2003). It was found that air that had
passed over India showed evidence of fossil fuel combustion, biomass burning,
and aeolian material while air that had passed over Arabia showed little evidence
of biomass burning but had more acidity, mineral dust, and higher nitrate to sulfate
ratios compared to the air from India (Ball et al., 2003).
In the Aegean Sea, another research vessel found that sulfur has most of its
mass in the submicron size range while crustal elements and Cl are more in the
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supermicron size range (Smolik et al., 2003). Additionally, K, V, and Ni exhibited
bimodal distributions where higher concentrations in the submicron size range of
K resulted from forest fires, and V and Ni resulted from oil combustion (Smolik et
al., 2003). Finally, anthropogenic elements Cr, Cu, Pb, and Zn were found in air
masses tracing back to the west coast of the Black Sea, northern Greece, and
western Turkey (Smolik et al., 2003).

1.6. Health concerns and standards

Air quality affects human health. It can potentially jeopardize the health of
soldiers involved in military operations in regions with poor air quality. To
understand these effects, the U.S. Army Research Laboratory (ARL) has
prioritized the ‘Aerosol Characterization for Soldier Health’ initiative. This
initiative investigates the aerosol species and concentrations to which soldiers in
Iraq and Afghanistan have been exposed during the U.S. occupations.
Short- and long-term aerosol exposure, especially to PM25, can lead to a
variety of adverse human health effects including increased morbidity (e.g. asthma,
chronic obstructive pulmonary disease, etc.) and premature mortality (Polichetti et
al., 2009; EPA, 2011a). Inhaled fine (<2.5 qm in aerodynamic diameter) and
ultrafine (<0.1 qm in aerodynamic diameter) particles enter the lungs where they
can cause inflammation and other adverse effects within the lungs and can
circulate to other organs causing further damage (Kennedy, 2007). Many of these
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fine particles are produced by anthropogenic sources predominately through
combustion (Kennedy, 2007). However, assessing the extent to which health is
affected is challenging (Hall, 1996). An individual’s current state of health and
activities, the specie exposed to, time of exposure, and intensity of exposure can all
influence the impact air quality will have on that individual.
A study by Samet et al. (2000) found that in response to each 10 qg m-3 of
PM10 measured the day prior, hospitals saw approximately a 0.5% increase in
mortality, 1% increase in admissions for cardiovascular diseases, and 2% increase
in admissions for pneumonia and chronic obstructive pulmonary disease.
In order to achieve clean air in the United States, the Clean Air Act,
amended in 1990 with the Clean Air Act Amendments, mandated the
Environmental Protection Agency (EPA) to set National Ambient Air Quality
Standards (NAAQS). For PM10, the 24-hour average must not exceed 150 qg m-3;
for PM2 5, the 24-hour average must remain under 35 qg m-3 and the annual
average must be below 15 qg m-3 (EPA, 2011b). Airborne lead concentration
standards are determined using a 3-month rolling average standard set at 0.15 qg
m-3 and a quarterly average of 1.5 qg m-3 (EPA, 2011b).
The World Health Organization (WHO) guidelines are stricter than the
NAAQS. The WHO’s 24-hour guideline for PM10 is 50 qg m-3 and the annual
guideline is 20 qg m-3; the 24-hour guideline for PM 2 . 5 is 25 qg m-3 and the annual
guideline is 10 qg m-3 (WHO, 2011).
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The U.S. military adopts its own standards. Military exposure guidelines
(MEGs) are set to protect military personnel. Since the NAAQS are set to protect
all age groups across the United States in a wide variety of health conditions, and
the MEGs are designed to protect only healthy adults, some MEGs allow higher
exposure levels than the NAAQS. Military personnel are assumed to be in better
physical condition than the general population and therefore less susceptible to the
effects of poorer air quality. Furthermore, some NAAQS, such as lead, are
designed to protect children who are more susceptible to lead poisoning (EPA,
2000). However, according to the New York Department of Health, adults exposed
to lead are still at risk to neurological, gastrointestinal, and reproductive effects
(NY DOH, 2012). The United States Army Public Health Command (USAPHC)
has long-term (one-year) MEGs for lead at a concentration of 15 qg m-3
(USAPHC, 2010). USAPHC has PM MEGs as seen in Tables 1.2 and 1.3.
Engelbrecht et al. (2008) conducted aerosol studies using samplers located
at 15 U.S. military one of which was Bagram, Afghanistan. Each sampling site had
three samplers including one for TSP, PM10, and PM25. Sample collection
occurred on a “ 1 in 6” day cycle over the course of one year and rotated between
three different types of filter media including Teflon® membrane, quartz fiber, and
Nuclepore®. This study extends the study by Engelbrecht et al. (2008) by
providing both a greater aerosol size breakdown and higher time resolution
measurements of the aerosol species, both of which are necessary for accurate
pathological analyses. Furthermore, the use of a single sample substrate will
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remove one of the potential sources of error mentioned in the study by Engelbrecht
et al. (2008).

PM2.s

PM10

Critical

500 pg/m3

600 pg/m3

Marginal

250 pg/m3

420 pg/m3

Negligible

65 pg/m3

250 pg/m3

Description of Military Health and Operational Effects
Above these, most if not all personnel will experience
very notable eye, nose, and throat irritation and
respiratory effects. Visual acuity is impaired, as is overall
aerobic capacity. Some personnel will not be able to
perform assigned duties. Some lost-duty days are
expected. Those with a history of asthma or
cardiopulmonary disease will experience more severe
symptoms.** Conditions may also result in adverse, non
health related materiel/logistical impacts.
Above these, a majority of personnel will experience
notable eye, nose, and throat irritation and some
respiratory effects. Some lost-duty days are expected.
Significant aerobic activity will increase risk. Those with a
history of asthma or cardiopulmonary disease are
expected to experience increased symptoms.**
Above these, a few personnel may experience notable
mild eye, nose, or throat irritation; most personnel will
experience only mild effects. Pre-existing health
conditions (e.g., asthma, or cardiopulmonary diseases)
may be exacerbated.**

Table 1.2. 24-hour particulate matter air MEGs (USAPHC, 2010).

Hazard
Severity

to
^1

P M 2 .5

PM™

Marginal

65 pg/m3

Not
defined

Negligible

15 pg/m3

Not
defined

Description of Military Health and Operational Effects
With repeated exposures above this, it is plausible that
development of chronic health conditions such as
reduced lung function or exacerbated chronic bronchitis,
COPD, asthma, atherosclerosis, or other
cardiopulmonary diseases could occur in generally
healthy troops. Those with a history of asthma or
cardiopulmonary disease are considered to be at
particular risk. This guideline is an uncertain screening
value— it is not a known health effects concentration.
With repeated exposures above this, it is considered
possible that a small percentage of personnel may have
increased risk for developing chronic conditions such as
reduced lung function or exacerbated chronic bronchitis,
COPD, asthma, atherosclerosis, or other
cardiopulmonary diseases. Personnel with history of
asthma or cardiopulmonary disease are considered to be
at particular risk. Exposures below this are not expected
to result in development of chronic health conditions in
generally healthy troops.

Table 1.3. 1-year particulate matter air MEGs (USAPHC, 2010).

Hazard
Severity

K
>
00
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2. Experimental Methods

To fully address the problem of what aerosols soldiers in Afghanistan are
breathing and where these aerosols are originating, several pieces of information
are needed: size- and time-resolved elemental concentrations, an understanding of
the air’s “history” as it blows over each site, and correlations between elements to
help trace the aerosol’s origin. Techniques to gather such information will be
discussed in the following sections.

2.1. Wind roses

A wind rose is a circular plot that displays the direction of the wind
(angular axis) as a percentage of time that the wind blows from that direction
(radial axis). Wind roses allow quick and effective analysis of wind patterns on the
local to regional scale.
Hourly METAR wind data was collected from Kabul and Kandahar,
Afghanistan, for 2010. Bagram does not have hourly METAR data so Kabul was
chosen as a proxy for Bagram because of its relatively close proximity to Bagram
(about 40 km south) and availability of data. Likewise, upper air sounding data
was gathered from Kabul for the year of 2010.
Using this data, wind roses were constructed for the surface and various
upper air pressure levels. Each wind rose was broken down into six curves based
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on the percentage of the data that fell into each category. These categories are:
total, 0 to 2.49 m s-1, 2.50 to 4.99 m s-1, 5.00 to 7.49 m s-1, 7.50 to 9.99 m s-1, and
>10 m s-1.

2.2. DRUM aerosol impactors

Davis Rotating-drum Universal-size-cut Monitoring (DRUM) aerosol
impactors have proven to be effective at collecting aerosols due to their long
sampling times and hardiness (Cahill et al., 1985; Raabe et al., 1988; Cahill and
Wakabayashi 1993). DRUM aerosol impactors are capable of being placed in
remote regions (Cahill, 2003; Cahill et al., 2008). The aerosols collected by the
DRUM aerosol impactor are separated by aerodynamic diameter onto separate
Mylar™ strips. The rotation rate of the impactor allows continuous measurements
of aerosol concentration and composition with study-specific time-resolution to be
collected.
The DRUM aerosol impactors operate based on the impaction of particles
using momentum. Air is drawn through the sampler at a known, constant,
volumetric flow rate of 10 liters per minute. Within the sampler are stages, each
containing a single MylarTM-coated metal drum impaction stage. Between each
stage is a nozzle that both aims particles directly at the drum and specifies the
velocity of the particles based on the area of the nozzle opening. Only particles
with a momentum larger than a specific threshold cannot make the turn to avoid
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impacting the MylarTM surface and impact and stick to the surface; the remaining
particles move with the airstream around the drum and continue on to the next
stage (see Figure 2.1). The nozzle following each stage accelerates the air and
allows for a new momentum cut point. The air’s velocity increases for each stage
for a total of eight stages. The size-fractions contained on stage 1 through 8 were 5
to 10 |im, 2.5 to 5 |im, 1.15 to 2.5 |im, 0.75 to 1.15 |im, 0.56 to 0.75 |im, 0.34 to
0.56 |im, 0.26 to 0.34 |im, and 0.09 to 0.26 |im in aerodynamic diameter,
respectively. Thus, larger particles will stick to the drums on the early stages while
the smaller particles will stick on later stages. This filters the particles into a small
range of sizes at each stage. Meanwhile, the drums slowly turn underneath each
nozzle at a rate of 8 mm/day. This rotation allows for the time resolution that
generates the DRUM aerosol impactor’s uniqueness.
DRUM aerosol impactors do not operate as effectively without a surface
coating (Lawson, 1980). Lawson (1980) experimented with different surface
coatings on the MylarTM substrate in cascade impactors. The DRUM aerosol
impactor is a form of cascade impactor that has the impaction plate rotate unlike
other cascade impactors that have fixed disks, and hence, no time resolution
(Lundgren, 1967). Lawson (1980) found that Vaseline and Apiezon L grease
worked best and uncoated surfaces have significant losses. In this study, Apiezon
L grease coated the Mylar™ strips.

32

Figure 2.1. Schematic diagram displaying how higher-momentum, larger particles
impact the MylarTM strip on the edge of a drum while smaller particles are caught
in the airstream moving around the drum. The thin black lines with arrows are
trajectory paths of each hypothetical particle.
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To obtain the chemical composition of collected aerosols on the DRUM
aerosol impactors, synchrotron x-ray fluorescence (S-XRF) is used (Cahill et al.,
1999). The technique is nondestructive and can determine elements ranging from
sodium to uranium. S-XRF analysis involves shooting a beam of x-rays at a
sample to create vacancies in the inner electron shells of the elements in the
sample. Electrons from outer shells fall down to fill the vacant core orbitals,
emitting x-rays with energy equal to the difference between the atom’s outer and
core electron energies, thus conserving energy. Because each element’s outer-tocore energy difference is unique, the energy of the emitted (fluorescent) x-ray
indicates the identity and amount of each type of element in the sample. After
detecting the x-ray energies emitted, the data is plotted upon a spectral graph. The
software program WinAxil (Vekemans, et al., 1994) is used to conduct a spectral
analysis based upon the statistical significance of peak emissions and thin film,
National Institute of Standards and Technology (NIST) traceable standards to
determine

chemical

composition.

There

were

twenty-seven

elemental

concentrations determined by S-XRF for these samples. These elements are listed
in section 1.4.
To achieve total mass loadings during each time period on each drum, a
beta-gauge is used. The beta-gauge utilizes radioactive Ni-63 and an electron
detector to determine the total mass loading using the Beer’s law principal of
absorption (Jaklevic et al., 1980). Summing up the total mass loadings on the
proper drums results in the PM10 and PM25 concentrations.
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2.3. HYSPLIT and sector analysis

The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT;
Draxler and Rolph, 2003; Rolph, 2003) Model is a trajectory model that uses
meteorological data to determine backward trajectories. For this thesis, HYSPLIT
was initialized with a 25 km ceiling height to ensure that backward trajectories did
not exceed the ceiling height boundary. The model simulated 240-hour backward
trajectories for Bagram every six hours for the entire year of 2010 for arrival
altitudes of 250 m, 2500 m, and 5500 m above ground level. These three altitudes
were chosen to profile the atmosphere from near the surface to the middle to upper
troposphere.
Four sectors were constructed taking into account the HYSPLIT backward
trajectories, annual wind patterns, specific geographical features (such as the
Mediterranean Sea, Sahara Desert, and Himalaya Mountains), and political
boundaries (such as the borders of Pakistan). The equations for each of the sector
separation lines were linear, but because the Earth is spherical, the actual lines
curve when viewed on the Earth’s surface. These equations for Bagram are:
longitude = (-0.2351 x latitude) + 51.2254
longitude = (0.1060 x latitude) + 27.5974
longitude = (1.2919 x latitude) - 54.5499
longitude = (0.7554 x latitude) - 17.3866

where the

first equation separates sector 1 and sector 2; thesecond equation

separates sector 2 and sector 3; the third equation separates sector 3 and sector 4;
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the fourth equation separates sector 4 and sector 1. Only segments of these lines
were used such that each line segment radiates outward from the coordinates of the
sampler mentioned in the introduction section. Figure 2.2 displays these sectordividing segments.
Each of the 240 hours of each individual backward trajectory was then
sorted into its corresponding sector using its latitude and longitude. If a point
resided on one of the sector separation lines, the point was sorted with the higher
number sector, or in the case of the line separating sector 4 and sector 1, the point
was placed with sector 1. Based upon the number of points in each sector and the
total number of points, the percentage of the time that an air parcel arrives from the
individual sector was calculated.
The sector analysis was then formatted in a similar fashion to the aerosol
concentration plots generated after the analysis of the DRUM aerosol impactor’s
aerosol-covered, Mylar™ strips. The percentage of time the trajectories were in
each sector was calculated for each six-hour starting time period based on the
number of points in each sector from each of the three starting altitude backward
trajectories. These percentages were then plotted against time. The overall product
displays the percentage of time spent in each sector from the individual backward
trajectories versus time. This procedure ultimately allows one to quickly compare
aerosol concentrations to the air’s history.
A problem with how the sectors were defined is that the prevailing
westerlies around Afghanistan’s latitude creates a higher bias toward sector 2 and a
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lower bias toward sector 4. This problem was taken into account during the
analysis of the plot so that small percentages from sector 4 could be considered
significant while larger percentages from sector 2 may be less significant. Another
possible source of inaccuracy in the determination of the air’s history is that the
HYSPLIT model is only as good as the input meteorological data used to drive it
and that diabatic processes such as latent heat release by cloud condensation and
light absorption by gases or particles in the airmass are not well represented. The
lack of diabatic processes hinders vertical mixing in the model as compared to
reality; therefore three receptor altitudes are used, all aloft, instead of the true
receptor altitude at the ground surface. Although these limitations are significant,
HYSPLIT backward trajectories with multiple receptor altitudes are an accepted
method for determining approximate airmass history.
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Figure 2.2. Sector dividing segments radiating outwards from Bagram,
Afghanistan. The numbers represent the sector number assigned to each area.
Image created via Google Earth (© 2011 Google).
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2.4. Principal components analysis

PCA is a multivariate statistical ordination technique used to simplify large
quantities of data (Pearson, 1901). The underlying principle of PCA is that there is
an orthogonal basis of eigenvectors that better describe the variance of the data
than do the original axes. PCA utilizes these eigenvectors and their non-negative
eigenvalues to transform data to fit axes called ‘principal components’. Each
subsequent principal component gives a decreasing intensity of the variance within
the data.

2.4.1. PCA procedure

This procedure follows that found in Shaw (2003). To begin PCA, each
variable in the data is individually normalized to a Z score given by the equation:
X. - u
s
where X, is the individual observation, n is the mean, and s is the standard
deviation. Next, the Pearson’s correlation matrix is determined. The Pearson’s
product moment correlation coefficients are given by (Shaw, 2003)

°X °Y

where X and Y represent any two of the variables in question, cov(X,Y) is the
covariance of X and Y, and a is the standard deviation (note that a=1 after
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normalizing the data). After calculating the Pearson’s product moment correlation
coefficients for all combinations of variables, the next step is to determine the
eigenvalues and eigenvectors of this matrix (an explanation of how to find
eigenvalues and eigenvectors can be found in Strang (2003)). These values are the
eigenvector loadings (i.e. the matrix that contains all the eigenvectors). Finally, to
attain the transformed data, axis scores are computed. This computation is done by
multiplying the normalized data by the eigenvector associated with the largest
eigenvalue for the first principal component axis. The second principal component
axis is found by multiplying the normalized data by the eigenvector associated
with the second largest eigenvalue and so forth for each subsequent principal
component axis. For M number of variables, there will be M eigenvalues and M
principal components. Typically many of these principal components will be
insignificant as they describe only a very small amount of the variance.
Eigenvalues are used to determine the percentage of variance explained by
each principal component axis. The variance percent is given by (Shaw, 2003)
A x 100

V = —n-------n
N

where X„ is the eigenvalue of the nth axis and N is the number of variables.
Having determined the amount of variance associated with each principal
component axis, the next step is discarding axes that are insignificant. After all, the
purpose of PCA is to reduce the dimensionality of multivariate data. There are
several methods to do this: eliminate all principal components that have
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eigenvalues below a threshold value (this value has often been taken as unity), use
as many principal component axes as necessary to reach a threshold cumulative
variance percentage, or use the broken-stick model. The broken-stick model (Mac
Arthur, 1957) is named as such because it determines the expected value if one
were to break a stick into pieces where each piece is smaller than the previous
piece. The mathematical formula for this method is (Mac Arthur, 1957)
B( p, k )

1 p 1
=

—

Y

-

Pj=kJ

where p is the number of variables in the PCA and B is the expected value of the
kth largest segment. An axis is considered to be significant if the variance explained
by the kth axis is larger than B(p,k) and random noise if less than B(p,k). Another
method is a graphical method. More details about this method can be found in
Jolliffe (2002).
To eliminate principal component axes deemed random noise in this study,
the broken-stick model will be utilized.

2.4.2. Eigenvector loadings

Eigenvector loadings are important in determining the meaning of each
axis. The higher the magnitude of the loading, the more influence it has on that
particular axis. Positive loadings mean that the loading from the particular variable
is positively correlated to the axis and vice-versa for negative loadings. However, a
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PCA axis can be arbitrarily multiplied by a scalar and still retain its uniqueness. A
negative scalar would cause the signs of all the eigenvector loadings associated
with that axis to be flipped.
While the eigenvector loading values are one concern, how variables
compare to other variables is another. Loadings of variables that are of the same
sign are correlated with each other and anti-correlated with variables that have
opposite sign loadings.
To establish what eigenvector loading values are significant upon a
principal component axis, past studies have used various methods such as
establishing a threshold value (Pio et al., 1989; Viana et al., 2006) and/or using a
Varimax rotation on the eigenvector loadings matrix (Thurston and Spengler,
1985; Viana et al., 2006). Another method, used in studies such as Cianfrani et al.
(2006), will be used in this study. It uses the equation (Afifi et al., 2004)
LT _

0.50
Eigenvalue

where LT is the loading threshold value. This equation arises due to variables
loading significantly on a principal component when the correlation is greater than
0.50.
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2.4.3. PCA on aerosol samples

PCA is an effective way to help source the elements in aerosol samples
(Smeyers-Verbeke et al., 1984; Viana et al., 2006; Chan and Mozurkewich, 2007).
If elements arrive at the DRUM aerosol impactor from the same source, they
should have specific elemental ratios to one another compared to elements from a
different source with different elemental ratios. These elemental fractions will
remain relatively constant for a specific source. Therefore, the concentrations
should change proportionally if more or less material arrives from that specific
source. In other words, elements are highly correlated with one another from a
single source. If the source changes, then the elemental ratios will most likely also
change. Therefore, if aerosols arrive from multiple sources simultaneously, the
correlation will likely change. PCA uses the eigenvector loadings as a way to show
correlations among elements.
To begin the PCA on the aerosol samples from Afghanistan, the data was
organized for PCA in such fashion that each column contained a selected element.
There were 22 of the 27 measured elements selected for PCA. The analysis
procedure excluded Mo, Rb, Sr, Y, and Zr, because of their near-detection limit
concentrations. The analysis procedure would then place the DRUM data for the
element in the column. For example, if stage 1 and stage 2 were selected for PCA
and both contained 350 rows of data, then lines 1-350 for each selected element
would be stage 1 data and lines 351-700 would be stage 2 data. This process
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continued for each stage. The data then underwent the processes described in
section 2.4.1 to calculate the necessary values.
Past studies showed that when using PCA on atmospheric constituent data,
component axes are interpreted as source types (Smeyers-Verbeke et al., 1984;
Thurston and Spengler, 1985; Viana et al., 2006). The source type can be
determined by analyzing the size-fraction and element loadings found in the
eigenvector-loading matrix. For example, a combustion source is more likely to be
visible in the smaller size fractions. By using the loading factors, source profiles
from the data can be constructed and compared to previously determined source
profiles such as those seen on the EPA’s website (EPA, 2011c). However, it may
be that an element is found in multiple sources and comprises of a significant
amount of the mass in each of those sources. PCA would show this as a low
amount of the variance explained by that element (a small loading value in the
eigenvector) despite the source profile(s) showing significant contribution by that
element. This situation can be made more problematic due to some elements
(especially those associated with dust) having elevated concentrations nearly all
the time. The opposite is also true in the case of a low concentration element being
significant to a single source. PCA would show the eigenvector loading value to be
relatively high despite the element being relatively insignificant in terms of mass.
Therefore PCA source profiles are more about the element's uniqueness to the
source and ample quantities of the element present such that it is analytically
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significant rather than mass explained. These scenarios indicate why it is important
to look for the presence of unique elements within the source profiles.
PCA source profiles based on elemental loadings were determined for all
size ranges simultaneously. The PCA could have been divided up into coarse and
fine fractions, but because many actual source profiles only account for either
PM10 or PM25 (in contrast to PM2.5-10 that would be needed for the coarse size
range), and PM2.5 source profiles provide reasonable representations of the other
fractions (Labban et al., 2004), all drum stages were considered at once.
As previously mentioned, the eigenvalue associated with each principal
component is used to give the amount of variance within the data explained by that
particular principal component. Thus, when each principal component is associated
with a source type, the amount of variance that source type contributes to the
overall dataset can be determined.
To show both the PCA transformed data and the eigenvector loadings,
biplots can be constructed. Thus biplots allow one to easily observe how variables
correspond with the data. For this study, the transformed aerosol data and the
eigenvector loadings for each element were plotted on the same diagram for each
sample period.
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2.5. Chemical mass balance (CM B) model

Upon determining sources from PCA, the chemical source profiles
associated with each were used in the EPA-CMB8.2 model (EPA, 2004; Coulter
and Scalco, 2005). Chemical mass balance models attempt to calculate the
measured mass concentration by fitting mass fractions and contributions from
individual sources. If all sources are accounted for, the calculated mass
concentration should theoretically match the measured mass concentration.
The overall governing equation for the EPA-CMB8.2 model is (EPA, 2004;
Coulter and Scalco, 2005)
p
Ci =

E
a ijS j
j =1

=1 n

where Ci is the ambient concentration of specie i, a iJ-is the fractional concentration
of specie i in the emi ssions from source j, Sj is the total mass concentration
contributed by source j, p is the number of sources, and n is the number of species
for n > p. Both Ci and a j are known and the Sj are found by a least squares solution
to the system of equations generated by the user’s selection of samples and source
profiles.
The output of the CMB model included the estimated total mass
concentration, source contributions to the overall mass, and elemental masses. The
results of the CMB model were used to determine the approximate source
contribution percentages of Afghanistan’s significant aerosol sources.
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Attempts were made to relate sources to the individual 1.5-hour samples,
but likely due to the high resolution and the possibility of sources altering
throughout the day, these attempts failed. Therefore, to better relate the PCA
sources with source profiles in the CMB model, elemental concentrations were
averaged over all drums stages and the entire sampling period. The total
concentrations used in the model input file were the sum of each of the sample
periods’ all-size-fraction averaged mass concentrations. These averages were used
rather than the total mass loading measurements from the beta-gauge because the
total mass concentration calculated by the model is the sum of these 27 elements,
and if all 27 elemental concentrations were perfectly matched by the model, the
measured and calculated masses should be equal. Furthermore, the beta-gauge data
includes of all oxygen, carbon species, etc. that were not measured via S-XRF nor
found in the source profiles, thus using the beta-gauge total mass concentrations to
apportion the sources is not feasible.
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3. Results and Discussion

It is important to note here that unless otherwise stated, all times for the
remainder of this thesis are in coordinated universal time (UTC).
Many synoptic weather events will be discussed in this section, but the
associated weather charts are not shown within this thesis. The reader is directed to
the U.S. National Climate Data Center world weather map archive to view these
maps (NCDC, 2012).

3.1. Wind roses

The wind direction over Kabul (due to lack of wind data from Bagram) and
Kandahar (Kandahar is examined to help analyze the air flow in the Kabul Valley)
vary by the time of the year. In addition, diurnal cycles are witnessed. Both are
significantly influenced by topography.
Surface winds in Kabul averaged about 2.1 m s-1 in the winter and about
3.6 m s-1 in the summer of 2010. Figure 3.1 shows the wind in Kabul is generally
from the northwest throughout the year. During the summer Indian monsoon
months (June through September), there is a significant amount of wind coming
from the southeast (Figure 3.1). Winds tend to arrive from the southeast rather than
the south because Kabul resides in the northern portion of the Kabul Valley, on the
west side near the mountains, and has mountains immediately on its southern
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flank. This wind pattern adds evidence that during the summer months, air has
more tendency to flow up the Kabul Valley into Kabul and Bagram compared with
the winter months.
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a)
Jan 2010

Feb 2010

180

180
Total
0 to 2.49 m/s
2.50 to 4.99 m/s
5.00 to 7.49 m/s
7.50 to 9.99 m/s
>10 m/s

Figure 3.1. Surface wind roses from Kabul, Afghanistan for (a) January to April,
(b) May to August, and (c) September to December 2010.
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b)
May 2010

Jun2010

Total
0 to 2 .4 9 m/s
2.5 0 to 4 .9 9 m/s
5.0 0 to 7 .4 9 m/s
7.5 0 to 9 .9 9 m/s
> 1 0 m/s
Figure 3.1. Continued.
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c)

Sep 2010

Oct 2010

180

180
Total
0 to 2.49 m/s
2.50 to 4.99 m/s
5.00 to 7.49 m/s
7.50 to 9.99 m/s
>10 m/s

Figure 3.1. Continued.
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Also seen in Kabul’s summer wind roses (Figure 3.1) is a northerly
component. The large-scale convergence of air toward the ITCZ during the Indian
monsoon causes transport of air from the north into Afghanistan. The poor air
quality mentioned in section 1.5.2.2 in countries north of Afghanistan will have
higher tendency to be transported into Afghanistan during the summer months
because the air comes from the north more frequently. Additionally, higher wind
speeds during the summer will result in greater amounts of aerosol lofting and,
therefore, increased aerosol transport.
Kabul has a diurnal cycle. At 03 UTC (local time 0730), the wind flow is
essentially completely from the northwest (Figure 3.2). Mountains reside to the
northwest of Kabul so this can be taken as the drainage of air down the Kabul
Valley with replacement of air coming down or through the mountains to the
northwest. As the day goes on, more southerly and southeasterly components are
observed (Figure 3.2). The air can be visualized as ascending the Kabul Valley
from the south due to the strong surface heating and elevation effects.
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a)
00 UTC 2010

03 UTC 2010

06 UTC 2010

09 UTC 2010

180

180
Total
0 to 2.49 m/s
2.50 to 4.99 m/s
5.00 to 7.49 m/s
7.50 to 9.99 m/s
>10 m/s

Figure 3.2. Annual surface wind roses from Kabul, Afghanistan from (a) 00 UTC,
03 UTC, 06 UTC, 09 UTC, (b) 12 UTC, 15 UTC, 18 UTC, and 21 UTC.
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b)
12 UTC 2010

15 UTC 2010

18 UTC 2010

21 UTC 2010

Total
0 to 2.49 m/s
2.50 to 4.99 m/s
5.00 to 7.49 m/s
7.50 to 9.99 m/s
>1 0 m/s

Figure 3.2. Continued.
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In Kandahar, surface winds averaged about 2.7 m s-1 in the winter and 3.0
m s-1 in the summer of 2010. Wind patterns in Kandahar are much more defined
than in Kabul, but the same pattern of air flowing up and down the Kabul Valley
appears. During the winter months, the surface winds are generally from the
northeast (Figure 3.3). This pattern follows what was seen in Kabul in that during
the winter months, air generally flows down the Kabul Valley. As the summer
Indian monsoon strikes, the surface airflow is shifted to a more westerly flow
(Figure 3.3). This flow pattern follows what was seen in Kabul in that the air
generally flows up the Kabul Valley during the summer months.
The diurnal cycle in Kandahar is easily visible. During the early hours of
the day, the wind comes down the Kabul Valley from the northeast (Figure 3.4).
As the day progresses, the wind shifts to westerly flow going toward the Kabul
Valley (Figure 3.4).
These diurnal cycles can cause aerosols to be recycled into the ambient air
each day at each location until they are either removed by deposition or blown
away. This diurnal effect will be seen in the elemental concentration graphs and
will be discussed in section 3.2.
In terms of wind intensities, both locations see higher wind speeds in the
summer months and afternoons/evenings than in winter and night/mornings. The
strong convergence of air toward the ITCZ creates the stronger wind speeds during
the summer, and daily solar heating leads to convection and higher wind speeds
during the afternoons and evenings.
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a)

Figure 3.3. Surface wind roses from Kandahar, Afghanistan for (a) January to
April, (b) May to August, and (c) September to December 2010.

57

b)
May 2010

Jun2010

180

180

Jul 2010

Aug 2010

180

180
Total
0 to 2.49 m/s
2.50 to 4.99 m/s
5.00 to 7.49 m/s
7.50 to 9.99 m/s
>10 m/s

Figure 3.3. Continued.

58

c)

330

^

------------

/

300

30

•" •••.

\

60

/

120

240

/

\

210 ^
Total
0 to 2.49 m/s
2.50 to 4.99 m/s
5.00 to 7.49 m/s
7.50 to 9.99 m/s
>10 m/s

Figure 3.3. Continued.
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a)
03 UTC 2010
---------

330
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120

150

Total
0 to 2.49 m/s
2.50 to 4.99 m/s
5.00 to 7.49 m/s
7.50 to 9.99 m/s
>10 m/s

Figure 3.4. Annual surface wind roses from Kandahar, Afghanistan from (a) 00
UTC, 03 UTC, 06 UTC, 09 UTC, (b) 12 UTC, 15 UTC, 18 UTC, and 21 UTC.
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b)
12 UTC 2010

15 UTC 2010

Total
0 to 2 .4 9 m/s
2.5 0 to 4 .9 9 m/s
5.0 0 to 7 .4 9 m/s
7.5 0 to 9 .9 9 m/s
> 1 0 m/s
Figure 3.4. Continued.
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3.2. Elemental concentrations

Equipment complications and human installation errors resulted in the loss
of a significant amount of data in 2010 and 2011. The available results from the
Afghanistan DRUM sampler at Bagram AFB are presented here. The results are
not nearly as extensive as desired, but do present some patterns that can be
generalized for time periods of lost data.
In the events that will be discussed in sections 3.2.1 and 3.2.2, an upper air
trough pattern (associated with lift due to positive vorticity advection) coupled
with a surface-based low-pressure system was present at a potential aerosol source
likely causing the lofting of aerosol particles due to the stronger winds and uplift
associated with each meteorological pattern. This reasoning is consistent with
strong synoptic low-pressure systems being responsible for the significant aerosol
lofting found in Iino et al. (2004). During the monsoon season, winds are stronger
and more persistent, likely resulting in a larger number of aerosol lofting events as
seen in the percentage of dust storms in Afghanistan in Table 1.1.
A common feature that arises in many of the concentration plots is a
diurnal cycle. Once elements are injected into the ambient air they tend to have
daily concentration peaks that gradually decrease in magnitude over the course of
the next few days, unless there is further injection of aerosols. In the latter case,
daily concentration peaks may actually increase in the days that follow an initial
aerosol injection. Overall, aerosols can essentially be recycled for days after being
injected into the local ambient air.
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3.2.1. Geological dust

Another common feature that arises in a number of the elemental
concentrations vs. time plots is the gradual reduction in concentration as the
monsoon season approaches. This behavior is easily seen among the geological
dust elements such as Ca between the months of March and May (see Figures 3.5
3.7). Climatically speaking, the lower-tropospheric wind, and therefore the ability
of aerosols to undergo saltation or suspension, is reduced and then increases as the
pre-monsoon winter transitions into the summer monsoon. In 2010, the average
700 hPa wind speed at Kabul was about 5.9 m s-1 in February, 4.3 m s-1 in March,
3.2 m s-1 in April, and 4.3 m s-1 in May.

Date (UTC)
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Figure 3.5. Calcium concentrations for Bagram, Afghanistan, from March 17,
2010 to April 6, 2010.

Date (UTC)
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Figure 3.6. Calcium concentrations for Bagram, Afghanistan, from April ', 2010
to April 27, 2010.

Date (UTC)
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Figure 3.7. Calcium concentrations for Bagram, Afghanistan, from April 30, 2010
to May 22, 2010.
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Geological dust elements (Al, Ca, Co, Cr, Fe, Mg, Mn, Si, Ti), generally
speaking, have high concentrations (in the hundreds of ng m-3) and the larger-sized
dust particles dominate the elemental mass. Furthermore, the smaller the particle
size, the less dust mass is observed (Figures 3.5-3.7). This finding is what would
be expected of localized geological dust aerosols. Occasionally the submicron
sized particles spike in concentration and can compose of a significant portion of
the mass. These events are likely due to the transport of particles from other
regions and not a localized source. An example of this can be seen in the Ca
concentration around April 3, 2010 (Figure 3.5). Expanding on this example,
submicron concentrations of Br and K spike at the same time as the Ca
concentrations (Figures 3.8-3.9). Backward trajectories show the air has history
near the Dead Sea (Figure 3.10) where large concentrations of Br and K can be
found (Garcia-Veigas et al., 2009).
Unlike anthropogenic and heavy metal elements, dust aerosols are difficult
to trace back to a specific source because aerosols from local and distance sources
can be present, a large portion of the Middle East is covered by desert, and
concentrations are elevated most of the time. As expected, PCA analysis shows
dust elements highly correlated with each other during all sample periods within
the first principal component axis and account for the greatest amount of the
variance within the data (Tables 3.1-3.4).

Date (UTC)
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Figure 3.8. Bromine concentrations for Bagram, Afghanistan, from March 17,
2010 to April 6, 2010.

Date (UTC)
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Figure 3.9. Potassium concentrations for Bagram, Afghanistan, from March 17,
2010 to April 6, 2010.
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Figure 3.10. Backward trajectories for air reaching Bagram, Afghanistan, during a
high submicron calcium, bromine, and potassium aerosol event in April 2010.

70

Table 3.1. PCA eigenvector loadings for Bagram, Afghanistan. Highlighted in
yellow (blue) are negative (positive) significant eigenvector loadings with an
absolute value greater than or equal to 0.50/-JEigenvalue .
02/06/2010 - 02/28/2010
Principal Component
1
2
3
Al
-0.2804
-0.076
-0.0165
0.0483
0 .466
0 .0977
As
Br
-0.1548
0.4111
0.1731
-0.2835
-0.0568
0.0221
Ca
-0.199
0 .2099
-0.156
Cl
-0.2728
-0.0344
0.1756
Co
Cr
-0.1823
-0.0701
-0.437
-0.0019
0.3126
-0.1692
Cu
-0.2842
-0.048
-0.0028
Fe
-0.2482
-0.017
0.3418
Ga
K
-0.2705
0.1423
0.0255
-0.2657
-0.0465
0.0558
Mg
Mn
-0.2817
-0.0273
-0.0616
0.0401
0 .0746
0.0881
Ni
P
-0.2345
-0.1052
0 .1577
-0.2604
0.02
0.273
Pb
-0.0112
0.4689
0.0127
S
0 .1688
0 .1517
0.3591
Se
-0.2793
-0.082
-0.033
Si
Ti
-0.2204
-0.0557
-0.0565
-0.0835
0.0462
-0.5182
V
Zn
-0.1242
0 .3992
-0.2266
12.1373
2 .9 47 6
1.5033
Eigenvalue
55 .1695
13.3981
6.833
Variance %
Cum. Var. %
55 .1695
6 8 .5 6 7 6
7 5 .4 0 0 6
Metal
Potential Source
Crustal
Proc.
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Table 3.2. PCA eigenvector loadings for Bagram, Afghanistan. Highlighted in
yellow (blue) are negative (positive) significant eigenvector loadings with an
absolute value greater than or equal to 0.50/ Eigenvalue .
03/17/2010 - 04/06/2010
Principal Component
1
2
3
Al
-0.2869
0.055
0.0053
0 .0728
-0.3285
0 .0147
As
Br
-0.0974
-0.4177
0 .2656
-0.29
0.0404
0.0474
Ca
-0.0864
-0.43
0.2423
Cl
-0.2753
0.008
0.1621
Co
Cr
-0.1178
-0.0211
-0.2894
-0.0018
-0.3382
-0.173
Cu
-0.2921
0.0195
0.0334
Fe
-0.2599
0.0172
0.2243
Ga
K
-0.2828
-0.0758
-0.0602
-0.2703
0.0503
0.0674
Mg
Mn
-0.2867
-0.0084
-0.0607
-0.0074
-0.2609
0.1564
Ni
P
-0.2544
0.105
-0.1232
-0.2583
-0.0133
0.16
Pb
-0.0662
-0.294
-0.4428
S
0 .133 4
-0.3202
0.3158
Se
-0.2858
0.0606
0.0013
Si
Ti
-0.2848
0.0375
0.0206
-0.0593
-0.0598
-0.3808
V
Zn
-0.1167
-0.3567
-0.3981
11.5586
3.0132
1.8943
Eigenvalue
52.5393
13.6965
8.6106
Variance %
Cum. Var. %
52.5393
6 6.2 35 8
7 4 .8 4 6 4

Potential Source

Crustal

Marine/
Metal
Proc.
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Table 3.3. PCA eigenvector loadings for Bagram, Afghanistan. Highlighted in
yellow (blue) are negative (positive) significant eigenvector loadings with an
absolute value greater than or equal to 0.50/-JEigenvalue .
04/07/2010 - 04/26/2010
Principal Component
1
2
3
Al
-0.2863
-0.0004
0 .0386
0 .099
-0.2339
-0.3185
As
Br
0 .0 26 2
-0.4636
0 .2007
-0.2894
-0.0039
0.0264
Ca
0.0285
-0.4613
0 .2182
Cl
-0.275
-0.0873
0.0818
Co
Cr
-0.1573
-0.0451
-0.0204
0.015
-0.2307
-0.4898
Cu
-0.2904
-0.0128
-0.0059
Fe
-0.25
-0.1092
0.1215
Ga
K
-0.2841
-0.1008
-0.0031
-0.2707
-0.0244
0.0799
Mg
Mn
-0.2822
-0.0094
-0.028
0 .046 9
-0.3936
0 .2459
Ni
P
-0.2573
0.1253
0.029
-0.2542
-0.0613
0.0328
Pb
-0.0458
-0.3572
-0.311
S
0 .1528
-0.337
0 .1734
Se
-0.2835
-0.0114
0.0407
Si
Ti
-0.2687
-0.012
0.0273
-0.1281
0.0051
-0.1668
V
Zn
-0.12
-0.126
-0.5658
11.588
3 .9306
1.56
Eigenvalue
52 .6 7 2 6
17.8663
7 .0909
Variance %
Cum. Var. %
52 .6 7 2 6
7 0 .5 3 8 9
7 7.62 98
Marine/
Metal
Potential Source
Crustal
Proc.
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Table 3.4. PCA eigenvector loadings for Bagram, Afghanistan. Highlighted in
yellow (blue) are negative (positive) significant eigenvector loadings with an
absolute value greater than or equal to 0.50 / Eigenvalue .
04/30/2010 - 05/22/2010
Principal Component
1
2
3
Al
-0.2901
0 .0404
-0.0059
0.0493
-0.4895
-0.1439
As
Br
-0.1174
-0.2905
0.035
-0.2894
0.0394
-0.0043
Ca
0 .006 2
-0.1831
0 .0916
Cl
-0.2782
0.023
0.016
Co
Cr
-0.0366
-0.0453
0.6648
0.04 29
-0.3672
0.1318
Cu
-0.2894
0.0311
0.0046
Fe
-0.2698
0.0176
0.0029
Ga
K
-0.2889
0.009
-0.0061
-0.2765
0.0344
-0.0158
Mg
Mn
-0.2719
0 .0339
-0.0118
0 .025 7
-0.0489
0 .7014
Ni
P
-0.2692
0.0689
0 .0194
-0.2642
0.0069
0.0083
Pb
-0.1458
-0.4347
-0.1039
S
0 .158 7
-0.2646
-0.0741
Se
-0.2622
-0.0892
-0.0307
Si
Ti
-0.2554
0.0629
-0.004
-0.0649
-0.0159
-0.0013
V
Zn
-0.1317
-0.4689
-0.0032
11.5206
1.5905
1.2503
Eigenvalue
52 .3 6 6 6
7.2295
5.6833
Variance %
Cum. Var. %
52 .3 6 6 6
59.5961
6 5 .2 7 9 4
Potential Source
Crustal
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3.2.2. Heavy metal events

Engelbrecht et al. (2008) found relatively high trace metal concentrations
of Zn, Cd, and Pb in Bagram. As mentioned in sections 1.5.1 and 1.5.2, high
concentrations of these elements have been observed in Pakistan. Backward
trajectory and concentration analyses in this thesis reveal that indeed a significant
fraction of Bagram’s Zn and Pb (Cd concentrations were not determined)
concentrations originate in Pakistan. But as stated in section 1.5.2.2, these heavy
metal elements have also been observed in the nations to the northwest of
Afghanistan.
Two very similar high Pb and Zn events are seen in the data from February
6 to February 10, 2010 and February 22 to February 28, 2010 (Figures 3.11-3.12).
Starting backward trajectories from Bagram at 250 m and 2500 m above ground
level (AGL) during these time periods show air history in Pakistan (see Figures
3.13-3.14). Furthermore, sector analysis reveals large percentages of backward
trajectory time in sector 4 (Figure 3.15). Elevation differences between Pakistan
(low elevation) and Afghanistan (higher elevation) could be responsible for air not
being able to pass over the mountains effectively until a lifting mechanism forces it
up the mountains. Low-pressure systems had in fact passed over the region and
likely generated the greater amounts of lift necessary to force the Pakistan aerosols
to cross the mountains into Afghanistan.
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Figure 3.11. Zinc concentrations for Bagram, Afghanistan, from February 6, 2010
to February 28, 2010.
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Figure 3.12. Lead concentrations for Bagram, Afghanistan, from February 6, 2010
to February 28, 2010.
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Figure 3.13. Backward trajectories for air reaching Bagram, Afghanistan, during a
high lead aerosol event in February 2010.
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Figure 3.14. Backward trajectories for air reaching Bagram, Afghanistan, during a
high lead and zinc aerosol event in February 2010.
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Figure 3.15. Sector analysis at Bagram, Afghanistan from February 6, 2010 to
February 28, 2010. Note the days of February 6-10 and 22-28 as periods of
increased contributions from sector 4 as mentioned in section 3.2.2.
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Once the aerosols were injected into the ambient air in Bagram, the diurnal
cycle took over and forced the aerosol-laden air in and out of Bagram each day.
Further aerosol injection from Pakistan on following days caused higher daily
peaks in Pb and Zn concentrations.
A unique situation arises in the latter case due to the fact that backward
trajectories lead back to Pakistan (more recent) and Kazakhstan, Turkmenistan,
and Uzbekistan (less recent). The spike in the submicron-sized Pb and As between
February 23-24 (Figures 3.12 and 3.16) could be due to transport from any of these
countries, but it is more likely from Pakistan because Smith et al. (1996) noted
high ambient As levels in Pakistan. Overall this example stresses the importance of
the effects that the pollution from these nations is having on Afghanistan’s aerosol
contaminants.
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Figure 3.16. Arsenic concentrations for Bagram, Afghanistan, from February 6,
2010 to February 28, 2010.

82

Zinc is also found with Cu. One such case occurred in Bagram during
March 23 to March 25, 2010 (Figures 3.17-3.18). A relatively strong low-pressure
system passed through Kazakhstan a week prior to the air reaching Bagram, likely
initiating a large flux of aerosols. Sector analysis reveals a large percentage of
backward trajectory time in sector 1 (Figure 3.19). Backward trajectory analysis
from Bagram for a starting position of 250 m AGL reveals that the air has history
over Kazakhstan (Figure 3.20). Additionally, the backward trajectory displays
history over the nearby Aral and Caspian Seas; therefore, some sea salts could be
expected and actually were observed. Finally, due to the distance separating
Afghanistan from Kazakhstan, the fact that larger particles are deposited more
quickly than smaller particles, and the aerosols seen during this time period are
primarily between 0.26 |im and 0.75 |im in aerodynamic diameter, it is reasonable
to assume that these particles were transported a long distance. Altogether, these
effects likely caused the increased submicron concentrations of Br, Cu, Zn, and Cl
during March 23 to March 25, 2010 (Figures 3.8, 3.17, 3.18, and 3.21).

Date (UTC)
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Figure 3.17. Copper concentrations for Bagram, Afghanistan, from March 17,
2010 to April 6, 2010.

Date (UTC)

84

Figure 3.18. Zinc concentrations for Bagram, Afghanistan, from March 17, 2010
to April 6, 2010.
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Figure 3.19. Sector analysis at Bagram, Afghanistan from March 17, 2010 to April
6, 2010. Note the sector percentages from March 23-25 and March 31 to April 2 as
described in section 3.2.2.
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Figure 3.20. Backward trajectory for air reaching Bagram, Afghanistan, during a
high zinc and copper aerosol event in March 2010.
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Figure 3.21. Chlorine concentrations for Bagram, Afghanistan, from March 17,
2010 to April 6, 2010.
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A similar event occurred during March 31 to April 2, 2010. Copper and
zinc appear to have been injected into Bagram’s air and then followed a diurnal
pattern (Figures 3.17-3.18). Instead of their concentration peaks decreasing in
magnitude, they increased for the following days likely due to both the diurnal
cycle recycling the previous day’s concentrations and a further injection of
aerosols from the Kazakhstan region. For this period, 250 m and 2500 m AGL
starting backward trajectories not only had history over the Kazakhstan region, but
additionally exhibited air history over the Mediterranean, Caspian, and Aral Seas
(Figure 3.22). The prior mentioned event of March 23-25 and this event both had
the same mass ratio of Zn to Cu (i.e. approximately 0.15 to 0.45; Figure 3.23), and
with the backward trajectories leading back to the same area, it can be concluded
that these elements are likely coming from the same source. This source could
potentially be due to the mining and smelting of metals, specifically Cu and Zn.
Within the week prior to the March 31 to April 2 event, a relatively strong
upper level trough (and an associated surface low-pressure system) moved across
the Mediterranean Sea and initiated a larger flux of aerosols. In this case, larger
amounts of sea spray aerosols. March 31 through April 2 witnessed relatively high,
sustained concentrations of Cl and Br among other elements (Figures 3.8 and
3.21). Similar to previous cases, a diurnal pattern is observed in Cl and Br.
In all the cases presented, increased wind speeds at the potential source
location had the opportunity to loft the observed aerosols and transport them to
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Afghanistan. These events stress the importance of wind speed on aerosol lofting
prior to transport.
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Figure 3.22. Backward trajectories for air reaching Bagram, Afghanistan, during a
high lead, copper, zinc, chlorine, and bromine aerosol event in April 2010.
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Figure 3.23. Zinc to copper elemental ratio (by mass; Zn/Cu) in the 0.34 - 0.56
|im size range for Bagram, Afghanistan, from March 17, 2010 to April 6, 2010.
Note the upper boundary was cut off at a mass fraction of 10 in order to better
view the low Zn/Cu mass fractions occurring between March 23-25 and March 31
to April 2.

92

3.3. PMjo and PM 2.5 concentrations and comparison to health safety standards

Similar to what was witnessed in the elemental concentration graphs, PM 10
and PM2 5 concentrations are reduced in the months prior to the onset of the
monsoon due to decreased winds during the transition of wind direction (Figures
3.24-3.27). Once the monsoon sets up, winds will increase for the summer.
Although concentration data is unavailable for the summer months, dust storm
frequencies seen in Table 1.1 and testimonials from those who have been in
Afghanistan reveal exceptional amounts of aerosols present in the ambient air
during these months.
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Figure 3.24. PM10 and PM25 mass concentrations for Bagram, Afghanistan, from
February 6, 2010 to February 28, 2010.
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Figure 3.25. PM10 and PM25 mass concentrations for Bagram, Afghanistan, from
March 17, 2010 to April 6, 2010.
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Figure 3.26. PM10 and PM25 mass concentrations for Bagram, Afghanistan, from
April 7, 2010 to April 27, 2010.
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Figure 3.27. PM10 and PM25 mass concentrations for Bagram, Afghanistan, from
April 30, 2010 to May 22, 2010.
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With PM10 concentrations often well above the NAAQS standard of 150 qg
m-3 at all hours everyday in the measurement periods (Figures 3.24-3.27), health
hazards due to PM10 are regular and persistent. Even worse, the PM25
concentrations are consistently above health safety standards; the PM25
concentrations regularly exceed 100 qg m-3. This amount is nearly three times the
24-hour NAAQS safety standard. Even the lowest concentrations of PM25 for
these sample periods, which are present only for brief hours before increasing, are
relatively high exceeding 55 qg m-3. This value is over one and a half times as high
as the 24-hour NAAQS standard and is roughly as high as the negligible severity
24-hour PM25 air MEG. Because the PM25 concentrations are high at all times for
these months, and the meteorological situation during the summer favors dust
lofting, it is likely that aerosol concentrations are going to increase in the summer
months in Afghanistan. These facts suggest that the annual average PM25
concentration will be relatively high too. Engelbrecht et al. (2008) found that the
annual average PM25 concentration in Bagram was 40.15 qg m-3. This value is
much higher than the 15 qg m-3 negligible severity annual PM 2 . 5 air MEG, but not
quite as high as the 65 qg m-3 marginal severity annual PM25 air MEG.
Regardless, people in Bagram during these sample periods would have breathed
months’ worth of notable PM25 concentrations.
To make matters worse, these values can be underestimates of the true
values because during transport and handling of the samples, some of the aerosols
may flake off the Mylar™. If this happens, those aerosols are not in the totals. This
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loss is especially true with the larger size-fraction drums because the large number
of particles sticking to the MylarTM eventually covers the impact spot and causes
the particles to stack on top of one another. If this happens, which can occur
relatively frequently on the first drum stage in high aerosol environments, such as
locations around the Middle East, the particles will not tend to stick as well
because they are not sticking to the Mylar™ but rather to other particles. Thus, the
actual aerosol mass content in the air may be even higher than recorded
measurement values.

3.4. Sector analysis

The sector plots presented here for Bagram (Figures 3.15, 3.19, 3.28, and
3.29) indicate how often potential source locations change throughout each sample
period. Generally speaking, sector 4 appears to have the lowest percentage of
backward trajectories segments leading back to it. This behavior is likely due to
the prevailing westerly wind direction at this latitude. This concept and the fact
that pre-monsoon winds are predominately from the west and southwest
throughout March to April leads to sectors 2 and 3 having greater percentages
during these times (Figures 3.19 and 3.28). As the winds begin to shift toward the
north, sector 1 appears to have a greater influence (Figure 3.29).
Simply having a higher percentage of presence within a specific sector did
not directly mean that certain elemental concentrations would be elevated. For

99

example, during the sample period of March 17 to April 6, Cu was elevated during
March 23-25 and March 31-April 2 (Figure 3.17). However, there was still a
relatively large percentage of backward trajectory points in sector 1 in the days
between and after these two time periods (Figure 3.19), but this did not lead to
elevated Cu concentrations.
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Figure 3.28. Sector analysis at Bagram, Afghanistan from April 7, 2010 to April
27, 2010.
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Figure 3.29. Sector analysis at Bagram, Afghanistan from April 30, 2010 to May
22, 2010.

102

3.5. PCA

The broken-stick model was a way to determine which principal
components are significant. Based on the broken-stick model criteria, the first two
components should be used for the first three sampling periods and only the first
component should be used for the fourth sampling period. Therefore, only these
principal components will be examined further.
The eigenvector loading values (Tables 3.1-3.4) for each element, and how
they compare to other elements on the same principal component axis, were
interpreted as significant sources affecting the aerosol environment in Afghanistan.
In all four sampling periods (Tables 3.1-3.4), high loading values in elements such
as Al, Ca, Si, Mg, Fe, and Ti, among other elements, were interpreted as dust
sources in the first principal component. These sources were consistent with what
was found by Engelbrecht et al. (2008) who identified geological dust as being one
of the top three aerosol sources. The first principal component axis accounts for
the greatest amount of the variance within the data; dust sources accounted for just
over 50% of the variances among these sampling periods.
Consistent again with Engelbrecht et al. (2008) is another PCA
distinguishable source involving smelting. Higher eigenvector loadings of Cu, S,
and Zn, among other elements, are observed in the second principal component
axes of Tables 3.1 and 3.2. These three elements are observed in the emissions
from Cu and Zn smelting. It is difficult to say with high confidence whether
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smelting processes are potentially causing the higher metal loadings on the second
principal component or if this higher loading is due to mining practices in general.
But as was mentioned earlier, there are a number of metals mined and smelted in
nearby countries such as Kazakhstan and Pakistan that could be responsible for
these emissions. Therefore, this source was generalized and called metal
processing as it could be due to the mining, smelting, or refining processes.
Also seen in the second principal component axes of Tables 3.2 and 3.3 are
higher eigenvector loadings of Cl and Br. These two elements are attributed to
marine sources. There is a moisture influx seen in the northern portion of the
Kabul Valley during February to April resulting in most of the precipitation
(despite being relatively low total precipitation compared to most regions of the
world (El Dorado Weather, 2012)) occurring during these months. Situations, such
as was witnessed in Figure 3.22, occurred on several of the days of these sample
periods as shown by backward trajectories leading to both the Mediterranean Sea
and the countries to the north of Afghanistan. Weather systems passing through the
region could be responsible for causing the simultaneous arrival of transported sea
salts from the west and metals from the north. This situation is likely why Cl and
Br are associated with elements such as Cu and S from metal processing. As was
mentioned in section 1.4, there are large nickel deposits along the northeastern
coast of the Mediterranean Sea. These deposits are likely why Ni had a larger
eigenvector loading in the second principal component. Overall, the second
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principal component axes accounted for approximately 13% to 18% of the
variance.
Biplots were then constructed to examine how the loadings corresponded
with the aerosol data from each sample period. These biplots are shown in Figures
3.30-3.33. What can be noticed is that many of the dust elements such as Al, Ca,
Fe, Mg, and Si correspond to the larger size fractions while elements such as As,
Br, Cl, Cu, S, Se, and Zn display loadings corresponding to the smaller size
fractions. Interpretation of these plots adds evidence that dust sources, particularly
local, wind-blown dust which would consist of larger particles than dust from a
distant source where larger particles would have had time to settle out, is primarily
causing the observed dust. It can also be interpreted for similar reasons,
compounded with the fact that Afghanistan has little industry (Kuo, 2007), that
distant sources are causing the eigenvector loadings of elements in the smaller size
fractions.
Some elements such as sulfur are often emitted as SO2 gas and later
undergo processes in the atmosphere to form particles. This gas to particle
conversion may also be true with copper in a high-temperature smelting process
where it may be off-gassed into the atmosphere (Peters, 1907) and can later
condense into a larger particle. This process may explain why elements such as
these two saw higher loadings corresponding to the smaller size fractions in the
PCA.
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Principal Components Analysis
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Figure 3.30. PCA biplot showing transformed aerosol data and eigenvector
loadings. Eigenvector loadings have been extended 30 fold compared to values in
Table 3.1 to make them more visible.
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Figure 3.31. PCA biplot showing transformed aerosol data and eigenvector
loadings. Eigenvector loadings have been extended 30 fold compared to values in
Table 3.2 to make them more visible.
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Principal Components Analysis
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Figure 3.32. PCA biplot showing transformed aerosol data and eigenvector
loadings. Eigenvector loadings have been extended 30 fold compared to values in
Table 3.3 to make them more visible.
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Principal Components Analysis
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Figure 3.33. PCA biplot showing transformed aerosol data and eigenvector
loadings. Eigenvector loadings have been extended 30 fold compared to values in
Table 3.4 to make them more visible.
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3.6. CMB model

There were a number of attempts to fit the aerosol data with a variety of
source profiles including crustal material, highway road dust, lead smelters, metal
mining, marine, motor vehicle exhaust, residential wood combustion, steel
production, and copper production. Additionally, various time intervals were
examined including some individual measurements during high concentration
aerosol events and daily averages of aerosol concentrations. These resulted in poor
correlations, many of which had R-squared values around 0.2 or 0.3 and mass
calculations orders of magnitude higher than the measured concentration. The best
results

averaged

aerosol

concentrations

over

an

entire

(approximately 3 weeks). These results are displayed in Table 3.5.

sample

period
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Table 3.5. CMB model results for Bagram, Afghanistan. Concentration units are in
ng m-3.
Sample period R2
(2010)
02/06-02/28

0.80

Avg.
measured
conc.
3230.1

Calculated
conc.

03/17-04/06

0.82

5229.8

9025.1

04/07-04/27

0.84

2847.1

4811.6

04/30-5/22

0.86

765.9

1181.1

5980.3

% of total Source
measured
contributors
conc.
185.1
Crustal
Pb smelting
Metal mining
Cuproduction
172.6
Crustal
Marine
Cuproduction
Metal mining
169.0
Crustal
Marine
Cuproduction
Metal mining
154.2
Crustal
Pb smelting
Metal mining

Source
calculated
conc.
5868.9
2.7
28.1
80.6
8821.6
32.3
129.1
42.1
4711.6
41.0
49.6
9.4
1153.1
19.4
8.6

% of total
calculated
conc.
98.1
0.05
0.5
1.3
97.7
0.4
1.4
0.5
97.9
0.9
1.0
0.2
97.6
1.6
0.7
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The CMB model had relatively decent correlations (see Table 3.5) after
averaging over the entire sampling period. There are several likely reasons why the
CMB model outputs were poorer than desired. A majority of the available source
profiles were for PM10 when source profiles for PM25 may have provided more
accuracy. Further variations within each source profile, such as if the actual source
profile had higher or lower weightings of elements than what was used, would
cause greater errors in the calculation of the mass concentration. Finally, not all
sources were taken into account. Since the interpretation of PCA is qualitative, and
some sources can be embedded in a principal component if similar elements are
present in the sources, some sources could not be determined by PCA. There are
several dust sources affecting Afghanistan including from the north, from far in the
west, and local. Dust sources separated by vast distances are going to have some
variations in their source profiles. Because many of these dust source profiles are
non-existent in the literature, a generic crustal source profile was used. This
generalization caused errors in the model as it tried to correlate the elements to the
generic crustal source profile rather than numerous individual dust source profiles.
The total concentrations were overestimated by a factor of about 1.5 to 2 as
seen in Table 3.5. It is very likely that the model’s attempt at fitting crustal
elements to their measured concentrations caused these high concentrations and
the high percentage of the mass contained within the crustal source.
A total of five sources were used including crustal, marine, lead smelting,
copper production, and metal mining. Table 3.5 shows the percentage from each
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source based on the calculated total concentration and source contribution
concentration. From these results, it can be seen that crustal sources accounted for
roughly 98% of the total calculated concentration for all sample periods. Each of
the other sources accounted for approximately 0.1 to 1.5% of the masses. These
values are based on the measured elemental concentrations only. If elemental and
organic carbon, oxygen from oxides, and other unaccounted species were taken
into consideration, these values should be much different.
Overall the results from the CMB model are limited and lack in
encompassing the full scenario. Yet to some degree, they help confirm the sources
found through PCA because using the sources found through PCA gave somewhat
reasonable results.
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4. Conclusions

The aerosol data collected in Bagram, Afghanistan, demonstrate several
key aspects concerning aerosols and health concerns in Afghanistan. First, it
illustrates the importance of the wind upon the concentrations and compositions of
the observed aerosols. The Indian monsoon essentially dictates the overall wind
patterns throughout the year from a more northerly flow pattern in Afghanistan
during the monsoon season to a more westerly/southwesterly flow pattern during
the post- and pre-monsoon seasons. These flow patterns have dramatic effects on
the overall amount of aerosols and dust storms present in the surrounding region.
Synoptic-scale low-pressure weather systems associated with stronger wind speeds
were present at each potential source location likely inducing the lofting of aerosol
particles. These systems led to the transport of aerosols to Afghanistan. Once
injected into the ambient air, diurnal patterns had the tendency to recycle aerosols
in subsequent days.
It has been shown that aerosols deriving from Pakistan, Kazakhstan,
Uzbekistan, and Turkmenistan have a large influence on Afghanistan’s aerosols,
especially the heavy metals. Other countries and geographical features such as
Iran, the Mediterranean Sea, and the Caspian Sea were also seen to have
contributed to Afghanistan’s aerosol environment.
Dust was found to have the largest impact on the variance of the data using
PCA and was the largest contributor to the aerosol loadings in Afghanistan based
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on the CMB model. The CMB model used to determine source contributions
lacked in many aspects so the model’s results are not definitive, but do suggest
potential aerosol sources. Other notable aerosol sources identified by PCA were
oceans/seas, smelters, mining, and copper production.
Health hazards due to airborne particulate matter are present in
Afghanistan. PM concentrations were found to be well above NAAQS and WHO
safety standards for the general population, especially PM25 whose concentrations
during the sample periods regularly exceeded about three times the 24-hour
NAAQS standard and about six times the annual NAAQS standard. The PM10 and
PM25 24-hour concentrations found here both fall into the U.S. military’s
negligible severity MEG category.
Although concentration data was unavailable during a majority of the year,
it should be noted from the information provided throughout this thesis that
notable aerosol concentrations are expected throughout the summer months.
Therefore, despite Engelbrecht et al. (2008) showing that the annual average PM25
concentration in Bagram was below the annual PM25 marginal severity MEG,
PM25 concentrations are a health hazard because for several consecutive months
they are elevated near or well above the annual PM25 marginal severity MEG.
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5. Future work

There are several ways in which this study could be improved upon in the
future.
1) Add in positive matrix factorization (PMF; Paatero, 1997) as an analysis
technique. PMF is a powerful statistical technique that would compliment the PCA
done within this thesis. PMF differs from PCA in that data points are weighted
based on analytical uncertainties and factor loading scores are non-negative
reducing the ambiguity caused by PCA eigenvector loadings. Furthermore, PMF
expresses factor loadings in mass units and provides uncertainty values for these
factor loadings allowing easier inputs into quantitative procedures such as a CMB
model.
2) Set up a DRUM sampler in Iran, Pakistan, Kazakhstan, Uzbekistan,
and/or Turkmenistan. This would give better insight into the quantity of pollution
transporting from these countries, confirm those that are contributing more than
others and track the evolution of the aerosols as they transport.
3) Attain a more complete set and better source profiles as inputs for the
CMB model. Source profiles, especially the variations in dust source profiles
among Asian dust sources, are limited. Soil samples gathered by Engelbrecht et al.
(2008) showed that soils varied among locations in the Middle East and even
extensively within individual countries.
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