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Abstract

Military personnel deployed to Southwest Asia and Afghanistan were exposed to high levels of
ambient particulate matter (PM) indicating the potential for exposure-related health effects.
However, historical quantitative ambient PM exposure data for conducting epidemiological health
studies are unavailable due to a lack of monitoring stations. Since visual range is proportional to
particle light extinction (scattering and absorption), visibility can serve as a surrogate for PM2.5
concentrations where ground measurements are not available. We used data on visibility, relative
humidity (RH), and PM2.5 ground measurements collected in Kuwait from years 2004 to 2005 to
establish the relationship between PM2.5 and visibility. Model validation obtained by regressing
trimester average PM2.5 predictions against PM2.5 measurements in Kuwait produced an r2 value
of 0.84. Cross validation of urban and rural sites in Kuwait also revealed good model fit. We
applied this relationship to location-specific visibility data at 104 regional sites between years
2000 and 2012 to estimate monthly average PM2.5 concentrations. Monthly averages at sites in
Iraq, Afghanistan, United Arab Emirates, Kuwait, Djibouti, and Qatar ranged from 10 to 365
ug/m3 during this period, while site averages ranged from 22 to 80 ug/m3, indicating considerable
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spatial and temporal heterogeneity in ambient PM2.5 across these regions. These data support the
use of historical visibility data to estimate location-specific PM2.5 concentrations for use in future
epidemiological studies in the region.
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Introduction

In response to concerns about particulate matter (PM) exposure in Southwest Asia and
Afghanistan, the Department of Defense (DoD) conducted the Enhanced Particulate Matter
Surveillance Program (EPMSP) to characterize airborne exposures at 15 military bases,
mainly in Irag and Afghanistan, for approximately 12 months during the period 2006—-2007
(NRC, 2010). Although only a small number of samples were collected at each site, mean
concentrations of particulate matter less than or equal to 2.5 microns in aerodynamic
diameter (PM; 5) ranged from 33 to 144 pg/m3, which is much higher than ambient levels
encountered in the U.S. (national average ~12 pg/m?3) during the same time period (USEPA,
2015). Sources of PM in this region include windblown dust and dust storms, as well as
local combustion sources such as open-pit refuse burning, compression ignition vehicles,
aircraft engines, diesel electric generators, households, and local industry (IOM, 2011). This
mix of sources differs from those encountered in the U.S. and Europe, where most previous
health studies have been conducted.

The potential for respiratory health effects occurring during deployment concerns PM
exposures that are orders of magnitude higher than those commonly found in the U.S, and
last several months to several years depending on the length and numbers of deployments.
This is in contrast to studies conducted in the U.S. and Europe which assess the health
effects attributable to relatively low exposures over both short (days, months) and long
(years, decades) time scales. Results of studies in Europe and the U.S. assessing the impact
of long-term PM exposures on pulmonary function, asthma, and COPD, suggest concern
about the impact of deployment-related exposures on future respiratory health (Downs et al.
2007; Garshick, 2014; Schikowski et al. 2014; Young et al. 2014; Adam et al. 2015;
Jacquemin et al. 2015; Rice et al. 2015).

Surveys of troops following deployment have reported high rates of respiratory illness and
an increase in respiratory symptoms, including wheezing (Sanders et al. 2005; Roop et al.
2007). Reports have also documented asthma requiring treatment in returning deployers
(Szema et al. 2010; Szema et al. 2011). Additionally, rates of encounters for asthma/COPD
and allied conditions were significantly increased post deployment, as were rates for
respiratory symptoms and asthma compared to those at U.S. bases (Abraham et al. 2012;
Abraham et al. 2014).

Similarly, in the Millennium Cohort Study, troops deployed to Iraq and Afghanistan had
higher rates of newly reported respiratory symptoms compared to non-deployed troops
(Smith et al. 2009). However, these reports, including the assessment of deployment-related
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changes in pulmonary function, are limited due to lack of objective exposure information
(Morris et al. 2014).

In Iraq and Afghanistan, for instance, there is a general paucity of integrated air pollution
monitoring networks, which makes it difficult to assess previous exposures to PM, 5 using
methods similar to those of U.S. and European studies. While wealthier countries such as
Kuwait, Qatar, and U.A.E. have established networks for PM1g and gaseous criteria
pollutants (since the early 2000s), PM, 5 measurements did not start until three to five years
ago. Additionally, the majority of particle sampling methods currently used in these regions
are not adequate to collect particles during dust storms, which are common occurrences each
year (NRC, 2010).

We assessed the use of airport visual range (VR) measurements to address the lack of PM> 5
data. VR has demonstrated particular promise for use as a PM, 5 predictor, especially when
PM, 5 levels are above 1020 pg/m3. The relationship between particles and VR is due to
the light extinction (scattering and absorption) effects of particles with sizes similar to the
wavelengths of visible light. In the U.S., the effect of PM on VR has been shown empirically
in studies since the 1960s (Burt, 1961; Noll et al. 1968; Charlson, 1969; Waggoner and
Weiss, 1980). In California, the relationship between VR and PM> 5 estimated for multiple
cities was strong, with rZ values of up to 0.83 (Abbey et al. 1995). Cities in other nations
have also shown VR to be highly correlated with PM levels and hospital admissions (Thach,
2010; WenZhen, 2011). Additionally, previous U.S.-based epidemiological studies have used
airport VR as a surrogate for particulate exposure (Ozkaynak et al. 1985; Abby et al. 1995;
Schwartz, 1991; Ostro, 1995; Yanosky et. al 2009; Laden et. al, 2006).

In this study, we used 648 paired daily airport VR and PM, 5 measurements collected in
Kuwait to develop a calibration model that can be used to convert VR to PM, 5 estimates in
this region. This enables us to take advantage of the large database of historical VR readings
collected by the military in Southwest Asia and Afghanistan.

The data used for the calibration model in this study were collected in Kuwait, a small desert
country located at the northern end of the Persian Gulf, to the south of Irag and northeast of
Saudi Arabia, with weather conditions representative of Southwest Asia and Afghanistan.
Kuwait is characterized by long summers of extreme heat and dryness, which extend for
roughly five months, from May to September. Winters are short, lasting only three months
from December to February, and are characterized by warm and sometimes rainy conditions.
The general region is subject to intense dust storms that occur primarily during spring and
summer (ldso, 1976).

Visual Range and Relative Humidity Data

Measurements of VR and relative humidity (RH) were obtained from the U.S. Air Force 14t
Weather Squadron and included 104 sites in Irag, Afghanistan, United Arab Emirates,
Kuwait, Djibouti, and Qatar between 2000 and 2012. Meteorological variables were
measured automatically and reported approximately once per hour using either an AN/
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FMQ-19 Automatic Meteorological Station or a TMQ-53 Tactical Meteorological Observing
System. These systems utilized Present Weather Detector 22 (PWD22) sensors (PWD22,
Vaisala Inc., Louisville, CO) in order to measure VR. PWD22 sensors employ proven
forward-scatter measurement principles to measure VR, and generally evaluated VR from
less than 400 m to 9,999 m. Scatter is measured at an angle of 45°, with a peak measurement
wavelength of 875 nanometers. Sensors utilize an extensive set of self-diagnostics which can
automatically detect contamination so as not to report false values. PWD22s are calibrated
with reference to a highly accurate transmissometer (Vaisala MITRAS). VR values are
calculated from extinction coefficient values, where the extinction coefficient (o) is defined
as follows: o (1/km) = 3000/VR (m).

In order to generate daily VR averages for use in the model calibration, we averaged
reported hourly measurements over 24-hour periods that coincided with daily PM5 5
measurements. Since VR monitors are restricted to finite maximum readings, there
inherently exists some truncation at the high end of VR measurements, which can produce
an underestimate of VR. For RH, days with any hourly measurements showing near-
saturated atmospheres (relative humidity > 98%) were assumed to be rainy, and therefore not
used for model calibration or PM> 5 prediction.

PM,, ¢ data were previously collected during an air pollution study in Kuwait during 2004—
2005 (Brown et al. 2008). Integrated daily measurements were collected at three monitoring
sites from 9:00 a.m. to 9:00 a.m. the following morning using a Harvard High-Capacity
Impactor (HHI) operating at a flow rate of 10 L/min (Demokritou et al. 2004). In contrast to
most particle sampling devices, which are prone to particle bounce and thus measurement
error under conditions of extremely high PM, the HHI was specifically designed to function
under conditions of high PM and extreme temperatures, making it ideal for sampling in
Southwest Asia where dust storms and other extreme events are common. The system uses a
slit acceleration jet with dual-stage polyurethane foam impaction surfaces in order to remove
particles above 2.5 pm during sampling. The ability of the HII to minimize particle bounce-
off onto the impaction substrate was successfully field-tested in Kuwait City by Brown
(2008). Using artificially generated polydisperse aerosols, the device also demonstrated a
high capacity (>35 mg of PM) for particle accumulation.

PM, 5 samples were collected onto Teflon filters (Gelman Sciences 47-mm Teflo) and
refrigerated immediately following collection in order to minimize losses of semi-volatiles.
All gravimetric analyses were conducted at the Harvard School of Public Health using a
Mettler MT-5 microbalance in a particle-free environment of controlled temperature (18-
24 °C) and relative humidity (35-45%). Filters were equilibrated for a period of 24 hours
prior to initial weighing and 48 hours prior to post-sampling weighing. For quality
assurance, all PM5 5 sample masses were blank-corrected using the mean mass (19.5 ug) of
the field blanks (n = 114). The limit of detection (LOD) for PM, 5 was calculated to be three
times the standard deviation of the field blank values, and equated to 5 pg/m3. Only a single
sample was below the LOD. Further details on sampling, analysis, and quality assurance
relating to the PM>, 5 data can be found elsewhere (Brown et al. 2008).
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Model Development

We matched selected PM5 5 and VR sites based on proximity between sites, selecting those
that were relatively close to one another (less than ~35 km between paired VR and PM5 5
collection locations). Matched PM sites included Kuwait University (central site), Um-Al-
Aish (northern site), and Um-Al-Haiman (southern site), with elevations of 18, 80, and 26 m
above sea level, respectively. These sites are visually depicted in Figure 1. The majority of
PM, 5 samples were collected at the central site (n=531); nearly every day from February
2004 to October 2005. This was an urban site impacted by traffic along with residential,
commercial and other local sources. Samples were collected approximately once per week
from February 2004 to February 2005 at the northern site (n=48) and once per week from
February 2004 to July 2005 at the southern site (n=69). Samples at the northern and southern
sites were not collected on the same day of the week, therefore our data included both
weekend and weekday observations across all sites. In contrast to the central site, the
northern site was located in a remote desert area. This site was not near urban traffic or other
such sources, and was generally upwind of urban centers. The southern site was located near
both urban and industrial areas and was therefore more similar to the central site. This site
was located downwind of multiple refineries and other large factories.

Although VR monitoring in Kuwait was more available (16 stations) over time and
geographic space than PMss monitoring (3 stations), 13 VR sites shared low temporal
overlap (<18% in terms of daily observations) with the PM,, 5 sites. Of the remaining VR
sites, all had high (=95%) temporal overlap with daily PM, 5 measurements. These three
sites were therefore the only VR sites considered for matching with PM 5 stations. The
selection criterion for matching a given VR site (also containing RH data) with a PM 5 site
was based on their proximity to one another. Since Kuwait International Airport was the
closest VR site to both our central and southern PM, 5 monitoring sites, VR at this station
was matched with PM, 5 observations at both of these PM,, 5 sites. That is, the VR data were
used twice. Kuwait International Airport is approximately 12 and 36 km from the central
and southern PM, s monitoring sites, respectively. The northern site was matched with VR
monitors at Camp Udairi, which is located approximately 33 km away. Since VR
measurements were collected multiple times per day, daily VR represented the daily average
of these measurements to enable matching of a single daily VR observation with a single
daily PM, 5 observation. The selected VR and PM, 5 monitoring sites for this study are
presented in Figure 1.

Statistical Approach

To predict PM5 5, we fit the following multiple linear regression model:

PMsy s=a+01(1/VR)+fBs(relative humidity)? (1)
where, By is the inverse of the effect of VR on PM, 5, B> is the effect of the squared relative
humidity on PM> 5, and a is the regression intercept. We conducted sensitivity analyses by

excluding high values of PM, 5 (=285 ug/m?3) to eliminate days with extreme events such as
dust storms and other episodic phenomena, where the relationship between VR and PM5 5

J Air Waste Manag Assoc. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Masri et al.

Page 6

may not be accurate, largely due to the difficulty of accurately measuring these variables at
such high PM, 5 concentrations.

In this model, inverse VR was used since the functional relationship between PM5 5 and VR
is known to be inverse. That is, as PM> 5 increases, VR decreases. Further, VR is not driven
by PM> 5 concentrations alone, but also depends on meteorological variables. Specifically,
since the extinction efficiency of a particle depends on its size, which for hygroscopic
particles is a function of relative humidity, we also considered relative humidity as a
covariate in the model (Tang et al. 1981; Malm and Day, 2001). We used the squared form of
RH since the scattering efficiency of PM5 5 has been shown to increase quadratically with
increasing RH (Tang et al. 1981; Malm and Day, 2001). Other forms of this model were also
tested, such as using the non-inversed and natural log forms of VR as well as the non-
squared form of RH. These alternative variable forms were tested by changing each variable
separately as well as both together. Additional variables were also tested for inclusion into
the model, such as temperature, wind speed, site, and season. Of note, while we applied an
RH cutoff to exclude rainy days, no days exceeded this value. Therefore, all days were
retained for model calibration.

After developing the model, predicted and measured daily PM> 5 values were averaged over
three month periods (trimesters) for each Kuwait site. Trimester averages were used since
daily relationships can be noisy and since this model was designed to predict chronic and not
daily or peak short-term exposures. Monthly averages were not employed here since there
were relatively few daily PM5 5 measurements per month available for pairing with daily
VR. Using this approach, a single site containing 12 months of data points is reduced to four
points following trimester averaging (each point representing a three-month average). This
was done for predicted and measured values. To assess the performance of the model,
trimester averages of measured and predicted PM> 5 were then plotted for comparison. In
order to verify that predictability was not affected by site-to-site variation of the PM, 5-VR
relationship, we explored a mixed-effects model allowing for random slopes by site.

To validate the final model, we performed a 10-fold cross validation analysis. That is, our
dataset was randomly sorted and divided into 10 splits. The model, fit to 90% (nine splits) of
the data, was then used to predict the remaining 10% (one split). This process was repeated
10 times, holding out a new 10% split of data for each iteration. Goodness of fit for
predictions was examined by comparing predicted and measured trimester average
concentrations and their associated Percent Mean Relative Errors (%MRE). Percent MRE
was calculated as [(Measured Concentration — Predicted Concentration) / Measured
Concentration] multiplied by a factor of 100. This produces an easily interpretable error that
is in the form of a percent of measured values.

For further validation, we fit the model using only the central site data, and then predicted
PM at the northern and southern sites. Since our dataset is heavily dominated by
observations collected at the central site, this validation approach helps us determine
whether the model can be used to predict PM 5 sites at a distance from the Kuwait
International Airport.
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Estimation of spatial and temporal variability

Results

To examine the extent of spatiotemporal variability of predicted monthly PM> 5
concentrations, we applied our final validated model using over a decade of weather data
(2000-2012) to predict monthly average PM, 5 mass at 104 different sites where VR
readings where available, including at military locations in Iraq (30 sites), Afghanistan (54
sites), United Arab Emirates (UAE) (11 sites), Kuwait (6 sites), Djibouti (1 site), and Qatar
(2 sites). Only months with at least 90% of daily measurements available were used. As with
model calibration, an exclusion criterion for rainy days was applied, resulting in the
exclusion of approximately 5% of days. Note that while countries where PM> 5 was
predicted also include Kuwait, predictions for Kuwait were for a time period different than
that used in model calibration.

For further quality assurance of predictions, we compared the predicted seasonal PM 5
averages of our Kuwait study region with seasonal averages of all other regional sites. To do
this, predicted averages for a given season were averaged together over the group of three
Kuwait study sites as well as for sites of additional countries in Southwest Asian and
Afghanistan. Averages for calibration sites and individual countries were then juxtaposed in
a scatter plot for comparison. Season was divided into fall (Sept-Nov), winter (Dec—Feb),
spring (Mar—May), and summer (Jun—Aug) categories.

In selecting the final calibration model (Equation 1), additional variables were also tested for
inclusion such as temperature, wind speed, and site. However, these terms were not
statistically significant (p-values ranging from 0.34-0.80), and were therefore left out of the
model. Of the chosen model variables, other mathematical forms were tested (e.g. inverse,
natural log, etc.) but had a negligible impact on the predictive ability of the model. To
identify a PM, 5 concentration cutoff for the regression analysis, cutoffs ranging from 100
320 pg/m3 were explored. A cutoff of 285 pg/m?3 was selected because it resulted in the best
model predictability when trimester averages of measured and predicted PM> 5 were
compared (r?=0.84). Using this cutoff resulted in the exclusion of 9 PM, 5 observations, or
less than 2% of our data. When higher concentration days were left in our linear calibration
model, however, results still had a high r2 of 0.75. Due to the limited data, we chose not to
fit a linear model using PM, 5 exceeding 285 pg/m3. However, above this value the

PM, 5/VR relationship may deviate only slightly from linearity as PM> 5 increases. Table 1
presents effect estimates for model covariates, along with standard errors, and p-values.

Figure 2 shows predicted versus measured PM, 5 concentrations after calibrating the model
using 639 matched PM, 5 and VR measurements from the three Kuwait study sites. To
generate this graph, data at each site were averaged over three-month periods, producing a
total of 20 data points. We chose to assess three-month averages due to limited site-specific
PM, 5 data and our objective to predict PM, 5 exposures over longer periods. Regressing
these trimester averages (PM 5 predictions versus PM, 5 measurements) resulted in an r2
value of 0.84, indicating a good predictive ability of the model. Additionally, the average
%MRE of the predictions was —4.5%, indicating little bias.
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To assess the extent to which the regression is driven by the highest data point in Figure 2,
we also fit a line in the absence of this point. The regression equation, however, changed
only negligibly when this point was removed (y = 0.76*x + 10.44). The r? value changed
more noticeably after removing this point, but still showed a good relationship (r2=0.77).
Finally, we applied a mixed-effects model allowing for random slopes by site in order to
assess the impact of site-to-site variation of the PM-VR relationship. The mixed model,
however, showed the random site terms to be non-statistically significant, and did not result
in meaningful improvement to the prediction of PM 5 (r2=0.85).

Table 2 presents 10-fold cross-validation results as well as predicted and measured PM> 5
concentrations, and %MREs. Each trial represents the average of a non-overlapping 10%
split of data. Trial averages (including %MRESs) were calculated by first averaging within
the various trimesters of a single trial. Subsequently, these trimester averages were averaged
for that trial to get an overall trial average. This approach resembles the way in which a
person’s exposure would be predicted for an epidemiological study. That is, by averaging
PM,, 5 over specified intervals (trimesters or months), and then using these averages to
calculate total exposure. In the table, %MREs are not presented in absolute value form in
order to show the direction of potential model bias. Overall, PM, 5 was predicted well as
trial %MRE values were nearly all under 15%. That negative %MRE values occurred at a
higher frequency than positive values suggests a tendency towards over prediction of PM s.
This tendency, however, was minimal overall (average %MRE = —5.3%) and therefore
unlikely to be of consequence/

Figures 3 shows validation results from fitting the model to Kuwait data at only the central
study site (~80% of total Kuwait calibration data), and then predicting PM> 5 for two non-
random divisions of the remaining data (northern and southern sites). Data collected at the
northern and southern sites constituted 7% and 11% of our total data (after PM<285 pg/m3
restriction), respectively. The Figure 3 plot of predicted versus measured PM, 5 produced a
high r2 of 0.87. This suggests that the model also predicted well at the Northern (33 km) and
Southern (36 km) sites, away from the Central site. Since the rZ value was high, it appears
our use of mostly central site data (an urban location) for model calibration did not inhibit
our ability to predict well at the other sites that included urban and rural locations. As the
relationship shown in Figure 3 may be greatly influenced by the highest data point, we also
fit a line in the absence of this point. Though reduced, the r2 remained high at 0.75.

Figure 4 presents a histogram showing the frequency distribution of predicted monthly
PM, 5 exposure means for 104 locations including Iraq, Afghanistan, United Arab Emirates,
Kuwait, Djibouti, and Qatar (spanning 2000-2012) to illustrate the extent of PM> 5 exposure
variability that could be expected for an epidemiological study of military personnel
stationed at different locations. To enable better resolution, this plot restricts data to monthly
averages below 200 pg/m3. This resulted in the elimination of five predictions, with 3,964
predicted monthly averages remaining. Predicted averages ranged from approximately 10 to
365 pg/m3 across these locations, with an overall mean and standard deviation of 42.8 and
22.7 ng/m3, respectively. The median was 37.0 pg/m3, suggesting a right-skewed
distribution. When averaging predictions by site, predicted PM, 5 ranged from 22.4 to 79.7
pg/m3 over the 74 sites investigated (only sites with 12 or more months of data).
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Figure 5 presents a scatter plot of predicted PM5 5 concentrations averaged by month using
the same data from Figure 4. In this case, individual monthly predictions are visible, as is the
variability in predictions over time. As with Figure 4, this plot only shows predictions below
200 pg/m3 to enable better resolution, therefore excluding the five highest predictions
(max=365.0 pug/m3). Within-site variability of monthly average predictions was similarly
large, with predictions ranging by as much as 346 ug/m3 (Max — Min concentration) for a
single site. Over 50% of sites, and 20% of sites, had monthly predictions that differed by as
much as 73 pg/m3 and 120 pg/m3, respectively, while nearly 10% of sites had monthly
predictions that differed by more than 136 ug/m3. On average, within-site monthly
predictions varied by 83.2 pg/m3, with a standard deviation of 54.4 pg/m3.

A comparison of seasonal PM 5 predictions averaged across sites within different countries
is provided in Figure 6. The label “Country Average” refers to the overall average for all
countries in the plot (excluding “Calibration Average” sites). In the plot, “Calibration
Average” refers to the average predictions across all three Kuwait sites used for model
calibration, while other country labels simply represent predictions averaged over all sites
within those respective countries. It is important to note that seasonal PM, 5 predictions for
“Calibration Average” are similar to their corresponding measured values since the model
predicted on the same data used for calibration. Therefore, this plot also illustrates the
seasonal variability of PM, 5 predictions over Southwest Asia and Afghanistan, compared
with the approximate variability of field observations from Kuwait.

When looking at the inter-country variability of predicted PM, 5 concentrations, nearly every
country exhibited a peak in predicted PM, 5 concentrations during the summer season,
followed by spring. Fall and winter demonstrated consistently lower PM 5 concentrations.
This pattern is also visible for “Calibration Average.” When comparing “Calibration
Average” with “Country Average”, seasonal concentrations were very similar. The overall
averages (across seasons) for “Calibration Average” and “Country Average” were very
similar, with values of 46.7 and 42.1 pg/m3, respectively.

Discussion

This study demonstrates that VR and relative humidity measurements are useful predictors
of chronic PM5 5 exposure in Kuwait. Given the geographic proximity between Kuwait and
its neighboring countries, as well as important similarities in climate, land use, and terrain,
this study provides for a possible means of predicting chronic PM, 5 in the greater
Southwest Asia and Afghanistan region. Calibration of a model to predict PM, 5 in Kuwait
resulted in trimester average predictions that correlated well with observed averages
(r2=0.84). These findings support the use of historical VR data to estimate PM5 5
concentrations in this region of the world. Additionally, this model has high utility for
epidemiologists investigating the relationship between chronic exposure to PM, 5 and
respiratory diseases among deployed military personnel stationed at various military bases
throughout the region. To date, such exposure data in this area is otherwise lacking.

For model performance, three-month averages were used since daily relationships can be
noisy and since this model is designed to predict chronic and not daily or peak short-term
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exposures. That is, our goal was to predict PM, 5 concentrations that are meaningful for
assessing chronic exposure in a given individual. We used trimester rather than monthly
averages because calibration requires PM5 5 measurements, of which there were few
available per month. For epidemiological studies, however, the availability of daily data will
enable the estimation of average monthly exposure since daily VR data are available, as
demonstrated in this study. This approach will reduce exposure error and is ideal since
military personnel are often deployed for only a matter of months.

Several means of validating our model were conducted. 10-fold cross validation analysis
showed our model to predict well across randomly divided splits of data as %MRE values
were mostly under 15% for each validation trial. Further, given that prediction errors were
low on average (~5%), bias appears to be minimal. Although our model calibration used data
mostly collected at a single site, further internal validation showed predictability to remain
high at sites exterior to this site, including at both urban and rural locations.

A mixed model regression analysis was conducted to identify potential differences in the
PM, 5-VR relationship between sites. Results demonstrated that PM, 5 predictability did not
depend on site. While our study region covered only a limited geographic region, this result
is consistent with Abdeen et al. (2014) who showed that the soluble fraction of PM> 5
aerosols did not vary greatly across three countries in the Middle East, indicating that PM> 5
particles were similarly hygroscopic between countries.

A limitation in using VR measurements is that VR monitors inherently predict PM, 5 levels
less accurately in cleaner atmospheres since they are restricted to finite maximum readings.
In our study region, however, PMs 5 levels are sufficiently high such that daily PM, 5 can be
predicted for the majority of days without this issue. This is demonstrated by our internal
cross-validation, where the model predicted well for average trimester PM, 5 concentrations
as low as 20.5 pg/m3. Monthly average predictions for 104 sites in Southwest Asian and
Afghanistan were as low as 10 pg/m3. Based on previous reporting, long-term PM, 5
concentrations below these levels are not expected to occur in this region (NRC, 2010).

Notably, the model in this study was calibrated after excluding days of extremely high
PMs 5, where the relationship between VR and PM, 5 may not be accurate due to events
such as dust storms and other episodic phenomena. To understand the potentially different
PM, 5/VR relationship at higher PM> 5 concentrations, a model that uses penalized splines
can be considered. For this study, however, we did not have enough data to appropriately fit
splines to assess the potential for non-linear relationships at higher concentrations.

In assessing seasonal PM,, 5, predicted seasonal averages and patterns for Southwest Asian
and Afghanistan closely resembled that reported in Kuwait during most seasons, which
lends support for the quality of our predictions. What is more, seasonal averages for
calibration sites in Kuwait as well as Southwest Asia and Afghanistan are consistent with
previous PM studies of the area. Specifically, summer is known to be the peak season in
terms of elevated PM concentrations due to seasonal shamal winds. Similarly, winter levels
are usually low throughout the region.
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To examine the extent of spatiotemporal variability of predicted monthly PM, 5 exposure in
Southwest Asia and Afghanistan, we applied our calibrated model using over a decade (2000
— 2012) of weather data to predict PM, 5 mass at 104 different military bases and airports in
the region. Results showed predicted monthly averages to range from approximately 10 to
365 pg/m3 between bases. Within-site variability was similarly high. Over 50% of sites, and
20% of sites, had monthly predictions that differed by as much as 73 ug/m3 and 120 ug/m3,
respectively. On average, within-site monthly predictions varied by 83.2 pg/m3. Importantly,
while excluding days with precipitation could overestimate PM exposure, this is of
negligible concern in this study due to the low frequency of rainy events in this region.
Further, of the days we defined as rainy, 50% saw rain for less than three hours.

That PM>, 5 variability is large across time and geographic space in our study region suggests
the ability to successfully use such data in epidemiological research. This is of high
relevance to understanding the health implications of military deployment to Southwest Asia
and Afghanistan. To date, very little PM, 5 exposure data in this region exists partly due to
the difficulties inherent to many military zones; namely, limited materials and available
personnel to conduct the monitoring, variable temperatures and harsh weather conditions,
lack of electricity, as well as low priority relative to the military mission at hand. Additional
reasons for the paucity of PM, 5 data include the scarcity of regional PM, 5 monitoring
stations as well as the impracticality of outfitting soldiers with personal monitors in the field.
As these conditions are unlikely to change, a means of assessing PM, 5 exposure that does
not rely on these factors is essential. This study aims to fill this gap.

Finally, the PM> 5 predictions in this study are consistent with measured PM> 5 reported in
previous studies. The DOD Enhanced Particulate Matter Surveillance Program, for instance,
reported average PM5 5 concentrations ranging from 33—117 pg/m?3 across 15 sites in
Southwest Asia and Afghanistan, with an average concentration of approximately 70 pg/m3
across all sites (DRI, 2008). Other studies conducted in this region have reported similar
findings, with average concentrations ranging from approximately 20 — 320 pg/m?,
depending on the site (Brown et al. 2008; Goudarzi et al. 2014; Tsiouri et al. 2015).
Consistency with previously reported measurements reinforces the quality of our PMy 5
predictions as well as suggests that PM exposure among U.S. military personnel is in excess
of U.S. Environmental Protection Agency as well as World Health Organization PM
standards. This underscores both the importance of future epidemiologic studies in this area
and the importance of continued research in the area of predictive PM, 5 exposure modeling
in the Southwest Asia and Afghanistan region, particularly relating to the population of
deployed military personnel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implication Statement

This study demonstrates the ability to use airport visibility to estimate PM, 5
concentrations in Southwest Asian and Afghanistan. This supports the use of historical
and ongoing visibility data to estimate PM, 5 exposure in this region of the world, where
PM exposure information is otherwise scarce. This is of high utility to epidemiologists
investigating the relationship between chronic exposure to PM, 5 and respiratory diseases
among deployed military personnel stationed at various military bases throughout the
region. Such information will enable the drafting of improved policies relating to military
health.
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Figure 1.

Map showing selected PM> 5 and VR sampling stations in Kuwait
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Figure 2.
Relationship between trimester-averaged predictions and the corresponding PM> 5

measurements in Kuwait
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Figure 3.
Internal cross validation using trimester averaged predicted versus measured PM s for the

northern and southern sites in Kuwait
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Figure 4.
Frequency distribution of monthly PM5 5 predictions for 104 military sites in Southwest

Asia and Afghanistan from 2000-2012.
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Figure 5.
Monthly PM, 5 predictions for 104 military sites in Southwest Asia and Afghanistan from
2000-2012.
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Comparison of seasonal average PM, 5 predictions for Kuwait calibration sites and for six

countries across Southwest Asia and Afghanistan.
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Output for PM, 5 predictive model.

Effect Estimate | Standard | P-Value
Error

Intercept | —39.3691 3.4377 <.0001

1/VR 732372 26717 <.0001

RH?2 -0.00319 | 0.000550 <.0001
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Results of 10-fold cross validation of mean trimester averaged PM> 5 predictions and measurements.

Table 2

Trial N PM,s  Pred.PMys %MRE
(ug/m®  (ug/m®)
1 8 46.2 454 =75
2 6 55.3 50.5 5.1
3 9 55.9 45.1 6.3
4 8 47.1 46.5 -10.1
5 7 459 47.6 -5.2
6 10 432 46.8 -15.3
7 10 46.3 45.9 -3.2
8 8 39.7 43.8 -12.3
9 10 426 412 14
10 8 415 46.0 -12.1
Mean 8.4 46.5 459 -5.3
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