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ABSTRACT
The State of Kuwait oil fires and military operations associated with the 1991 Gulf

War resulted in substantially increased levels of airborne particulate matter (PM) in
the Kingdom of Saudi Arabia (KSA) during 1991 and 1992. Using quantitative risk
assessment methodology, this article estimates the increase in premature deaths in
citizens of the KSA associated with the Gulf War–related increase in PM air pollution
levels. Meta-analysis of daily time-series studies of non-accidental mortality associated
with increased PM10 levels using two alternative methodologies yielded exposure-
response relative risk functions of 2.7% and 3.5% per 50 µg/m3 increase in PM10

concentration. Combining these exposure-response functions with estimates of the
magnitude and duration of the increased PM10 exposure, the size of the exposed
population and baseline mortality rates provided an estimate of approximately 1,080
to 1,370 excess non-accidental deaths of Saudi citizens during 1991–1992 associated
with the Gulf War–related increase in PM levels.
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INTRODUCTION

The August 1990 invasion of the State of Kuwait by Iraqi military forces resulted
in a military response from a multinational coalition in January 1991. Although
the duration of actual military combat was relatively short (on the order of several
weeks), the potential public health impacts to non-combatants from the Gulf War
extended for a period of time well beyond the actual military conflict. In addition to
the direct impacts of the military conflict on public health in the State of Kuwait and
in the Kingdom of Saudi Arabia (KSA), which served as the main staging area for
the coalition forces, substantial environmental damage from air and water pollution
occurred in the Gulf Region from the destruction of hundreds of oil wells and the
operation of many thousands of military vehicles and heavy equipment. A number of
events during the 1991 Gulf War had the potential to contribute to increased levels of
air pollution, especially particulate matter (PM), and thus adversely affect the health
of the population of the KSA. Most notable were: (1) burning of more than 600 oil
wells, pools of spilled oil, and numerous oil-filled trenches in the State of Kuwait
resulting in massive plumes of smoke, soot, and other combustion products that
were carried by prevailing winds over large areas of the KSA; (2) disruption of large
areas of the desert in the State of Kuwait, southern Republic of Iraq, and northeastern
KSA affected by military operations that left the desert surface vulnerable to wind
erosion and increased the already high concentrations of wind-blown PM that can
occur in the KSA; and (3) increased mobile source emissions from an estimated
15,000 primarily diesel-powered military vehicles used to conduct and support the
military campaign (Sadiq and McCain 1993).

Although the adverse public health consequences of environmental degradation
due to military conflict have been previously recognized (Leaning 1993), there is a
paucity of published assessments of health impacts to non-combatants. The poten-
tial scope of environmental damage from air and water pollution stemming from
the 1991 Gulf War was recognized almost immediately upon cessation of hostilities
(UNEP 1991). The United Nations Compensation Commission (UNCC) was estab-
lished by the United Nations Security Council in 1991 to process claims and pay
compensation for damages and losses resulting from the Republic of Iraq’s inva-
sion and occupation of the State of Kuwait (UNSC 1991). Widespread recognition
of potential public health impacts from the war-related environmental degradation
was the basis for including consideration of compensation claims made against the
government of the Republic of Iraq for damages to the health of their citizens from
environmental pollution exposures, as well as for remediation of natural resource
damages, as part of this process (UNSC 2001). However, experience with the appli-
cation of risk assessment techniques to the environmental consequences of military
conflicts is quite limited, with a focus typically on combatant exposure to specific
contaminants related to munitions (e .g ., depleted uranium [Bleise et al. 2003] and
dioxins from Agent Orange [Institute of Medicine 2003]). This article addresses
the health consequences of one prominent environmental pollutant exposure aris-
ing from the conflict—PM from the oil fires and disturbed desert surface dust that
spread over eastern KSA, as well as from military vehicle exhaust.
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Mortality in KSA Associated with PM from the 1991 Gulf War

The objective of this article is to estimate the increase in non-accidental prema-
ture deaths in citizens of the KSA associated with the increase in war-related PM air
pollution levels using quantitative risk assessment methodology. This risk assessment
was conducted as a component of the Public Health Monitoring and Assessment pro-
gram initiated in 2002 by the KSA to document and assess the public health impacts
of the 1991 Gulf War (KSA PME 2004) under the UNCC Gulf War compensation
claims process. The program was authorized and funded by the UNCC.

DATA SOURCES AND METHODS

The risk assessment paradigm described in the National Research Council (NRC)
document Risk Assessment in the Federal Government: Managing the Process (1983) was
utilized for this analysis. The paradigm involves application of the following steps:
hazard identification, dose-response assessment, exposure assessment, and risk char-
acterization. This paradigm has been used in numerous air pollution health effects
analyses, including the U.S. Environmental Protection Agency’s (USEPA) recent risk
assessment of health outcomes related to the current and alternative national ambi-
ent air quality standards for PM (USEPA 2005). A schematic diagram of the overall
process used to calculate the PM-related excess deaths is provided in Figure 1. In or-
der to estimate the number of Saudi deaths attributable to the war-related increase
in airborne PM, information was needed on: (1) the magnitude and duration of
the increase in PM concentrations, (2) the exposure-response relationship between
increased PM levels and mortality, (3) the size of the exposed population, and (4)
the number of deaths that would normally be expected in the exposed population
in the absence of elevated levels of airborne PM (baseline mortality).

Figure 1. Schematic diagram of risk assessment process.
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Hazard Identification

The Air Quality Criteria for PM (Criteria Document) released in October 2004
by the USEPA (USEPA 2004) provided the scientific basis for the hazard identifica-
tion. This document contains an extensive compilation and assessment of the results
of peer-reviewed clinical, epidemiological, and toxicological studies of the associa-
tion between elevated PM10 concentrations with various adverse health outcomes,
including premature mortality, published in scientific journals during the period
from 1997 to 2003. The Criteria Document concludes that “the strength of evidence
across such [human health] endpoints includes especially strong evidence for PM10

associations with total (nonaccidental) mortality” (USEPA 2004).

Dose-Response

Concentration-response functions for the risk of premature death from exposure
to increased PM10 concentrations were developed from meta-analyses of epidemi-
ological studies of PM10-related mortality. All dose-response estimates used in the
meta-analyses were from daily time-series studies of total non-accidental mortality
and PM10 exposure published in the peer-reviewed literature and compiled from
Table 8A-1 in the Criteria Document (USEPA 2004). To be included in the meta-
analyses, study results had to be reported as the percentage increase in relative risk
(%RR) with a 95th percentile confidence interval of non-accidental mortality cor-
responding to a 50 µg/m3 increase in PM10 concentration. Because the duration of
increased PM10 exposure for the Saudi population was limited to approximately a
14-month period, only results from short-term exposure studies reporting the associ-
ation between daily ambient PM10 levels and all-cause mortality, excluding accidental
deaths, were included in these meta-analyses.

Thirty-one study results listed in the Criteria Document reported results that met
the eligibility requirements. These studies evaluate the PM10-mortality association at
numerous international locations using time-series analyses for multiple year peri-
ods. Because of a problem identified with the use of the original default settings for
convergence criteria in the Generalized Additive Model (GAM) statistical software
package (Dominici et al. 2002), the meta-analyses included results from 14 studies
that were reanalyzed using revised GAM convergence criteria (Health Effects Insti-
tute 2003).

Two alternative meta-analytic methodologies were utilized to estimate the aver-
age percent relative risk (%RR) from the identified studies. First, a fixed effects
approach multiplied each study’s %RR increase per 50 µg/m3 PM10 for total non-
accidental mortality by a weight factor calculated as the inverse of the variance of the
natural logarithm of the relative risk (Greenland 1987; Checkoway et al. 2004). The
second approach evaluated the homogeneity among the study mortality risk esti-
mates using the Q statistic, which is approximately distributed as a χ 2 (Dersimonian
and Laird 1986). Following the homogeneity assessment, the random effects vari-
ance component was calculated and used as a revised weight factor for the summary
%RR increase estimate under a random effects model (Berlin et al. 1993; Lipsey
and Wilson 2001). Analyses were performed using Microsoft Excel Version 2003
(Microsoft Corporation, Redmond, WA, USA).
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Table 1. Particulate monitoring conducted during the oil fire period.

Organization Location Parameters Frequency Period

Saudi Aramco Dhahran PM10 Daily Apr.–Nov. 1991
Abqaiq PM10 Daily Apr.–Nov. 1991
Rahimah PM10 Daily Apr.–Nov. 1991
Tanajib PM10 Daily Apr.–Nov. 1991
E-W Pump #6 PM10 Daily May–Nov. 1991

KFUPM/RI Dhahran PM10 Daily Apr.–Nov. 1991
PM15 Daily May–Nov. 1991
Port. PM10 Daily Apr.–Aug. 1991
TSP Daily Mar.–Nov. 1991

MEPA Khafji Port. PM10 Alternate day Apr.–Nov. 1991
PM10 Alternate day Apr.–Nov. 1991
TSP Alternate day Apr.–Nov. 1991

Jubail Port. PM10 Alternate day Apr.–Nov. 1991
Riyadh Port. PM10 Alternate day May–Nov. 1991
Qaisumah Port. PM10 Alternate day Apr.–Nov. 1991

Env. Prot. Dept. Bahrain PM10 Daily May 1991

Source: KFU PM/RI 1992, Table 7-1, page 129.

Exposure Assessment

Substantially increased concentrations of PM in the KSA were recorded during
1991 and 1992 by air pollution monitors. Key parameters for particulate matter air
monitors operating in the eastern coastal and central regions of the KSA during the
oil fire period are provided in Table 1. The war-related oil fires impacted a large
portion of the eastern coastal and central portions of the KSA. Figure 2 indicates
the area of the KSA impacted by 25 or more days of “moderate smoke” based on
overhead daily afternoon satellite images from the NOAA-11 polar orbiting meteo-
rological satellite. “Moderate smoke” corresponds to the visible boundaries of the
smoke plume, excluding days where cloud cover obscured observation of the smoke
plume (Johnson and Edmands 2006). The analysis period included the Gulf War
oil well conflagration period from May 1991 until the oil fires were extinguished in
November 1991, as well as the December 1991–July 1992 period when substantial
military vehicle activity continued. The area directly affected by military activity is also
indicated on the map, although the geographic region impacted by the disturbed
dust was likely broader due to transport of the desert dust by prevailing winds.

The increase in the concentration of airborne PM10 that occurred in the KSA dur-
ing 1991 and 1992 was estimated from a variety of sources in the KSA. Monthly mean
PM10 concentrations measured at various locations in eastern KSA (Jubail, Rahimah,
Dhahran, and Abqaiq air monitoring sites) were available to a varying extent for pe-
riods before, during, and after the conflict (1988–1995). In order to estimate the
increased PM10 pollution due to the conflict and to allow for seasonal differences in
PM10 concentrations that occur in the region, the increases in PM10 concentrations
attributable to the conflict were estimated by comparing the mean monthly PM10 con-
centrations in eastern KSA during and immediately after the conflict (1991–1992)

Hum. Ecol. Risk Assess. Vol. 14, No. 4, 2008 649
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Figure 2. Geographic regions in the Kingdom of Saudi Arabia affected by the
smoke plume and military activity from the 1991 Gulf War.

with PM10 levels measured during the same month for 3-year periods before and
after the conflict (1988–1990 and 1993–1995).

Examination of PM10concentrations recorded from monitors in the Eastern Re-
gion of KSA during the time of the Gulf War indicated a substantial degree of
geographic similarity in the pattern of PM10 concentrations for the period 1991–
1992 (Figure 3). Analysis of correlations of log-transformed monthly mean PM10

concentrations between monitoring sites across the Eastern Region of the KSA for
both the war period (1991) and non-war period (1995) found generally high cor-
relations between sites (Table 2), indicating that this region could be treated as a
single air shed and that PM10 levels could be reasonably presumed to be uniformly
distributed for areas where monitored data were not available. In addition, the mon-
itored data were compared in terms of spatial distribution to modelled estimates of
oil fire-related total suspended particulate matter (TSP) concentrations from the
U.S. National Oceanic and Atmospheric Administration’s HYSPLIT model (Draxler
et al. 1994) obtained from the United States Army Center for Health Promotion and
Preventive Medicine.

650 Hum. Ecol. Risk Assess. Vol. 14, No. 4, 2008
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Table 2. Pearson correlation coefficient among sampling sites across eastern
Saudi Arabia.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 Abqaiq
91

1

2 Dhahran
91

0.98 1

3 Rahimah
91

0.95 0.99 1

4 Tanajib
91

0.96 0.99 0.98 1

5 Dhahran
91h

0.95 0.94 0.95 0.94 1

6 Jubail 91 0.92 0.70 0.68 0.73 0.73 1
7 KKMC

91
0.95 0.94 0.88 0.98 0.58 0.80 1

8 Kohbar
91

0.75 0.86 0.88 0.87 0.76 0.57 0.95 1

9 Jubail 91 0.94 0.94 0.93 0.91 0.85 0.54 0.90 0.71 1
10 Abqaiq

95
1

11 Dhahran
95

0.89 1

12 Rahimah
95

0.85 0.98 1

13 Tanajib
95

0.90 0.95 0.95 1

14 Jubail 95 0.86 0.92 0.93 0.86 1

Underline indicates statistical significance at p = .05.

Figure 3. Monthly average PM10 concentration during 1991.
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Risk Characterization

Baseline Mortality Estimation Process

The baseline non-accidental mortality rate for Saudi citizens living in the areas of
the KSA affected by war-related increases in PM10 pollution during 1991 and 1992 was
not directly available from the KSA Central Department of Statistics (CDS), the KSA
Ministry of Health (MoH), or the World Heath Organization (WHO). Therefore the
baseline mortality rate was estimated by the process outlined later and summarized
in Table 3 as a numbered sequence of steps described next.

In Step 1, the number of Saudi deaths that occurred in MoH hospitals from April
2000 through March 2001,1 derived from the MoH Annual Health Report for this
time period, was used as the starting point (KSA MoH 2001). For Step 2, Eq. (1)
was used to estimate the Total Saudi Deaths in 2000 (TSD2000) by multiplying the
number of Saudi deaths that occurred in MoH hospitals (SDMoH2000) by the ratio of
all deaths (male and female) in the KSA from the WHO Life Tables for KSA for 2000
(WHO 2006) (TDWHO2000)to all deaths (Saudi and non-Saudi, male and female) in
MoH hospitals in 2000 (TDMoH2000).

TSD2000 = SDMoH2000 × (TDWHO2000/TDMoH2000) (1)

In Step 3, the number of deaths that occurred in a given year was assumed to
be approximately proportional to the population of the Kingdom during that year.
Population growth is generally assumed to be exponential, that is, a population
increases by a similar percentage each year. Thus the population in the nth year
after a base year can be estimated using Eq. (2).

Pn = P0x(1 + r)n (2)

where: Pn = the population in the nth year after the base year, Po = the population
in the base year, r = the fractional annual population growth, and n = the number
of years elapsed after the base year.

The fractional yearly population change (r) in the KSA between 1992 and 2000,
the years for which population data were available, was assumed to be constant and
was estimated using Eq. (3).

r = [(KSAPop2000/KSAPop1992)(1/n)] − 1 (3)

where (n) is the number of years elapsed between 1992 to 2000 (8 years).
In Step 4, the total Saudi Deaths in 1991 (TSD1991) was calculated using Eq. (4)

where n equals 9, the number of years elapsed between 2000 and 1991. For Total
Saudi Deaths (TSD1992) in 1992, n in Eq. (4) equals 8, rather than 9.

TSD1991 = TSD2000/(1 + r)n (4)

The PM10 concentration increase in the Arabian Gulf coastal portion of the
Eastern Region was estimated to be somewhat greater and more prolonged than that
in the remainder of the exposed portion of the Kingdom because the impact of the
smoke from the oil fires was greatest along the coast and because the coastal area was
directly down wind from the portions of the Republic of Iraq, the State of Kuwait, and

1The equivalent Hijri calendar date is 1421 A.H.
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Mortality in KSA Associated with PM from the 1991 Gulf War

KSA desert areas most severely affected by military activities associated with the war.
Therefore the impact of increased PM10 levels on mortality was estimated separately
for the areas near the Arabian Gulf coast and the remainder of the exposed region
(see Figure 1). The Eastern Province, or administrative region, of the KSA is divided
into three Ministry of Health regions, used for statistical reporting purposes in the
MoH annual reports. The three MoH regions in the Eastern Province are the Eastern
Region, centered on Ad-Dammam, the Al-Ahsa region, centered on Al-Hofuf, and
the Hafr Al-Batin region, centered on Hafr Al-Batin. The Eastern (Ad-Dammam) and
Al-Asha Regions are close to the coast, whereas Hafr Al-Batin is approximately 300
kilometers inland (west of the coast) and, along with the remainder of the exposed
region, was less affected by the smoke plume.

Information on the distribution of deaths by MoH region was only available for
deaths that occurred in MoH hospitals from May 1998 to April 1999.2 Therefore, in
Step 5 it was necessary to assume that the regional distribution of all Saudi deaths
in 1991 and 1992 was similar to that of Saudi deaths in MoH hospitals during May
1998 to April 1999. The fraction of Saudi deaths that occurred in the Eastern and
Al-Ahsa MoH Regions and the other exposed MoH regions (Hafr Al-Batin, Riyadh,
Qaseem, Ha’il, Northern, Al-Jouf, and Qurayyat) were calculated from the MoH
Annual Report for this period (KSA MoH 1999). The total Saudi deaths in these
regions in 1991 were estimated by multiplying the total Saudi deaths throughout the
Kingdom in 1991 (TSD1991) by their respective fractions of MoH hospital deaths.

The exposure-response function derived from the meta-analysis of the epidemi-
ological studies discussed earlier relates the relative risk of all-cause non-accidental
deaths to an incremental increase in PM10 concentration. Therefore, for Step 6,
deaths from injuries and other external causes need to be removed from the to-
tal number of Saudi deaths to obtain the number of Saudi deaths from all other
(non-accidental) causes. This was done by multiplying the total Saudi deaths in each
region by the average fraction of deaths from all causes except those in the Injuries,
Poisoning and External Causes category for 1998 through 2001 from the MoH An-
nual Reports for this period (KSA MoH 1998; KSA MoH 1999; KSA MoH 2000; KSA
MoH 2001). The average fraction for all of the available years of data was used, rather
than a single year, to obtain a more statistically stable value.

The estimated number of deaths from all non-accidental causes expected in the
two regions was for an entire year, whereas the increased PM10 levels in 1991 and
1992 were for 6- and 8-month periods, respectively. Therefore, as indicated in Step 7,
the expected annual deaths were multiplied by the appropriate fractions to account
for the portions of 1991 (May-October = 50%) and late 1991–1992 (December-July
= 67%) during which PM10 levels were elevated.

Excess Mortality Calculation Process

The key variables used to estimate total war-related Saudi deaths in the regions ex-
posed to war-related increases in PM10 are summarized in Eq. (5). The estimated War-
Related Saudi Deaths (WRSD) in the exposed regions due to war-related increases

2The equivalent Hijri calendar date is 1419 A.H.
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in PM10 was summed across both exposed regions and for 1991 and 1992.

WRSD = NASD × %RR/50 × �PM10 × EF (5)

where NASD = baseline number of non-accidental Saudi deaths in each exposure
region, %RR / 50 = percent relative risk increase in non-accidental deaths per
50 µg/m3 increase in PM10 derived from the meta-analyses divided by 50 to yield
percent relative risk increase per 1 µg/m3; �PM10 = war-related increase in PM10

(µg/m3) for the two major exposed regions of KSA; EF = fraction of the year during
which the estimated increase in PM10 was observed.

RESULTS

Dose-Response

Results of the meta-analyses of the studies selected for development of the exposur-
e-response function are presented in Table 4. Results are presented in terms of an
increased relative risk of total non-accidental mortality per 50 µg/m3 increase in
PM10 levels, and include the reported study estimates and weighted relative risks for
both the fixed effects and random effects methodologies. Using the fixed effects ap-
proach, individual mortality studies with relatively narrow confidence intervals due
to larger observation sizes from multiple cities contributed relatively more weight to
the average % RR. The summary risk estimate was 2.74% (95% CI: 2.47%, 3.01%)
for a 50 µg/m3 increase in PM10 levels.

For the random effects approach, the Q statistic was calculated to be 102.48 (χ 2

with 30 degrees of freedom, p < .0001). This indicated significant heterogeneity
among study estimates of mortality risks. Therefore, we calculated the meta %RR
using the random effects variance component of 0.000144 added to the inverse stan-
dard error of each study. The distribution of weighted %RR estimates was relatively
smaller under a random effects model. This contributed to a higher average %RR
of 3.47% (95% CI: 2.81%,4.13%) per 50 µg/m3 increase in PM10 levels. Additional
information regarding the meta-analyses results is provided in the Supplement.3

Exposure Assessment

Based on an analysis of the available monitoring data, the estimated increase
in PM10 levels in the Eastern (Arabian Gulf coastal) Region of the KSA for the 6-
month period from May through October 1991 ranged from 77–110 µg/m3, with an
average estimated increase of 94 µg/m3 (Table 5). The estimated increase in PM10

levels for the 8-month period from December 1991 through July 1992 was estimated
to be approximately 65% of that for the May through October 1991 period, or
approximately 60 µg/m3. These estimates of increased PM10 concentrations during
these exposure periods were derived from an assessment using four PM10 monitoring
locations for which data were available to compare PM10 levels during the 1991 oil
fire period with those in the similar periods during 1988–90 and 1993–95. The war-
related increase in airborne PM10 in the remainder of the exposed region of the KSA

3The supplemental material is available at www.jhsph.edu/RiskSciences/Research or upon
request from the corresponding author.
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Mortality in KSA Associated with PM from the 1991 Gulf War

Table 5. Summary of PM10 concentrations in the eastern region of Saudi Arabia
near the time of the 1991 Gulf War.

Average PM10 Concentrations
(µg/m3) during May through October

Location 1988 1989 1990 1991 1992 1993 1994 1995

PM10 Increase:
1991 vs.

(1988–90 + 1993–95)

Abqaiq∗ 129 169 138 238 — 139 166 88 100
Dhahran∗ 123 154 130 218 — 139 148 84 88
Rahimah∗ 117 148 124 200 — 125 140 87 77
Jubail 176 202 186 294 214 154 263 119 110
Average increase during May through October 1991 vs. same period 94

in other years

∗Estimated values in italics.

(inland west of the Arabian Gulf coastal region) where there were no air monitoring
data for the period from May through October 1991 is estimated to have ranged from
approximately 60–90 µg/m3, with an average increase of approximately 75 µg/m3.
This PM exposure level was estimated based on the HYSPLIT model results indi-
cating a 15 µg/m3 average differential in oil fire-related TSP levels (assumed to be
mostly ≤ PM10 in diameter) between the coastal areas and those areas further inland
that were less directly impacted by the oil fire smoke. Results from analysis of the
monitored data were consistent in terms of spatial distribution with those from the
HYSPLIT model (data not presented). PM10 concentrations measured at the vari-
ous monitoring stations were typically 2 to 3 times greater than the levels projected
by the HYSPLIT model, as the monitored data measured PM10 from all sources
(crustal, oil fires, and other anthropogenic sources) whereas the model provided
calculated TSP concentrations in the region related solely to the State of Kuwait oil
fires.

No increase in PM10 exposure was calculated for November 1991 as available
monitoring data did not indicate that such an increase occurred in the exposed
region. The lack of a measured PM10 increase in November 1991 may be explained
by the oil fires being extinguished by early November and by the relatively low
wind speeds for that month, which minimized wind erosion of the disrupted desert
surface during that period.

Risk Characterization

In Table 6 are summarized the values of the variables included in Eq. (4) de-
scribed earlier and provides the number of excess deaths associated with exposure
to increased levels of PM10 based on results from the two alternative meta-analytic
techniques used to calculate the exposure-response function. From this analysis we
estimate that 1082 (95%CI: 974,1188) to 1369 (95%CI: 1109,1629) excess deaths
of Saudi citizens can be attributed to increased PM10 levels in 1991–1992 resulting
from the Gulf War activities.
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Table 6. War-related excess Saudi deaths in exposed regions from PM10

exposure.

Fixed Effects Method Weighted Average RR % = 2.742 per 50 µg/m3 increase in PM10

Time period Location

Average PM10

exposure
(µg/m3)

Dose-response
per 1 µg/m3

Incr. in PM10

Baseline
mortality in

KSA
Excess
Deaths

May 1991 to
October
1991

Eastern
Province

94 0.0005484 2288 118

Remainder of
Exposed
Region

75 0.0005484 9940 409

December
1991 to
July 1992

Eastern
Province

60 0. 0005484 3156 104

Remainder of
Exposed
Region

60 0.0005484 13711 451

TOTAL 29095 1082

Random Effects Method Weighted Average RR % = 3.469 per 50 µg/m3 increase in PM10

Time period Location

Average PM10

exposure
(µg/m3)

Dose-response
per 1 µg/m3

Incr. in PM10

Baseline
mortality in

KSA

Calculated
Excess

Due to PM10

May 1991 to
October
1991

Eastern
Province

94 0.0006938 2288 149

Remainder of
Exposed
Region

75 0.0006938 9940 517

December
1991 to
July 1992

Eastern
Province

60 0.0006938 3156 131

Remainder of
Exposed
Region

60 0.0006938 13711 571

TOTAL 29095 1369

DISCUSSION

This retrospective assessment of the increased risk of total non-accidental mor-
tality in the population of the KSA associated with increases in PM10 levels from the
1991 Gulf War was conducted more than 13 years after cessation of the War as a
major component of the KSA’s claim for compensation of war-related health dam-
ages under the UNCC process. This analysis provides new insight into an important
component of the health consequences for non-military personnel of the environ-
mental degradation associated with this military conflict. However, significant data

660 Hum. Ecol. Risk Assess. Vol. 14, No. 4, 2008
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availability limitations required the use of several assumptions and this analysis is
therefore subject to substantial uncertainty.

A key source of uncertainty in the mortality estimate is the selection of an exposur-
e-response function for the risk of mortality from increased PM10 exposure. While
there is a substantial scientific literature base on this topic providing generally con-
sistent findings of an association between increases in PM10 levels and increased risk
of mortality, there is a wide range in the relative risk estimates for this association
(USEPA 2004). Additionally, the major sources contributing to the Saudi population
war-related ambient PM10 exposure included uncontrolled oil fires, heavy-duty mili-
tary vehicle diesel emissions and disturbed desert dust that may have been contami-
nated with combustion-related residues, which differ substantially from PM10 sources
in the U.S. and European epidemiologic studies included in the meta-analysis. Thus
differences in the PM10 composition due to the different PM sources in the studies
used to derive the exposure-response relationship compared to those in the Gulf
War contributes to additional uncertainty. Other potential sources of uncertainty
include underlying differences in the population of the KSA and the populations
in the epidemiological studies, and extrapolation to pollution ranges different from
those in the original studies.

Single and multi-city daily time-series studies of the relationship between in-
creased PM10 levels and risk of mortality were selected for inclusion in the meta-
analyses so as to be relatively consistent with the scale of exposure duration (ap-
proximately 14 months total) for the war-related increases in PM levels. The daily
time-series studies generally provide lower relative risk estimates for mortality asso-
ciated with a standardized increase in PM levels compared to results from long-term
prospective studies (USEPA 2004) and thus provide a more conservative exposure-
response relative risk estimate. Additionally, although selection by study authors of
the most statistically significant single-day lag increases the potential for overestima-
tion of effect due to publication bias (Anderson et al. 2005), studies that also found
a statistically significant effect for multiple days may have underestimated the multi-
day effect when reporting only the most significant single-day result (Schwartz et al.
2003). Thus study biases in both positive and negative directions must be consid-
ered as contributing to uncertainty in selecting an exposure-response function from
meta-analysis results that include results from single-city, single-lag analyses.

Due to demographic data limitations described earlier, several assumptions were
required in developing an estimate of baseline mortality for the KSA regions ex-
posed to increased PM10 levels, as these mortality data were not available from other
sources. Assumptions included: (1) the ratio of Saudi male and female deaths in
MoH hospitals to total Saudi deaths was assumed equivalent to the ratio of total
deaths in MoH hospitals to total deaths in KSA; (2) the number of deaths that oc-
curred in a given year was assumed to be approximately proportional to the KSA
population during that year; and (3) the regional distribution of all Saudi deaths in
1991 and 1992 was assumed to be similar to that of Saudi deaths in MoH hospitals
during 2000.

The assumption of an average uniform PM10 exposure increase across a wide
region of the KSA, including areas where no monitoring data were available, is
a potential source of exposure assessment uncertainty. The lack of a more exten-
sive local air pollution monitoring network necessitated assuming geographically
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uniform exposures. This assumption may have resulted in exposure measurement
error because it is possible that actual exposure could have been either over- or
under-estimated. However, the likely impact of this exposure measurement error
would be to underestimate the pollution effects (Zeger et al. 2000); thus our risk
estimates may be conservative. Available monitoring data clearly show a pattern of
increased exposure across the entire Eastern Region with decreasing exposures in
the more inland portions of eastern KSA. Analysis of variability of the exposure
data indicated that the temporal variability component is substantially greater than
the spatial component, suggesting that assuming an average exposure across the
exposed region should not bias the results. In addition, the lack of air monitoring
data from the more central regions of the country where PM10 exposures were lower
required us to estimate exposure by adjusting measured concentrations from the
eastern regions using HYSPLIT modelled results. Although we believe this is a rea-
sonable approach, it likely produced an underestimation of exposure because the
HYSPLIT model only accounted for the oil fire component of PM levels.

CONCLUSIONS

While acknowledging that this risk assessment is subject to the various sources
of uncertainty discussed earlier, these results provide an estimated range for prema-
ture non-accidental deaths among Saudi citizens associated with exposure to elevated
PM10 air pollution levels resulting from the 1991 Gulf War. The estimate of approx-
imately 1,080 to 1,370 excess deaths from these air pollution exposures provides a
strong indication that the population of KSA suffered a substantial adverse health
impact from the environmental degradation associated with this conflict.

The limitations of the available air pollution exposure data and the need to extrap-
olate from several data sources to develop the baseline mortality rate highlight some
key challenges in conducting military conflict–related environmental health risk as-
sessments, particularly in areas where detailed environmental, health, and mortality
data needed for this type of analysis are not readily available. The inherently disrup-
tive nature of military conflict on normal societal operations such as environmental
monitoring and public health recordkeeping also presents potentially significant
barriers to assessing the public health impacts of war-related environmental degra-
dation.
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