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ABSTRACT

The greater Cairo area suffers from extreme levels of gas and particulate phase air
pollutants. In order to reduce the levels of ambient pollution, the USAID and the
Egyptian Environmental Affairs Agency (EEAA) have supported the Cairo Air
Improvement Project (CAIP). As part of this project a source attribution study was
performed to assess the contributions of specific pollutant source types to the observed
particulate matter (PM) and volatile organic compound (VOC) levels in Cairo. Two
intensive ambient monitoring studies were carried out during the period of February 21
to March 3 and October 27 to November 27, 1999. PMyo, PM,5, volatile organic VOCs,
and polycyclic aromatic hydrocarbons (PAHs) were measured on a 24-hour basis at six
sampling stations during each of the intensive periods. During the February/March
study, samples were collected daily, while in the October/November study samples were
collected every other day. The six intensive measurement sites represented background
levels, mobile source impacts, industrial impacts, and residential exposure. Based on
the results of earlier studies, particular emphasis was placed on characterizing the
source contribution and ambient levels of lead (Pb) in the area. The results of this study
demonstrate that lead smelting is the clear and dominant source of Pb throughout the

greater Cairo area.

In addition to the primary goal of determining the sources of the observed high
particulate and VOC levels in the greater Cairo area, the results provide a baseline
against which future studies could assess the impact of regulatory initiatives and controls
on pollutant levels. This report presents the results of the intensive monitoring studies

and PMyo, PM, 5, and VOC source contribution estimates.
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EXECUTIVE SUMMARY

Background and Objectives
Cairo, Egypt suffers from high ambient concentrations of atmospheric pollutants,
including particulates (PM), carbon monoxide (CO), oxides of nitrogen (NO,), ozone
(0O3), and sulfur dioxide (SO,), and volatile organic compounds (VOCs). In order to
develop and implement a pollution-control strategy and to reduce the health impact of air
pollution in Cairo the Cairo Air Improvement Project (CAIP) was established. As part of
the CAIP, source attribution studies were performed to assess the impact of various
sources (e.g., lead smelters, motor vehicles, oil combustion, vegetative burning,
geological material, etc.) to ambient pollutant levels. Specific objectives of the source
attribution studies included:

e Estimating the spatial and temporal distributions of PM3, (PM with aerodynamic

diameter less than 10 um), PM,s (PM with aerodynamic diameter less than 2.5
pm), and VOCs..

e Attributing PMyo, PM; s, and VOC concentrations to specific source categories.
e Providing a baseline against which the impact of CAIP implemented strategies
can be evaluated.
Particular emphasis was placed on determining the sources of airborne lead and PM
observed in greater Cairo and the effectiveness of lead control strategies on ambient
lead concentrations. In this report we present results of the winter (February/March) and

fall (October/November) 1999 source attribution studies.

Sampling Sites and Methods

Six representative sampling sites for the source attribution task were chosen. Kaha, a
delta site with significant agricultural activity, was chosen to represent the background
levels. The Industrial/Residential sites were represented by Shobra Kheima and El
Massara. The Shobra site is located in a heavily industrialized area and is downwind
from numerous Pb smelters and other industrial sources. The El Massara site is near a
number of cement plants. For the mobile sources dominated site, El Qualaly Square
was chosen. This site is located downtown and it has high light- and heavy-duty (bus)
traffic. Finally Helwan and Zamalek were chosen to represent the residential sites with

limited nearby sources.

PM samples were collected on 47-mm filters appropriate for chemical analysis. Filters
were analyzed for gravimetric mass, metals, ions and carbon analysis. Volatile organic

compounds (C2-C12) were collected in pre-cleaned stainless steel canisters and



polyaromatic hydrocarbons (PAHs) were collected using absorbent cartridges. All

samples were analyzed by the Desert Research Institute 9DRI).

Source Attribution Methods

The Chemical Mass Balance (CMB) receptor model was used to apportion PM and its
chemical constituents and VOCSs to their sources. The CMB consists of a set of linear
equations which express the ambient concentrations of a chemical species as the sum
of products of source contributions and source composition profiles. The current CMB
software (EPA/DRI versions 7 and 8) applies the effective variance least-squares
solution developed and tested by Watson et al. (1984) to solve these equations. This
approach has two advantages: 1) it calculates uncertainties of source contributions from
both the source and receptor uncertainties and 2) chemical species measured more
precisely in both source and receptor samples are given greater influence in the solution
than are less precisely measured species.

The CMB procedure requires several steps. First, the contributing sources must be
identified and their chemical profiles must be entered. Then the chemical species to be
included in the model must be selected. The next step is the estimation of the fractions
of each chemical species contained in each source type and the estimation of the
uncertainties in both the ambient concentrations and source contributions. The final step

is the solution of the set of chemical mass balance equations.

Summary of Results
During the two intensive measurement periods, the average PM;, mass ranged from
265.1 ug/m3 at Shobra, an industrial site to 88.1 ug/m3 at Helwan, a residential location.

The average PM, s mass ranged from 216.1 pg/m?® at Shobra to 29.4 ug/m?at Helwan.

Source profiles measured during the CAIP and from previous studies was were used
with the CMB model to estimate source contributions to PM, s and PM;g mass and to
VOCs. The CAIP source samples were acquired to characterize current motor vehicle,
vegetative and refuse burning, smelter, restaurant, and Mazut emissions in Cairo.
These profiles, including PAHs, were used to determine the winter and fall source

contributions to PM, 5 and PM;omass and lead.

The results of initial (using previously reported source profiles) and final (using CAIP
source profiles) CMB analysis were quite similar. Depending on the sites, major

contributors to PMjo included geological material, mobile source emissions, and



vegetative burning. PM;s tended to be dominated by mobile source emissions,

vegetative burning, and secondary species.

Two unusual features emerged. First, most sites had high levels of ammonium chloride
(up to 19.2 pg/m®. Ammonium chloride is formed by chemical reaction in the
atmosphere. Based on investigations by CAIP personnel, sources are likely to include
agricultural activity and bleaching operations north of Cairo. Second, considering both
the preliminary and final CMB analysis, lead smelting at Shobra contributed 53 and 40-
42% of PM,s and PMy,, respectively during winter. During fall, lead smelter
contributions fell to 16-17% of PMj, and 11-12% of PM,s. This is consistent with

dramatically lower Pb concentrations at Shobra in fall (8.1 pg/m°®) than in winter (26.8

ng/m?).

El Qualaly, a site chosen to represent mobile emissions, displayed the highest average
NMHC concentrations of any site, by factors of 2 or more, in both winter (1849 ppb) and
fall (2037 ppb). The major contributors to NMHC at all sites in both seasons were
mobile emissions and lead smelting/LPG. We interpret the latter to represent industrial
processes that may be fueled by LPG. Mobile evaporative contributions were higher in
both absolute and relative terms at all sites during the fall season, when average

temperatures were about 5° C higher than those in winter.
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1 INTRODUCTION

1.1 Background

Cairo, Egypt is generally classified as one of the world’s “megacities”, with an estimated
population in excess of 20 million people in the greater Cairo/Giza area. It also suffers
from high ambient concentrations of atmospheric pollutants, including particulates (PM),
carbon monoxide (CO), oxides of nitrogen (NOy), ozone (O3), and sulfur dioxide (SO,)
(Nasralla, 1994; Sturchio et al., 1997).

Nasralla (1994) reported annual average SO, concentration in Cairo ranging from 40
pg/m? in suburban areas to 105 pg/m® in Helwan, the industrial area south of Cairo.
Maximum twenty-four hour average SO, concentrations were greater than 300 ug/m?®.
Concentrations for CO ranged from 7 to 19 ppm during one day in 1984, and NOy levels
ranged from 0.2 to 0.75 ppm in 1989. Particulate lead concentrations ranged from 0.5

ug/m? in a residential area to 3.0 ug/m?® at the city center.

Sturchio et al. (1997) measured total suspended particulate (TSP) and lead
concentrations at eleven sites in Cairo from December, 1995 through January, 1996 and
during October, 1996. Lead concentrations ranged from 0.08 ng/m? at Helwan to over 3
ng/m? at the city center. TSP concentrations ranged from 25 ug/m? to over 1100 pg/m?.
Carbon concentrations (elemental plus organic) ranged from 53 ng/m?® at Helwan to 176
ng/m? at the city center. In this study, the sources of lead were determined using stable
isotopic ratios (*°’Pb/?**Pb and 2®®Pb/***Pb). Isotopic ratios in ambient aerosol samples
were compared with those measured in local gasoline and lead ingots from a local
smelter. The aerosol ratios compared well with those of the lead ingots. The ratios in
gasoline were higher for three gasoline samples, but lower for one sample. It was
concluded that the majority of atmospheric lead in Cairo was derived from local lead
smelters. This result contradicts the suggestion by Nasralla (1994) that most of the
atmospheric lead in Cairo comes from motor vehicle emissions; although it should be

noted that Cairo began to phase out leaded gas in 1996.

Rodes et al. (1996) measured PM; s (fine) and coarse (PM1o-PM;5) concentrations using
dichotomous samplers during a source apportionment study in Cairo from December,
1994 through November, 1995. Fine and coarse concentrations averaged 73.3 and
204.2 pug/m?, respectively at the city center, 25.4 and 63.0 pg/m®, respectively at Ma’adi
(a residential area), 54.4 and 173.9 pg/m?®, respectively at Helwan, 64.6 and 131.1
ng/m?®, respectively at Shobra El-Kheima (an industrial area) and 17.7 and 28.0 pg/m®,
respectively at a background site in northeast Cairo. PM;, mass was dominated by the
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coarse fraction, suggesting a strong influence of fugitive dust sources. The annual
average PM;, concentrations exceeded the 24-hour average U.S. standard of 150 pg/m?®
at all sites except Ma’adi and the background site. As part of this study, an attempt was
made to attribute the high PM levels to specific sources using the Chemical Mass
Balance (CMB) source apportionment model. The major contributors to the coarse
fraction were paved road dust at the city center, paved road dust at Shobra EI-Kheima,
desert dust, unpaved road dust, and lime production at Ma’'adi, desert dust at the
background site, and desert dust and unpaved road dust at Helwan. Emissions from
mobile sources, oil combustion, and vegetative/trash burning dominated the PM;s

apportionments.

It is difficult to determine whether the Rodes et al. (1996) apportionments are realistic
because there is nothing with which to compare them. Some serious inconsistencies in
the results raise questions as to their validity. Heavy duty diesel vehicle emissions were
a significant contributor at the city center (38%) but nowhere else. On the other hand,
vegetative/trash burning accounted for roughly the same percentage of PM,s at the
other 4 sites. Given the prevalence of diesel vehicles in this air shed, this seems
unrealistic. A likely explanation is that the diesel and vegetative burning profiles were
collinear, that is, they could not be distinguished by the CMB. This could mean that the
estimated contributions of vegetative/trash burning could in part represent diesel
emissions, and visa versa. In a complex air shed like Cairo, the issue of source-profile
collinearity is a potentially important confounding influence on the source apportionment

process.

Hindy (1991) studied the effects of air pollution from Cairo by measuring concentrations
of trace and heavy metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb) as a function of
depth in alluvial soils south and southwest of Cairo. In all cases, metal concentrations
were highest at the surface, indicating the effects of anthropogenic aerosol deposition. It
was also suggested that windblown desert dust may have elevated surface soil
concentrations of Fe, Cu, and Zn.

Hindy et al. (1990) investigated the impact of emissions from cement plants 20 km
southeast of Cairo on the concentrations of vanadium (V) in plants, soil, water and air
particulates. They found high V concentrations (99-204 ppm) in the raw material used in
the plants as well as in fugitive dust collected at various locations around the factories
(230-730 ppm). Concentrations in dustfall near the factories (340 ppm) were over three

times higher than those in dustfall over northeast Cairo (104 ppm).
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El-Shazly et al. (1990) studied the effects of an aluminum reduction plant at Nagi
Hammady on total suspended particulate concentrations. TSP concentrations were
highest near the plant, averaging 937 ng/m®. Average TSP concentrations (540 pg/m®)
within 50 km of the plant were much higher than those found in residential
neighborhoods (132 pg/m®) but lower than those found in other industrial areas.
Concentrations of trace elements (Fe, Pb, Cu, and Zn) in TSP were also much higher
near the plant than in urban or residential areas. The concentration of fluoride in TSP,
which is typically enriched in aluminum production emissions, was much higher near the

plant (1.52 pg/m°) than in urban (0.03-0.09 ug/m?®) or rural (0.05 ug/m®) locations.

In order to develop and implement a pollution-control strategy and to reduce the health
impact of air pollution in Cairo, USAID awarded Chemonics International, Inc. the Cairo
Air Improvement Project (CAIP). One aspect of the CAIP includes routine monitoring of
PMy,, PM,s and Pb at sites throughout the greater Cairo area. Howes et al. (2000)
reported baseline year monitoring results for the CAIP. Only 37 of the 1783 PMy,
measurements recorded during period were below the Government of Egypt (GOE) 24-
hr limit of 70 pug/m®. The highest annual average PM;, Pb levels observed were 26.2

ug/m? at the Shobra Kheima site.

1.2 Objectives

These studies highlight the severe air pollution problems associated with the greater
Cairo area. As part of the CAIP (Chemonics International, Inc., 1997), source attribution
studies were performed by scientists from the Desert Research Institute (DRI) and the
CAIP project team to assess the impact of various sources (e.g., lead smelters, motor
vehicles, oil combustion, vegetative burning, geological material, etc.) to ambient
pollutant levels. Specific objectives of the source attribution studies included:

e Estimating the spatial and temporal distributions of PM;, PM; 5, and VOCs.

e Apportioning PMyo, PM, 5, and VOC concentrations to source emissions.
e Providing a baseline against which the impact of CAIP implemented strategies
can be evaluated.
Particular emphasis was placed on determining the sources of airborne lead and PM
observed in greater Cairo and the effectiveness of lead control strategies on ambient
lead concentrations. In this report we present results of the winter (February/March) and

fall (October/November) 1999 source attribution studies.
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1.3 Guide to this Report

In this first section, we provide the background, motivation, and objectives of this study.
Section 2 discusses the monitoring and modeling approach, while Section 3 presents the
results of the ambient measurements. Section 4 contains the results of the initial source
attribution modeling of the winter and fall measurements using source profiles from
earlier studies. Section 5 contains the results of PM and Pb source apportionment using
CAIP source profiles that include PAHSs for the winter and source intensive measurement
periods. Section 6 provides recommendations on how the results can be used to
develop control strategies for the greater Cairo area. Section 7 summarizes the findings
of this work and references are contained in Section 8. The Appendices contain all the
inorganic and organic data, PM, VOC, and PAH source profiles, and the PM and VOC

source attribution results.
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2 EXPERIMENTAL METHODS

The rationale for the source attribution study was to improve on previous source
apportionment results (Rodes et al., 1996). We have attempted to fit the source
attribution requirements within the constraints of the CAIP. In order to accomplish this,
samples were collected at existing sampling locations (Gertler et al., 1999). Particular
emphasis was placed on characterizing the source contributions and ambient levels of

Pb in the greater Cairo area.

2.1 Sampling Sites
Six sites were chosen for the intensive studies. We attempted to choose sites that were
representative of upwind conditions, residential areas, and highly impacted locations.

Sites included:

Background: Kaha, a Nile delta site with significant agricultural activity. During most of

the year, the prevailing winds come from this direction.

Industrial/Residential: There are numerous potential sites. One constraint is available

power. Shobra and El Massara were chosen. The Shobra site is located in a heavily
industrialized area and is downwind from numerous Pb smelters and other industrial
sources. This is one of the most highly polluted areas in the city. The El Massara site is

near a number of cement plants and other industrial sources.

Traffic: El Qualaly Square, a site located downtown. The site is close to the road and
has high light- and heavy-duty (bus) traffic.

Residential: Helwan and Zamalek were chosen. Helwan is impacted by emissions from
nearby cement plants and has higher PM levels than some of the other residential areas.
Zamalek is located on one of the islands in the Nile and represents a residential area

with limited nearby sources.

2.2 Ambient Measurements

Ambient PM, s (fine) and PMy, (total) samples were collected daily at the six sites from
18 February through March 5 and from October 29 through November 27, 1999 using
the sampling protocol described by Watson et al. (1994). All samples were of 24-hour
duration. Two medium volume samplers were used, one for PM,s and the other for
PMy,, with a flow rate of 20 Ipm. In one channel, a pre-fired quartz filter collected
particles for measurement of ions and carbon. This was followed by a sodium chloride-

impregnated cellulose filter which collected gaseous nitrate. In the second channel, a
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Teflon filter for measurement of particle mass and elemental concentration was followed
by a pre-fired quartz filter which collected volatile organic carbon. Samples were
collected daily. Particulate, semi-volatile, and gaseous polycyclic aromatic hydrocarbons
(PAH) were collected independently using a Teflon-impregnated glass-fiber filter (TIGF)
followed by a polyurethane plug (PUF) and XAD-4 resin. Forty-four winter and 39 fall
fine and total sample pairs were selected for detailed chemical analysis. Sample days
were chosen for detailed chemical analysis based on the occurrence of high mass
concentrations at all or most of the six sites. Volatile organic compounds (C,-C,,) were

collected in pre-cleaned stainless steel canisters.

2.3 Source Measurements

Source emissions samples were collected using methods similar to those used in the
ambient sampling program. Bulk soil and road dust samples were collected at each of
the ambient-sampling sites. Emissions from various sources including brick
manufacturing, cast iron foundry, copper foundry, lead smelting, refuse burning, Mazot
oil combustion, refuse burning, and restaurants were sampled. Individual motor vehicle
emissions were sampled from heavy- and light-duty diesel vehicles, spark ignition

automobiles, and motorcycles.

2.4 Analytical Methods
Following collection, samples were shipped back to DRI in Reno, NV for chemical
analysis as follows:

e Aerosol mass (PM,s and PMjyy) on the Teflon filters was determined
gravimetrically on a Cahn C-31 microbalance. Filters were equilibrated to a low
relative humidity (<30%) before weighing to avoid water uptake by hygroscopic
species on the filter.

¢ A basic suite of elemental concentrations was determined on the Teflon filters by
x-ray fluorescence (XRF) on a Kevex 0700/8000 XRF analyzer: Al, Si, P, S, Cl, K,
Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Se, Br, Rb, Sr, Sn, Sh, Ba, and Pb.

e Sulfate, nitrate, and chloride on the front quartz filters were determined by ion
chromatography (IC) on a Dionex DX 500 ion chromatograph with a Dionex
AS4A column. Volatile nitrate on the sodium chloride-impregnated filter was also
analyzed in this manner.

e Bulk organic and elemental carbon (OC and EC) on the front and backup quartz

filters were determined by thermal/optical reflectance (TOR) (Chow et al. , 1993).
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e Soluble Na and K were determined by atomic absorption (AA) spectroscopy on a
Varian SpectraAA-880. Soluble K is helpful for distinguishing vegetative burning
emissions. Sodium is a tracer for sea salt aerosol. It is not measured accurately
by XRF.

e Ammonium was determined by automated colorimetry (AC) on a Technicon
TRAACS 800 autoanalyzer using the indophenol method.

e In order to reduce the uncertainty in the source apportionments, samples were
also analyzed for PAHSs following the protocol described by Fujita et al. (1998).

e VOCs were analyzed by gas chromatography with flame ionization detection
(GC/FID).

2.5 Receptor Modeling Methods

The Chemical Mass Balance (CMB) receptor model was used to apportion PM and its
chemical constituents and VOCs to their sources (Watson et al., 1984). The CMB
consists of a set of linear equations which express the ambient concentrations of a
chemical species as the sum of products of source contributions and source composition

profiles. The form of these equations is:

Ci=FRS +F,S,+.+FS;+.+F;S;+ei+e; =121 j=12..,J (1)

where C; is the concentration of species i measured at a receptor site, Fj is the fraction
of species i in emissions from source j, S; is the estimate of the contribution of source j,
e and e; are the random measurement errors of the it species in the ambient sample
and in the " source, respectively, | is the number of chemical species, and J is the

number of source types.

The source contributions are the unknowns in these equations. The current CMB
software (EPA/DRI versions 7 and 8) applies the effective variance least-squares
solution developed and tested by Watson et al. (1984) to solve these equations. This
approach has two advantages: 1) it calculates uncertainties of source contributions from
both the source and receptor uncertainties and 2) chemical species measured more
precisely in both source and receptor samples are given greater influence in the solution

than are less precisely measured species.

The CMB procedure requires several steps. First, the contributing sources must be
identified and their chemical profiles must be entered. Then the chemical species to be

included in the model must be selected. The next step is the estimation of the fractions
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of each chemical species contained in each source type and the estimation of the
uncertainties in both the ambient concentrations and source contributions. The final step
is the solution of the set of chemical mass balance equations. These procedures are

described in detail in an application and validation protocol (Pace and Watson, 1987).

2.5.1 CMB Model Applicability

The requirements for CMB model applicability are as follows (Watson, 1979):

e Compositions of source emissions are constant over the period of ambient and
source sampling. Chemical species do not react with each other.

o All sources with a potential for significantly contributing to the receptor have been
identified and included in the model.

e The number of sources is less than or equal to the number of species.

o The source profiles are linearly independent of each other.

e Measurement uncertainties are random, uncorrelated and normally distributed.

Even though these assumptions are quite restrictive, the CMB model can tolerate
reasonable deviations from these assumptions by increasing the calculated uncertainties

of the source contribution estimates.

The PM and VOC measurements taken at each receptor for each sampling day were
formatted for input to version 7.0 of the CMB model (Watson et al., 1990), as well as the

source compositions that are specified in Section 4.

2.5.2 Model Outputs and Performance Measures
The model provides three primary outputs or variable values. These are the source
contribution estimates (SCE), the standard error of the SCE (STDERR) and the

calculated concentration for each species (CALC) (Pace and Watson, 1987).

Source Contribution Estimate (SCE) is the contribution of each source type to pollutant

(particle mass of NMHC) being apportioned. The sum of these concentrations
approximates the total measured mass or NMHC concentration. Negative SCEs may

indicate collinearity among source profiles or values not significantly different from zero.

Standard Error (STDERR), the estimated uncertainty of the SCE, reflects the precision

of the ambient data, the variability of the source profiles, and the degree of collinearity

among the profiles. It is desirable to have this value be much smaller than the SCE.
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Calculated concentration (CALC) is the calculated concentration and uncertainty

determined by the model for all species, including those not used in the fit.

The CMB output also consists of statistics that can be used to evaluate how well the
model's calculated species concentrations match the ambient measurements for these
species. In addition, diagnostics provide information to help identify which species are
responsible for a poor fit. Short descriptions of some of the statistics and diagnostics

outputs are given below.

T-Statistic (TSTAT) is the ratio of the source contribution estimate to its standard error.

A low TSTAT value (<2.0) indicates that a source contribution is not statistically
significant.

R-Square and Chi-Square The R-square is the fraction of the total variance of the

ambient concentration profile accounted for by the regression model. Its value ranges
from O to 1.0. A value close to 1.0 indicates that the source contribution estimates
explain the measured concentrations well. A low R-square (<0.8) indicates a bad fit
which may be caused by unrepresentative source profiles or inaccurately or imprecisely
measured species concentrations in the ambient sample or source profiles. The Chi-
square is the mean of the weighted sum of squares of the difference between the
calculated and the measured fitting species concentrations. A value less than 1
indicates a very good fit, where a value greater than 4 means that one or more of the
calculated species concentrations differs from the measured concentrations by several

uncertainty intervals.

Percent of Mass accounted for (PERCENT MASS) is the ratio of the sum of the source

contributions to the measured mass concentration. The desirable value is 100%, but

values between 80-120% are acceptable (Watson et al., 1990).

R/U is the ratio of the difference between the measured and calculated concentration
divided by its uncertainty. The R/U is essentially the contribution of a particular species
fit to the weighted sum of squares, which determines the CMB solution. An R/U less than

1 represents a good fit for that species.

Uncertainty/Similarity Clusters (U/S CLUSTERS) are caused by excessive similarity

(collinearity) among the source profiles in the cluster or by high uncertainties in the

individual source profiles. When source profiles are very similar in composition, the
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CMB model cannot accurately apportion species to the source types. This can happen
very often among geological sources, vegetative burning and motor vehicle profiles. The
CMB 7.0 includes measures developed by Henry (1992) to evaluate the effects of

collinearity among source contribution estimates based on singular value decomposition.

2.5.3 Applicability of the CMB Model to the CAIP Data

All of the requirements for applying the CMB model to the Cairo particulate matter data
have been met. Ambient and source concentrations were determined using standard
sampling and analytical techniques. This is also the case for PAH and VOC
concentrations. Where necessary, representative source profiles have been assembled
from recent source apportionment studies, particularly from those conducted previously
in Cairo. Because particulate species are generally conservative, the CMB model is
appropriate for determining sources of PM, s and PMyg in Cairo. The application to PAH
and VOC:s is potentially more problematic. Volatile and semi-volatile VOC and PAH are
subject to transformations through photochemical reactions which may occur between
the source and receptor. Such transformations would violate the principle of
conservation inherent in the CMB model. To obviate this concern, we have chosen a
subset of the VOCs with comparable reactivity. Thus, the relative composition of the

VOC source emissions is expected to be conserved between the sources and receptor.
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3 AMBIENT MEASUREMENTS

3.1 Mass and Inorganic Chemical Species

PM,s and PMj, and chemical concentrations are presented for winter samples in
Appendices Ala and Alb, respectively and for fall samples in Appendices Alc and Ald,
respectively. The corresponding PM,s PAH concentrations for winter and fall are
presented in Appendices A2a and A2b, respectively. The mass measurements for PMyq
and PM, s are presented as time series plots for winter and fall in Figures 3-1a to 3-1b
and 3-1c to 3-1d, respectively. For winter, the time series plots show similar trends
among the PMyo and PM, s measurements with the highest concentrations of PM3, and
PM, s observed on March 2 at Shobra. PM;o levels were most similar at Shobra, El
Qualaly, and El Massara. PM,s levels were uniformly low at all sites except Shobra,
where most of the PMo was in the fine (PM,s) fraction. During fall, the temporal trends
in both PM, s and PMyq at the six sites were also similar. However, concentration levels
at all sites (except for PM, s at Shobra) were higher in fall than in winter.

The sum of measured species is plotted against the total gravimetric mass with all sites
and size fractions combined for winter and fall samples in Figure 3-2a and 3-2b. The
correlations between measured and reconstructed (sum of species) were very high
during both seasons. This indicates that the data quality for the CAIP particulate
measurements was quite good. The sum of the species consistently accounted for 70-
80% of the measured mass. The difference is accounted for by the fact that the sum of
species does not contain oxygen associated with geological species (e.g., Al, Fe, Si) or

hydrogen, oxygen, nitrogen, and sulfur associated with organic carbon.

Table 3-1 compares average concentrations of mass and major chemical species for the
PMy, and PM; s size fractions during the winter and fall sampling periods. Averages for
mass represent all days on which filter samples were collected. Mass concentrations in
both size fractions were higher at all sites (except for PM, s at Shobra) during the fall
season. Shobra exhibited the highest average PM;y and PM,s mass concentrations
during the fall season (360.3+140.6 and 216.1+11.0 pg/m?, respectively). During winter
the second highest average PM,s and PM,, concentrations were found at El Qualaly,
the mobile source site (84.6+9.6 and 219.9+30.3 pg/m°, respectively). During fall, the
second highest average PM.,s concentration (135.1#51.7 pg/m® was found at El
Qualaly, while the second highest average PMy, concentration (317.4+158.8 ug/m®) was
found at El Massara The lowest values in both size fractions were observed at Helwan, a

residential location. The background site, Kaha, generally had the second lowest mass
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levels. For all sites, the average PM;y concentrations in both seasons would have

exceeded the US annual PM;, standard of 50 ug/m3.

The PM,s/PMjy ratio varied from 0.32 at El Massara to 0.82 at Shobra during winter and
from 0.31 at El Massara to 0.54 at El Qualaly during fall. El Massara is an industrial
location impacted by emissions from nearby cement plants. The ratio of 0.31-0.33 at El
Massara is consistent with coarse particle emissions from those activities. Shobra is a
highly industrialized site with a number of lead smelters in the vicinity. The ratio of 0.82
is likely due to the impact of fresh combustion emissions, although it is still unusually
high. The situation at Shobra was clearly different in the fall, with lower PM;s
concentrations and PM,s/PMyg ratio. One might have also expected very high ratios at
El Qualaly, the mobile source site; however, the observed ratio was 0.39-0.54. This site
also had high levels of crustal species in the PMy, fraction, likely due to resuspended

road dust, leading to the reduced ratio.

Crustal components (Si, Ca, Fe, and Al) were significant at all sites. The majority of
crustal material was in the coarse (PM1o-PM,5) fraction. The highest concentrations of
PMy, crustal species, e.g., Si, were found at Shobra and ElI Massara during winter and
fall, probably as a result of fugitive dust emissions from industrial operations at these

sites.

Organic carbon (OC), and elemental carbon (EC) were major components of PM at all
sites Potential sources include mobile emissions, vegetative burning, and fossil fuel
combustion. The highest average PM;, OC levels were observed at El Qualaly and

Shobra during both winter and fall.

Shobra exhibited the highest lead (Pb) concentrations during both seasons. The
average PMj, and PM,s ambient lead concentrations were 33.7+17.8 and 26.8+10.8
ug/m?®, respectively, during winter and 11.2+16.8 and 8.1+13.3 pg/m?®, respectively,
during fall. Note that while the average winter Pb concentrations at Shobra were three
times higher than those in fall, the fall concentrations were highly variable. Because
other mass and species concentrations were generally higher during fall, we suspect
that industrial lead operations may have been shut down or diminished at Shobra during
the fall period. Lead concentrations at Shobra and Cairo in general are in excess of
PMy, and PM,s mass concentrations observed in many cities in the US. High Pb

concentrations were also observed at El Qualaly and El Zamalek. It should be noted
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that leaded fuel was phased out in 1996 and so most of this Pb probably comes from

other sources.

Figures 3-3a and 3-3b show the relationship between the observed values for K (total
potassium) and K (soluble potassium) in the fine (PM,s) fraction. Potassium is enriched
in geological material, which is found mainly in the coarse fraction. The ratio of soluble
to total K in geological dust is typically about 0.1. The ratio of K*/K in the fine fraction
can be indicative of vegetative or refuse burning because these fine-particle emissions
are enriched in K*. The average fine K*/K ratios during winter and fall over all sites were
0.92 and 0.84, respectively, indicating a high level of these emissions in the greater

Cairo area.

One unusual feature of the PM chemical composition was the high levels of Cl relative to
Na throughout the network. Rodes et al. (1996) observed similarly high levels. The
Cl/Na ratio in sea salt aerosols is 1.8. In Cairo, the average ratios of Cl/Na during winter
and fall were 9.6 and 21.2, respectively. There is clearly an additional source(s) of Cl in
Cairo. The nature of this source is unknown but it is likely due to industrial/processing
activities to the north of Kaha due to the general increase in Cl concentration from

Helwan (south) to Kaha (north).

Recognition of this non-sea salt source of Cl helps us understand the acidity of the Cairo
aerosol. Nitrate can exist as ammonium nitrate or in association with sea salt or mineral
aerosols. Sulfate can be completely neutralized by ammonia as ammonium sulfate,
partially neutralized as ammonium bisulfate, or completely acidic, as sulfuric acid. To
determine the degree of ammonia neutralization, we create an “ammonium balance” by
assuming that all of the sulfate was completely neutralized as ammonium sulfate and
that all of the nitrate was present as ammonium nitrate. We then compare the
“predicted” and measured ammonium. If they are equivalent, we have accurately
described the aerosol acidity. Ammonium balances for winter and fall are shown in
Figures 3-4a to 3-4b and 3-4c to 3-4d, respectively. In the top panels, we predicted
ammonium assuming that only ammonium sulfate and ammonium nitrate were present.
This clearly underestimates the measured ammonium. In the bottom panels, we
assume that all of the Cl was present as ammonium chloride. While this over-predicts
the measured ammonium, it implies that a significant amount of ammonium chloride is
present in the Cairo atmosphere. Because there is also Na in the aerosol, some of the

chlorine must also be associated with sea salt derived aerosols.
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3.2 Polycyclic Aromatic Hydrocarbons

Winter and fall sample PAH concentrations are presented in Appendices A2a and A2b,
respectively. A statistical summary of PAH concentrations is presented in Table 3-2. In
Table 3-2, most of the compounds are either volatile or semi-volatile. Only compounds
including and after cetene in Table 3-2 are found completely in the particulate phase.
Some of these particulate compounds, for example, benzo(a)pyrene (BaP) are
carcinogens. In general, the PAH concentrations increased during the fall season,
following the pattern displayed by the aerosol concentrations. Note that the PAH
concentrations in Table 3-2 (ng/m°) are very low. Even including the gas-phase
compounds, the PAH are a small fraction of particle mass and organic carbon. While
their concentrations are low, they were measured to aid in discriminating different

combustion source emissions using the CMB model.

3.3 Volatile Organic Compounds

Winter and fall ambient VOC concentrations are presented in Appendices A3a and A3Db,
respectively. Figures 3-5a and 3-5b present time series plots of daily non-methane
hydrocarbon (NMHC) concentrations at the six sites during winter and fall. Table 3-3
presents a statistical summary of selected VOC concentrations at the six sites during
winter and fall. Fall NMHC concentrations were generally higher than those observed in
winter. Table 3-3 indicates that the highest average NMHC concentrations were found
at El Qualaly during both fall (2037+1369 ppb) and winter (18491298 ppb). This is
consistent with the high volume of mobile source emissions expected at this site. The
next highest NMHC concentrations were found at Al Zamalek (winter NMHC = 12821965
ppb; fall NMHC = 8794213 ppb) and at Shobra (fall NMHC = 1149+822 ppb; winter
NMHC = 914+171 ppb). The lowest NMHC concentrations were found at El Massara,

Helwan, and Kaha.

The temporal variations of NMHC were consistent and largely invariant among the six
sites during winter. All sites seemed to experience a minimum in NMHC concentrations
at the end of February, 1999. During fall, all sites experienced NMHC maxima on
11/22/99 and elevated concentrations on the two days leading up to it. Again, the lowest

concentrations in fall were found at El Massara, Helwan, and Kaha.

Table 3-3 shows that the most abundant VOCs were isopentane and n-pentane, which
are associated with evaporative emissions from motor vehicles, C2 compounds (e.g.,
ethane, ethene), propane, isobutane, and n-butane, which come from CNG (natural gas)
and LPG (liquefied petroleum gas). MTBE (methyl tertiary-butyl ether), a gasoline

additive, toluene, and benzene were also abundant compounds.
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3.4 Meteorology

Atmospheric concentrations were generally higher in fall than in winter. We examined
surface meteorological data to try to explain these seasonal differences. We received
daily average surface wind speed, wind direction, and temperature data from four sites
in Cairo (BLB, CAI, KFC, and LSA) from Dr. Mounir Labib. We calculated the seasonal
average temperature and vector-averaged wind speed and direction at the four sites.
The average winter temperature ranged from 13.7 to 15.4 °C while the average fall
temperature ranged from 19.4 to 20.6 °C. Thus, the seasonal variation was
approximately 5 °C. The vector-averaged wind direction ranged from 312 to 6 degrees,
i.e., from the north, in both seasons at the four measurement locations. The seasonal
variation in concentration was thus unrelated to wind direction. The seasonal vector-
averaged wind speed ranged from 1.2 to 2.8 mph in winter and from 0.72 to 1.86 mph in
fall. The average ratio of winter to fall wind speed is 1.8+0.8. The lower wind speeds
during fall may explain the higher concentrations during that season because lower
ventilation associated with low wind speeds may allow for buildup of pollutants in the

vicinity of the sources in Cairo.
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Figure 3-1a. PM;, mass (ug/m®) for the February/March intensive measurement period.
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Figure 3-1b. PM,s mass (ug/m®) for the February/March intensive measurement period.
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Table 3-1. Statistical summary of PM,s and PMg mass and selected chemical species

for the six intensive sites during the winter and fall, 1999 (average + standard deviation,

ug/m?).
Species Size Season Al Zamalek El Qualaly Helwan Kaha El Massara Shobra
PM2.5 Winter 61.9 + 135 84.6 + 9.6 29.4 + 8.0 49.7 £ 147 609 + 152 216.1 * 43.4
Mass PM25  Fall 131.8 + 549 1351 +51.7 999 + 68.6 111.4 +53.1 107.5 + 69.8 173.5 + 66.4
PM10  Winter 127.2 £ 21.4 2199 +30.3 881 +27.8 930+ 152 186.1 +27.9 265.1 + 60.3
PM10  Fall 2485 + 103.7 251.6 + 102.6 146.3 + 129.3 204.7 + 86.3 317.4 + 158.8 360.3 + 140.6
PM2.5 Winter 12.6535 #* 5.2 10.2 + 45 2.4 +20 11.1 + 4.4 6.5 + 3.3 151 + 4.4
Chiorine  PM25  Fall 17.3042 + 9.6 16.7 + 11.3 9.3 +137 138 +8.0 13.8 + 183  19.9 + 9.6
PM10 Winter 22.1241 + 7.8 19.7 £ 7.6 7.6 +43 215 + 7.0 133 £ 55 222 + 6.2
PM10  Fall 30.6782 + 14.751 30.2 + 17.4  20.0 + 19.7 258 + 12.8 258 + 24.7 341 * 135
PM2.5 Winter 2.72 + 0.74 2.96 + 0.47 1.65 + 0.48 3.21 + 0.75 279 £ 0.66 4.46 + 1.01
Nirate  FM25  Fall 5.51 + 2.90 462 +239 292+142 553 +197 402+231 573322
PM10  Winter 455 + 0.76 563 + 042 363 072 490 +053 491 +1.07 538 +0.86
PM10  Fall 9.49 + 3.81 9.26 +3.85 6.63 +247 922 +415 983+ 470 10.21 + 4.80
PM2.5 Winter 6.04 + 0.79 6.66 + 0.42 4.01 £ 0.87 4.80 + 1.02 594 + 1.04 911 +1.81
Suffate FM25  Fall 12.86 £ 479 1172 +3.02 876 +262 8.65 + 231 1066 +2.70 15.14 + 4.70
PM10  Winter 8.69 + 1.15  13.01 +1.85 6.12 + 159 588 +0.99 10.36 + 2.43 10.59 * 2.06
PM10  Fall 17.17 + 581  18.40 + 6.16 13.81 + 521 13.00 + 4.27 20.52 + 6.50 22.08 * 4.97
PM2.5 Winter 8.74 + 3.39 6.80 + 235 215+ 101 7.90 + 249 295 *+ 166 7.58 + 3.26
Ammonium PM25  Fall 10.66 * 3.91 9.39 +518 613 £7.72 9.06 +512 894 + 965 10.34 + 4.80
PM10  Winter 9.33 + 3.38 7.70 + 408 177 £ 099 9.39 +2.93 145+ 138 7.70 + 3.02
PM10  Fall 8.63 + 4.09 961 +539 307 £396 9.19 +535 400 + 427 823 + 430
PM2.5  Winter 11.06 + 2.83 2322 +5.05 7.27 + 263 10.21 + 3.07 9.44 + 238 32.65 * 7.79
Org. Carbon PM25  Fall 4433 + 19.79 44.26 + 16.03 22.42 + 14.24 45.63 + 30.18 37.17 + 25.07 61.08 + 26.84
PM10  Winter 16.15 £ 2.96  48.53 + 10.04 15.02 + 446 1457 + 442 22.43 +7.30 42.20 + 10.57
PM10  Fall 63.01 + 2557 73.08 + 24.54 39.95 + 23.81 55.53 + 30.26 68.70 + 34.44 91.84 + 33.49
PM2.5 Winter 7.92 +321  13.02 £ 220 5.87 + 1.90 590 + 1.35 7.55 + 2.84 12.35 * 4.34
Ele. Carbon PM25  Fall 1467 +525 2208 + 466 559 +1.75 852 +4.10 6.67 + 401 1543 * 9.39
PM10  Winter 16.71 £ 290  20.32 + 543 692 +3.14 7.87 £212 751 +169 9.98 + 2.25
PM10  Fall 14.20 £ 358 1825 +2.63 7.80 + 241  9.60 + 3.21 826 + 461 13.78 + 2.65
PM2.5 Winter 0.07 + 0.02 0.13 + 0.04 0.05+0.02 0.05 + 0.02 0.24 + 0.13  0.87 * 0.17
Aluminum  PM25  Fall 0.36 + 0.25 0.31+021 024+017 034+021 045 +035 049 +0.24
PM10  Winter 1.84 + 0.25 2.99 + 053 148 +0.44 156 + 043 283 +0.22 3.30 + 0.39
PM10  Fall 5.62 + 2.82 470 + 241 338+ 166 585 +255 6.74+354 7.87 +3.06
PM2.5 Winter 0.25 + 0.10 053 + 0.21 0.17 £ 0.06 0.10 + 0.04 0.91 + 047 545 + 1.21
siicon PM25  Fall 1.23 + 0.73 1.06 + 059 071 £0.44 118 +0.71 161 + 115 3.12 + 1.97
PM10  Winter 5.50 + 0.62 957 +1.71 491 +139 417 +1.17 921 +0.80 13.64 + 1.80
PM10  Fall 16.01 + 7.65 1352 + 6.27 10.39 + 488 16.77 + 7.59 21.21 + 10.19 26.30 + 10.81
PM2.5 Winter 0.20 + 0.08 0.79 + 029 0.33 +£0.13 0.07 £ 0