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Abstract A model for the emission of PM ,, dust has been constructed using the concept of athreshold
friction velocity which is dependent on surface roughness. Surface roughnessin turn was correlated with
geomorphology or soil propertiesfor Kuwait, Irag, part of Syria, Saudi Arabia, the United Arab Emiratesand
Oman. The PM ;, emission algorithm was incorporated into a Lagrangian transport and dispersion model.
PM ,, @r concentrations were computed from August 1990 through August 1991. The model predicted
about the right number of dust events over Kuwait (events occur 18% of thetime). The model results
agreed quantitatively with measurements at four locationsin Saudi Arabiaand onein Kuwait for one major
dust event (>1000 pg/n?). However, for smaller scale dust events (200 - 1000 pg/nt), especially at the
coastal sampling locations, the model substantially over-predicted the air concentrations. Part of the over-
prediction was attributed to the entrainment of dust-free air by the sea breeze, aflow feature not

represented by the large-scale gridded meteorological datafields used in the model computation. Another
part of the over-prediction was the model’ s strong sensitivity to threshold friction velocity and the surface
soil texture coefficient (the soil emission factor), and the difficulty in accurately representing these
parametersin the model. A comparison of the model predicted PM ,, spatial pattern with the TOMS satellite
aerosol index (Al) yielded a spatial pattern covering amajor portion of Saudi Arabiathat was quite similar to
the observed Al pattern.

1. Introduction

Large scde emissons and trangport of fine particulate matter from dust sorms, especidly from
the Sahara, has been extensvely studied and compared with satdllite observations and other remote
probing methods (Karyampudi et d., 1999; Westphal et al., 1987). We adapted a method used to
predict dust injections from the Sahara desert (Marticorena and Bergametti, 1995) to dust emissons



over southwestern Asa (Irag, Kuwait, and Saudi Arabia). The mass source agorithm for PM
(particles with adiameter of 10 um or less) is used as a component in aregiona transport and
disperson modd to compute ground-leve air concentrations of PMy, The air concentration data are
to be used for health assessments in the area occupied by U. S. troops during the Gulf War period
(August 1990 through April 1991) prior to the onset of surface based sampling. Data needed to
implement the agorithm are the threshold friction vel ocities for initiation of dust emission, the
aerodynamic roughness length of the surface, and a coefficient that relates surface soil texture to PM,,
dust emissons. These parameters were estimated using a "'bootstrap” method that sarted with smal-
scale data on soil characterigtics, estimation of soil Sze digtribution, and then relating the threshold
friction velocity to the aerodynamic roughness length of the surface. Using maps of larger-scae soil
features, these loca parameters were extended to estimate the dust emission potential over the whole
domain.

A dugt emission rate was computed from each cell when the loca wind velocity exceeded the
threshold velocity for the soil characterigtics of that emission cell. The dominant mechanism for the
PM , dust input mode is*“sand-blagting’. The emitted materia was dispersed and transported using a
modified Lagrangian particle-puff mode (Draxler and Hess, 1998) using gridded meteorologica deta
fidds. Computations were made for the period of August 1990 through August 1991. During thistime
there was extensve soil disturbance in the region due to military maneuvers that culminated in the Gulf
War during January and February of 1991. Ground-based PM,, sampling was sarted in May of
1991. Themode caculated air concentrations from mid-May through mid-July, the period of the most
frequent and intense dust gorms. These ca culations were compared with the measured data. Spetial
patterns of the mode predictions were also compared with the aerosol index parameter derived from
the TOMS satdlite instrument.

2. PM ;o source algorithm
2.1 Emission flux

The mass source agorithm of Marticorena et d. (1997) is used to compute PM,, dust
injections, where the vertical mass flux of dudt,
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is cdculated from thefriction velocity (u.), athreshold friction velocity (u.,) required for initiation of
dust emission, and a coefficient (K with units n1?) that relates the surface soil texture to PM,, dust
emissions. Following conventiona notation, Pisair dendty and g isthe acceleration of gravity. The
friction velocity may vary in space and time because it depends upon both the loca meteorologica
conditions and the surface roughness. However, the threshold velocity and soil texture coefficient vary
only in space and can be related to the surface roughness, soil, and land-use characteristics.



2.2 Local friction velocity

Given a value of u,, one can -
calculate the threshold wind speed,
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where 7z, is the aerodynamic roughness length for non-saltating (U < U,) conditions, z is the -
wind measurement height, and Von Karman’s constant (k) is assumed to equal to 0.4. The drag
coefficient Cp,,, for non-saltating conditions is '

. . and the drag coefficient C,, for
saltating conditions (U>U,; Gillette, et al., 1998) is
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where U is the wind speed. Computationally each
potential emission location has a predefmed u., , Z , and K (the cocefiicient for PM,, emission
from Eq. 1). PM,, is only emitted from that location when U>U,. Determination of these three
constants for southwest Asia is described in the following sections.

2.3 Threshold friction velocity

There is a hicrarchy of mechanisms controlling u.. First, for loose or disturbed soils, the
most important parameter is roughness of the surface. The roughness (including vegetation) acts -
to absorb part of the momentum of the wind. . Second, the soil size distribution has an effect for
loose soils if there is a lack of particles that correspond to the minimum threshold. Third, soil
crusting affects threshold friction velocity. Crusted soils, whether biological (Cyanobacterial N
Lichen soil Crusts--CLC) or physically formed, resist wind erosion. If a crust is partially broken,
the size of erodible units is important along with the roughness. In general CLC crusts are more
protective crusts since the biological fibrous growth roughens the surface and aggregates soil
particles even after the crust is dry and even when the biological material is dead. In summary, -
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only undisturbed loose soils and disturbed soils of all types would be expected to be erodiblc
under normat wind conditions.

Patterns of disturbance by both animals and by humans are of primary importance in
making predictions of wind crosion. El Baz (1994) extensively reviewed the disturbance to the
desert surface of Kuwait during the Gulf War. He estimated that 30.6% of the total surface area
of Kuwait was impacted by war related activities. By far, the largest area of disturbance was _
caused by the explosion, search, and removal of mines. The effect of a disturbance is to lower the
threshold for wind erosion (Gillette, 1983). This is caused by burying of gravel-size surface
particles, breakage of crust, and destruction of vegetation. Vegetation also is a protector of the
soil from wind erosion. However, vegetation is extremely limited on the desert landscapes that
are probable dust source areas and therefore will not be considered. Likewise, crusted soils are
probably not dust sources.

We uvsed the method of Marticorena and Bergametti (1995) to cakulate threshold friction
velocity u., for unvegetated, uncrusted soils from knowledge of surface roughness and size
distribution of loose particles on the surface. The cakeulation of the threshold friction veloc:ty is
given as
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where u.,, lsthethresho]d:.

friction velocity for a smooth surface, D, is the mean soil particle diameter, and f is the efficient
friction velocity ratio. f, is defined by Mamcorena and Bergametti (1995) as the ratio of local.
to total friction velocity:
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The roughness length of the soil z,; without any roughness elements was estimated by Greeley and .
Iversen (1985) to be z4 = D, /30. For the size range of particles most easily mobilized (88-125 -
pm; Greeley and Iversen, 1985), this relation provides roughness lengths ranging from 3x10* to
4x10* cm. Such values are consistent with measurements made in wind tunnels for smooth,
loose soils (Gillette et al., 1982; McKenna-Neuman and Nickling, 1994; Li and Martz, 1994).
Values for u.,(D,) may be calculated from the expressions given by Iversen and White (1982).
The threshold friction velocity of the smooth, loose soil as a whole is the same as the threshold -
friction velocity of the loose surface particles of size D, that have the minimum u,,(D,).

. A collection of 38 soil samples were analyzed for size distribution. The samples were
collected at various locations in Kuwait, Saudi Arabia, and Iraq in 1991, 1994, and 1996. The -
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processed for Sze didribution of the dry aggregated soil materia without physical or chemica

dteration. Size digtributions were done on the composite samples of the individua grains making up the
aggregated soil materid. The samples were processed by the University of Colorado Ingtitute for
Arctic and Alpine Research Sediment Laboratory. The sediments were passed through a 2000 pum
screen without de-aggregation procedures.

The size digtributions results showed that every sample had an abundance of at least 2.5% and
mean of 9.2 % by massin the paticle sizerange 88-125 um.  Using amean vaue of u.sof 22 cm s
in Eq. 6 corresponding to the size range 88-125 um, and zys = 4.1x 10 cm (one-thirtieth of the largest
diameter of this optima szerange) in Eq. 7, we estimated u., for a range z, expected in the dust source
areas. Supplementd data on size distributions from Iraq (Skocek and Saadallah, 1972) showed that
from 10-30% of "traveling sands’ had mass with particles between 63 and 125 um. Binda (1983)
showed that dune sands in Saudi Arabia have afraction of massin particles between 63 and 125 pm.
Our size digtributions dong with those of Skocek and Saadallah and Binda show that particles of size
88- 125 um are dmost omnipresent in the southwest Asa desert surface sediments.

2.4 Estimation of local aerodynamic roughness heights for Southwest Asia

From the arguments developed in Section 2.2, we assart that the variations of the threshold
wind friction velocity for loose and undisturbed soil are controlled by the changesin the surface
roughness. Further, experience in the United States showed that dust emissons are dominated by
loose, uncrusted soils and disturbed soils (Gillette, 1983). The results of the gpplication of the above
mode depend on the accurate assgnment of roughness lengths for non-saltating conditions and soil
conditions (loose or crusted) over the model domain.

Studies of threshold friction velocities done in the Mojave desert in the western United States
were carried out by Gillette et d. (1980, 1982). A portable wind tunnel was used to develop the
neutra wind profiles over the natural desert surfaces. Aerodynamic roughness heights were obtained
by extrgpolation using the detailed profiles near the surface. Gillette (1983) pointed out that threshold
friction velocities correlate with desert geomorphology for the Mojave desert. We used the conceptual
framework that aerodynamic roughness length will control the threshold friction velocity for a desert
where particles of the size 88-125 um are dways available. Further, z, may be mapped because of a
correation with geomorphic or soil-mapping classification.

Assignment of typicd z, valuesto surficid features was done for Kuwait by using remote
sendng imagery of the surface dong with amap of surficid features. For Irag and the rest of the
Arabian Peninsula, the Kuwaiti surface classes were related to the mapping classifications used by the
appropriate regiona soil and geomorphology maps. The detailed soil mapping of Buringh (1960) was
used for Irag. Aressto the east of the Euphrates River (with the exception of desiccated flood plain
soils at the confluence of the Tigris and Euphrates Rivers) were not consdered because of vegetative
cover or agricultura soils. A map showing the most active aeolian deposits (Stevens, 1978) and a



revison of the U.S. Geologica Survey map (United Kingdom Series edition 5211 2-GSGS) of the
Arabian Peninsulawas used to identify surface types and geomorphology in Saudi Arabia

A remote sensing mosaic image of the Kuwait surfaceisshownin Fig 1. It shows fegtures
such as bright areas, Snuous curves identified as sand dunes, and darker areas near the shoreline of the
Arabian Gulf. Some features such as airports help locate most of the points on the mosaic. The
presence of sresksin Fig. 1 in the west-centrdl part of the figure is afeature typica of aeolian activity.
The fact that the streaks line up with the dominant high wind direction is a confirmation that active wind
erosion has taken place. These streaks are seen with dune-like structures. These dunes are
geomorphologica features corrdating with active sand movement.

A map of surface conditions and geomorphology of Kuwait by Gharib et d. (1985 ) was
compared to Fig 1. Many homogeneous-appearing aress of Fig. 1 can beidentified by asingle
independent surficid unit. Using the Gharib’s geomorphologica classfications and our zys data
coupled with u.; data from the Mojave desert (Gillette, et ., 1980, 1982) we estimated typical U,
and z, vauesfor each surface classfication. Because severd of these classifications were found to
possess the same u. and z, values, we defined seven classesincorporating groups of Gharib et d.’s
classfications. These classes and parameters are
givenin Table 1. For example, an areain the
southeast part of Fig. 1 show sinuous structures
that may be associated with barchanoid dunes.
Their mottled color -- green mixed with brown in
the origind mosaic -- suggests that they are
vegetated and consequently have ardétively high
threshold friction velocity. Thisareais set in class
4. Inthe northwestern part of the area covered
inFg. 1, agmilar sructure suggests dunes, but
lack of green color aso suggests that the dunes
are not sabilized. This probably isadust
producing area, classfied as an “active sand
sheet” (class3). The areaiin the southwest part
of the land represented in Fig. 1 has abright
gppearance. This appearanceislikely produced
by high abedo smooth, un-vegetated sand and
was <o classfied asan active sand sheet.  The
area d 0 has stresks that aign with the dominant
- high wind. These streaks provide corroborating
Figure 1 Aerial remote sensing mosaic of eastern Kuwait ~ €vidence for aeolian movement. Areas near the
from NOAA’s AVHRR showing a one degree square of Arabian Gulf, classfied as “urban areas’ and
latitude-longitude centered about 29°N and 48°E as “coagtd plain deposits’ (class5), have low

indicated by the light lines crossing through the center of . .
the l|ustration. brightness and correspond to vegetation and




built-up areas having non-dust producing rough surfaces. Finaly, the areaiin southwestern Kuwait
classfied as* covered desart floor” (class 7), has a pebbly granule lag surface and isless bright in
gppearancein Fig. 1. Thisrough surface is not as bright as a smooth sandy surface because the
reflection is diffused. The classification scheme of Table 1 was extended to Iraq using soil maps
(Buringh, 1960), and to Saudi Arabia and other countries south of Kuwait in the Arabian penninsula
using geomorphology maps (United Kingdom Series edition 5211 2-GSGS, 1980).

Tablel1. Roughness classes using Gharib et al.’s (1985) surficial classifications with their assigned
roughness length and threshold friction velocity

Class Roughness Identification

Gravel Lag

Deflated Sand Sheet
Active Sand Sheet
Smooth Sand Sheet
Coastal Plain Deposits
Playa Deposits
Covered Desert Floor

NOoO O~ WN P

Zos (M) u., (M/s)
210* 10
4x10* 0.62
10° 0.28
5x10* 0.69
3x10° 35
2x10° 30
2x10* 0.75

2.5 Surface soil texture parameter

The parameter K of Eq. 1 isderived from the ratio of vertica Flux of PM 4, (F) to tota aeolian
horizontd massflux (Q.,). Fig. 2 showstheratio for severd soils of semi arid and arid areas of the

United States presented by Gillette et dl.

(1997). Theverticd flux F of particles
smdler than 10 pm was esimated from their
vertica profile. The horizonta flux Q.
was measured using a Bagnold catcher.
The illugtration shows that the F/Q,,; results
are widdly scattered, but for the "sand" and
texture theratio lieswithin arange of 2x10
® to 1x10°m*. Vauesarelower for
samplesfrom "day" soil textures and higher
for loamy sand. The sngle vaue having a
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Figure 2. Theratio of the vertical flux of PM ,, to horizontal flux

of total particle mass versusfriction velocity for different soil

textures (after Gillette, et ., 1997).

“loam” texture lies in the range occupied by
the“sand” textures. The probable cause for
the range of the F/Q,,; vauesfor "sand"
texturesis amilarity in Sze for staing
particles and smilar binding energies for the



sampled "sand" soils.

The percentage of sand was no less than 87.5% for 94% of the surface soil samplesin the
present sudy. This meansthat al these samples have "sand" textures or are at most 2.5% sand
composition away from the “sand” texture. The overwhelming mgority of samplesimply a"sand”
surface texture. Gillette et al. (1997) found that F/Q,,, for sand textured soils was 2x10 nt, which
givesaK vauefor Eq. 1 of 5.6x10* n1t. Thisfollows from the ratio found for Q. to ( ?/g) u- (u. 2 -
U, %) of 2.8 (Gillette, et d., 1996).

3. Trangport and dispersion model
3.1 Overview

The HY split_4 (HY brid Single-Particle Lagrangian Integrated Trajectory) moded isacomplete
system for computing Smple trgjectories to complex disperson and deposition smulations using ether
puff or particle approaches. A complete discussion of an earlier verson of the modd is given in Draxler
(1992). The updated advection algorithms of HY SPLIT_4 are described in Draxler (1996) and the
entire modeling system and verification examples are presented in Draxler and Hess (1998).

The modd cdculation method is a hybrid between Eulerian and Lagrangian approaches.
Advection and diffuson caculations are made in a Lagrangian framework while concentrations are
cdculated on afixed grid. The trangport and digpersion of a pollutant is caculated by assuming the
release of asingle puff or from the dispersal of acluster of particles. A single reased puff will expand
until its Size exceeds the meteorologica grid cdl spacing and then it will split into severd puffs. An
dternate gpproach, following Hurley (1994), isto combine both puff and particle methods by assuming
apuff digribution in the horizonta and particle disperson in the verticd direction. In thisway, the
greater accuracy of the vertical dispersion of the particle modd is combined with the advantage of
having an expanding number of puffs represent the pollutant horizonta digtribution. Air concentrations
are caculated at a specific grid point for puffs and as cell-average concentrations for particles. A
concentration grid is defined by latitude-longitude intersections. A complete and detailed description of
the modd is available by Draxler and Hess (1997). However, asummary of the changes required to
integrate the dugt agorithm into the modd’ s emission module is described in the following sections.

3.2 Advection and dispersion computation

In thisfully 3-dimensiond modd, cdculations are performed with temporaly-varying gridded
meteorologica data using archived fields. Pollutant particles or puffs are trangported through the
domain and the dispersion is calculated along the trgjectory. The trgiectory of aparticle or puff, or the
change of its pogtion vector (P) with time,

P(t+d 1) = P(t) + 0.5 [ W(P.t) +W( {P(t) + W(P,t) d}, t+d t) ] dt, (8)



is computed from the average of the three-dimensiona velocity vectors (W) at ther initid and firgt-
guess positions.  Particle dispersion is computed by adding an additiond ve ocity term to the advection
Eq. 8 that includes a contribution from a turbulent velocity component,

W' (t+d 1) = R(dt) W' (t) + W" ( 1- R(d)?)°5, 9)

which depends upon the turbulent velocity component at the previous time W'(t), a velocity auto-
correlaion coefficient (R), and a computer-generated random component (W"). The vertica turbulent
velocity component is computed from the diffusivity profile which is afunction of the profiles of wind
and temperature and the mixed-layer depth. The mixed-layer depth is estimated to be the height a
which the potential temperature exceeds the surface value by 2 degrees. Puff disperson cdculations are
made by computing their rate of growth based upon the same turbulent velocity component used for
particle disperson. Air concentrations are computed by averaging the contribution from dl puffs that
pass over the grid node or for particles by computing the average particle mass divided by the cell
volume. Most Lagrangian modd s trest emissons as a point source. However the dust emissons occur
over alarger area.  In this Situation the puff-particles are released from each emisson cell, each
advection time step, with aninitia horizonta puff radius thet is adjusted o that the horizonta puff area
equals the area (A) of the emission cdl. Theinitid pollutant massis given by

M= R (FAR), (10
i=1

where F isfrom Eq. 1, P isthefraction of the cell covered by soil roughness classi, and Risthe
particle number emission rate (one particle per grid cdl per time step). Particles are only emitted when
the wind speed at that time and location exceeds the threshold speed for that class.

3.3 Meteorological data

Gridded meteorologicd anayss datafrom
the European Centre for Medium Range Westher
Forecasting (ECMWF, 1995) were used for the
computationd period of August 1990 through
August 1991. The datafileswere obtained in a
gpecid format, on multiple files and tapes, by
synoptic time, surface, upper air, and supplemental
variables, dl at aspatid resolution of 1.125° every 6
r| h. Intheverticd the datawere provided at 31 levels
; % on the native ECMWF hybrid grid. These data
Lo T 1 were then interpolated to a Lambert Conformal grid

Figure 3 Extract of Hysplit modeling domain a 60 km resolution, one file per month, with records
showing the locations of the meteorological grid in each file organized by time and height to permit
points (+) and the PM ,, air concentration sampling

stations.



simple access methods during the transport and dispersion computations. Wind components are defined
relative to the grid orientation. The find computationa grid of 65 by 65 points was centered at 30N
45E, covering the entire region from 12N-28E to 45N-69E. For clarity only an extract of the modding
domain (centered over Kuwait) isshown in Fig. 3. The map shows the location of the meteorologica
grid points and the PM,, sampling locations, to be discussed in more detail in the following section.

The computationa meteorological file was &t the same vertica resolution asthe origind data but
only contained the first 20 levels from the ground (including 2 m temperature and 10 m winds) to about
200 hPa. Resolution isfairly good with six levels at or below 1500 m above ground level (about 40,
170, 410, 710, 1060, and 1460 m agl). The Hysplit code linearly interpolates the meteorologicd data
from the ECMWF coordinate system to an interna model terrain following (S) coordinate system,

s = (Zup” Zoa) 1 Zun - Zac) )

where Z,,, isthe top of the Hysplit coordinate system - set to 25 km for these calculations, Zy isthe
height of the ground, and Z,4 isthe levd’s height above searlevdl. The internd computationd grid
structure was defined for 18 levels, with the first few at 10, 75, 200, 385, 630, 935, 1300, ..., up to
10,000 magl. The meteorologica data are used in both the advection and dispersion calculations and
full reflection is assumed for dl particles that reach the top or bottom boundaries, but particles
T intersacting the ground surface lose a fraction of their

- R T of the settling velocity to the depth of the surface layer.

3.4 Integration of PM,, source algorithm

As discussed in Section 2.4, the roughness
characterigtics identified in Table 1 were identified on
each regional map and the resulting source area
information was organized by defining up to 3 of the 7
“roughness categories’ of Table 1 per square of land
(emission grid cell) and the percent of that square
covered by each of the three (or fewer) categories.
The sum of the percentages of the three categories
may not add up to 100; the remaining percentage is
s E i b B P ] assumed not to emit dust. For each square, the center
. point latitude and longitude was identified dong with

the length of the sides of the square which were either
. _ one-half, one, or two degree squares. Taken together,
i gure 4 Percent coverage of active sand sheet the boxes define a roughness class and threshold
and disturbed soils over the potential dust emission = " . ) )
domain. friction velocity for dl the areain Kuwait, Irag, part of

10 20 30 4 O 6@ 7¢ B 80 1
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Syria, Saudi Arabia, the United Arab Emirates and Oman. Arees outside of the defined areaare
assumed to not emit PM,, dust. To account for the fact that up to 30% (Section 2.3) of Kuwait's
surface areawas disturbed by activities related to the Gulf War and because it was impossible to
quantify the disturbance in each cell, al emisson squares were defined to have at least 109 of their
area associated with Class 3 if not aready defined as Class 3. Disturbed soils behave like Class 3 soils
(Gillette, 1982). The manud classfication method could only resolve soil types a roughly 5% ared
increments and therefore 10% was the minimum val ue above the classfication threshold.

For computationa purposesdl of the larger squares were sub-divided into one-half degree
sguares with the same roughness class to maintain a greater degree of consstency between the emission
areas and resolution of the meteorologica data. An examination of Table 1 shows that the lowest
threshold friction velocity (0.28 m/s) is associated with Class 3 and the next higher friction threshold
veocity (0.62 m/s), by over afactor of two, occurswith Class2.  For neutrd conditionsthisyieldsa
threshold wind velocity of 9 and 15 nVs, respectively. Anaysis of the ECMWF wind speedsin the
region for the period of August 1990 through August 1991 indicated that the 10 m wind speed never
exceeded 12 m/s. Therefore only Class 3 dust emissions are considered for the computation. The
domain of the emisson areais shown in Fg. 4 which dso illustrates the percentages (P in Eqg. 10) of
each square assigned to Class 3.

3.5 Mode calculation procedure

The Hysplit modd with the PM,, emission dgorithm was run for the period of 1 August 1990
through 31 August 1991. The modd was configured such that one puff/particle was emitted from each
0.5 degree emission cell whenever the wind speed in that cell at that time exceeded the threshold wind
peed. There were 586 potentid emission cellsin the region. Typica dust sorm events would result in

emissions from 50 to 150 cdlls.

The mode’ s computationd limits are the same as
the meteorologica grid in the horizontd, 10 km for the
vertical domain, and al particle-puffs were dropped 48
hours after emisson. The resolution of the concentration
grid was established with aresolution of 0.25 degrees
|atitude-longitude and 24 h average PM, ar
concentrations were computed daily from 0800 UTC asa
layer average from the ground to 10 m. In addition, the
model computed gravitationd particle settling assuming a
mean diameter of 3.0 um with adensity of 2.5 g/on?.

Figure 5 Centroid of all emission cellsfor any Part of the computational period (starting May

Z;T;ir;‘r’]"sh' chat least one cell had non-zero  1991) corregponded with a comprehensive ground based
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measurement program (described in the next section). Computations during this period indicated
subgtantia dugt emissions. Figure 5 shows the emission weighted centroid for al emission cdlsin any
one hour in which at least one cdll had non-zero emissions. Although Fig. 4 showed a southeest to
northwest dignment of the emission grid, the actua emission locations are much more narrowly defined
aong the Perdan Gulf coast and southern Irag. Thisresult is consstent with the independent andysis
(Section 2.4) of the stresks shown in Fig. 1, illugtrating the strong dignment of the aeolian movemen.

4. Results
4.1 PM,, measurements

As pat of the overdl environmenta sampling and andysis effort to assess the hedlth risk from
oil well firesto U.S. troopsin the region, sand samples and ambient particulate matter less than 10
micrometers (PM,,) samples were collected on adaily basis and andyzed (HRA, 1991). Sampling
began in Kuwait and Saudi Arabiain early May 1991 and continued through December 1991. The
mode predicted air concentration data are to be used for health assessmentsin the area occupied by
U. S. troops during the Gulf War period prior to the onset of surface based sampling (August 1990 -
April 1991).

Table2. PM,, sampling locationsin Kuwait (KU) and Saudi Arabia (SA) in 1991.

Site Name Location Period Coordinates
1 Khobar Towers Al-Dhahran, SA 06 May - 02 Dec 26.25N 50.22E
2 Jubail Al-Jubayl, SA° 08 May - 04 Aug 27.07/N 4953E
3 King Khalid Military City, SA 19 May - 25 Aug 27.87/N 4553E
4 Eskan Village Ar-Riyadh, SA 25 May - 25 Aug 24.55N  46.85E
5 Military Hospital Kuwait City, KU 17 May - 02 Dec 29.26N 48.06E
6 US Embassy Kuwait City, KU 19 May - 15 Jul 29.38N  48.00E
7 Camp Thunderock Doha, KU 06 Jun - 02 Dec 29.37N  47.80E
8 Ahmadi Hospital Al-Ahmadi, KU 06 Jun - 06 Jul 29.10N 4807E
9 Camp Abdaly Abdaly, KU 19 May - 05 Jun 30.08N 47.70E

Samples were collected using high-volume samplers a nine Stes asindicated in Table 2 usng
United States Environmenta Protection Agency reference methods for determining PM,; and total
suspended particulate matter. The PM,, sampler utilizes a specidly-shaped inlet to inertidly separate
particulate matter lessthan 10 um fraction (which is collected on glass-fiber or quartz fiber filter
media) and greater than 10 um fraction (which isdiscarded). Thetota suspended particulate matter
unit's specified shelter geometry collects particulate matter up to 50 um. For each particulate matter
sample, the air concentration was determined from the total particulate matter mass collected on the
filter divided by the integrated air volume sampled. In addition, the particulate matter filters were
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andyzed for heavy metds and eementa carbon and silica percentages. Computer-controlled scanning
electron microscopy and transmission el ectron microscopy were used on air and soil samplesto
determine particle mass distribution and particle type data. Mass distribution results were based on

aerodynamic equivaent diameter.

Because the Saudi Arabian samplers were 100's of kilometers gpart while the Kuwaiti samplers
were al within afew 10's of kilometers of each other, the Camp Thunderock sampler at Dohawas
used to represent Kuwait. It isjust west of the centra city and upwind of the urban fugitive emissions.
If data at Doha were missing, then the vaue at the nearest location was used instead. The other Sitesin
order of replacement were the Embassy (19 km), the Military Hospitd (27 km), and Ahmadi Hospital
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Figure 6 Measured (vertical bars) and model (solid line)
calculated PM ,, concentrations along the coastal sampling
sitesfrom May 16, 1991 through July 15, 1991: Kuwait
(top); Jubail (middie); Khobar (bottom). Missing data
(which is considerable at some sites) isindicated by a
missing bar.

(41 km). Cross-corrdations of the non-missing
concentration measurements between Doha and
the other siteswere 0.65, 0.81, and 0.58,
respectively. Model results are then compared to
measurements at five locations; four in Saudi
Arabia and the one composite location
representing Kuwait.

During the initid few months of the
measurement program there was considerable
smoke present due to the oil well fires. Out of dl
the filter samples collected, 57 of the high-volume
samples were andyzed for composition and
particle Sze. The dataindicated that mixed clays,
slicon-rich and calcium-rich particles accounted
for the vast mgority of the sample massin most
samples. The PM,, materid was comprised
mainly of sand-based materid rather than carbon-
chain agglomerates from the ail fires smoke.
Aerodynamic equivaent mass digtribution results
indicated that the mgjority of the particle mass for
most samples occurred in the Size ranges less than
10 pm. However, a sgnificant fraction (40%) of
the particle mass was observed in the 10 to 30 um
szerangefor dl samples. These results suggest
that we can atribute high PM;, measurements to
dust storms rather than smoke.
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4.2 Calculation versus measurement

1000

- Khalid
800 [~ The firgt two months of the sampling

i contained the largest number of dust events. The
o0 model calculations and corresponding
100 B measurements at the three coastd locationsis

N shown in Fig. 6 for the period of May 16 through

200 [~ Jduly 15, 1991. A cursory examination shows
I that during this period measured PM o was
, frequently in the 100 to 200 pg/ne range. The
a0 - Eskan Vilage | g substantialy over-predicted concentrations
| for the large-scale events (predictions >1000
600 ug/m® and under-predicted the typical daily
I average. Consdering that there are very few
400 1= days when the wind velocity exceeds the
200 threshold, it is expected for the modd to predict
| zero most days. Consistent day-after-day low-
level measured
130 10 150 160 170 180 190 20 ncenteaions (although 100-200 Lg/n® may not
Calendar Day be considered low in many other regions) are
Figure 7 Measured (vertical bars) and model (solid line) atrit.)Uted to fugitive emissions, S.JCh asvehi.CU|a
calculated PM ,, concentrations at the inland sampling traffic on “dusty” roads and possibly from distent

stations from May 16, 1991 through July 15, 1991: Khalid ~ SOUrces, neither of which is part of the model
(top); Eskan (bottom). desgn. Predictions a the two inland gationsis

shown in Fig. 7. Both measured and modeled
concentrations are much lower than along the coast with pesks under 1000 pg/m?®. These results are
consstent with the fact that the strongest winds and hence the grestest dust emissions occurred adong
the coast (Fig. 5). The predictions and measurements agreed reasonably well at the coasta Sites for
the event on days 143-144 and at the inland sites for the event on days 170-171.

PM 10 Concentration (ug/m?’)

Another related issue is whether the model can compute the correct number of dust events.
Using satdllite AVHRR imagery, Wdters et d. (1992) documented the number of days for which
blowing dust was observed for individua source areas during the period August 2, 1990 - March 31,
1991. He estimated that there were 44 dusty days over Kuwait in the 235 day period or about 18.7 %
of thetime. The average annua number of days of dust in Kuwait given by Safar (1985) was 10.4%
which shows that the number of dusty days was above average at least in Kuwait. One possible
explanation for this above average dustiness may be that the surface conditions were sgnificantly
disturbed in Kuwait during the period. Counting the number of mode computed days with PM ;o
concentrations above zero at the Kuwait sampler for the same period yields 37 days or 15.7%, aresult
consigtent with those of Wadters et a. (1992). It does appear that the modd is computing about the
right number of dust events.
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4.3 Model uncertainties

Although there is a tendency toward over-prediction, there is a considerable amount of
uncertainty in both the measurement and modd prediction. For instance, the linkage between friction
veocity and the dust emisson flux was derived from the empirical data shown in Fig. 2, which shows a
3-order of magnitude variation in the emission flux for the rather smal range of friction velocities. The
uncertainty of the modd’s cdculation of PM,, ar concentration, shownin Figs. 6 and 7, ismuch
amdler that the varidbility in the emisson flux “congtant”. Some smple sengtivity tests, such as dightly
lowering or raising (about 10%) the threshold friction velocity, had tremendous impact upon the
cdculaion by subgtantidly increasing the peak concentrations or virtualy diminating al dust events.
The effect was dways to cause asgnificant change in the number of emission cells contributing to an
event. This sengtivity suggested that any sgnificant improvement to the modd’ s results required more
than an adjustment of the constants developed in Section 2. The large variation in the number of
emission cdlswith changesin threshold friction velocity would be comparable to changing the spatia
distribution of the roughness classes. However the manua method by which the modd’ s spatid
emission characterigtics were derived is not amenable to any smple adjusment.

Another complication is that many of the mode cal culated peaks are associated with missing
measurement data in one or more of the days within or adjacent to the computed dust event. Large
scae dust events (e.g. days 142-143) are evident a dl the measurement sites and the model’s
prediction is quite good. Smaller scale dust events (e.g. days 169-171) are only evident at afew
measurement Stes and the modd prediction is associated with much greater variability. Certainly some
of the variability in modd performance for the smadler scale events can be atributed to the spetia
vaiation in the modd’s parameters. The combination of the uncertainty of the location of low soil
threshold regions due to disturbances caused by the war and the rather narrow alignment of emisson
sources due to strong winds only aong the coast (example shown in Fig. 5), dl require amore accurate
wind direction to correctly aign the dust plume with specific sampling locations. A much more difficult
task when the dugt event is not dominating the region.

4.4 Meteorological factors

There are two modd performance issues raised in the previous section that may be related to
meteorological factors: the modd’ s over-prediction at the coastal sampling locations and the
differencesin mode performance between large scae dust events and smdler scale events. The
development of a sea-breeze flow may be afactor in reducing the measured concentrations for the
coagtal dtations dueto the inflow of dust-free air. The gridded ECMWF fidds would not show such
amall scale effects and hence the dust transport calculation would predict higher concentrations.
Predicted concentrations were only overestimated for the coasta samplers.

An examination of the nearby meteorologica surface observation Sites can provide some
information about loca wind flows. Meteorologica observations collected at locations near the PM o
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450 T 50 25 mpllng stes archived at the Nationd

r 125 ng/n? 151 mg/m’ . ] . .

s L e DR B Climatic Data Center (NCDC, 2000)
gawlF A - \ 3°1" s showed only the coastal station a Dhahran
5 s _/\_/ 1.2, 2 (Site40416) reporting at regular intervals
S i/ 7 o3 el % for May through July of 1991. Kuwait City
2 sk H 2% w0 = wasmosly missing and the station near
=t 121 € Jubal wasnot available. The Dhahran

s _—/\/\f\/«\/\ 4° 71 gation is located about 12 km from the

S L L f\,\[\ﬁ o3, sampler a Khobar. Interpretation of

e = e e differences between EMCWF data and the
Calendar Day observation a Dhahran is not condlusive

Figure 8 summary of hourly surface observations at Dhahran because the observation would have been

for 13 to 16 May, 1991 (Days 133 to 136) for wind direction assmilated into the ECMWF analys's.
(dots), temperature (upper solid line), and wind speed (lower
solidline). Local noon (0900 UTC) isindicated by the vertical The temperature, wind speed and

dashed line and al so represents the approximate collection time
of the PM ,, sample. Air concentrations for the corresponding
24 h sampling period are indicated near the top.

direction are shown for a“no dust” three
day period in Fig. 8. Days 13310 136 (13-
16 May) correspond to the beginning of the
sampling and only background PM,, levels were reported on those days. The 24 h sampling period
runs from local noon (0900 UTC - verticd dashed line) and the PM,, concentration for each day are
indicated near the top of thefigure. Thisperiod isinteresting in that it clearly shows the development of
a searbreeze in response to the diurna heating cycle. Rapidly increasing temperatures in the morning
hours pesk at local noon with a sudden shift in wind speed and direction from west to northesst.
Temperatures then dowly cool in the afternoon before the wind suddenly shifts back to west during the
evening hours. The ECMWEF 10 m wind directions (not shown) exhibit a comparable shift between the
west and northeast directions. Note from
Fig. 3 that the coast in that region dong the
Arabian Gulf runs from northwest to

O 19 ma? 1 37 southeadt indicating that northeast winds are
ws|foo L ] ] amog orthogond to the shordline.
< \ /\H 3031.2 In contrast the results shown in Fig.
3 S SN ] 2] 8 9aeforthelarge scale dust event of 21-24
g WW\_ » 24wz May. Thesamplescollected on day 143
s ] 21 £ showed the highest concentrations of any
‘,\/ Joo s day and it isthe only day in the period that
\ oo Lo ] ] Dhahran actudly reported a dust sorm as
2 e w the current weather observation (between
Calendar Day 0200 and 0800 UTC). Although thereis

some indication of adiurna cycle in speed

Figure 9 Asin Fig. 8 but for the period 21 to 24 May, 1991 and temperature, the meteorological data.do

(Days 141 - 144).

16



not suggest the formation of a sea breeze. The results are interesting in that while the wind speeds are
above the typica threshold (9 m/s) for the period of the dust event, the wind direction is from the north,
amarginaly off-shore direction. The surface wind would not be entirely representative of the deeper
layer through which the dust is trangported and hence a surface wind from the north at Dhahran should
not be considered to represent a dust free source region. The ECMWF 10 m winds showed awind
direction of 340°, amore inland upwind direction, during the times of the reported dust sorm.

The meteorological results are shown
- o in Fig. 10 are for the small scae event of 17-
' a2 mym® 48 mgim’ ] ] 20 June. Although the measurements

s : ) /,\ h i indicated a dust event in the range of 500 to

IN
o
|

700 pg/m?, with the highest values reported at
--------- the inland samplers, the modd predicted the
. highest concentrations along the coast, with

'/ ' ] =] the peak value at Khobar (Fig. 6). The
10 | \\ \/‘\/\/\j\,@ ] meteorologica data show more of adiurna
s 1 3 cycle than the previous case (Fig. 9) and the

*les 169 170 t ° wind direction briefly turns to the northeast

Calendar Day (from offshore) followed by arapid shift to the
_ o _ southwest. Clearly the 24 h collection period
e e, " reptestsarageof wid drecior uhee
mian that day .and the air concentration istakea fromthe both dlean and dust laden ar would have
Jubail sampler. contributed to the sample. The ECMWF

gridded data only show wind directions from

the dust sources to the northwest (290° to 325°), suggesting a cause for the extreme over-prediction.
Thiscaseistypica of many of the remaining dust events, where there is much more variability in the
mode’ s performance, some evidence for the development of diurna flow features, and questions
about the representativeness of the larger scale gridded data.
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.
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4.5 TOMS Aerosol Index spatial pattern

It would be informative to compare the patid pattern of alarge scale dust event with the
pattern predicted by the model. One approach isto use the Aerosol Index (Al - Herman et d., 1997),
derived from the Nimbus-7 Total Ozone Mapping Spectrometer (TOMS) ingrument. Postive values
of Al generdly represent absorbing aerosols (dust and smoke) while negative values represent non-
absorbing aerosols. Al has been computed by the NASA TOMS Ozone Processing Team and is
available over the Internet (http://toms.gsfc.nasa.gov). The TOMS data can distinguish between
different type of aerosol particles based on their size (dust tends to have larger particles than smoke)
and absorbing propertiesin the ultraviolet (Torres et a., 1998). The resolution of each processed data
point is 1.0 degree latitude by 1.25 degrees longitude.
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Although one could compare the Al values
to the corresponding measurements of PM,, ar
concentrations, unfortunately during the ground-
based measurement period that had the greatest
number of dust events, the TOMS Al vaues were
dominated by the ail fire ssmoke. Therewasa
sgnificant dust event around Feb. 4, 1991, just
prior to the sart of the fires (smoke was first
reported Feb. 9 and the ground war started Feb.
22). The Al image for Feb. 4" aswdl asthe
corresponding modd prediction for the time step
corresponding to the satdllite' s crossing (about
0800 UTC) isshown in Fig. 11. For presentation
clarity, only Al values greater than 1.0 are shown
(0.5isusualy consdered to be the noise
threshold). The modd contour units are in pg/ne.
Although the densest portion of the Al dust cloud

¢ isseverd hundred kilometers to the north of the

N e e E mode prediction, the overdl size and overlap of the
Figure 11 Aerosol index from the TOMS Nimbus-7 for pattemns is excellent, especially considering the
February 4, 1991 superimposed on model calcul ated lobes over Kuwait and Oman. Note that the model
contours of PM ;, concentration (ug/n?) corresponding  computed concentrations for a 1000 m layer to
to thetime of the satellite passage. produce a closer correspondence to the deeper

layer visbleto the satdlite. In generd the satellite

ingrument is less sengtive to the lower layersin the atmosphere and smdler scale dust eventsthet are
congtrained to a shallow boundary layer may not be detected.

5. Summary and conclusions

A mode for the input of PM,, dust has been congtructed. An assumption of the omnipresence
of particles having sizes between 88 and 125 um was verified by andyses of sampled desert sediments
and published data. Threshold friction velocity was modeled to be dependent on surface roughness.
Surface roughness in turn was correlated with geomorphology or soil properties. A well tested function
related horizonta flux of al aeolian mass to friction velocity and threshold friction velocity. Findly, the
ratio of verticd flux of PM,, dust to the horizonta flux of al aeolian mass as afunction of surface
sediment texture was used to express the verticd flux of PM,, dust. Textures of al sampled soils were
quite close to "sand" texture and consequently only one ratio was used for al soilsin the source aress of
thearea. The mode domain isfor Kuwait, Irag, part of Syria, Saudi Arabia, the United Arab Emirates
and Oman.
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The PM,, emisson dgorithm was incorporated into a Lagrangian transport and disperson
mode. Using gridded meteorologica datafor the region, PM,, air concentrations were computed from
August 1990 through August 1991. The modd predicted about the right number of dust events over
Kuwait for the computationd period. A more quantitative comparison of moded predicted air
concentrations with those measured at four locations in Saudi Arabiaand one in Kuwait over atwo
month period showed the modd to predict each of the mgjor dust storm events but the model
congstently over-predicted the PM, air concentrations. The over-prediction at the coastal samplers
may be attributed to the development of diurna flows such as a sea-breeze, features not well
represented by the ECMWEF data. The results suggest that the model’ s bias toward over-prediction is
due to the entrainment of cleaner air from off-shore. The modd performed well for very large scae dust
events where wind speeds congstently exceeded the threshold with little evidence of any small scae
flow festures. The measurement data showed that during most days concentrations were in the range
of 100 to 200 pg/n?, afeature attributed to fugitive emissions and not predicted by the modd’s strong
wind dependent emission agorithm.

A comparison of the modd predicted PM,, spatia pattern with the TOM S satellite agrosol
index yielded a spatid pattern covering amgor portion of Saudi Arabiathat was strikingly smilar to the
measurements. The study demondtrated thet it is possible to incorporate an inventory of complex soil
characteristics and meteorological data through a modeling approach to produce reasonable estimates
of dust gorm frequency and their spatia extent.
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LIST OF SYMBOLS

A - areal of the emission cell
(o - drag coefficient
Cons - drag coefficient for non-saltating conditions
Cos - drag coefficient for saltating conditions (U>U))
D, - mean soil particle diameter
fess - the efficient friction velocity ratio
F - vertical mass flux of PM ;, dust
g - acceleration of gravity.
k - Von Karman’s constant
K - surface soil texture coefficient
M - the pollutant mass assigned to a particle
? - ar density
P - fraction of the cell covered by a single soil roughness class
P - three dimensional particle position vector
R - the particle number emission rate per grid cell per time step
S - internal dispersion model terrain following vertical coordinate
Qut - total aeolian horizontal mass flux
U. - friction velocity
Usg - friction vel ocity for asmooth surface
Usgg - threshold friction velocity for asmooth surface
Us - threshold friction velocity for initiation of dust emission
U - wind speed
U, - threshold wind speed
W - three dimensional velocity vector
z - wind measurement height
Zys - roughness length of the soil without any roughness elements
Zons - aerodynamic roughness length for non-saltating (U # U,) conditions
Zyy - top of the Hysplit coordinate system
Zy, - the height of the ground
7. - vertical coordinate height above sea-level.
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