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ABSTRACT

Four 6-day simulations of the atmospheric conditions over the Arabian Desert during the time of the 1991
detonation and release of toxic material at the Khamisiyah, Iraq, weapons depot were performed using a mesoscale
model run in a data-assimilation mode. These atmospheric simulations are being employed in a forensic analysis
of the potential contribution of the toxic material to so-called Gulf War illness. The transport and concentration
of such surface-released contaminants are related strongly to the planetary boundary layer (PBL) depth and the
horizontal wind speed in the PBL. The product of the PBL depth and the mean wind speed within it is referred
to as the ventilation and is used as a metric of the horizontal transport within the PBL. Thus, a corollary study
to the larger forensic analysis involves employing the model solutions and available data in an analysis of the
multiscale spatial variability of the daytime desert PBL depth and ventilation as they are affected by surface
forcing from terrain elevation variations, coastal circulations, and contrasts in surface physical properties.
The coarsest computational grid spanned the entire northern Arabian Desert and surrounding areas of the

Middle East, and represented the large-scale PBL modulation by the orography. The PBL depths were greatest
over the high elevations of the western Arabian Peninsula and over the Zagros Mountains in western Iran and
were shallowest over water bodies and the lower elevations in the Tigris–Euphrates Valley. Higher-resolution
grids in the nest (the smallest grid increment was 3.3 km) showed that the PBL depth minimum in the Tigris–
Euphrates Valley was likely a consequence of compensating subsidence associated with the thermally forced
daytime upward motion over the Zagros Mountains to the east in Iran, with possible contributions from an
elevated mixed layer. Further local modulation of the daytime desert PBL occurred as a result of the inland
penetration of the coastal sea-breeze circulation on the west side of the Persian Gulf, where PBL depths were
suppressed as far as 100 km inland. On the finest scales, significant PBL-depth variability resulted from surface
thermal differences associated with contrasts between barren desert and partially vegetated desert.
The average 1500 LT ventilation over the Arabian Desert for the 6-day period varied spatially from less than

4000 m2 s�1 to over 24 000 m2 s�1. This range represents over a factor-of-6 variation in the ability of the
atmosphere to transport contaminants away from a source region.

1. Introduction
Desert environments, in spite of the popular percep-

tion of their uniformity, often contain a complex mosaic
of surface properties associated with their soil, vege-
tation, and topographic elevation variability. These sur-
face property contrasts and the proximity of a desert to
coastlines can generate mesoscale circulations that in-
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teract with synoptic-scale forcing to produce consid-
erable spatial and temporal variability in the planetary
boundary layer (PBL) structure and its interaction with
the free atmosphere. In spite of this potential complexity
of the desert land surface and PBL physics, there has
not been a large amount of experimental and modeling
work performed for deserts, compared with that for for-
ests and agricultural land (Jury et al. 1981), because of
their perceived low economic importance and their geo-
graphic remoteness. This lack of study has limited un-
derstanding of the physical system.
In this study, 6-day simulations using data assimilation

were performed with a triply nested version of the Fifth-
Generation Pennsylvania State University (PSU)–Na-
tional Center for Atmospheric Research (NCAR) me-
soscale model (MM5) as part of a forensic analysis of

funded	  by	  the	  Department	  of	  Defense's	  Office	  of	  the	  Special	  Assistant	  for	  Gulf	  War	  Illnesses	  



Gulf	  War	  Illnesses	  

•  In	  1990s,	  more	  than	  10%	  of	  the	  700,000	  U.S.	  veterans	  
of	  the	  1991	  Gulf	  War	  have	  reported	  a	  variety	  of	  
muscular	  and	  neurological	  ailments	  they	  feel	  might	  be	  
a	  result	  of	  exposure	  to	  toxins	  and/or	  vaccines	  during	  
their	  service.	  	  

•  Analysis	  of	  atmospheric	  transport	  of	  the	  toxic	  
material	  released	  from	  the	  Khamisiyah,	  Iraq,	  
weapons	  bunker	  in	  March	  1991	  aVer	  the	  Gulf	  
War.	  	  

•  T&D	  of	  toxic	  materials	  are	  largely	  determined	  by	  
the	  planetary	  boundary	  layer	  (PBL)	  depth	  and	  
wind	  speed	  within	  PBL	  (ven[la[on).	  



Impacts	  of	  mul--‐scale	  interac-ons	  on	  PBL	  structures	  near	  Khamisiyah,	  Iraq.	  
Six-‐day	  (9-‐15	  March	  1991)	  MM5	  simula-ons	  
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FIG. 1. Geographic extent of the three computational grids. Grid 1 has a grid increment of 30
km, grid 2 has a grid increment of 10 km, and grid 3 has a grid increment of 3.3 km. The locations
of surface (plus signs) and upper-air (circles) observations also are shown.

TABLE 1. Model configuration for the numerical experiments.

Experiment
no.

Large-scale
analysis

Boundary layer
parameterization

Desert roughness
length

1
2
3
4

ECMWF
NCEP
ECMWF
ECMWF

MRF
MRF
Blackadar
MRF

small
small
small
large

the atmospheric transport of the toxic material released
from the Khamisiyah, Iraq, weapons bunker in March
1991 after the Gulf War. The area of the Arabian Desert
for which the simulations apply includes northern Saudi
Arabia, Iraq, Kuwait, and western Iran. There is consid-
erable mesoscale local forcing resulting from the exis-
tence of the Persian Gulf and the orographic gradients
associated with the Zagros Mountains in western Iran,
the Tigris–Euphrates Valley in Iraq, and the mountains
on the western third of the Arabian Peninsula. In addition,
there are modest variations in the vegetation of the desert
surface that can influence the PBL through effects on the
surface heat and moisture budgets.
The diffusive transport and therefore the surface con-

centration of toxic material released into the atmosphere
are related strongly to the PBL depth. In addition, the

product of the PBL depth and the mean wind speed
within it is referred to as the ventilation and is a metric
of the horizontal transport of contaminants. Thus, for
the analysis of the Khamisiyah incident and other Gulf
War cases in which toxic material was released into the
atmosphere, it is important to have knowledge of PBL
variability and its causes in this desert region. This study
will use the model simulations to help to isolate the
comparative roles of different surface forcing–related
physical processes that can affect the daytime PBL depth
and ventilation. The data density in this region unfor-
tunately is sparse, which is typical of desert environ-
ments. Thus, the analysis of physical processes must
rely primarily upon the model solution, which will be
verified against data where available.
For the original forensic task, four 6-day simulations

were performed with different PBL parameterizations,
different sources of data for the lateral boundary con-
ditions and assimilation, and different estimates for the
desert surface roughness length. These multiple experi-
ments were performed to help to bracket the uncertainty
in the meteorological simulations for use in estimating
the uncertainty in the plume-transport analysis. The 6-day
dataset from one of the simulations is employed in this
study for diagnosis of Arabian Desert PBL variability.

Large	  scale:	  Subsidence	  behind	  
coastal-‐breeze	  front.	  

Mesoscale:	  Terrain	  eleva[on	  
variability:	  thermally	  driven	  
mountain–valley	  breeze	  in	  
Tigris–Euphrates	  Valley;	  
Elevated	  mixed	  layers.	  

Local	  scale:	  surface	  
heterogeneity	  



Large-‐scale	  PBL	  Variability	  	  
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FIG. 12. Average daily maximum PBL depth (m) for the 6-day simulation period over grid 1.
Isopleths are plotted at an interval of 300 m.

here, Schultz and Warner (1982) documented that the
PBL ventilation was four times larger at the coastal-
breeze front in the Los Angeles Basin than behind it
near the coastline. The PBL depth was a factor of 2–4
larger ahead of the front than behind it as a result of
the vertical-motion effects. In this study, the Persian
Gulf Sea breeze can influence all three computational
grids, and the Red Sea breeze can influence grid 1.
Terrain elevation variability also can influence the

PBL properties in complex ways. A straightforward ef-
fect is related to the fact that the thermally driven moun-
tain–valley breeze generates vertical motions that influ-
ence the stability in ways analogous to those of the
coastal-breeze circulation. Numerous observational and
modeling studies have documented that the daytime
PBL growth in valleys is suppressed by the subsidence
associated with the thermally direct mountain–valley
circulations (e.g., Kuwagata and Kimura 1995; White-
man 1982; Kimura and Kuwagata 1995; Bader and
McKee 1983). In this case, subsidence associated with
the mountain–valley circulation on the southwest side
of the Zagros Mountains in western Iran potentially
could have a damping effect on the daytime PBL growth
in the Tigris–Euphrates Valley to the west in Iraq. Also,
adjacent to the Red Sea on the western third of the
Arabian Peninsula, the terrain elevation is relatively

high (Fig. 3). It is reasonable that large-scale subsidence
and consequent PBL effects could occur in the entire
lowland area between these heights and the Zagros
Mountains to the east. The subsidence response could
be rapid, even over large distances, because the subsi-
dence develops as a result of mass-field adjustments that
occur on gravity wave timescales. There is little doc-
umentation in the literature, however, of effects on the
PBL of such large-scale terrain variability.
Even though descriptions of such subsidence effects

on the PBL are plentiful in the literature, there is little
discussion of the effect of the upward-motion compo-
nent of the mountain–valley circulation on the PBL
depth. Given that lifting a layer destabilizes it, this com-
ponent should contribute to more unstable soundings
and possibly deeper PBLs above the higher elevations.
In addition, the near-surface horizontal convergence of
air above mountains could stretch vertically the layer
that is being mixed well by turbulence and deepen the
PBL.
Another mechanism by which terrain elevation var-

iability can influence the PBL is through elevated mixed
layers (EML; Carlson and Ludlam 1968). In this geo-
graphic area, the daytime PBL that develops over the
Zagros Mountains in western Iran or over the mountains
of the western Arabian Peninsula could remain aloft as

6-‐day	  average	  maximum	  daily	  PBL	  depth	  

Large	  gradients	  along	  
coastlines	  of	  the	  Red	  Sea	  and	  
the	  Persian	  Gulf	  	  

Deep	  PBL	  over	  the	  mountains	  
(>	  2	  km)	  	  

Lowest	  PBL	  over	  the	  Tigris–
Euphrates	  Valle	  (<	  1.5	  km)	  



Meso-‐scale	  PBL	  Variability	  	  

DowndraV	  in	  the	  valley	  at	  
low	  levels.	  

Weak	  subsidence	  above	  800	  
mb,	  and	  the	  western	  high	  
terrains	  is	  the	  source	  of	  EML	  
over	  the	  valley,	  which	  
suppresses	  the	  PBL	  growth.	  	  
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FIG. 15. Six-day average 1500 LT ventilation (m2 s�1) of the PBL over grid 1, where ventilation
is defined as the PBL depth times the mean wind speed in the PBL. The isopleth interval is 2000
m2 s�1.

FIG. 16. Vertical velocity along the cross section of the Tigris–
Euphrates Valley defined by line C–C� in Fig. 3 for 1200 UTC 10
Mar 1991 (1500 LT). The isotachs are plotted at an interval of 2 cm
s�1. Dashed isotachs correspond to downward vertical velocities. The
top of the PBL also is plotted (heavy line).

there is abundant evidence that typical variations in the
desert surface properties have significant effects on sur-
face temperatures, surface fluxes, and boundary layer
structure (Malek et al. 1990, 1997; Malek and Bingham
1997; Hacker 1988; Humes et al. 1997). For example,
the Hydrological Atmospheric Pilot Experiment in the
Sahel investigated land–atmospheric interaction in the
semiarid Sahel in southwest Niger through the wet sea-
son and the subsequent drying in 1992 (e.g., Taylor et
al. 1997). The study covered an area characterized by
sparse vegetation interspersed with bare areas having
sandy or crusted soil. Aircraft measured local boundary
layer temperature and humidity variations in the region.
Boundary layer winds were very weak, and thus vari-
ability along the flight path is presumed to be due to
local forcing. Spatial variability of temperature and hu-
midity at 50 and 300 m AGL was considerable, with
anomalies tending to be out of phase for the two quan-
tities. Specific humidity variations in excess of 2 g kg�1

existed over a distance of less than 30 km in the lower
PBL. The land surface variability shown in Fig. 2 for
the Arabian Desert primarily reflects differences be-
tween unvegetated and partially vegetated desert, and
the associated differences in albedo and moisture avail-
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FIG. 12. Average daily maximum PBL depth (m) for the 6-day simulation period over grid 1.
Isopleths are plotted at an interval of 300 m.

here, Schultz and Warner (1982) documented that the
PBL ventilation was four times larger at the coastal-
breeze front in the Los Angeles Basin than behind it
near the coastline. The PBL depth was a factor of 2–4
larger ahead of the front than behind it as a result of
the vertical-motion effects. In this study, the Persian
Gulf Sea breeze can influence all three computational
grids, and the Red Sea breeze can influence grid 1.
Terrain elevation variability also can influence the

PBL properties in complex ways. A straightforward ef-
fect is related to the fact that the thermally driven moun-
tain–valley breeze generates vertical motions that influ-
ence the stability in ways analogous to those of the
coastal-breeze circulation. Numerous observational and
modeling studies have documented that the daytime
PBL growth in valleys is suppressed by the subsidence
associated with the thermally direct mountain–valley
circulations (e.g., Kuwagata and Kimura 1995; White-
man 1982; Kimura and Kuwagata 1995; Bader and
McKee 1983). In this case, subsidence associated with
the mountain–valley circulation on the southwest side
of the Zagros Mountains in western Iran potentially
could have a damping effect on the daytime PBL growth
in the Tigris–Euphrates Valley to the west in Iraq. Also,
adjacent to the Red Sea on the western third of the
Arabian Peninsula, the terrain elevation is relatively

high (Fig. 3). It is reasonable that large-scale subsidence
and consequent PBL effects could occur in the entire
lowland area between these heights and the Zagros
Mountains to the east. The subsidence response could
be rapid, even over large distances, because the subsi-
dence develops as a result of mass-field adjustments that
occur on gravity wave timescales. There is little doc-
umentation in the literature, however, of effects on the
PBL of such large-scale terrain variability.
Even though descriptions of such subsidence effects

on the PBL are plentiful in the literature, there is little
discussion of the effect of the upward-motion compo-
nent of the mountain–valley circulation on the PBL
depth. Given that lifting a layer destabilizes it, this com-
ponent should contribute to more unstable soundings
and possibly deeper PBLs above the higher elevations.
In addition, the near-surface horizontal convergence of
air above mountains could stretch vertically the layer
that is being mixed well by turbulence and deepen the
PBL.
Another mechanism by which terrain elevation var-

iability can influence the PBL is through elevated mixed
layers (EML; Carlson and Ludlam 1968). In this geo-
graphic area, the daytime PBL that develops over the
Zagros Mountains in western Iran or over the mountains
of the western Arabian Peninsula could remain aloft as



local-‐scale	  PBL	  Variability	  	  
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FIG. 2. Spatial distribution of the land surface characteristics for grids (a) 1, (b) 2, and (c) 3.

This study with MM5 complements parallel work in
which the Navy Coupled Ocean–AtmosphereMesoscale
Prediction System (COAMPS) and the Navy Opera-
tional Global Atmospheric Prediction System were used
to produce a reanalysis of the regional and global at-
mospheric conditions over this area (Westphal et al.

1999). Both the COAMPS and MM5 simulations were
employed to provide an ensemble of realizations of the
atmospheric conditions for use as input to transport and
dispersion models that supported an analysis of so-
called Gulf War illness. The Westphal et al. (1999) study
focuses on defining the uncertainties in the reanalysis

Land-‐cover	  contrast	  in	  3.3km	  grid	  
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FIG. 19. Depth of the PBL on grid 3 at 1000 UTC 10 Mar 1991. Isopleths are plotted at an
interval of 100 m. Shading indicates land cover characteristics, with white being barren desert,
light gray being desert with scattered vegetation, and dark gray being ‘‘other’’ (see Fig. 2).

motion were examined along a transect of the valley
and the mountains to the northeast. The location of this
cross section (C–C�) is indicated in Fig. 3. Figure 16
shows an example of the simulated vertical motion
(downward motion dashed), for 1200 UTC (1500 LT)
10 March along this cross section that spans the Tigris–
Euphrates Valley and the edge of the mountains to the
east. Downward vertical velocities clearly exist over this
area of the valley at low levels, with weaker subsidence
at higher levels between 600 and 800 hPa (not well
defined at this time). Other cross sections over the rest
of the valley show similar subsidence patterns. The sim-
ulated PBL depths in this cross section are shown also;
the depths over the valley are 1800–2000 m and the
depths over the mountains exceed 2400 m. Examination
of model-generated hourly temperature and moisture
profiles in the valley show the prevalence during much
of the period of a stable and dry layer below 600–700
hPa (not shown); the sharpness of the inversion between
this layer and the PBL becomes enhanced during local
afternoon. This result may suggest that a large-scale
subsidence–related warm, dry layer persists in the area,
which is reinforced on a daily basis through the moun-
tain–valley circulation. Because vertical-motion cross
sections such as in Fig. 16 show only weak subsidence

above 800 hPa, it perhaps is more likely that the high
terrain in the western third of the Arabian Peninsula is
the source of an EML over the valley because the pre-
vailing winds are westerly. Thus, the stable layer at the
base of the EML could be contributing to suppressed
PBL growth in the valley. The fact that the dry layer
has approximately a constant mixing ratio could indicate
that the layer is EML-related, and that the EML is con-
tributing to the shallow PBLs. Note that variations in
land surface characteristics (Fig. 2) also potentially can
modulate the large-scale PBL depth, but there are no
large-scale patterns in surface properties that could be
responsible for PBL variability on this scale (the scale
of the Tigris–Euphrates Valley). Furthermore, results
shown in the next section confirm that the surface prop-
erty variability in the desert (barren vs sparsely vege-
tated desert) only produces a PBL depth variability of
a few hundred meters in this model simulation.
The coastal breeze from the Persian Gulf also could

penetrate sufficiently far inland during the day to affect
PBL growth. Figure 17 shows the maximum inland pen-
etration of the simulated Persian Gulf breeze at 1400
UTC 10 March in terms of its effect on suppressing
PBL growth. The PBL suppression behind the front ex-
tends almost 100 km inland to the west of the gulf. The

Some	  rela[onship	  between	  PBL	  depth	  variability	  
and	  desert	  vegeta[on:	  deeper	  (~	  100s	  meters)	  
PBL	  depths	  over	  the	  par[ally	  vegetated	  area.	  



Using	  MM5	  to	  drive	  Second-‐
order	  Closure	  Integrated	  Puff	  
(SCIPUFF).	  

	  The	  12	  members	  of	  the	  
ensemble	  model	  gave	  very	  
different	  predic[ons	  for	  plume	  
dispersal.	  Each	  box	  shows	  the	  
predicted	  plume	  trajectory	  over	  
[me.	  	  

This	  research	  breaks	  new	  ground	  in	  using	  mesoscale	  
ensembles	  for	  reanalysis	  and	  for	  coupling	  atmospheric	  and	  

dispersion	  models.	  	  



The	  Department	  of	  Defense	  opted	  to	  use	  a	  
single	  simula[on	  from	  RAP,	  rather	  than	  the	  full	  
ensemble	  data,	  in	  draVing	  its	  final	  report.	  A	  
seven-‐member	  presiden[al	  board	  concluded	  in	  
December	  2000	  that	  "research	  has	  not	  
validated	  any	  specific	  cause	  of	  [Gulf	  War]	  
illnesses,”	  and	  that	  "stress	  is	  likely	  a	  primary	  
cause	  of	  illness	  in	  at	  least	  some	  Gulf	  War	  
veterans.”	  
	  	  	  	  	  -‐	  	  Bob	  Henson,	  “UCAR	  Staff	  Note”,	  April	  2001	  
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ABSTRACT

The purpose of this observation- and model-based study of the Great Basin Desert boundary layer is to
illustrate the variety of locally forced circulations that can affect such an area during a diurnal cycle. The area
of the Great Basin Desert (or Great Salt Lake Desert) that is studied is located to the southwest of Salt Lake
City, Utah. It is characteristic of the arid ‘‘basin and range’’ province of North America in that it contains
complex terrain, varied vegetation and substrates, and high water tables associated with salt-encrusted basin
flats (playas). The study area is especially well instrumented with surface meteorological stations operated by
the U.S. Army’s West Desert Test Center and a collection of cooperating mesonets in northeastern Utah. The
study period was chosen based on the availability of special radiosonde data in this area.
One of the processes that is documented here that is unique to desert environments is the salt breeze that

forms around the edge of playas as a result of differential heating. The data and model solution depict the diurnal
cycle of the salt breeze, wherein there is on-playa flow at night and off-playa flow during daylight. There is
also a multiplicity of drainage flows that influence the study area at different times of the night, from both local
and distant terrain. Finally, the lake-breeze front from the Great Salt Lake and Utah Lake progresses through
the complex terrain during the day, to interact with early mountain drainage flow near sunset.

1. Introduction
There is plentiful evidence that regional landscape

variability and the adequacy with which its effects are
represented in atmospheric models have a potentially
strong impact on simulated mesoscale weather and cli-
mate. Many sources of such local landscape forcing,
such as associated with terrain and coastlines, are fairly
well understood and have been thoroughly studied.
Specifically, numerous modeling and empirical studies
document mesoscale impacts of surface variability as-
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Box 3000, Boulder, CO 80307-3000.
E-mail: drife@ucar.edu

sociated with coastlines (Dalu and Pielke 1989), snow-
field boundaries (Segal et al. 1991), surface moisture
gradients (Yan and Anthes 1988; Chang and Wetzel
1991), and anthropogenic landscape changes (Segal et
al. 1989; Chase et al. 1999). Even though these few
examples are representative of a long history of study
of locally forced mesoscale circulations in temperate
environments, there has been little similar attention to
arid areas. This is perhaps because of the perceived
remoteness, sparse population, or low economic value
of such areas. However, warm-climate arid and semi-
arid areas compose almost 40% of earth’s land surface,
and thus the aggregate effect of small-scale, local land–
atmosphere interaction over deserts should have global
impacts. In addition, population increases in some arid
areas (e.g., the southwest United States) far exceed
those in more temperate climates, so desert weather



Model grid configuration!

PSU/NCAR MM5 coupled to 
OSU land surface model.  
Employs nested two-way 
interacting  
computational grids. 



Observations of Great Basin Desert salt breeze!
Observed diurnal cycle of 2-
m temperature at the US Amy 
West Desert Test Center 

Observations of salt breeze for 14 
July 1998. 10-m AGL winds and 2-m 
potential temperature (°C). 



Modeling challenge!

•  Increase playa 
surface albedo 

•  Raise the water table 
close to surface 

•  Increase thermal 
conductivity  



Model control simulation for 1400 LT 14 July 1998.  
Displayed are 10-m wind and topography. 

Observations 

Model 



"...to	  date	  there	  has	  been	  no	  comprehensive	  
reference	  volume	  or	  textbook	  dealing	  with	  the	  
weather	  processes	  that	  define	  the	  character	  of	  
the	  desert	  areas.	  Desert	  Meteorology	  fills	  this	  gap	  
by	  trea[ng	  all	  aspects	  of	  the	  desert	  weather..."	  	  
Journal	  of	  the	  American	  Water	  Resources	  
Associa-on	  

"The	  text	  is	  enjoyable	  to	  read.	  Not	  only	  will	  this	  
book	  be	  extremely	  useful	  to	  meteorologists,	  
environmental	  scien[sts	  and	  applied	  biologists	  
interested	  in	  desert	  meteorology	  and	  its	  
processes,	  but	  also	  to	  anybody	  seeking	  general	  
informa[on	  about	  these	  challenging	  
environments.”	  Royal	  Meteorological	  Society	  

“Desert	  Meteorology	  is	  a	  comprehensive	  and	  
extraordinary	  book	  on	  desert	  ecosystems,	  and	  
should	  be	  read,	  referred	  to,	  or	  even	  browsed	  
through	  by	  everyone	  interested	  in	  and	  concerned	  
with	  the	  fate	  of	  our	  planet."	  
Esmail	  Malek,	  Bulle-n	  of	  the	  AMS	  



Men of Desert 
  “Wind, Sand and Stars” by Antoine de Saint-Exupery!

I shall never be able to express clearly whence comes 
this pleasure men take from aridity, but always and 
everywhere I have seen men attach themselves more 
stubbornly to barren lands than to any other. Men will 
die for a calcined, leafless, stony mountain. The 
nomads will defend to the death their great store of 
sand as if it were a treasure of gold dust. And we, my 
comrades and I, we too have loved the desert to the 
point of feeling that it was there we had lived the best 
years of our lives.  


