AtmosphericEnoironment
Vol.28,No. 20,pp.3329-3357,
1994

Pergamon

Chvriaht@?I
1994Ehier Science
Ltd

Printedih
&r.a~Britain.
All rightstwemd

1352-23lOj94
S7.00+0.00

1352-231q94)00127-8

A NUMERICAL ANALYSIS OF LOS ANGELES BASIN
POLLUTION TRANSPORT TO THE GRAND CANYON
UNDER STABLY STRATIFIED, SOUTHWEST
FLOW CONDITIONS
GREGORY

S.

POULOS and

ROGER

A.

PIELKE

Department of Atmospheric Science, Colorado State University, Fort Collins, CO 80523, U.S.A.
(First received 10 July 1992 and

in final

form

8 April 1994)

Abstract-This
paper presents a numerical investigation of air pollutant transport from the Los Angeles
Basin to Grand Canyon National Park (GCNP) under the stably stratified wintertime, synoptic highpressure conditions that existed during lo-13 February 1987. The Colorado State University Regional
Atmospheric Modeling System (CSU-RAMS) is used to develop fields of different atmospheric variables for
54 simulated hours. These fields are applied in a Lagrangian particle dispersion model (LPDM) to simulate
the advection of pollutant particles for this period. It is found that under the generally southwest flow
conditions presented, particles released from the Los Angeles Basin will impact the Grand Canyon but only
in small amounts. By comparing a flat to complex terrain simulation, the importance of the terrain features
between Los Angeles and GCNP to the dispersion of Los Angeles Basin pollutants is made obvious.
Mountain barriers and undulating land reduce what could otherwise be a very serious pollutant impact on
GCNP. Based on these results the conclusion is made that despite southwest average flow aloft during the
Winter Haze Intensive Tracer Experiment (WHITEX) period of lo-13 February 1987, Los Angeles Basin
pollution did not contribute significantly to the observed visibility reduction in the Grand Canyon during
that time period.
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1. INTRODUCTION

Visibility reduction is a critical issue in U.S. national
parks. Aesthetically pleasing views are compromised
as extinction and absorption of light by particles and
gases increases. National Parks and large Wilderness
Areas are specifically protected by congressional action through Federal legislation. Given the slow reduction in visibility that has been occurring in the
Grand Canyon region since the mid-1950s (Trijonis
and Yan, 1978) and the recent dictate from Congress
that visibility degrada.tion be prevented [i.e. Section
169A of the Clean Air Act Amendments (1990) where
the national air quality goal for national parks is
stated as, “the prevention of any future, and the
remedying of any existing, impairment of visibility” United States Congress (1990)], it is only natural to
consider the sources offincreased pollutant load to the
Grand Canyon atmosphere. By identifying source
contributions a concerted effort can be applied to
reduce those sources and maintain satisfactory visibility levels.
In response to these desires, the Winter Haze Intensive. Tracer Experiment (WHITEX) was executed in
1987. Through WHITEX (Malm et al., 1989), the

Navajo Generating Station (NGS) was implicated as
the major contributor during the lo-13 February
1987 haze episode in the Grand Canyon, although the
National Research Council (NRC, 1990) questioned
the validity of source attribution of Malm et al. (1989).
Four major reasons were cited by Malm et al. (1990)
that cause the NGS to be a likely contributor: (1) the
magnitude of emissions, (2) its proximity to the Grand
Canyon; (3) the NGS and Grand Canyon lie in the
same air basin; and (4) downslope drainage flows in
this basin, if deep enough, would transfer NGS emissions directly toward the Canyon. Note that the fourth
reason cited by Malm et al. (1990) might only be
significant where surface-based northeasterly flows
exceed x500-800 m in depth above Page because
terrain to the southwest of the NGS (1330 m m.s.1.)
rises = 300-600 m in altitude toward the Grand Canyon depending on direction. Porch et al. (1990) measured the occurrence of northeasterly flows greater
than loo0 m deep (up to ~2200 m m.s.1.) during the
9-13 February 1987 episode. However, the NGS
plume generally resides at 1800-2400 m m.s.1. depending on meteorological conditions (Whiteman et al.,
1991). Considerable criticisms of WHITEX quantification of the NGS contribution
have been raised
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(Markowski, 1992; Malm et al., 1992; Richards et al.,
1991; NRC, 1990; Markowski, 1990). Farber et al.
(1990) completed some meteorological analysis of the
lo-13 February 1987 haze episode finding that potential contributions to Grand Canyon pollution came
from the south, southwest, southeast, and northeast of
the Grand Canyon.
Due to persistent southwesterly flow aloft during
the stably stratified period of lo-13 February 1987,
the LA Basin, with its significant pollutant load, can
be cited as an alternate potential source region for the
Grand Canyon haze. Once transported to the Grand
Canyon region, pollutants of southwest origin could
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mix into the Grand Canyon atmosphere. Alternatively, a weak upper level disturbance prior to the
lo-13 February 1987 period could have transported
pollutants of LA Basin origin to northern Arizona
where they were later trapped by the ensuing highpressure period. While Los Angeles has been implicated as a source to Grand Canyon haze in numerous
summer studies, as will be shown in the next section,
very few winter studies exist with similar conclusions.
So the question of wintertime Los Angeles Basin
contribution to Grand Canyon haze conditions, particularly during the lo-13 February 1987 period, needs
to be answered. This study endeavors to determine the
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Fig. 1. A contoured (200 m intervals) plan view of topography on (a) Grid 1, (b) Grid 2, (c) Grid 3 (used
only in SW-3) #ofthe RAMS simulations. Note the greater terrain detail as resolution increases. Cajon Pass
and Banning Pass are noted pollutant transport routes out of the LA Basin. GCNP refers to Grand
Canyon National Park and follows the thick line representing the Colorado River in northern Arizona.
The short-dashed line labeled LAC is the location of horizontal cross section used in later figures and the
long-dashed line labeled 248 ’ represents the wind direction of direct transport from the LA Basin to the
main vistas of GCNP.

potential extent of Los Angeles Basin pollution contribution to the Grand Canyon haze period, lo-13
February 1987.
For comparison, three mesoscale modeling simulations were completed using the CSU-RAMS (Colorado State University Regional Atmospheric Modeling System). The fhst run encompasses the study
region as depicted in IFigs 1 and 2 and uses flat terrain.
The second run had: realistic terrain (Fig. 1) being
otherwise the same as the first run, and was used to
show the importance of terrain effects on transport.
RAMS model run three was similar to run two, except
that a finer grid nest was added around the Los
Angeles Basin to resol.ve better mesoscale atmospheric
flows and their importance to pollutant transport out
of the Los Angeles Basin (see Figs lc and 2). The
meteorological conditions output by each mesoscale
model run were used as input into a Lagrangian
particle dispersion model (LPDM). The LPDM
allows the user to simulate the release of pollutant
particles into a given atmosphere and those particles’
subsequent transport.

2 BACKGROUND

2.1. Long-range transport in the southwest U.S.
In the late 1960s through mid-1970s the main manmade source of pollulants in GCNP was identified as
AE ZB:ZO-J

copper smelters in southern Arizona and Mexico
(Trijonis, 1989). Major existing copper smelters in the
late 1980s were Magma, Nacozari, and Cananea near
the Arizona-Mexico border. In the late 1970s and
1980s the focus of potential sources shifted to electric
power generating stations near northeast Arizona,
and southern California. Numerous studies have identified southern California including the Los Angeles
Basin as a likely source of pollutants (Macias et al.,
1981; Hering et al., 1981; Blumenthal et al., 1981;
Miller et al., 1990, Ashbaugh, 1983; Yamada et al.,
1989; Ashbaugh et al., 1984; Henmi and Bresch, 1985;
Malm et al., 1990; Richards et al., 1991). Studies have
also found that the Navajo Generating Station-(NGS),
located 25 km from the northern boundary of Grand
Canyon National Park near Page, Arizona, can be a
significant contributor to haze conditions at certain
times (Richards et al., 1991; NRC, 1990; Malm et al.,
1989, 1990). Determining which of the three main
identified sources (see Fig. lb): (1) the southern California/Los Angeles Basin; (2) the Navajo Generating
Station; or (3)the southern Arizona copper smelter
region is generally responsible for Grand Canyon
visibility degradation at any one time is complicated.
Source attribution is further complicated by other
potential contributors to Grand Canyon haze in northern California (San Francisco Bay Area), central
Utah, southern Nevada (Mohave Power Plant),
northwest Colorado, northwest New Mexico (San

3332

G. S. POULOS and

R. A. PIELKE

Fig. 2. A plan view of the gridding for SW-3. Grids 1,2, and 3 have grid increments of 72,24, and 8 km,
respectively. All extend vertically up through 35 levels to 21 km and down through 11 soil levels,
respectively.

Juan and Four Corners Power Plants), and northern
Mexico.
Henmi and Bresch (1985) found, by trajectory and
statistical analysis, that southerly flow encourages the
transport of copper smelter sulfur compounds to the
Grand Canyon. This conclusion is reinforced by sulfate level changes during the 1980 copper smelter
strike. During this period, the summer of 1980, sulfate
levels at sites 100-600 km from the smelter region
(such as the Grand Canyon) dropped to half their
typical levels (Eldred et al., 1983) with southerly summer average winds. Using the CAPITA Monte Carlo
model, which advects emissions horizontally within
one well-mixed layer, Macias et al. (1981) concluded
that a significant impact on southwestern visibility
came from southern California. They downplayed the
importance of the Navajo Generation Station (NGS)
as a source. Hering et al. (1981) analyzed VISTTA
species data to determine that during poor visibility
the southwest’s air is enriched by compounds most
likely generated in the Los Angeles Basin based on
independent trajectory calculations of data from the
summer of 1979. Maim et al. (1990) found that major
sources contributing to fine sulfur in the four comers
region throughout the year were southern California,
northern Mexico, the regional coal-fired power plants
using area of influence analysis and principal component analysis.
In one of the only wintertime studies of long-range
pollutant transport to the Grand Canyon, Yamada
et al. (1989) found that under simulated stagnant high-

pressure conditions, pollutants released from downtown Los Angeles into the “nudged” wind field did not
reach the Grand Canyon in 48 h (although the plume
was approaching). Under the influence of a weak cold
front and geostrophic flow from the west, pollutants
were able to reach northern Arizona in less than 24 h.
Yamada et al. (1989) were able to show the importance
of resolving mesoscale flows vs the inadequacy of
simply resolving synoptic flows. The authors of that
paper suggest that, for further resolution, a nested-grid
model be used to study this problem; RAMS is such a
model. Using observations from the Navajo Generating Station Visibility Study (NGSVS) during the
winter of 1990, Richards et al. (1991) found considerably less NGS contribution to Grand Canyon
haze than found in Malm et al. (1989).
2.2. Meteorological considerations
Poor air quality episodes are linked both to lowand high-pressure systems. Thermal lows, low-pressure cyclonic circulations associated with very warm
temperatures that reside in the lower layers of the
troposphere (depending on their strength), have been
cited as an integral synoptic contributor to air pollution periods in Japan, on the Iberia Peninsula, and in
the southwestern U.S. (Kurita et al., 1985, 1990; Kurita and Ueda, 1986; Millan et al., 1991). Poor air
quality is also often associated with high-pressure
stagnation (van Dop et al., 1987; Hall et al., 1973;
Malm et al., 1989). The WHITEX period was dominated by pdar high conditions, including the lo-13
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February 1987 period. As explained by Pielke et al.
(1984), under a polar high, transport would be expected to be local in nature, ventilation would be poor
and, among other mesoscale flows, mountain-valley
(e.g. drainage) flows would dominate.
That synoptic-scale flows can influence or be influenced by mesoscale fllows depending on their relative
strength was pointed out in a modeling study by
Ulrickson and Mass (1990a, b). For example, along
the pathway from the Los Angeles Basin to the Grand
Canyon, a pollutant plume under the influence of
west-southwesterly
lllow might be affected by the
land/sea breeze circubation in Los Angeles, low boundary layer heights and katabatic wind flows near the
Santa Ana mountains 25 km inland, terrain-forcing as
the plume intercepts the mountain, strong vertical
motions from mountainside solar heating, mountain
waves as the plume travels over the mountains, a deep,
turbulent boundary layer in the desert, rapidly changing surface vegetation as the desert turns into the
forests, and further ‘complex terrain and boundary
layer interactions in lthe Grand Canyon region.
Obviously, a vblume of pollutants affected by such
phenomena will not be uniformly transported such as
a strict horizontal Gaussian approximation or a longrange transport model based on the synoptic data
alone might suggest. A comparison of simulations 1
(SW-l) and 2 (SW-2) in this paper investigates these
terrain effects. Blondin (1984) states, “Whatever the
strategy of environmental protection may be, one
must deal correctly with the atmospheric phase of
pollutant cycles and so try to understand and take into
account the meteorology involved.. . .“. This statement
by Blondin emphasizes what researchers have been
gradually finding to be true; multiple scales of
meteorological phenomena are important to largescale pollutant transport. This suggests that including
stronger mesoscale vertical advection and mesoscale
spatially and temporally differential winds can be
important when simulating long-range transport in
complex terrain. Without this effect, vertical transport,
for example, is limited to parametrized vertical diffusion or small, synoptic scale motion, and dispersion
due to mesoscale nonhomogeneous horizontal winds
is ignored.
Within the planetary boundary layer numerous
other mesoscale effects also exist. The long-range
transport of a particle in the atmosphere can depend
on recirculation. Land/sea breezes have been noted for
their ability to capture pollution within the circulation
over many days (Cass and Shair, 1980; Lyons et al.,
1990). Circulations similar to land/sea/lake breezes
have also been found over land where the landscape
varies greatly (i.e. vegetation/bare ground; irrigated/
nonirrigated, snow covered/not snow covered). Such
differences create a “landscape variability” or physiographic breeze which can greatly affect the dispersion
of pollutants (Pielke and Uliasz, 1992; Segal et al.,
1991). In order to simulate long-range pollutant transport from Los Angeles to the Grand Canyon, not only

is a model capable of such simulations necessary, but
also knowledge of the source region.
2.3. Flows in the Los Angeles Basin
Within the Los Angeles Basin numerous source
types emit sulfur oxides. Taken as a whole, LA Basin
sources combine into a large volume source bounded
(taken loosely) by the Pacific Coast and local mountain ranges (see Fig. lc). Pollutant sources are subject
to complex mesoscale meteorological interactions
when residing in the Los Angeles Basin and surrounding areas. Rogers and Bastable (1989) note stability
changes as significant to pollutant transport. They
found that pollutants from the Los Angeles Basin
could be injected into elevated stable layers and
transported to the California-Nevada-Arizona
border, extending the conclusions of Edinger (1973).
Given the height of the surrounding mountains (often
greater than 3 km) it is unlikely, however, that the
boundary layer/mixing height will exceed the average
barrier height on any day, especially in low insolation
periods (i.e. winter). Pollutants are then subject to
escape from the Los Angeles Basin by effects that
either force air over the mountains or channel air
through lower portions of the terrain such as passes
(e.g. Banning Pass at x 800 m m.s.1.) or valleys. A
process somewhat similar to convergence zone evacuation can occur as air impinges on mountain barriers.
In the LA Basin a west wind containing polluted air
will be forced upward or channeled by the mountains.
Such a process can be caused or enhanced by upslope
flows generated by solar heating of mountainsides.
McElroy (1987) with airborne lidar, Edinger et al.
(1972) and Bastable et al. (1990) with surface and
upper air meteorological measurements, Ulrickson
and Mass (1990a, b) in a modeling study, and Grant
(1981) using an airborne laser absorption spectrometer, confirm that such flows are significant to
transporting pollutants from the Los Angeles Basin
even under the influence of synoptically stable conditions. McElroy (1987) showed that preferred transport
routes out of the LA Basin are Cajon and Banning
passes (see Fig. lc). Of cource, there exist the unbiocked routes to the ocean from the Los Angeles
Basin, which could be significant, such as during a
land breeze, but the westward routes are only significant to the Grand Canyon transport question when
pollutants moving westward later move eastward.

3. MODEL APPROACH

3.1. RAMS
The most up-to-date RAMS, Version 2c, was
chosen for this study. RAMS, a prognostic, primitive
equation mesoscale model, was conceived by the
unification of a nonhydrostatic cloud model and two
hydrostatic mesoscale models at Colorado State University (Cotton et al., 1982; Tripoli and Cotton, 1982,
1989; Pielke, 1974; Mahrer and Pielke, 1977; McNider
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and Pielke, 1981; McCumber and Pielke, 1981). The
model’s prognosis, as with most numerical models, is
based on the iteration of time-dependent conservation
equations. For the simulations described herein the
three-dimensinal primitive equations were used in
nonhydrostatic
compressible form to ensure adequate physics for the development of mesoscale features. In tensor notation the compressible form of the
three coordinate equations of motion in RAMS are
(following Tripoli and Cotton, 1982)

thermodynamic

energy,

a%

at=
1

_k&

Cabjk(B;:Y;')I_F

k

[L~~Pr~f~~+pr~)l
P

(3)

(1)
where i, j, k= 1, 2, 3 and a and b are coordinate
transformation coefficients inherent in the use of terrain-following coordinates (Clark, 1977). In equation
(1) p. is reference state density, ais mean velocity, p is
pressure, x* is the terrain-following coordinate, p. is
the density of dry air, g is gravity, 6i,iis the Kronecker
delta function, u” is the sub-grid scale velocity, r, is the
total water mixing ratio (comprised of vapor, liquid
and ice mixing ratio, depending on the complexity of
cloud microphysics used), sijk is the permutation symbol or alternating unit tensor and f is the Coriolis
acceleration. The terms in equation (1) from left-toright are the following:
the local time rate of change of momentum
the pressure gradient acceleration
gravitational acceleration of dry air
the advection of momentum, written as the difference between a flux divergence and momentum
divergence term to improve numerical accuracy
5. turbulent momentum flux contribution, parametrized using K-closure or eddy viscosity closure (in
K-closure turbulent flux is equal to an exchange
coefficient, K, multiplied by the gradient of the
mean variable)
6. gravitational acceleration due to the density of
suspended total water
7. the Coriolis acceleration.

1.
2.
3.
4.

In terrain-following coordinates
continuity equation is

the compressible

z+i$(abijp,,uj)=O.
J

Four mass conservation equations for all water variables (not shown) for use in simulations with extensive
cloud microphysics are also formulated. The ninth and
final prognostic equation used in RAMS is that for

where 0 is potential temperature, 8, is ice-liquid water
potential temperature, T is temperature, C, is the heat
capacity of dry air, L, and Li, are the latent heats of
vaporization and sublimation, respectively, and Pr,,
Pri, and Pr, are the precipitation tendencies of rainwater, ice, and graupel, respectively.
The equations described above form a well-posed,
closed mathematical set when used with diagnostic
relations [not shown, see Tripoli and Cotton (1982)].
Numerical integration of this formulation to forecast
atmospheric conditions is achieved by the specification of boundary and initial conditions, the use of
numerous parametrizations (see Pielke et al., 1992)
and time- and space-differencing schemes. For these
simulations the upper boundary was- specified at
~21 km m.s.1. as a rigid lid where the top five model
grid levels are used as a Rayleigh friction layer to
absorb vertically propagating gravity waves (Clark,
1977). The lateral boundaries were the radiative type
of Klemp and Wilhelmson (1978a,b). The initial
condition is described below. Because these model
equations are iterated within a grid structure, stable,
numerical, time-differencing schemes are used to integrate the equations. The differencing schemes used
vary considerably depending on the term differenced.
Advective and source terms are time differenced using
a basic leap frog formulation and Asslein filter; turbulent quantities are time differenced using a forward
scheme and acoustic terms are time differenced using a
forward-backward semi-implicit scheme over a smaller timestep than used for the other terms (due to the
high speed of sound waves relative to typical atmospheric motions). In space, derivative terms are differenced with fourth-order accuracy in flux-conservative
form. More complete overviews of RAMS and verification of its accuracy for various meteorological
conditions can be found in Tremback et al. (1986),
Cotton et al. (1988), Tremback and Walko (1992), and
Pielke et al. (1992). RAMS has been successfully used
to represent varied atmospheric conditions from
turbulent eddy flows around building structures to
synoptic flow fields (Moran, 1992), and from subtropical thunderstorms to western U.S. snowstorms
(Snook and Schmidt, 1992).
The flexible organization of RAMS enables the user
to select desirable features for the simulations. For the
simulations included here, the following additional
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model characteristics were used:
??horizontally homogeneous initialization
0 complex, realistic terrain
??vapor used as a passive tracer (no microphysical
processes)
??short- and long-wave radiation
??soil model prognosing the evolution of soil moisture
and heat contributions to the atmosphere, given soil
type, land percentage, and surface layer gradients.

The three simulations used in this study were very
similar except for select changes in gridding and
terrain. All were three-dimensional, nonhydrostatic
with a horizontal c’oarse grid (Grid 1) increment of
72 km, an inner grid (Grid 2) of 24 km grid increments
encompassing the Los Angeles-Grand Canyon corridor, and a timestep of 90 s. All were begun at 1200
GMT and run for 54 h of simulated time over the same
domain size (as depicted in Fig. 1). The first simulation, SW-l, used flat terrain for its surface although
the region has complex terrain around Los Angeles.
The purpose of SW,-1 was to investigate the importance of the terrain that actually exists in the Los
Angeles to Grand Canyon pathway to pollutant transport. To complete this evaluation a second simulation,
SW-2, are complet’ed with smoothed, real terrain
included. Terrain was read from latitude-longitude
height files with 10 min interval values and interpolated to the 72 and 24 km grid increments of Grids 1
and 2, respectively. The terrain appears as shown in
Fig. 1. SW-2 allowed an investigation of the significance of topographical barriers to pollutant flow from
Los Angeles in a coarse (24 km grid increment,
Fig. lb) resolution environment. The third simulation,
SW-3, differed from SW-2 by the inclusion of a fine
nest (Grid 3, Fig. lc) of 8 km grid increments within
the 24 km incremen.t Grid 2. Grid 3 resolves better
mesoscale atmospheric features associated with the
complex terrain around Los Angeles. Using the numerical terrain smoother necessarily moderates altitude extremes. For example, Banning Pass which in
actuality is 800 m m.s.1. is represented in the model as
just under 1000 m m.s.1. Where relevant, such inaccuracies are discussed.
The sounding used to initialize the horizontally
homogeneous conditions of the three simulations was
a composite average of soundings taken within the
domain during the extended period of poor visibility
in the WHITEX are:a (i.e., lo-13 February 1987). To
represent the Los Angeles to Grand Canyon corridor
atmosphere in the eairly morning hours, the soundings
from San Diego, California, Las Vegas, Nevada, and
Winslow, Arizona for the period were combined.
The lo-13 February 1987 represented a situation
when the upper air flow was generally from the
southwest and stably stratified, except during daytime
at lower atmospheric levels and occasionally aloft.
Simple averages taken along National Weather Service mandatory level pressure surfaces above the

ground (1000, 850, 700, 500, 400, 300, 250, 200, 150,
100,70,50,30,20, and 10 mb) at each station for each
day of the period revealed average winds blowing from
210-270” throughout the period, but most typically
between 235 and 265’ (an average of 250”). The
Grand Canyon would be directly impacted by polhtants flowing along a line of x 248 ’ (see Fig. lb)
through Los Angeles. It was decided that an average
wind direction of 248 ’ would be initialized vertically
throughout the domain to simulate the most direct
southwest flow condition to the Grand Canyon still
representative of the lo-13 February 1987 haze
period. Wind speeds, temperatures, and moisture data
used in the model’s initial sounding are also composite
averages over the period. The averaging procedure
yielded an initial sounding where the potential temperature lapse rate for the 100%850, 850-700 and
700-500 mb layers was 4.96, 5.29 and 3.6”C km-‘,
respectively, or stably stratified. The average wind
speed for these same layers was 3.24, 7.00, and
12.17 m s-l, respectively. The reader should recognize
that in many cases land breeze, terrain forcing, or
surface inhomogeneities drastically alter low-level
winds. These winds were averaged out in the initialization, but are generated by the RAMS formulation. In
the simulations presented in this paper, an attempt is
made to determine if, even under near worst-case
conditions of initially direct (248 “) transport, the Los
Angeles contribution could have been significant to
the lo-13 February 1987 haze. Once initialized, the
model was allowed to run in purely prognostic mode,
without nudging of any kind. This manuscript investigates the stably stratified lo-13 February 1987 period
only and does not consider the weak upper-level
disturbance prior to this period. The worst haze
condition existed on 13 February 1987, the fourth day
of the haze period.
3.2. LPDM
The particle model used was the LPDM originally
developed by McNider (1981) and recently detailed by
McNider et al. (1988) and Pielke (1984). Based on
meteorological information contained in the files produced by RAMS, a particle source can be advected
from any location within the model domain using a
Lagrangian (particle following) technique. For each
timestep At (typically 5-10 s), the position of each
particle is
~~(t+At)=x,(t)+[u,(t)+u:‘(t)]

At

where i= 1, 2, 3 and xi are the particle coordinate
positions in Cartesian coordinates, wi are the velocity
components resolved by the model and u; are the
subgrid-scale turbulent components. Particles are
mostly transported by the resolved velocity fields of
the model, although the subgrid-scale component can
be important. Based on the work of Smith (1968) the
subgrid-scale turbulent velocity component is
uf’(t+At)=~;‘(t)R~(At)+ul”(t)

(4)
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where uf” are random velocity components which, by
assumption, are independent of the ur and Ri are the
autocorrelation coefficients of Gifford (1982):
Ri(At)=exp(-A.t/T,i)

(5)

where TLi are the Lagrangian integral time scales of
uf’. Ri in equations (4) and (5) vary from 0 to 1. The
parametrization of rri is shown in McNider et al.
(1988), along with other details of the LPDM.
The LPDM was run with the same particle sources
for SW-1 through SW-3. Each of the five, 54 h, LPDM
simulations per RAMS run were spawned from a
continuous volume source in the LA Basin of varying
depths vertically and 28.8 km in the x- and y-directions centered on the major sulfur oxide sources in the
LA Basin (Cass and Shair, 1980). The meteorological
input and surface conditions for each LPDM run
came from the meteorological output produced by
SW-l through SW-3, respectively. LPDM wind fields
were interpolated between meteorological fields created at 30 min intervals (shorter, i.e. 15 min intervals
did not improve the simulations) during the 54 h
period. In the upcoming discussion only one of the five
LPDM runs per RAMS simulation will be discussed
due to the many similarities of the particle transport
regardless of release altitude up to 500 m. Details are
contained in Poulos (1992). The LPDM runs to be
discussed for SW-l through SW-3 are denoted as
SWP-1, SWP-2, and SWP-3, respectively. Although
no terrain is in SWP-1, both SWP-2 and SWP-3 use
the same terrain as that exists in the model domain.
4. RAMS METEOROLOGICAL RESULTS

4.1. SW-1
The meteorological fields that evolve over the 54 h
period from 12002 (0500 PST) to 18002 (1100 PST,
2 d later) generically represent atmospheric conditions
in any 2 d of the composited period (i.e. 12002 9
February-1800Z 11 February 1987). For SW-l, which
uses flat terrain, these fields are rather uniform
throughout the simulation due to the lack of terrain
effects, as would be expected. These uniform fiel&s are
easily described so no figures are shown. Potential
temperature profiles exhibit little change in the upper
layers whife lower layers form a 1 km deep unstable
boundary layer, with a lower boundary layer over the
ocean where surface heating is less effective. This
boundary layer begins to develop significantly approaching 1600 Z and returns to nighttime level by
xO4OOZ. The small depth of the model boundary
layer is consistent with mid-winter conditions. The flat
terrain of this simulation creates an environment with
little forcing; thus, winds are not subject to large
changes in time. In fact, the only surface inhomogeneity throughout the domain is the western U.S. coast.
The winds are quite uniform throughout the domain
in both speed and direction over time. Particles released into such an environment would be expected to
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travel in a simple manner nearly parallel to the rather
uniform wind vectors. Dispersion for SW-l (called
SWP-1) is discussed in Section 5.1.
4.2. SW-2
By adding approximate real topography to the
model conditions in SW-2, an attempt is made to
represent the near-surface fields that would be generated over the domain by terrain features. By comparing SW-2 to the uniform fields in SW-l, we can
discern what terrain effects are most significant to
pollutant transport from the LA Basin under stably
stratified, synoptic high-pressure conditions. How the
model interpolates the terrain data set to represent
actual terrain is depicted in Fig. 1. Note how the
model terrain on Grid 2 is more detailed than that on
Grid 1 due to the smaller grid increment on Grid 2.
The first full diurnal cycle of the simulation is
partially shown in Fig. 3 in an east-west vertical cross
section of potential temperature on Grid 2 through
Banning Pass. Figure lb depicts this cross section as a
dashed line labeled LAC. Note that by 16002 the
boundary layer, approximately represented by the
area of vertical isentropes, has grown to approximately 500 m on the east side of the mountains. The
boundary layer grows to 1 km by 20002 and is
reduced, as would be expected, into the evening and
overnight hours (02-42, next day). The portion of the
first diurnal cycle presented in Fig. 3 is consistent with
the potential temperature field evolution of the next
diurnal cycle (not shown). The effects of the Pacific
Ocean on the boundary layer can be seen in its
reduced depth throughout the daytime on the west
side of the mountains compared to the higher altitude
Mohave desert (east side of the mountains). This
behavior is similar to the boundary layer depth
characteristics observed by Edinger (1973), although
his observations were in June. No direct comparison
with observations is strictly valid because the initial
conditions were composited, however, the surface
temperatures are generally within 4 “C of actual surface temperatures during the WHITEX period.
Wind fields are the single most important variable
affecting dry, nonreactive pollutant transport. Figure
4 depicts the time evolution of horizontal wind vectors. At 16002 and OOOOZthe winds have significantly
altered from their initial west-southwesterly path. This
is in stark contrast to be comparatively uniform field
simulated over flat terrain in SW-l (not shown). The
inclusion of real terrain to SW-2 has, as expected,
completely changed the near-surface wind-field evolution. As a result, pollutant trajectories are considerably different when released into SW-~‘S environment,
compared to that of SW-l as discussed in Section 5.2.
In the northern portion of Grid 2 the steep terrain of
the southern Sierra Nevada (mountains) has forced
impinging winds to back to the south causing convergence with west and southwesterlies in south central
California % 150 km north of Los Angeles. This con-

Los Angeles basin pollution

vergence creates the strongest winds, 9.8 m s- ‘, within
the domain at this point. To the east of the California
mountains winds become southerly and even from a
counterclockwise circulation just east of the southern
Sierra (see Figs 4b-cl). Two low-level transport routes
appear in the Los Angeles Basin region: (1) northeast
through Cajon Pas,s, and (2) east through Banning
Pass. Both routes have been noted as pollutant transport routes in previous studies (Ulrickson and Mass,
1990b; McElroy, 1957).
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In southern Arizona the initial southwesterly flow
has backed to the southeast, apparently due to lowlevel terrain forcing by the Mogollon and Colorado
Plateaus in central Arizona. This creates a convergence zone in the Mohave desert; a potential location
for pollutant accumulation and recirculation. Similar
turning of the low-level winds occurs as southwesterly
initial winds impinge on the Cococino Plateau near
the Grand Canyon region. Winds become upslope to
the elevated land masses and diverge to the north and
-
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Fig. 3. A vertical, east-west cross section of potential temperature, 0, for SW-2 on Grid 2 at 120 km
south of the domain center point (seeFig. 1b), transecting the Los Angeles Basin at (a) 16002, hour 28; (b)
20002, hour 32; (c) 00002, hour 36; and (d) 04002, hour 40. The contour interval is 2.0 K, and the time
interval is 4 h, beginning 28 h into SW-2 continuing through hour 40.

east of the Grand Canyon region. The overnight wind
fields (Figs 4c and d) quantitatively match the winds
shown in Farber et al. (1990) with x2-5 m s-l wind
speed and southerly to southwesterly direction. The
reader is reminded that because of the averaged
initialization of these simulations, winds are not expetted to match observations at all times and loc-

ations, but only capture the typical evolution during
the period.
At the 1 km level (not shown) the horizontal wind is,
as expected, considerably less influenced by terrain
than at the 73 m level and pollutant pathways to the
northeast and east of Los Angeles are much less
distinct. At the height of 1 km, terrain forcing appears

Los Angeles basin pollution
to be limited to large-scale variations in flow. An
exception to this can be found over the steep terrain of
the southern Sierra Nevada where wind vectors consistently diverge on the mesoscale. We conclude, then,
that during lo-13 February 1987, flows aloft (> 1 km)
were relatively unaffected by the underlying terrain
compared to flows 4: 1 km. Theoretically, pollutants
mixed to > 1 km or higher would be able to be
transported to the Grand Canyon region relatively
unimpeded, unlike pollutants carried below approximately 1 km.
Figure 5 shows the 16 h evolution of vertical wind,
w, along the LA Basin transect. The simulation is

- 600

-400
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generally characterized by weak vertical motion except in mountainous regions where magnitudes peak
near 10 cm s- ‘. The simulation captures the upward/
downward vertical motion couplet associated with
mountain-induced
gravity waves which are observed
as winds impinge upon mountains. On the mountainside, evidence of upslope flow from solar heating is
evident. Pollutants transported into the mountainous
area would become subject to strong mixing and be
lifted to upper levels. That mountainsides are areas of
strong ventilation of Los Angeles pollution has been
hypothesized by Edinger et al. (1972), Segal et al.
(1985), and Ulrickson and Mass (1990a, b) and was
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Fig. 4. A plan view showing the evolution of horizontal wind vectors on Grid 2 (see Fig. 2) for SW-2 at
73.2 in AGL, for the period 28-40 h into the simulation in 4 h increments at (a) 16002, hour 28; (b)
20002, hour 32; (c) 00002, hour 36; and (d) 04002, hour 40. Topography is included in 200 m intervals
to show the effects of terrain better. The longest vector represents x9 m s-r.

active during lo-13 February 1987. Similarly, in the overnight periods, as shown in Fig. 5,
downward vertical motion associated with katabatic
mountain drainage flows reach 6 cm s-r. The strength
and expanse of such vertical motions emphasizes the
differences in dispersion that are expected to occur
between the true (albeit smoothed) terrain and flat
terrain simulations. One expects increased dispersion
and a lessened impact of Los Angeles produced pollution on the Grand Canyon simply due to the existence

apparently

of complex terrain in the Los Angeles to Grand
Canyon corridor. By comparing SW-l and SW-2
three primary mechamsms appear to be most significant to LA Basin pollutant dispersion enroute to
Northern Arizona under stably stratified, clear sky
synoptic conditions: (1) daytime upslope flows along
the mountains which disperse pollutants vertically
and horizontally, (2) a deep, desert boundary layer east
of the mountains which strongly mix pollutants vertically and (3) the general slope up to the northeast
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increases the ability of the meteorological model to
produce larger vertical motion since small-scale horizontal temperature gradients and velocities can be
resolved. Obviously, this increased motion would
affect particle transport as well.
Figure 6 shows the Grid 2 evolution of potential
temperature with height from east to west passing
through the northern part of Banning Pass along the
LA Basin transect (see dashed line marked LAC in
Fig. lb). By comparing this cross section to Fig. 3 one

toward GCNP which diverts stable, wintertime flows
as they impinge on the barrier, preventing direct
transport to GCNP.
4.3. SW-3
As described previously, SW-3 differs from SW-2 by
its nest of 8 km grid increments over the LA Basin
(Fig. 2). This allows greater terrain accuracy (Fig. lc)
and far better resolution of mesoscale meteorological
processes. Generally, the inclusion of a fine nest
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Fig. 5. An east-west vertical profile showing the simulated evolution of vertical motion, w, for SW-2 at the
LA Basin transect (see Fig. lb) for 28-40 h in 4 h increments at: (a) 16002, hour 28; (b) 2ooO2, hour 32; (c)
00002, hour 36; and (d) o4002, hour 40. Contour intervals are at 2 cm s-’ and negative values are depicted
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can see how the difference in grid increment from
24 km in SW-2 to 8 km in SW-3 alIects the terrain
representation in the model. Note, in particular, the
difference in the representation of the mountain centered at - 175 km in Fig 3 compared to Fig. 6. The
subsequent change in the potential temperature field is
the magnitude of the mountain waves. Note the

increased amplitude of the mountain wave in Fig. 6
compared to Fig. 3 throughout the time period (as
shown by tilting isentropes, this effect is enhanced by
the decreased vertical scale in Fig. 6). The evolution of
the boundary layer in SW-3 is very much like that of
SW-2. Its depth and location are nearly identical
except in locations where nest differences create differ-

Los Angeles basirrpollution
ing terrain features. SW-3 contains more abrupt
changes in boundary depth with distance as shown in
the region surrounding the mountain in Fig. 6. SW-3
shows the important
of resolution when modeling
local LA Basin pollutant transport. A model with
crude resolution or limited dynamics would be inadequate in this cohplex terrain region.
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The horizontal winds in SW-3 are quite consistent
with SW-2, especially outside of the finest nest of SW3. This is to be expected since outside of Grid 3 the grid
increment and terrain representation is identical. A
number of changes, however, occur within the bounds
of Grid 3, the finest nest. Figure 7 presents horizontal
wind vectors of SW-3 for Grid 2 comparable to Fig. 4
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which shows the same period for SW-2. Many features
are quite similar, i.e.
??The

convergence line to the north of Los Angeles
along the San Gabriel mountains.
??The anticyclone circulation to the east of the southern Sierra.
??The turning of the wind away from the Colorado
Plateau in eastern Arizona.

??The

consistency of southwesterly flow over the
southwestern part of the Grid 2 domain.
??The maximum wind-speed averages only 0.6 m s- 1
less than that of SW-2 during the 24 h period
(10.2 m s- l for SW-3 vs 10.8 m s- l for SW-2).
Differences arise for the most part within or near the
Grid 3 area. Winds over the ocean back more in SW-3,
being more southerly than SW-2 at the similar times.
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The strength of the convergence along the San Gabriel
mountains increases in SW-3. Divergence of winds
around the better resolved mountains of San Bernardino National Forest is considerably more evident,
as is convergence into Cajon Pass. Within Grid 3 in
the LA Basin over land, wind speeds drop somewhat,
approaching 0 m s- ’ in one location. Horizontal
winds above 1 km are far less affected by underlying
terrain.
Vertical wind profiles for SW-3 on Grid 3 are shown
in Fig. 8. This cross section is depicted in Fig. lc. The
additional capability of RAMS to resolve vertical
motion with decreasing grid increment can easily be
seen by comparing Fig,s 5 (Grid 2) and 8 (Grid 3). Note

the strength differences; on Grid 2 the magnitude of
the largest vertical motion is 6 cm s-t at 20002, on
Grid 3 the maximum magnitude at 20002 is
20 cm s-r. Obviously, such differences are important
with respect to pollutant transport. Larger vertical
motions not only increase the depth of the boundary
layer but transfer pollutants to higher levels in the
atmosphere subjecting them to higher horizontal wind
speeds. The finer scale evolution of the strength of the
mountain-induced
downward/upward
vertical motion couplet is evident in Fig. 8 to an extent unresolved
in SW-2 on Grid 2. Note the realistic wintertime
diurnal cycle of upslope heating on the mountainside;
the morning hours (16002) show little or no vertical
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Fig. 7. Horizontal wind vectors on Grid 2 for SW-3 at 73.2 m AGL for the 24 h period between 28 and
40 h of the simulation at (a) 16002, hour 28; (b) 20002, hour 32; (c) oooOZ, hour 36; and (d) 04OOZ,hour
40. The longest vector represents x 10 m s-l.

motion along the mountain, but by 20002 (1300 PST)
strong ascent of 20 cm s- ’ has formed on the western

slope and upward motion of 10 cm s- ’ on the eastern
slope. Toward sundown (Sun shining on western
slope only) at OOOOZupslope only remains on the
western slope having weakened to an ascent of
15cms- r. The eastern slope’s upslope has reversed
and become downslope; perhaps combining with the
mountain wave on the eastern side to create strong
descent of 30 cm s- r. Overnight, the western upslope
deteriorates completely; the eastern side downslope is
more persistent, lasting until early morning when the

eastern side atmosphere has so stabilized that the
mountain-induced
downslope has stopped. The upslope regime lasts only 6 h during these winter conditions controlling the amount of time available for
upslope, mountainside winds to evacuate LA Basin
pollutants.

5. LPDM RESULTS

Each LPDM simulation, SWP-1 through 3 for
SW-l through 3, respectively, released one particle per

Los Angeles basin pollution

5.1. SWP-1, pat terrain

250 s from a randomly designated location within the
designated release volume representing the LA Basin
source as described in Section 3.2 The particle release
was begun at 45 min into the simulation and ended at
54 h for a total of 767 particles. Particle positions were
saved every 30 min allowing the animation of 106
consecutive files out to 54 hs.
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As one might expect, a flat terrain simulation of
generically initialized wind conditions does not reveal
much regarding actual dispersion out of the LA Basin.
Its value is shown when its results are compared to
terrain-inclusive RAMS runs (SW-2 and SW-3) to
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Fig. 8. An east-west vertical profile of vertical motion for SW-3 at-120 km on Grid 3 (see Fig. lc) for
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evaluate the importance of that terrain to dispersion of
LA Basin pollutants en route to the east. One might
consider SWP-1 a sophisticated control run similar to
what might be reproduced by a one-layer, diagnostic
long-range transport plume model.
The simulation and subsequent animation (which is
not shown here) of SWP-1 reveals considerable ver-

tical mixing but limited horizontal transport (relative
to the plume axis). Because model-predicted wind
fields over the homogeneous, flat terrain change very
little throughout the 54 h period, the LA Basin plume
moves in the west-southwesterly wind directly toward
the Grand Canyon. Figure 9 shows the progression of
the plume toward the Grand Canyon at 18 and 54 h

Los Angeles basin pollution

3349

Fig. 9. A plan view of particle position for SWP-1 at (a) 06002, hour 18; and (b) 18002,

hour 54. The release area and Grand Canyon region are labeled and shown as boxes at
their respective locations.

(i.e. 06002 10 February and 182 11 February). Slight
changes in direction from the 248 ’ initial wind direction due to inertial oscillation are seen in the slight
meander along the plume in time (i.e. see also McNider et al. (1988) for aldiscussion of this effect over a
large, flat terrain region in Northern Australia). Also
some shear with height develops in response to surface
friction causing the upper 300-500 m of plume to be
transported more easterly with respect to the lower
portion of plume. From the initial release width of
approximately 45 km the plume spreads horizontally
to a maximum width of 100 km at simulation end. As
described in Sections 5.2 and 5.3 below, dispersion
increases drastically when realistic terrain is used.
Although horizontal dispersion is limited in this
stable, wintertime environment, vertical dispersion is
limited only by the extent of boundary layer growth.
In this simulation th,e boundary layer grows to ap-

proximately 1 km. Correspondingly, particles initially
in the O-500 m layer during preconvective boundary
layer times (overnight) are quickly mixed to 1 km
when the deeper boundary layer does form. The
animation further reveals that when the boundary
layer depth re-establishes itself at a lower level as
evening approaches only a small number of particles
remain below that height. Most particles remain elevated at the level they achieved prior to sunset and
boundary layer decay. Particles released into the
stable overnight atmosphere do not exhibit significant
vertical dispersion, while horizontal dispersion continues, although at a slower rate than during the day.
Particles at lower levels move at a slower rate to the
northeast than those aloft. The leading edge of the
plume reaches the primary Grand Canyon vistas in
x36 h, and continue well past GCNP by 54 h, as
shown in Fig. 9b.
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Under these conditions particles can be counted at
different locations to estimate roughly dilutions factors given plume dimensions in the region of interest.
Using the volume containing the first 100 particles for
reference, it is found that 100 particles reside within a
approximately
5.0 x lo4 m x 5.0 x lo4 m
volume
x 500 m as measured in the animation software. Each
particle, then, represents one-hundredth of the existing
pollutant mass in the LA plume from the surface to
500 m. At its densest concentration over the Grand
Canyon region, 70 particles occupy a volume approximately 7.0 x lo4 m x 1.00 x 10’ m x 1.0 x lo3 m. The
dilution factor in this case is 8. Although 70% of the
original plume pollutant mass transports to the Grand
Canyon in the worst instance, the particles disperse
through such a volume due to boundary layer mixing
and vertical wind shear that one-eighth of the original
concentration is present. A number of effects do not
enter into this calculation such as wet and dry deposition, and chemical conversion processes. These effects
would increase the effective dilution factor further.
Note that the dilution factor would have been two
times less (four) if the pollutants had not mixed
through the 1 km deep boundary layer and instead
remained within 500 m of the surface. This emphasizes
the importance of the growing boundary layer to the
dispersion of pollutant plumes.
5.2. SWP-2
By running the LPDM using the realistic terrain
and the more complicated meteorological fields of
SW-2, numerous insights into the processes effecting
pollutants transported out of the Los Angeles Basin
are found. In comparison to the relatively simple
dispersion characteristics of SWP-1, SWP-2 describes
a complicated diurnal cycle of pollutant flow in the
Los Angeles-Grand Canyon corridor.
Figure 10 presents a plan view of particle transport
out of the LA Basin in time based on SWP-2. Because
SWP-2 is a deep release (surface to 500 m) it generically represents the features that exist in the four
lower level releases discussed in Poulos (1992). Transport was characterized by the following.
O-4 h: Southwesterlies (as were initialized) exist
throughout the domain. Particles are trapped within
the LA Basin by weak southwest winds which force
particles towards the mountains but cannot rise over
due to atmospheric stability prior to boundary layer
development.
4-12 h: The boundary layer grows and decays
during this period. Mixing reaches its maximum and
particles are vertically transported to 800 m or more
where higher horizontal winds, supported by upslope
flow, transport particles over the mountains to the
east of LA into the high Mohave desert similar to
findings of Edinger et al. (1972), Bastable et al. (1990),
Ulrickson and Mass (199Oa,b), and Grant (1981).
Preferred transport routes are noticeable through
Cajon Pass (which the model topography represents

R. A. PIELKE

as a low ridge) and Banning Pass, while numerous
particles are also able to travel over the mountains of
San Bernardino National Forest at maximum boundary layer depth as found in McElroy (1987). The rate
of transport through pass routes may be underestimated because the model terrain is higher in passlike areas than the actual terrain, although this effect is
offset by the fact that essentially all particles along the
mountains are eventually evacuated from the Los
Angeles Basin either through the passes or over the
mountains.
12-28 h: During
this evening/overnight/early
morning period the boundary layer is reduced in
depth and the atmosphere becomes quite stable. Because newly released pollutants are, for the most part,
trapped within the shallow boundary layer, they reside
near the surface and are subject to low-level, terraininfluenced winds (see Fig. 10a). Particles released in
the LA Basin are transported by easterly drainage
winds to the west (toward the ocean) away from the
Grand Canyon. Once reaching the ocean they converge with the southwesterlies prevailing there. This
convergence contains particles which are situated
along the mountains to the north of LA in an
east-west line. The convergence is weak enough such
that the pollutants remain in low levels. The high
desert particles are trapped by atmospheric stability as
well, being subject to a weak anticyclonic desert
circulation near the east side of the San Bernardino
National Forest. No particles reach the Grand Canyon in the first 28 h of this simulation.
28-36 h: This period is the daytime of day 2 where
the boundary layer grows to nearly 1 km diluting the
particles significantly, as found in SWP-1. Particles
which were trapped in the high desert overnight now,
as momentum mixes downward, begin to move again
to the north and east (see Fig. lob). They do not,
however, reach the Grand Canyon in large numbers.
Instead, since model winds have become south-southwesterly the particles move north passing to the west
of the major vistas of the Grand Canyon. A few
particles cross the GCNP boundary at high altitudes.
This period is otherwise similar to hours 4-12.
36-54 h: This period is quite similar to the 12-28 h
period described earlier, with the exception of those
particles which have traveled to the west and north of
northern Arizona. While about two-thirds of these
particles have become trapped in the shallow overnight boundary layer and travel slowly in the complex
mountain flows of eastern California, Nevada, and
southern Utah, another third are not trapped by the
boundary layer (see Fig, 1Oc). This third travels at
upper levels, where the southwesterlies are consistent
and strong. The particles move with this flow off to the
northeast.
SWP-2 shows that LA Basin particles, released into
generally southwesterly flow similar to that which
existed during lo-13 February 1987, are not transported directly but strongly influenced by terrain-
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induced meteorological flows. Terrain effects are so
significant at these low levels that dilution is increased
by an order of magnitude compared with a no-terrain
simulation. The terrain slope approaching the Colorado Plateau appears to divert initially west-southwesterly winds away from the Grand Canyon causing
plume particles to avoid the sensitive northern Arizona/Grand Canyon region. It can be speculated that a
meteorological model simulation initialized with lowlevel westerly winds instead of west-southwesterly
winds might bring a greater percentage of particles to
the Grand Canyon. Such a simulation would not be
representative of the lo-13 February 1987 WHITEX
period, however.
Pollutants released at essentially any level in the
Los Angeles Basin in winter conditions are diluted
strongly by the boundary layer processes discussed for
experiment SWP-1 plus the dilution caused by the
terrain-forced mesoscale circulation. The dilution process prevents the LA Basin plume from reaching the
Grand Canyon in concentrations as high as found in
SWP-1 during this simulated period. Using the lowest
of our conservatively calculated dilution factors for
SWP-2,40, as a worst-case SWP-2 estimate (although
dilution of 200 or higher were calculated for different
release depths), and an average LA Basin initial
concentration of PM-10 (particles less than 10pm)
particles of 60 pgrne3 throughout
the 28.8 km2
x 500 m volume, the concentration of air parcels
reaching the Grand Canyon from this source would
roughly be 1.5 pgrne3. With mean PM-10 concentrations from March 1988 to February 1991 of approximately 9 pgrnm3 from the National Park Service Fine
Particle Network, the LA Basin contribution
to
Grand Canyon haze is conservatively approximated
to be at most 16.67% during the lo-13 February 1987
haze period based on this model simulation. Another
approach, using worst-case LA Basin PM-10 concentrations and typical high concentration values in the
Grand Canyon, can also be used. Estimates of the
potential impact of LA Basin pollutants on the Grand
Canyon with different levels of conservatism based on
20 and 500 m deep SW-2 LPDM simulations are
presented in Table 1. It is recognized that PM-2.5

concentrations are generally reported for haze analysis, but PM-10 concentrations are used here to
represent the generic LA Basin pollutant mass because
of the high quality of the data available.
Results are presented in Table 1 for boundary layer
growth to both 500 and 1000 m, the 500 m assumption
being an added measure of conservatism representing
the case where the boundary layer growth was limited.
The calculations presented in Table 1 represent a
number of conservative assumptions including: (1) the
surface maximum concentration value in the LA Basin
(236 pgrnm3) is valid from the surface to 500 m, (2) for
the cases where a 500 m final depth is used, the
particles did not mix to the model diagnosed boundary layer depth of N 1000 m, (3) wet and dry deposition processes were ignored, (4) each particle reaching
GCNP does become mixed into the Grand Canyon
boundary layer and does not transport away, and (5)
chemical conversion processes are unimportant.
Given these conservative estimates and the small
magnitude of the estimated percent impact of the LA
Basin on Grand Canyon concentration, that LA Basin
pollutants might be the primary contributor to WHITEX haze during the lo-13 February 1987 period is
unlikely.

5.3. SWP-3
The increased terrain and meteorological resolution
of SW-3 resulted in more complex meteorological
fields than SW-2. The meteorological differences between SW-3 and SW-2 manifest themselves as particle
transport details in SWP-3. The SWP-3 particle simulation maintains the general transport patterns of
SWP-2 once particles are transported outside the
finest grid. In Fig. 11, we see that the following were
repeated in a general sense: (1) trapping of pollutants
in the LA Basin and the high desert during stable
atmospheric periods with low wind flow (Fig. 1 la), (2)
katabatic flows transporting pollutants westward to
converge with southwesterly winds over and near the
ocean, (3) mixing of particles deep within the boundary layer of Los Angeles allowing transport through
passes and over mountains (Fig. llb), (4) mixing of

Table 1. Estimates of Los Angeles Basin pollutant impact on Grand Canyon National Park haze
conditions during lo-13 February 1987 with differing levels of conservatism. The information
presented is based on LPDM results for SW-2 (for 20 m deep and 500 m deep releases) and maximum
PM-10 concentrations of pollutants of 236 pgrne3 and 76.5 pg me3 for the LA Basin and the Grand
Canyon, respectively. The initial number of particles was 100
Initial
resease
depth (m)
20
20
500
5cnl

Final
pollutant
depth
loo0
500
1000
500

Dilution
due to
vertical
mixing

Final
No. of
particles

Dilution
due to
particle
dispersion

Total
dilution

Estimated
impact
(%)

50
25
2
1

5
5
5
5

20
20
20
20

1000
500
40
20

0.46
0.92
11.8
23.6

3353

Los Angeles basin pollution

\
lbz RkalistiqTerrain:SWP-3
i]

Utah

i
Nevada

a

i

i
Mexico

302

,

200km

,t

\

Realistic Terrain: SWP-3

I IiPW
/

Fig. 11. A plan view of particle positions for SWP-3 from 18 to 54 h at (a) 06002, hour 18; (b) 00002, hour
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particles in the deep, high desert boundary layer to the
point where they are caught in stronger, southerly
winds at higher altitudes (e.g. particles cross the
GCNP boundary in Fig. llb), and (5) the lack of
significant amounts of particles crossing Grand Canyon National Park boundaries.
There were a number of significant changes to the
pollutant pathways within Grid 3. The most detectable change is the extent of the convergence zone
along the mountains to the north of Los Angeles. In
the SWP-3 analysis this convergence contains the
particles in narrow bands along the mountainsides
north and northeast of the LA Basin (Fig. 11~). This
implies that the capability of the finer nest to include
steeper slopes has led to more distinct convergence
zones in this area. This further implies that the more
accurate RAMS representation of the terrain, the finer
the detail of the mesoscale flow that can be analyzed.
In a complex terrain region such as the LA
Basin-Grand Canyon corridor this limitation is important for accurate particle transport estimations.
Additional changes evident in SWP-3 are (1) more
distinct pathways out of the LA Basin; (2) more
detailed circulation and movement of pollutants over
the Mohave desert; (3) less uniform dispersion; and (4)
particles are injected by the stronger vertical motions
resolved on Grid 3 to greater altitudes resulting in
greater mixing and dispersion of the initial plume
concentration.
As stated earlier in the modeling section (Section
3.2) multiple, different release heights were simulated
from the surface to 500 m. It was noted that regardless
of the initial release height a small number of particles
are locally injected to higher altitudes than even the
larger boundary layer. This phenomena appears to
occur as eastward moving particles (as distinct from
northeast moving particles, i.e. Cajon Pass bound)
encounter the high peaks of San Bernardino National
Forest. Strong upslope flow, a large amplitude mountain wave and increasing wind flow with height appear
responsible for the injection into more stable and
consistent wind flow aloft. Whereas particles in SWP2 reached the Grand Canyon region at -36 h, particles from SW-3 that were brought aloft reach the
region, albeit at significantly higher levels, at -28 h.
The worst-case calculated dilution factor found for
SWP-3 remains essentially unchanged from SWP-2, at
approximately 40. The values presented in Table 1 do
not significantly change from SW-2 to SW-3. The fine
grid appears to be very important to resolving mesoscale pollutant movements but perhaps as important
as the accurate atmospheric physics of RAMS is the
realistic, detailed depiction of the terrain in the simulated region. Given that anthropogenic sources of
pollutants are primarility within the daytime boundary layer and that atmospheric responses within the
boundary layer are drastically affected by terrain, the
terrain resolution is of utmost importance to pollutant
mixing, and transport evaluations.

R. A. PIELKE
6. CONCLUSIONS

The three meteorological and LPDM simulations
revealed much about Los Angeles Basin pollutant
transport during the lo-13 February 1987 WHITEX
haze period. SW-l, without terrain, had little horizontal dispersion withinthe stable wintertime atmosphere
under the influence of nearly constant wind velocity
throughout the domain. Vertical mixing and subsequent pollutant dilution was significant during daylight hours when the boundary layer deepened. It was
found that in this idealistic worst-case, flat terrain
simulation, where particles are confined to their original release depth, the absolute least amount of
dilution of LA Basin particles is four (i.e. 25% of
original concentration). This would significantly impact Grand Canyon visibility if the pollutants were
entrained into the Canyon environment and if flat
terrain existed in the LA-Grand Canyon corridor.
Comparing SW-1 to SW-2 showed the importance
of the complex terrain between Los Angeles and the
Grand Canyon to dispersion. Simulated pathways
from the LA Basin were revealed to be primarily
Cajon and Banning passes in agreement with McElroy
(1987) and Ulrickson and Mass (1990b), although at
peak boundary layer depth particles could rise over
most mountains and travel eastward. Because the
model terrain is smoothed (lowered in altitude) to
approximately 80% of true height for higher peaks,
the latter pathway may be overemphasized. Due to
terrain forcing in stably stratified conditions, three
distinct routes of pollutant movement occur once
particles have exited the LA Basin: (1) to the east of the
Sierra Nevada Mountains, moving northward, (2) to
the west of the Sierra Nevada Mountains moving
northward, and (3) along the Arizona/Nevada border
toward the northeast into Southern and Central Utah.
The far eastern edge of the latter group of particles did
cross Grand Canyon National Park’s western edge.
No particles are transported directly eastward into
southern Arizona. These pathways are forced by terrain variations and their associated meteorological
effects as described earlier.
Horizontal dispersion is so drastically different in
SW-2 compared to SW-1 that an order of magnitude
lower impact is found in the Grand Canyon region.
Three primary mechanisms for dilution create this
difference: (1) dispersion-enhancing
flows generated
by the mountainous terrain to the east of the LA
Basin, (2) the strongly mixed and deep desert boundary layer to the east of the mountains and (3) the
general rise in terrain altitude to the northeast of the
LA Basin on route to the Grand Canyon which
diverges stably stratified flows away from the Grand
Canyon. The SW-2 dilution factor is 40 (2.5% of
original concentration) for pollutants release from the
LA Basin. Using the highest PM-10 value recorded in
the LA Basin at San Bernadino County during the
winter of 1986 as a worst-case scenario release,
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236 ggrne3 (CARB, 1986), and the maximum PM-10
value measured in the Grand Canyon between March
1988 and February 1991 as a representative poor haze
condition during WHITEX, 76.5 pgrn- 3, a rough
contribution calculation of 8% is found. This result
does not consider how this concentration might be
mixed into the Grand Canyon atmosphere.
SW-~‘S fine nest in the LA Basin caused significant
alterations in the demils of meteorological fields compared with SW-2. Vertical motions were better resolved and Cajon and Banning Passes became more
distinct routes for LA, Basin pollutant evacuation. The
dilution factor at the Grand Canyon remains essentially the same in the worst case, 40 for SW-3, perhaps
slightly higher. While a finer resolution is necessary for
detailed pollutant ‘transport analysis over shortrange, the long-range transport in complex terrain in
this region is sufficiently modeled with lesser resolution using realistic terrain. Apparently the diurnal
cycling of pollutants from a source in repetitive
weather periods (i.e. the weather of WHITEX), mixes
particles to such an extent by the time they arrive at
distances > 100 km or so, that detailed characteristics
of the flow near the source are relatively unimportant.
These results suggest that the potential contribution
of Los Angeles pollution to Grand Canyon air quality
was low during the lo-13 February 1987 WHITEX
period and would be so under wintertime, stably
stratified, southwest flow conditions. The possibility
exists, however, that a frontal passage prior to the haze
period transported some LA Basin pollutants into
northern Arizona. !Since a wintertime climatology
indicated that high-pressure conditions similar to
those during lo-13 FTebruary 1987 frequently occur in
the Great Basin (Matlm et al., 1989), this result could
be often relevant to GCNP haze where wind direction
is southwesterly. The terrain southwest of the Grand
Canyon appears to provide a natural diluting mechanism of pollution from the Los Angeles area during
stable, wintertime conditions with southwesterly flow.
Forcing of mesoscale flows by existing terrain in the
LA-Grand Canyon corridor appears to have been
sufficiently large that dispersion and mixing proceeded to such an extent that Los Angeles pollutant
impact on the Grand Canyon during this WHITEX
period (lo-13 February 1987) was small.
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