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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 high- 
pressure 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. 

Key word index: Dispersion, long-range transport, terrain-induced, mesoscale modeling, boundary layer. 

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 ac- 
tion through Federal legislation. Given the slow re- 
duction 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 off increased pollutant load to the 
Grand Canyon atmosphere. By identifying source 
contributions a concerted effort can be applied to 
reduce those sources and maintain satisfactory visibil- 
ity levels. 

In response to these desires, the Winter Haze Inten- 
sive. 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 emis- 
sions 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 Can- 
yon depending on direction. Porch et al. (1990) meas- 
ured 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. depend- 
ing on meteorological conditions (Whiteman et al., 
1991). Considerable criticisms of WHITEX quantific- 
ation 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 poten- 
tial 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 

mix into the Grand Canyon atmosphere. Altern- 
atively, 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 high- 
pressure period. While Los Angeles has been impli- 
cated 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, parti- 
cularly 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) #of the 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 contri- 
bution to the Grand Canyon haze period, lo-13 
February 1987. 

For comparison, three mesoscale modeling simu- 
lations were completed using the CSU-RAMS (Color- 
ado State University Regional Atmospheric Model- 
ing 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 man- 
made source of pollulants in GCNP was identified as 
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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 iden- 
tified 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 Cali- 
fornia/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 nor- 
thern California (San Francisco Bay Area), central 
Utah, southern Nevada (Mohave Power Plant), 
northwest Colorado, northwest New Mexico (San 
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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 sulf- 
ate 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 sum- 
mer 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 compon- 
ent 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 down- 
town 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 Gener- 
ating Station Visibility Study (NGSVS) during the 
winter of 1990, Richards et al. (1991) found con- 
siderably 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 low- 
and high-pressure systems. Thermal lows, low-pres- 
sure 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 pollu- 
tion periods in Japan, on the Iberia Peninsula, and in 
the southwestern U.S. (Kurita et al., 1985, 1990; Kur- 
ita 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 domin- 
ated 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 ex- 
pected 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 influ- 
enced 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 bound- 
ary 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 chang- 
ing 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 long- 
range 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 large- 
scale 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 diffu- 
sion 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 physio- 
graphic breeze which can greatly affect the dispersion 
of pollutants (Pielke and Uliasz, 1992; Segal et al., 
1991). In order to simulate long-range pollutant trans- 
port 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 moun- 
tain ranges (see Fig. lc). Pollutant sources are subject 
to complex mesoscale meteorological interactions 
when residing in the Los Angeles Basin and surround- 
ing 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 bor- 
der, 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 evacu- 
ation 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 spectro- 
meter, confirm that such flows are significant to 
transporting pollutants from the Los Angeles Basin 
even under the influence of synoptically stable condi- 
tions. 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 un- 
biocked 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 signific- 
ant 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 Uni- 
versity (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 ade- 
quate physics for the development of mesoscale fea- 
tures. In tensor notation the compressible form of the 
three coordinate equations of motion in RAMS are 
(following Tripoli and Cotton, 1982) 

(1) 

where i, j, k= 1, 2, 3 and a and b are coordinate 
transformation coefficients inherent in the use of ter- 
rain-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,i is 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 sym- 
bol or alternating unit tensor and f is the Coriolis 
acceleration. The terms in equation (1) from left-to- 
right are the following: 

1. 
2. 
3. 
4. 

5. 

6. 

7. 

the local time rate of change of momentum 
the pressure gradient acceleration 
gravitational acceleration of dry air 
the advection of momentum, written as the differ- 
ence between a flux divergence and momentum 
divergence term to improve numerical accuracy 
turbulent momentum flux contribution, parame- 
trized 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) 
gravitational acceleration due to the density of 
suspended total water 
the Coriolis acceleration. 

In terrain-following coordinates the compressible 
continuity equation is 

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

Four mass conservation equations for all water vari- 
ables (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 

thermodynamic energy, 

a% 

at= 

1 

_k& Cabjk(B;:Y;')I_F [L~~Pr~f~~+pr~)l 
k P 

(3) 

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 rain- 
water, 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 specifica- 
tion 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 in- 
tegrate 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; turbu- 
lent quantities are time differenced using a forward 
scheme and acoustic terms are time differenced using a 
forward-backward semi-implicit scheme over a smal- 
ler timestep than used for the other terms (due to the 
high speed of sound waves relative to typical atmo- 
spheric motions). In space, derivative terms are differ- 
enced with fourth-order accuracy in flux-conservative 
form. More complete overviews of RAMS and verifi- 
cation 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 sub- 
tropical 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 corri- 
dor, 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 simu- 
lation, 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 import- 
ance of the terrain that actually exists in the Los 
Angeles to Grand Canyon pathway to pollutant trans- 
port. 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 inter- 
polated 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 signifi- 
cance 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 nu- 
merical terrain smoother necessarily moderates alti- 
tude 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 in- 
accuracies 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 Ser- 
vice 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 polh- 
tants 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 tem- 
perature 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 initializa- 
tion, 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 invest- 
igates 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 pro- 
duced 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 travel in a simple manner nearly parallel to the rather 
assumption, are independent of the ur and Ri are the uniform wind vectors. Dispersion for SW-l (called 
autocorrelation coefficients of Gifford (1982): SWP-1) is discussed in Section 5.1. 

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. 

4.2. SW-2 

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-direc- 
tions 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 cre- 
ated 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. 

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 gener- 
ated over the domain by terrain features. By com- 
paring 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. 

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 ap- 
proaching 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 inhomogen- 
eity 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 re- 
leased into such an environment would be expected to 

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 approxim- 
ately 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 sur- 
face 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 vec- 
tors. At 16002 and OOOOZ the 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 evolu- 
tion. As a result, pollutant trajectories are consider- 
ably 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 conver- 
gence with west and southwesterlies in south central 
California % 150 km north of Los Angeles. This con- 
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vergence creates the strongest winds, 9.8 m s- ‘, within In southern Arizona the initial southwesterly flow 
the domain at this point. To the east of the California has backed to the southeast, apparently due to low- 
mountains winds become southerly and even from a level terrain forcing by the Mogollon and Colorado 
counterclockwise circulation just east of the southern Plateaus in central Arizona. This creates a conver- 
Sierra (see Figs 4b-cl). Two low-level transport routes gence zone in the Mohave desert; a potential location 
appear in the Los Angeles Basin region: (1) northeast for pollutant accumulation and recirculation. Similar 
through Cajon Pas,s, and (2) east through Banning turning of the low-level winds occurs as southwesterly 
Pass. Both routes have been noted as pollutant trans- initial winds impinge on the Cococino Plateau near 
port routes in previous studies (Ulrickson and Mass, the Grand Canyon region. Winds become upslope to 
1990b; McElroy, 1957). 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 (see Fig. 1 b), 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 ations, but only capture the typical evolution during 
fields (Figs 4c and d) quantitatively match the winds the period. 
shown in Farber et al. (1990) with x2-5 m s-l wind At the 1 km level (not shown) the horizontal wind is, 
speed and southerly to southwesterly direction. The as expected, considerably less influenced by terrain 
reader is reminded that because of the averaged than at the 73 m level and pollutant pathways to the 
initialization of these simulations, winds are not ex- northeast and east of Los Angeles are much less 
petted to match observations at all times and loc- distinct. At the height of 1 km, terrain forcing appears 
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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 con- 
sistently 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 approx- 
imately 1 km. 

Figure 5 shows the 16 h evolution of vertical wind, 
w, along the LA Basin transect. The simulation is 

generally characterized by weak vertical motion ex- 
cept 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 mountain- 
side, 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. 

apparently active during lo-13 February 1987. Sim- of complex terrain in the Los Angeles to Grand 
ilarly, in the overnight periods, as shown in Fig. 5, Canyon corridor. By comparing SW-l and SW-2 
downward vertical motion associated with katabatic three primary mechamsms appear to be most signifi- 
mountain drainage flows reach 6 cm s-r. The strength cant to LA Basin pollutant dispersion enroute to 
and expanse of such vertical motions emphasizes the Northern Arizona under stably stratified, clear sky 
differences in dispersion that are expected to occur synoptic conditions: (1) daytime upslope flows along 
between the true (albeit smoothed) terrain and flat the mountains which disperse pollutants vertically 
terrain simulations. One expects increased dispersion and horizontally, (2) a deep, desert boundary layer east 
and a lessened impact of Los Angeles produced pollu- of the mountains which strongly mix pollutants verti- 
tion on the Grand Canyon simply due to the existence cally and (3) the general slope up to the northeast 
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toward GCNP which diverts stable, wintertime flows 
as they impinge on the barrier, preventing direct 
transport to GCNP. 

4.3. SW-3 

increases the ability of the meteorological model to 
produce larger vertical motion since small-scale hori- 
zontal temperature gradients and velocities can be 
resolved. Obviously, this increased motion would 
affect particle transport as well. 

As described previously, SW-3 differs from SW-2 by Figure 6 shows the Grid 2 evolution of potential 
its nest of 8 km grid increments over the LA Basin temperature with height from east to west passing 
(Fig. 2). This allows greater terrain accuracy (Fig. lc) through the northern part of Banning Pass along the 
and far better resolution of mesoscale meteorological LA Basin transect (see dashed line marked LAC in 
processes. Generally, the inclusion of a fine nest Fig. lb). By comparing this cross section to Fig. 3 one 
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Fig. 5a-b. 
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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 

with dashed lines. 

can see how the difference in grid increment from increased amplitude of the mountain wave in Fig. 6 
24 km in SW-2 to 8 km in SW-3 alIects the terrain compared to Fig. 3 throughout the time period (as 
representation in the model. Note, in particular, the shown by tilting isentropes, this effect is enhanced by 
difference in the representation of the mountain cen- the decreased vertical scale in Fig. 6). The evolution of 
tered at - 175 km in Fig 3 compared to Fig. 6. The the boundary layer in SW-3 is very much like that of 
subsequent change in the potential temperature field is SW-2. Its depth and location are nearly identical 
the magnitude of the mountain waves. Note the except in locations where nest differences create differ- 
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ing terrain features. SW-3 contains more abrupt 
changes in boundary depth with distance as shown in 

The horizontal winds in SW-3 are quite consistent 
with SW-2, especially outside of the finest nest of SW- 

the region surrounding the mountain in Fig. 6. SW-3 
shows the important of resolution when modeling 

3. This is to be expected since outside of Grid 3 the grid 

local LA Basin pollutant transport. A model with 
increment and terrain representation is identical. A 
number of changes, however, occur within the bounds 

crude resolution or limited dynamics would be inade- 
quate in this cohplex terrain region. 

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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Fig. 6. An east-west vertical profile showing the simulated evolution of potential temperature for 
28-40 h of the simulation in 4 h increments on Grid 2 for SW-3 on the LAC transect of Fig. 1 b. (a) 16002, 
hour 28; (b) 20002, hour 32; (c) MIOOZ, hour 36; and (d) 04OOZ, hour 40. The contour interval is 2.0 K. 

which shows the same period for SW-2. Many features ??The consistency of southwesterly flow over the 
are quite similar, i.e. southwestern part of the Grid 2 domain. 

??The convergence line to the north of Los Angeles ??The maximum wind-speed averages only 0.6 m s- 1 

along the San Gabriel mountains. less than that of SW-2 during the 24 h period 

??The anticyclone circulation to the east of the south- (10.2 m s- l for SW-3 vs 10.8 m s- l for SW-2). 

ern Sierra. Differences arise for the most part within or near the 
??The turning of the wind away from the Colorado Grid 3 area. Winds over the ocean back more in SW-3, 

Plateau in eastern Arizona. 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 Ber- 
nardino 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 mo- 
tion 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 OOOOZ upslope 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 up- 
slope regime lasts only 6 h during these winter condi- 
tions 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 
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250 s from a randomly designated location within the 5.1. SWP-1, pat terrain 
designated release volume representing the LA Basin 
source as described in Section 3.2 The particle release As one might expect, a flat terrain simulation of 
was begun at 45 min into the simulation and ended at generically initialized wind conditions does not reveal 
54 h for a total of 767 particles. Particle positions were 
saved every 30 min allowing the animation of 106 

much regarding actual dispersion out of the LA Basin. 

consecutive files out to 54 hs. 
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 
28-40 h in 4 h increments, (a) 16002, hour 28; (b) 20002, hour 32; (c) 00002, hour 36; and(d) 04002, hour 

40. The contour interval is 5 cm s-r and negative values are depicted using dashed lines. 

evaluate the importance of that terrain to dispersion of tical mixing but limited horizontal transport (relative 
LA Basin pollutants en route to the east. One might to the plume axis). Because model-predicted wind 
consider SWP-1 a sophisticated control run similar to fields over the homogeneous, flat terrain change very 
what might be reproduced by a one-layer, diagnostic little throughout the 54 h period, the LA Basin plume 
long-range transport plume model. moves in the west-southwesterly wind directly toward 

The simulation and subsequent animation (which is the Grand Canyon. Figure 9 shows the progression of 
not shown here) of SWP-1 reveals considerable ver- the plume toward the Grand Canyon at 18 and 54 h 
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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 direc- 
tion due to inertial oscillation are seen in the slight 
meander along the plume in time (i.e. see also McNi- 
der et al. (1988) for al discussion 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 elev- 
ated 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 contin- 
ues, 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 fac- 
tors 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 
volume approximately 5.0 x lo4 m x 5.0 x lo4 m 
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 approx- 
imately 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 depos- 
ition, 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 gener- 
ically represents the features that exist in the four 
lower level releases discussed in Poulos (1992). Trans- 
port 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 

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 bound- 
ary layer depth as found in McElroy (1987). The rate 
of transport through pass routes may be under- 
estimated because the model terrain is higher in pass- 
like 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. Be- 
cause 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, terrain- 
influenced 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 con- 
verge 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 Can- 
yon 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-south- 
westerly 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 over- 
night 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 trans- 
ported 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 Color- 
ado Plateau appears to divert initially west-south- 
westerly winds away from the Grand Canyon causing 
plume particles to avoid the sensitive northern Ariz- 
ona/Grand Canyon region. It can be speculated that a 
meteorological model simulation initialized with low- 
level 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 pro- 
cess 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 concentra- 
tions from March 1988 to February 1991 of approxim- 
ately 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 concen- 
trations 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 ana- 
lysis, 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 bound- 
ary layer depth of N 1000 m, (3) wet and dry depos- 
ition 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 WHI- 
TEX 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 be- 
tween SW-3 and SW-2 manifest themselves as particle 
transport details in SWP-3. The SWP-3 particle simu- 
lation 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 bound- 
ary 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) 

Final 
pollutant 

depth 

Dilution 
due to 
vertical 
mixing 

Final 
No. of 

particles 

Dilution 
due to 
particle 

dispersion 
Total 

dilution 

Estimated 
impact 

(%) 

20 loo0 50 5 20 1000 0.46 
20 500 25 5 20 500 0.92 

500 1000 2 5 20 40 11.8 
5cnl 500 1 5 20 20 23.6 
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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 Can- 
yon National Park boundaries. 

There were a number of significant changes to the 
pollutant pathways within Grid 3. The most detect- 
able 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 im- 
portant 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 moun- 
tain wave and increasing wind flow with height appear 
responsible for the injection into more stable and 
consistent wind flow aloft. Whereas particles in SWP- 
2 reached the Grand Canyon region at -36 h, par- 
ticles 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 meso- 
scale pollutant movements but perhaps as important 
as the accurate atmospheric physics of RAMS is the 
realistic, detailed depiction of the terrain in the simu- 
lated region. Given that anthropogenic sources of 
pollutants are primarility within the daytime bound- 
ary 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. 

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 horizon- 
tal dispersion withinthe stable wintertime atmosphere 
under the influence of nearly constant wind velocity 
throughout the domain. Vertical mixing and sub- 
sequent pollutant dilution was significant during day- 
light hours when the boundary layer deepened. It was 
found that in this idealistic worst-case, flat terrain 
simulation, where particles are confined to their ori- 
ginal release depth, the absolute least amount of 
dilution of LA Basin particles is four (i.e. 25% of 
original concentration). This would significantly im- 
pact 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 ter- 
rain 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 bound- 
ary 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, 



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. 

Ashbaugh L. L., Myrup L. 0. and Flocchini R. G. (1984) 
Surface layer transport of sulfate particles in the western 
U.S. by the large-scale wind field. Mon. Wea. Rev. 112, 
1067-1073. 

SW-~‘S fine nest in the LA Basin caused significant 
alterations in the demils of meteorological fields com- 
pared with SW-2. Vertical motions were better re- 
solved and Cajon and Banning Passes became more 
distinct routes for LA, Basin pollutant evacuation. The 
dilution factor at the Grand Canyon remains essen- 
tially 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 short- 
range, the long-range transport in complex terrain in 
this region is sufficiently modeled with lesser resolu- 
tion 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. 

Bastable H. G., Rogers D. P and Schorran D. E. (1990) 
Tracers of opportunity and pollutant transport in south- 
ern California. Atmospheric Environment 24J3, 137-151. 

Blondin C. (1984) Meteorology of medium-range transport 
of pollution. Atmospheric Environment 18, 537-544. 

Blumenthal D. L., Richards L. W., Macias E. S., Berstrom R. 
W., Wilson W. E. and Bhardwaja P. S. (1981) Effects of a 
coal-fired power plant and other sources on southwestern 
visibility (Interim summary of EPA’s Project VISTTA). 
Atmospheric Environment 15, 1995-1969. 

CARB (1986) California air quality data, 
January-February-March 1986. California Air Resources 
Board,.Aerometric Data Division, Vol. XVII, No. 1. 

Cass G. R. and Shair F. H. (1980) Transnort of sulfur oxides 
within the Los Angeles sea breeze/land breeze circulation 
system. Proc. Second Joint Conference on Applications of 
Air Pollution Meteorology, 24-27 March, New Orleans, 
LA. 

Clark T. L. (1977) A small-scale dynamic model using a 
terrain-following coordinate transformation. J. comput. 
Phys. 24, 186-215. 

Cotton W. R., Stephens M. A., Nehrkorn T. and Tripoli G. J. 
(1982) The Colorado State University cloud/mesoscale 
model-1982. Part II: An ice phase parameterization. J. 
Rech. Atmos. 16, 295-320. 

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 mech- 
anism 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 proc- 
eeded to such an extent that Los Angeles pollutant 
impact on the Grand Canyon during this WHITEX 
period (lo-13 February 1987) was small. 

Cotton W. R., Tremback C. J. and Walko R. L. (1988) CSU 
RAMS-A cloud model goes regional. Proc. NCAR Work- 
shop on Limited-Area Modeling Intercomparison, 15-18 
November, NCAR, Boulder, CO, pp. 202-211. 

Edinger J. G. (1973) Vertical distribution of photochemical 
smog in Los Angeles Basin. Enuir. Sci. Technol. 7.247-252. 

Edinger J. G., Mc&ttshan M. H., Miller P. R., Ryan B. C., 
Schroeder M. J. and Behar J. V. (1972) Penetration and 
duration of oxidant air pollution in the South Coast Air 
Basin of California. J. Air Pollut. Control. Assoc. 22, 
882-886. 

Eldred R. A., Ashbaugh L. L., Ghill T. A., Flocchini R. G. and 
Pitchford M. L. (1983) Sulfate levels in the southwest 
during the 1980copper smelter strike. J. Air Pollut. Control 
Assoc. 33, 110-l 13. 

Farber R. J., Sutherland J., Yamada T., Stocker R., Mar- 
kowski G., Palmer T., Zeldin M. and Rogers D. (1990) 
Meteorological issues associated with the WHITEX. In 
Visibility and Fine Particles. AWMA Transactions Series, 
ISSN 1040-8177, ISBNO-923204-04-0, pp, 845-859. 

GifIord F. A. (1982) Horizontal diffusion in the atmosphere: a 
Lagrangian-dynamical theory. Atmospheric Environment 
16,505-512. 

Grant W. B. (1981) Measurement of ozone transport from the 
Los Angeles Basin using the airborne laser absorption 
spectrometer and a Dasibi ozone monitor. Prepared for 
the California Air Resources Board, Sacramento, CA, No. 
AO-30-31. 

Acknowledgements-The funding for this research was pro- 
vided by the National Park Service through Interagency 
Agreement No. 0475~4,.8003 with the National Oceanic and 
Atmospheric Administration through Agreement No. 
CM0200 DOC-NOAA to the Cooperative Institute for Re- 
search in the Atmosphere (Project No. 5-31253). We acknow- 
ledge the very helpful and objective comments from Dr 
Willard Richards. Editing and final preparation of this paper 
was performed by Bryan Critchfield and Dallas McDonald. 

REFERENCES 

Hall F. P. Jr, Duchon C. E., Lee L. G. and Hagan R. R. (1973) 
Long-range transport of air pollution: a case study. Aug- 
ust, 1970. Mon. Wea. Rev. 101,404411. 

Henmi T. and Bresch J. F. (1985) Meteorological case studies 
of regional high sulfur episodes in the western U.S. Atmo- 
spheric Environment 19, 1783-1796. 

Hering S. V., Bowen J. L., Wengert J. G. and Richards L. W. 
(1981) Characterization of the regional haze in the south- 
western U.S. Atmospheric Environment 15, 1999-2009. 

Klemp J. B. and Wilhelmson R. B. (1978a) The simulation of 
: three.-dimensional convective storm dynamics. J. atmos. 

Sci. 35, 1070-1096. 
Ashbaugh L. L. (1983) A statistical trajectory technique for 

determining air pollution source regions. J. Air Waste 
Manag. Assoc. 33, 1096-1098. 

Klemp J. B. and Wilhelmson R. B. (1978b) Simulation of 
right- and left-moving storms produced through storm- 
splitting. J. atmos. Sci. 35, 1097-l 110. 

Los Angeles basin pollution 3355 



3356 G. S. POULOS and R. A. PIELKE 

Kurita H. and Ueda H. (1986) Meteorological conditions for 
long-range transport under light gradient winds. Atmo- 
spheric Environment 20, 687-694. 

Kurita H., Sazaki K., Muroga H., Ueda H. and Wakamatsu 
S. (1985) Long-range transport of air pollution under light 
gradient wind conditions. J. Clim. appl. Met. 24,425-434. 

Kurita H., Ueda H. and Mitsumoto S. (1990) Combination of 
local wind systems under light gradient wind conditions 
and its contribution to the long-range transport of air 
pollutants. J. appl. Met. 29, 331-348. 

Lyons W. A., Moon D. A., Eastman J. L. and Keen C. S. 
(1990) The meteorological impact of Lake Michigan in 
causing elevated ozone levels in the lower Lake Michigan 
air quality control region. Paper No. 90-79.5, Proc. 83rd 
Annual Meeting, AWMA, Pittsburgh, 1990. 

McCumber M. C. and Pielke R. A. (1981) Simulation of the 
effects of surface fluxes of heat and moisture in a mesoscale 
model - Part 1. Soil layer, J. geophys. Res. 86,9929-9938. 

McElroy J. L. (1987) Estimation of pollutant transport and 
concentration distributions over complex terrain of south- 
em California using airborne lidar. J. Air Pollut. Control 
Assoc. 37,1046-1051. 

Macias E. S., Zwicker J. 0. and White W. H. (1981) Regional 
haze case studies in the southwestern U.S.-II. Source 
contributions. Atmospheric Environment 15, 1987-1997. 

McNider R. T. (1981) Investigation of the impact of topo- 
graphic circulations on the transport and dispersion of air 
pollutants. Ph.D. dissertation, University of Virginia. 

McNider R. T. and Pielke R. A. (1981) Diurnal boundary- 
layer development over sloping terrain. J. atmos. Sci. 38, 
2198-2212. 

McNider R. T., Moran M. D. and Pielke R. A. (1988) 
Influence of diurnal and inertial boundary-layer oscil- 
lations on long-range dispersion. Atmospheric Environment 
22,2445-2462. 

Mahrer Y. and Pielke R. A. (1977) A numerical study of the 
airflow over irregular terrain. Beitr. Phys. Atmos. 50, 
98-113. 

Maim W. C., Gebhart K. A., Latimer D., Cahill T., Eldred R., 
Pielke R. A., Stocker R. A. and Watson J. (1989) Winter 
Haze Intensive Tracer Experiment (WHITEX), Prepared 
for the U.S. Department of the Interior, National Park 
Service. 

Mahn W. C., Gebhart K. H. and Henry R. C. (1990) An 
investigation of the dominant source regions of fine sulfur 
in the western U.S. and their areas of influence. Atmo- 
spheric Environment 24A, 3047-3060. 

Maim W. C., Gebhart K. H., Iyer H., Watson J. G., Latimer 
D. and Pielke R. A. (1992) Response to “The WHITEX 
study and the role of the scientific community: a critique”, 
J. Air Waste Manag. Assoc. 43, 1128-1136. 

Markowski G. R. (1990) Discussion of methods used in the 
WHITEX data analysis to apportion sulfate and alternate 
conclusions. In Visibility and Fine Particles, A WMA/EPA 
International Specialty Conference, (edited by Mathai 
C. V.). October 1989. Estes Park. CO. DD. 953-959. 

Markowski G. R. (1992) The WHITEX study and the role of 
the scientific community: a critique. J. Air Waste Manag. 
Assoc. 42, 1453-1460. 

Millan M. M., Artiiiano B., Alonso L., Navazo M. and Castro 
M. (1991) The effect of meso-scale flows on regional and 
long-range atmospheric transport in the western Medi- 
terranean area. Atmospheric Environment 25A, 949-963. 

Miller D. F., Schorran D. E., Hoffer T. E., Rogers, D. P., 
White W. S. and Macias E. S. (1990) An analysis of regional 
haze using tracers of opportunity. J. Air -Waste Manag. 
Assoc. 40,757-761. 

Moran M. D. (1992) Numerical modeling of mesoscale 
atmospheric dispersion. Ph.D. dissertation, Colorado 
State university, Department of Atmospheric Science, Pa- 
per No. 513, Fort Collins, Colorado, 80523, 758 pp. 

NRC (1990) Haze in the Grand Canyon: An Evaluation of 
WHITEX. National Research Council, National Aca- 
demy Press, Washington, DC, ISBN: o-303-04341-7. 

Pielke R. A. (1974) A three-dimensional numerical model of 
the sea breezes over south Florida. Mon. Wea. Rev. 102, 
115-134. 

Pielke R. A. (1984) Mesoscale Meteorological Modeling, 612 
pp. Academic Press, New York. 

Pielke R. A. and Uliasz M. (1992) Influence of landscape 
variability on atmospheric dispersion. J. Air Waste Manag. 
43,989-994. 

Pielke R. A., Yu C.-H., Arritt R. W. and Segal M. (1984) 
Mesoscale air quality under stagnant conditions. Air Pol- 
lution Effects on Parks and Wilderness Areas Conference, 
20-23 May, Mesa Verde National Park, Colorado. 

Pielke R. A., Cotton W. R., Walko R. L., Tremback C. J., 
Nicholls M. E., Moran M. D., Wesley D. A., Lee T. J. and 
Copeland J. H. (1992) A comprehensive meteorological 
modeling system - RAMS. Met. atmos. Phys. 49, 69191. 

Porch W. M., Clements W. E. and Grant T. A. (1990) Lake 
Powell Basin airflow study in winter. In Transactions: 
Visibility and Fine Particles (edited by Mathai C. V.), 
DD. 533-540. October. 1989. Estes Park. Colorado. Air and 
Waste Management ’ Association, Pittsburgh, Pennsyl- 
vania. 

Poulos G. S. (1992) The potential effect of Los Angeles Basin 
pollution on Grand Canyon air quality. Atmospheric 
-Science Paper No. 482, -Department of Atmospheric 
Science. Colorado State Universitv. Fort Collins. Color- 
ado 80523. 154 pp. 

_. 

Richards L. W., Blanchard C. and Blumenthal D. (1991) 
Navajo generating station visibility study. Final Report, 
Environmental Services Dept., Salt River Project, 
Phoenix, Arizona, 85072. 344 pp. + appendices. 

Rogers D. P. and Bastable H. G. (1989) The transport of 
pollutants in southern California. Preprints, Sixth Joint 
Conference on Applications of Air Pollution Meteorology, 
30 January-3 February 1989. 

Segal M., McNider R. T. and Pielke R. A. (1985) Use of a 
mesoscale primitive equation model in the design of 
SCCCAMP. ASTeR Report No. 1,1985, ASTeR Inc., Fort 
Collins, CO 80522. 

Segal M., Garratt, J. R., Pielke R. A., Hildebrand P., Rogers 
F. A. and Cramer J. (1991) On the impact of snow cover on 
daytime pollution dispersion. Atmospheric Environment 
2SJ3, 177-192. 

Smith F. B. (1968) Conditioned particle motion in a homo- 
geneous turbulent field. Atmospheric Environment 2, 
491-508. 

Snook J. S. and Schmidt J. M. (1992) A numerical and 
observational investigation of the 7 January 1992 Denver, 
Colorado blizzard: Local-scale perspective. Preprints, 
Sixth Conference on Mountain Meteorology, Portland, 
Oregon, American Meteorological Society, pp. 101-105. 

Tremback C. J. and Walko R. L. (1992) RAMS Version 2c 
User’s Guide (Draft). Colorado State University, Fort 
Collins, CO 80523. 90 pp. 

Tremback C. J., Tripoli G. J., Arritt R., Cotton W. R. and 
Pielke R. A. (1986) The regional atmospheric modeling 
system. Proc. Int. Conf Development and Application of 
Computer Techniques to Environmental Studies (Edited by 
P. Zannetti) pp. 601-607 November, Los Angeles, Califor- 
nia. Computational Mechanics Publications, Boston. 

Trijonis J. (1989) Visibility in the southwest - an exploration 
of the historical data base. Atmospheric Environment 13, 
833-843. 

Trijonis J. and Yan K. (1978) Visibility in the southwest: an 
exploration of the historical database. U.S. EPA., EPA- 
600-3-78-039, Research Triangle Park, NC. 

Tripoli G. J. and Cotton W. R. (1982) The Colorado State 
University three-dimensional cloud/mesoscale model- 



Los Angeles basin pollution 3351 

1982. Part I: General theoretical framework and sensitivity van Dop H., den Tonkelaar J. F. and Briffa F. E. J. (1987) A 
experiments. J. Rech. Atmos. 16, 185-220. modelling study of atmospheric transport and photo- 

Tripoli G. J. and Cotton W. R. (1989) Numerical solution of chemistry in the mixed layer during anticyclonic episodes 
the Navier-Stokes equations with topography. J. comput. in Europe. Part I: meteorology and air trajectories. J. Clim. 
Phys. 17, 276-310. appl. Met. 26, 1305-1316. 

Ulrickson B. L. and Mass C. F. (1990a) Numerical investiga- 
tion of mesoscale circulations over the Los Angeles Basin. 
Part I: a verification study. Mon. Wea. Rev. 118, 
2138-2161. 

Ulrickson B. L. and Ma.ss C. F. (1190b) Numerical investiga- 
tion of mesoscale circulations over the Los Angeles Basin. 
Part II: synoptic influences and pollutant transport. Mon. 
Wea. Rev. 118,2162--2184. 

Whiteman C. D., Allwine K. J. and Hubbe J. M. (1991) 
Winter meteorology of the Grand Canyon Region. Pre- 
pared for Salt River Project, Phoenix, Arizona under 
contract number 16660, March, Battelle Pacific Northwest 
Laboratories, Richland, WA 99352. 290 pp. 

United States Congress (1990) Clean Air Act Amendments, 
pp. 101-549. 42 USC. 7491, AEZ/llO. 

Yamada T., Kao C.-Y. and Bunker S. (1989) Airflow and air 
quality simulations over the western mountains region 
with a four-dimensional data assimilation technique. At- 
mospheric Environment 23, 539-554. 


