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ABSTRACT

Over the southern California coastal region, observations of the vertical distributions of pollutants show that
maximum concentrations can occur within temperature inversion layers well above the surface. A mesoscale
model is used to study the dynamical phenomena that cause such layers, including sea breezes and mountain
flows, and to study the characteristics of air pollutant transport in a coastal environment capped by a temperature
inversion. The mathematical and physical structure of the model is described. Two-dimensional simulations
corresponding to four configurations of coastal plains and mountains are discussed. The simulations reveal that
pollutant transport over a coastal plain is strongly influenced by the topographic configuration, including the
height of coastal mountains and their distance from the coastline. Sea breezes induced by land—sea thermal
contrast, as well as upslope winds induced along mountain flanks, both create vertical transport that can lead to
the formation of elevated pollution layers. The sea-breeze circulation generates pollution layers by undercutting
the mixed layer and lofting pollutants into the stable layer. Heating of mountain slopes acts to vent pollutants
above the mountain ridge during the day; during the evening, pollutants can be injected directly into the inversion
layer from the decaying upslope flows. In a land—sea configuration with mountains close to the coastline, the
sea breeze and heated-mountain flow are strongly coupled. In the afternoon, this interaction can produce upslope
flow from which polluted air is detrained into the inversion layer as a return circulation. When the mountains
lie farther inland, however, pollutants may be trapped aloft when the mixed layer stabilizes in the late afternoon.
As the nocturnal boundary layer forms over the coast in the evening, polluted mixed-layer air is effectively left
behind in the inversion layer. In the Los Angeles Basin, the formation mechanism for elevated pollution layers
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is most similar to our cases with inland mountains.

1. Introduction

The low-level elevated temperature inversions that
frequently occur over the southern California coastal
regions are one of the most important factors contrib-
uting to severe air pollution episodes. The major flows
that control pollutant transport over the region com-
prise sea breezes and winds forced by mountain topog-
raphy and heating. However, the dynamics of these cir-
culations in the presence of a temperature inversion are
still not well understood. In this paper, we investigate
the nature of the coupled sea breeze and mountain
winds, and the characteristics of air pollutant transport
by this circulation.

During a typical summer season, the California
coastal region lies under the eastern edge of the Pacific
High. Subsidence caused by the high pressure gener-
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ates a warm, dry air mass in the lower troposphere
above the boundary layer. Over the ocean, the lowest
layer of the atmosphere is cooled by the colder ocean
surface. A moist marine layer of about 300 to 600 m
in depth is formed with the temperature characteristic
of the ocean surface. This marine layer also typically
cools the coastal land areas. The warm subsiding air
and marine boundary layer are separated by a temper-
ature inversion, which exists almost continuously dur-
ing the summer half of the year and frequently during
the winter half (Neiburger 1969). The temperature in-
version acts as a lid that suppresses convection and
reduces vertical mixing of air pollutants emitted into
the boundary layer. Accordingly, pollutants are gen-
erally confined below the base of temperature inver-
sion.

Most studies of air pollution dispersion consider
transport to be confined by the base of the temperature
inversion. In the Los Angeles Basin, a network of sur-
face wind monitoring stations has been employed to
determine the transport patterns within this low-level
mixed layer (e.g., Kauper 1960). During the 1960s and
1970s, constant volume balloons (tetroons) were de-
ployed to chart low-level air trajectories (Holzworth et
al. 1963; Pack and Angell 1963; Angell et al. 1972;
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TABLE 1. Parameters used for simulations.

Roughness length over land (z,) 40 cm
Roughness length over water (z,) 0.5cm

Coriolis parameter (f) 7.27 X 107% 57!
Horizontal diffusivity (K, 25X 10°m?s™!
Solar constant (S,) 1360 W m™2
Latitude (y) 30°N

Sea surface temperature (7,) 18.3°C

Angell et al. 1976). Inert chemical tracers, such as SF,
have been released to determine pollutant source—re-
ceptor relationships, thereby identifying pollutant path-
ways (Drivas and Shair 1974; Lamb et al. 1978; Shair
et al. 1982).

Numerical model simulations have also been carried
out to investigate tracer transport in the Los Angeles
Basin. Schultz and Warner (1982) used a two-dimen-
sional model to calculate horizontal pollutant fluxes
within a well-capped boundary layer. A two-dimen-
sional mixed-layer model was employed by Glenden-
ing (1990) to simulate wind and temperature variations
in the boundary layer. Ulrickson and Mass (1990) util-
ized a three-dimensional mesoscale model to study the
influence of synoptic-scale dynamics on the Los An-
geles Basin. Neutrally buoyant air parcels were tracked
with the model to determine transport pathways. How-
ever, convective turbulent mixing processes, which are
likely to be important, were neglected. Except for the
three-dimensional simulations of Ulrickson and Mass,
most of the existing studies have assumed, implicitly
or explicitly, that air pollutants are confined below the
base of temperature inversion.

Observations of the vertical concentration profiles of
air pollutants in Los Angeles show that maximum con-
centrations can appear in the stable layer above the base
of the temperature inversion. This phenomenon was
first documented by Lea (1968). He found that sound-
ings over Point Mugu, California, showed a pro-
nounced tendency for maximum ozone concentrations
to occur above the base of the low-level temperature
inversion. Aircraft were used in the 1970s (Edinger et
al. 1972; Edinger 1973; Blumenthal et al. 1978) to mea-
sure vertical distributions of ozone and oxidant pollut-
ants in Los Angeles. Vertical profiles of particulate
matter were determined simultaneously using a down-
ward-looking airborne lidar (McElroy 1982; Wakimoto
and McElroy 1986). Elevated layers (above the inver-
sion base) containing all of the designated pollutants
were observed in both western and eastern regions of
the basin. By late afternoon, these layers covered the
entire western basin (Edinger 1973; Blumenthal 1978).
In the evening, the layers extended over the eastern
basin as well (Wakimoto and McElroy 1986). Similar
structures have been observed in the southern and cen-
tral California coastal regions (McElroy and Smith
1986, 1991). The inversion-bounded pollution can re-
main aloft overnight and return to the ground during
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the daytime by fumigation (as the boundary layer deep-
ens), owing to convective thermals generated by sur-
face heating. Hence, surface pollutant concentrations
may actually be enhanced by fumigation of aged pol-
lutants trapped aloft.

Several hypotheses have been proposed to explain
the formation of elevated pollution layers over the Los
Angeles Basin, including

1) low-level sea-breeze convergence zones influ-
enced by complex terrain that lift pollutants into the
inversion (Edinger and Helvey 1961),

2) venting of pollutants up heated mountain slopes
(referred to as the chimney effect) followed by advec-
tion back over the basin (Edinger et al. 1972),

3) direct horizontal injection of pollutants into the
inversion layer in the vicinity of heated mountain
slopes (Edinger 1973),

4) undercutting and lifting of polluted air by the in-
land-propagating sea-breeze front (Blumenthal et al.
1978), and :

5) combination of topographic forcing and convec-
tive mixing leading to the formation of elevated pol-
lution layers over the eastern region of the basin (Wa-
kimoto and McElroy 1986).

The formation of elevated pollution layers is a ba-
sinwide phenomenon. During the day, turbulent con-
vective mixing, the sea/land breeze circulation, and
winds induced by heated mountain slopes all contribute
to the formation of these layers. However, no single
mechanism satisfactorily explains the formation of ba-
sinwide elevated layers. To test the various mecha-
nisms, we consider idealized configurations of an ocean
adjacent to a simplified coastal plain and mountain.
Analysis of elevated layers formed in such cases can
be used to identify the basic mechanisms leading to the
pollution layers observed over Los Angeles. Moreover,
the transport mechanisms can be studied in detail in
these simulations.

A two-dimensional mesoscale model is used to sim-
ulate the dynamics and tracer transport in a coastal zone
with mountainous topography. A passive tracer is in-
serted in the model as a surrogate for the pollutant bur-
den. Typically, air pollution is a mixture of primary
and secondary (chemically derived) pollutants, the lat-
ter including ozone and other oxidants as well as par-
ticulates. In the model, the pollutant tracer is inserted
instantaneously in early morning to emulate the normal
peak of primary pollutant emission with morning rush
hour traffic. Beyond the rhorning hours, the transport
characteristics of the tracer are similar to those of sec-
ondary pollutants. For the purpose of dispersion anal-
ysis, air masses are well tagged by this conservative
tracer. Neither assumption—of a passive pollutant
tracer and initial instantaneous injection—compro-
mises the analysis presented here, which focuses on the
basic dynamical processes forced by topographical fea-
tures in a coastal zone. Simulations that have been per-
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formed using more realistic pollutant emission time
profiles lead to similar conclusions (Lu and Turco
1994).

The numerical model used for the present calcula-
tions is described in section 2. In section 3, four cases
of two-dimensional simulations using idealized topog-
raphy are discussed. The first case investigates the evo-
lution of a sea/land breeze in a flat coastal zone. The
second case treats the airflow on a mountain slope ad-
jacent to a flat plain, without a nearby ocean. The last
two cases couple the sea-breeze and mountain-flow
simulations; specifically, one case treats a coastal basin
with nearby coastal mountains, and the other with in-
land mountains. An analysis of the wind circulation and
pollutant transport patterns connected with these sim-
ulations and our major conclusions are provided in sec-
tion 4. Possible connections to the dynamics of poltut-
ant dispersion in the Los Angeles Basin are also dis-
cussed. Three-dimensional simulations for the Los
Angeles Basin with realistic topography will be dis-
cussed in a subsequent paper.

2. The model

The model used in this study is a three-dimensional
hydrostatic primitive equation mesoscale model origi-
nally developed by Lu (1988) for typhoon circulation
studies. Lu and Cheng (1989) constructed an opera-
tional form of the model at the Shanghai Meteorolog-
ical Center, China, to forecast rainfall in the Yangtze
River Delta region. The model has since been modified
to simulate airflow patterns and boundary-layer dynam-
ics for air pollution studies in the Los Angeles Basin
(Lu and Turco 1991). The two-dimensional model used
here was derived from an operational three-dimen-
sional version by neglecting north—south gradients in
the dependent variables; hence, the model represents
an east—west cross section through a coastal basin. A
two-dimensional model is useful for examining the sen-
sitivity of pollutant transport to boundary-layer mixing,
sea—land contrast, and the presence of mountains. In
the case of elevated pollution layers, the formation pro-
cesses can be clearly delineated using the two-dimen-
sional model and later can be verified using a three-
dimensional model with complex terrain. Table 1 sum-
marizes the parameters used in the study.

a. Model structure

The model is a hydrostatic finite-difference model
with terrain-following vertical o coordinates, defined
as

:P — Prop
7r k4

o ey
where m = p; ~ pp. p 15 air pressure in the model
domain, p,, is the constant pressure at the top of the
model atmosphere, and p, is the ground surface pres-
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sure. The model is formulated using the momentum
equations, thermodynamic equation, continuity equa-
tion, hydrostatic equation, and mass continuity equa-
tion for water vapor written as follows (in the same
order):

dv
7r—7+fk><7r(V—Vg)

d
= —7m(V,® + ROPV, Inp) + n(Fy + Dy), (2)
a (0

T i ﬂ(C,,P + Fy + Do) s (3)

on ono
5+V‘,'(7TV)+'5;—0, @)
6® = —ROPS Inp, (&)
T %%1 =n(S, + F, + D,). (6)

Here V, 6, and ¢ are the horizontal wind vector, poten-
tial temperature, and water vapor mixing ratio, respec-
tively; ® is the geopotential height, f is the Coriolis
parameter, and V, is the geostrophic wind, which rep-
resents the large-scale pressure gradient force in the
boundary-layer model. Here Q is the diabatic heating
(or cooling) rate and S, is the water vapor source (or
sink) term; Fy is the turbulent friction force, and F, and
F, are the vertical turbulent flux divergence of 6 and g,
respectively. Also Dy, Dy, and D, are the horizontal
subgrid eddy diffusion flux divergences for the vari-
ables indicated by subscripts; R and C, are the gas con-
stant for dry air and the specific heat at constant pres-
sure, respectively. In these equations, P = (p/peo)'r,
with py = 1000 mb.

The individual time-derivative terms in the basic
equations are evaluated in the flux forms. Thus, for
wdAldt, use of the continuity equation (4) yields

dA omGA
T— = .
dt do

(ﬁ) TA + V,-(7VA) + 7N

ot

o

An equation similar to the water vapor continuity equa-
tion is used to calculate pollutant tracer transport and
diffusion.

The model utilizes the staggered Arakawa C-grid in
the horizontal. Inertial gravity waves play an important
role in mesoscale and small-scale atmospheric motions.
The C-grid is well suited for simulations of atmospheric
geostrophic adjustment (inertial gravity wave) pro-
cesses (Arakawa and Lamb 1977). The vertical grid is
also staggered, with vertical velocities calculated at the
levels that separate model layers. Other dependent vari-
ables are evaluated at the center of each layer (Fig. 1).

The second-order scheme conserving energy and en-
strophy, proposed by Arakawa and Lamb (1977), is
employed to calculate the horizontal advection terms.
This scheme prevents spurious energy cascade for two-



FIG. 1. Vertical structure of the model.

dimensional incompressible flows. Energy does not ac-
cumulate in the smallest resolvable scale, so truncation
errors are reduced and instability associated with non-
linear aliasing is also controlled.

The hydrostatic equation takes the commonly
adopted form of Anthes and Warner (1978). The geo-
potential varies logarithmically with pressure when the
temperature is approximately constant in a layer. An-
thes and Warner showed that Inp—dependent schemes
have high accuracy in mountain wave simulations even
with low vertical resolution. A leapfrog time-differenc-
ing scheme is used in the model. To avoid splitting time
steps in the three-level solution, Matsuno’s scheme
(Arakawa and Lamb 1977) is applied every eight steps
in the time integration.

A lateral boundary zone consisting of three grid
points has been added to reduce the effects of lateral
boundaries (Davies 1976). Variables that cannot be
predicted at the outermost boundary points are extrap-
olated from values at interior points. A Newtonian
damping technique is used to relax the values within
the boundary zone to the prescribed external fields. The
Newtonian damping takes the form (Kurihara and
Bender 1983):

A% =

T+ N, (Ao + N,A), (®)
where A* and A are the variables after and prior to
relaxation, respectively; A, is the prescribed value for
A in the boundary buffer zone. The damping coefficient
N, is defined such that N,At is the e-folding time for
damping. Such lateral boundary conditions efficiently
absorb gravity waves generated in the computational
domain as they propagate toward the boundary. Ac-
cordingly, reflection of these waves near the lateral
boundaries is greatly attenuated. At the same time, this
boundary treatment serves as a one-way grid-nesting
scheme. When the external time-dependent fields are
prescribed by a coarse-grid model or observations, the
boundary zone produces a smoother transition from the
interior flow field to the applied external field. The re-
laxation coefficients, N,, used here are 1.45, 16.0, and
256.0 for the three grid points (moving inward from
the boundary). In this study, the values of A, are ini-
tially the same as the initial conditions along the bound-
ary; these values change slowly with variations of pre-
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dicted values in the boundary zone, assuming that A,
relaxes toward the predicted values with a one-hour e-
folding time.

b. Physical processes

The physical processes treated in the model include
horizontal subgrid eddy diffusion, vertical turbulent
diffusion, large-scale water vapor condensation and
precipitation, radiative transfer for solar (shortwave)
and infrared (longwave) fluxes, and the land surface
energy balance defined with a two-layer soil model.
The treatments of radiative fluxes, vertical turbulent
fluxes, and land surface processes are elaborated below.

1) RADIATIVE FLUXES

Solar heating at earth’s surface is the basic driving
force for the atmospheric boundary layer. The net solar
radiation flux at a horizontal surface is calculated here
as

So cosZ(l — ANG — a,) for cosZ >0 %
5 0 for cosZ < Q,
where S, is the intensity of solar radiation at the top of
the atmosphere, A is the surface albedo, and Z the solar
zenith angle, with

cosZ = sinys sind + cosy cosé cosh, (10)

where ¢ denotes the latitude, 6 the solar declination,
and A the solar hour angle. Atmospheric attenuation and
water vapor absorption of solar radiation are calculated
using empirical representations. Following Mahrer and
Pielke (1977), molecular scattering and absorption by
the major gases are represented by an empirical trans-
mission function G, which was originally derived by
Kondrat’yev (1969) to account for forward Rayleigh
scattering, and later modified by Atwater and Brown
(1974):

G= max[0.0, 1.0211

0.000949p + 0.051\?
coI;Z ) ] an

- 0.0824(

where p is the pressure in millibars. The absorptivity
of water vapor is defined by McDonald’s (1960) em-

pirical function:
0.3
a, = 0.077] 22|, (12)
cosZ

where u(z) is the precipitable water vapor (in cm) in a
vertical column above level z. The atmospheric heating
rate (J kg™! s7!) caused by water vapor absorption of
solar radiation is approximated by
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The changes in solar heating rates on slant surfaces are
also considered.

The longwave radiation transfer equations for a
plane-parallel atmosphere are written in terms of emis-
sivity (Rodgers 1967). If e(k, k') represents the emissiv-
ity of the optical pathlength between the discrete levels
k and k' in the atmosphere, then the discrete forms of
the longwave radiation transfer equation can be written

where the level index k increases from the top of the
model atmosphere, k = 0, to the surface level, k = kk.
The subscripts # and d denote the emissivities for up-
ward and downward radiation, respectively; T,_ s, is the
average temperature of the layer between levels k — 1
and k. The longwave radiative heating rate per unit

as mass of air (J kg™’ s™') in each layer is
!

Fi = Y oTi_ipledk, k' — 1) — efk, k)] O, = (Fi — Fi_) — (Ft — Fiy) (16)

k' =k RL p AZ ’

1 — = PN .

Fipll = €k, ), ke =1,2, -+, ks (14) where p is air density. The parameterization used to
. kk . , , calculate the emissivity is based on the empirical func-
Fi= Y oTi_plek k') — ek, k' ~ 1)] tions derived by Garratt and Brost (1981), including
K=kt absorption by water vapor in nonwindow spectral
+ [e,0T: + (1 — €)FLII — ek, kk)], regions (Rodgers 1967; Welch and Zdunkowski 1976)

and in the window region (8—13 um) (Stephens and
k=0,1,---,kk—1, (15) Webster 1979), as well as carbon dioxide absorption.

TABLE 2. Characteristics of the two-dimensional simulations: A, is the height of the mountain peak, s is the e-folding half-width of the
mountain, x, is the distance from the coastline to the mountain peak; ‘‘H’’ indicates a high mountain, ‘‘M”’> a medium-height mountain, and
““L”’ a low mountain.

Stimulation Coastal state/tracer Topography
1) Sea breeze Sea-land contrast; tracer from coastline to 70 km inland No mountains present on the coastal plain
2) Mountain flow No sea surface; tracer from 40 km to 120 km inland Inland plain with adjacent mountain range
2.1 H mountain hy = 2.0 km; s = 22.5 km
2.2 M mountain hy = 1.0 km; s = 15.0 km
2.3 L mountain ho = 0.5 km; s = 10.0 km
3) Coastal mountains Sea—land contrast; tracer from coastline to 25 km inland Coastal plain with nearby mountain range
3.1 H mountain ho = 2.0km; s = 22.5 km; x, = 50 km
3.2 M mountain ho = 1.0km; s = 15.0 km; x, = 35 km
3.3 L mountain _ ho = 0.5 km; s = 10.0 km; x, = 25 km
4) Inland mountains Sea—land contast; tracer from coastline to 70 km inland Coastal plain with inland mountain range
4.1 H mountain ho = 2.0 km; s = 22.5 km; x, = 100 km
4.2 M mountain ho = 1.0 km; 5 = 15.0 km; x, = 100 km

4.3 L. mountain ho = 0.5 km; s = 10.0 km; x, = 100 km
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2) VERTICAL TURBULENT FLUXES

The friction force related to turbulent stress and the
turbulent flux divergences of potential temperature and
water vapor are represented by the following expres-
sions:

a Vi
FV [ M , (17)
p0z
v
F, = 000w (18)
pOz
Opg'w’
F,=-——. 1

The turbulent flux divergence for any passive tracer,
expressed in terms of its mixing ratio, has the same
form as that for water vapor.

The surface turbulent stress and fluxes in the model
are based on the Monin—Obukhov similarity theory.
This theory has been widely applied to describe the
mean wind speed and air temperature as a function of
height in the atmospheric surface layer. The Monin—
Obukhov representation is supported by observations
over flat, horizontally homogeneous land surfaces (e.g.,
Businger et al. 1971). Calculations of turbulent fluxes
are accelerated using a parametric scheme proposed by
Louis (1979). The scaling velocity u, and scaling tem-
perature 8, are expressed as empirical functions of the
Richardson number. Ueyoshi and Han (1991) discussed
some properties of Louis’s parametric scheme.

A hybrid boundary-layer model is used to calculate
turbulent fluxes above the surface layer. Three turbu-
lent regimes are considered. Under strongly stable con-
ditions, in which the Richardson number exceeds its
critical value, turbulence is suppressed by the stable
stratification and the flow is assumed to be laminar.
When the surface layer is strongly unstable, the bound-
ary layer is driven primarily by buoyancy forces. Under
these conditions, the boundary layer is assumed to be
in a free convective regime, and a convective plume
model is used to calculate the turbulent fluxes. Between
these limiting cases, both the mechanical forcing (shear
production) and buoyancy forcing are important in the
generation of turbulence. In the turbulent regime,
which exists between stable and moderately unstable
conditions, turbulent fluxes are determined using a
first-order closure scheme.

A model for vertical mixing in a free convective
plume was first proposed by Estoque (1968). In a dry
daytime atmospheric boundary layer, mixing is driven
by rising convective thermals generated in the surface
layer. The vertical exchange of heat and other quanti-
ties within the boundary layer occurs not only between
adjacent atmospheric layers—as described by simple
diffusion theory—but between the surface layer and
each overlying air layer to which convection pene-
trates. The core of a thermal plume ascending from a

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 51, No. 15

500 —

400 fmemTTT e T

300 -1
200 -
100

-100
200
300
400
-500

ENERGY FLUXES (W/M2)

-600
-700

-800

-900

Lo b b by b b bor b o b by

-1000
5 7 9 11 13 15 17 19 21 23 1 3 5
TIME (HOURS)

700||||||||||||||||l]r|r|l
—————— 10kmHs
—--=-— 50kmHs -

N s 10kmEg

0\ — 50km Eg -

500

400 %
300 y
200 |-
100 e R —

ENERGY FLUXES (W/M2)

1274 J S N U Y O O N T Y N S S

5 7 9 11 13 15 17 19 21 23 1 3 5
TIME (HOURS)

FiG. 4. Radiation and heat fluxes at the surface in the sea-breeze
simulation (case 1): (a) Surface radiation fluxes 50 km inland from
the coastline (Rn is the net radiation flux; FS is the net solar radiation
flux; FIRd, FIRu, FIRn are the downward, upward, and net infrared
radiation fluxes, respectively). (b) Surface sensible heat (Hs) and la-
tent heat (Eg) fluxes 10 km and 50 km inland from the coastline.

heated surface detrains air into all of the layers through
which it passes, thus transferring heat (and tracers)
from near the surface throughout the mixed layer. Ver-
tical overshooting of thermals causes the stable layer
above the mixed layer to cool, inducing entrainment at
the top of the mixed layer and transferring heat down-
ward into the mixed layer. This vertical heat transfer
by convective thermals is controlled not by the local
temperature gradient, but by the entire thermal structure
of the boundary layer.

Blackadar (1978) developed a convective plume
model that successfully simulated the daytime convec-
tive boundary layer. Zhang and Anthes (1982) adopted
Blackadar’s treatment in their planetary boundary-layer
model. A further modified version of this convective
plume model (Fig. 2), which parameterizes the effects






