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ABSTRACT

Elevated pollution layers are observed over Los Angeles with an aircraft equipped with a downward-looking
lidar. For the first time, detailed ancillary upper-air kinematic and thermodynamic data were collected simul-
taneously to aid in the interpretation of these elevated layers. It is concluded that upper-level winds within the
inversion, orographic effects, and thermally induced changes in the depth of the mixed layer control the evolution

of these layers.

1. Introduction

Los Angeles has frequently been a subject of air pol-
lution studies owing to its unique meteorological setting
and related air quality problems. The key feature is the
persistent elevated temperature inversion (Robinson,
1952; Edinger, 1959) which is, to a large extent, a result
of the large-scale subsidence and light winds associated
with the semipermanent Pacific High. This subsidence
produces an air mass which is relatively warm and dry,
except within the lower atmosphere where a thin ma-
rine layer (~300-600 m in depth) has evolved with
the temperature and humidity characteristics of the
sea surface over which it has been moving for many
days. The boundary between these air masses is marked
by the strong (~7-9°C) temperature inversion that
suppresses large-scale convection and reduces vertical
mixing. Consequently, air contaminants produced in
the Los Angeles area are trapped near or at the surface.
It should be noted that this climatological situation is
not unique to Los Angeles. Cities such as Casablanca,
Capetown and Lima are also extremely vulnerable to
smog (Neiburger, 1969).

Another dominant feature over Los Angeles are the
local winds which are strongly influenced by two fac-
tors: 1) the local alteration between the sea breeze
blowing toward the land (ocean) during the day (night),
and 2) the thermally induced mountain-valley breezes

* The research described in this article has been funded in part by
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and the orographically induced obstacle flows (Beer
and Leopold, 1947). In addition, there is an urban heat
island effect; however, Schultz and Warner (1982) have
concluded that its influence is relatively small.

Many previous studies concentrated on the transport
of pollutants below the marine inversion. The extensive
surface wind network within the Los Angeles area has
been used to estimate surface air trajectories to deter-
mine probable sources of the pollutants responsible for
high concentrations in specific local regions, e.g., Kau-
per (1960). In subsequent years, constant volume bal-
loons (tetroons) were released from various sites for
the purpose of estimating the three-dimensional air
trajectories in the low levels over the basin (Holzworth
etal., 1963; Pack and Angell, 1963; Angell et al., 1972,
1975, 1976). More recent work has utilized chemical
tracer releases as a means of identifying possible pol-
lutant paths in and around the Los Angeles area (Drivas
and Shair, 1974; Lamb et al., 1978). However, until
recently there has been relatively little effort to study
the vertical distribution of pollutants within the stable
layer above the base of the temperature inversion,
These “elevated pollution layers”™ are important to un-
derstand (e.g., their origins, the depth AGL, etc.), since
the contaminants trapped within them may be fumi-
gated to lower levels during the same day or on sub-
sequent days as the boundary layer deepens owing to
convective thermals generated by surface heating. This
deepening in turn causes a more rapid buildup of pol-
lutant concentrations at the surface than might be ex-
pected (Blumenthal et al., 1978). Such fumigation may
occur near the origin of the elevated layer or at another
location depending on the kinematics of the boundary
layer wind structure.
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One of the first studies on elevated pollution layers
was by Lea (1968), documenting maximum ozone
concentrations above the base of the inversion. Edinger
and Helvey (1961) and Edinger et al. (1972) had spec-
ulated that these elevated layers might exist and sug-
gested two mechanisms for their formation:

1) local convergence zones caused by the alteration
of the sea breezes around complex topography; and
" 2) orographically assisted convection over heated
mountain slopes that weaken the inversion and pump
pollutants aloft (sometimes referred to as the “chimney-
effect™).

Owing to the sparseness of surface and upper-air ob-
servations, these hypotheses could not be confirmed
until LIDAR (LIght Detection And Ranging) was de-
veloped and subsequently applied to air quality and
meteorological studies in the boundary layer (e.g.,
Hamilton, 1966; Collis, 1969; Johnson, 1969; Johnson
and Uthe, 1971; Uthe and Russell, 1974; Uthe and
Wilson, 1979; Uthe et al., 1980a; McElroy et al., 1981;
Shipley et al., 1984; Uthe, 1984; and Melfi et al., 1985).
In particular, lidar has been demonstrated to be capable
of detecting the distribution of the particulate pollution
and attendant boundary layer structure in the atmo-
sphere with high spatial and temporal resolution. Re-
cent studies in the Los Angeles area using downward-
looking lidar aboard aircraft (Uthe et al.,, 1980b;
McElroy, 1982; McElroy, 1985) revealed the existence
of elevated aerosol layers above the base of the tem-
perature inversion. Such layers were attributed to
heated upslope flow in conjunction with wind shear
aloft, air mass convergence in complex terrain, and
undercutting of one air mass by another of different
density (e.g., the sea breeze).

Unfortunately, these recent studies lacked detailed
ancillary upper-air kinematic and thermodynamic data
essential to confirm speculations concerning the origin
and evolution of such elevated layers. This paper is a
first attempt to quantitatively describe vertical lidar
observations of elevated pollution layers over Los An-
geles using high-resolution data collected during Project
BASIN (Basic Studies on Airflow, Smog and the IN-
version) (Wakimoto and Wurtele, 1984).

Project BASIN, a mesometeorological project over
Los Angeles which was the data source for this research
paper, is discussed in section 2. The synoptic and me-
soscale conditions during the analysis periods are de-
scribed in section 3. The lidar and supplementary sur-
face and upper-air data for several times are shown
and analyzed in section 4. Discussion and conclusions
drawn from the analysis are presented in section 5.

2. Project BASIN, the data source

In the summer of 1984, the most cdmprehensive
collection of air quality and meteorological data ever
attempted over Los Angeles was directed by the Uni-
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versity of California at Los Angeles (UCLA), with the

aid and cooperation of several organizations listed in

Wakimoto and Wurtele (1984). Overall and enlarged
base maps of the BASIN network are shown in Figs. 1

and 2, respectively. A dense network of surface stations
recording wind speed and direction, temperature, and
dewpoint temperature information was deployed dur-
ing the project. In addition to these parameters, South
Coast Air Quality Management District (SCAQMD)
stations recorded gaseous air pollutant concentrations
(e.g., ozone) on a continuous basis. During the field
phase of BASIN, radiosondes and airsondes were
launched every 4 h around the clock at 11 upper-air
stations (Table 1) for three complete days of monitor-
ing, consisting of the following periods:

1) 1300 GMT 8 August-1200 GMT 10 August;
2) 0000 GMT 18 August-2300 GMT 18 August
(GMT = 8 hrs + PST).

An aircraft equipped with a downward-looking solid-
state pulsed lidar was flown by the Environmental Pro-
tection Agency (EPA) to observe distributions of aero-
sol concentrations in the atmosphere. With the aerosol
lidar, range-resolved atmospheric backscatter and sur-
face-reflected energy (ground return) are obtained at
the transmitted wavelengths. The laser signal returns
are recorded in digital form by a magnetic tapé re-
corder. On-board microprocessor systems allow the li--
dar data to be shown in real time on a television mon-
itor as distance-height displays in shades of gray. Geo-
graphical positioning of data points is by a dedicated
Loran C navigational system. Details concerning the
lidar system are contained in McElroy et al. (1982) and
McEIroy and Smith (1986). Two of the lidar flight
transects, labeled A and B in Figs. 1 and 2, are discussed
and interpreted in this paper using surface and upper-
air observations collected during BASIN. Transect A
was flown between 2200 and 2229 GMT on 9 August
and transect B was flown between 0308 and 0334 GMT
on 10 August.

3. Synoptic and mesoscale conditions

The synoptic conditions from 8 to 10 August were
typical for southern California in the summer. The axis
of a strong ridge at the 500 mb level (not shown) was
centered over the coastline on 8 August and subse-
quently drifted eastward, in response to a short-wave
trough approaching the Pacific Northwest, and was lo-
cated over Eastern Nevada, Idaho and western Mon-
tana by 10 August. Although this movement of the
ridge might suggest an end to the large-scale subsidence,
the height of the 500 mb surface at Vandenberg Air
Force Base and San Diego, California, did not change,
remaining at ~ 5900 geopotential meters (gpm) for the
entire period. :

At the lower levels (not shown), the synoptic flow
was dominated by the Pacific High located offshore,
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FIG. 1. The BASIN network located over southern California. The dashed line and the dash-dot line delineate
flight paths of the Environmental Protection Agency (EPA) lidar aircraft. The 11 upper-air sites are listed in Table

1. The boxed-in area is enlarged in Fig. 2.

with north to northwesterly winds along the coast of
California, and the thermally induced low pressure area
over the desert regions in the extreme southwestern

" United States and northern Mexico. The thermal low
in conjunction with the Pacific High produces an on-
shore component enhancing the sea breeze during the
day. Based on the above observations, a pollution ep-
isode had been predicted to occur by the SCAQMD
(Joe Cassmassi, personal communication, 1984), for
the entire operational period.

The mesoscale conditions on 8 August were influ-
enced by a very strong low-level inversion owing to
the synoptic situation on these 3 days. An ~10°C in-
version at ~900 mb, as measured at Long Beach, is
shown in Fig. 3. At 2100 GMT (Fig. 4a), the sea breeze
is apparent over the entire basin with high ozone con-
centrations farther inland. A peak ozone value of 29
parts per hundred million (pphm) was reported near
Pasadena (see Fig. 2) at this time; this value is one
considered to be “unhealthful for everyone” by the
SCAQMD (e.g., South Coast Air Quality Management
District, 1985). By 0500 GMT 9 August (Fig. 4b), the
sea breeze had weakened but there was still a west to
east flow across Los Angeles. The air was relatively
clean with all SCAQMD monitoring stations reporting
ozone concentrations less than 5 pphm. The advection

of ozone out of the Basin during the late afternoon and
evening by the sea breeze is a common scenario over
Los Angeles. In addition, ozone production locally
drops dramatically after 1) suspension of nonshift re-
lated industrial activities; 2) the evening rush hour
traffic is over; and 3) the sun sets on the horizon.
Although the synoptic scale conditions did not
change significantly from 8 to 10 August, an interesting
mesoscale feature developed over the ocean west of
Los Angeles which altered the boundary layer structure
over the Basin. The phenomenon is known as the
“Catalina Eddy” (Rosenthal, 1968; Bosart, 1983; Dor-
man, 1985), so-called since it is an eddy circulation
with its center located near Santa Catalina Island off
the coast west of Los Angeles. It is typically 200 to 300
km in diameter and results in the development of
southerly to southeasterly winds along the southern
California coastal area. Although the recent work of
Bosart (1983) and Dorman (1985) have clarified var-
ious aspects of the eddy, it is clear that the mechanism
for its formation is still not completely understood.
Figure 4c¢ (2100 GMT 9 August) illustrates the me-
soscale influence of the eddy on the windflow patterns
over Los Angeles. Examples of the wind field over a
larger spatial scale during an eddy event are well illus-
trated by Bosart (1983; see his Figs. 4, 6 and 7). Mod-
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TABLE 1. BASIN upper-air sites.

Elevation

Identifier Location (m) MSL
CSU California State University, Northridge 295
CWA Cowan Ave 47
ELM El Monte 76
ETW Eaton Wash Dam 280
GRV Green River Golf Course 146
LGB Long Beach Airport 16
MTW Mount Wilson Observatory 1725
POM Pomona 207
PVR Palos Verdes 105
RIV Riverside Airport 244
TUS Tustin 17

erate southerly winds are apparent except near Santa
Monica and the Los Angeles International Airport
(LAX) (see Fig. 2) where the sea breeze forces the winds
toward a more westerly component. In contrast to the
previous day, the ozone concentrations have fallen
dramatically. The important difference in the flow pat-
terns at the surface in Figs. 4a, c is that, during the
eddy event shown in Fig. 4c, the wind direction near
the coastal regions south of Long Beach are not per-
pendicular to the coast (i.e., southwesterly), but are
from a southeasterly direction. When the sea breeze
weakened at night (Fig. 4d) the southerly flow prevailed
over most of the Los Angeles Area.

The eddy has been observed to alter the structure of
the boundary layer when it forms; in general, coastal
visibilities improve and the marine layer deepens dur-
ing the first night after its formation. Air pollutants
presumably mix vertically and hence become diluted
within the deeper marine layer with resulting transport
through mountain passes out of the Basin. This deep-
ening is shown in Fig. 3 by the time sequence of sound-
ings launched at LGB. Although it is beyond the scope
of this paper, a detailed analysis of the Catalina Eddy
during Project BASIN is currently underway.
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4. Lidar cross sections

This section presents two lidar cross sections labeled
A and B in Figs. 1 and 2 along with the wind, tem-
perature and humidity data collected at the upper-air
sites along the flight path. Unfortunately, owing to me-
chanical problems aboard the aircraft, only one pass
over each track was flown; therefore, time continuity
is lacking in this presentation. To help in overcoming
this lack of information, cross sections of the sounding
data are presented and interpreted at times before the
aircraft traverses.

a. Track A

The lidar data for track A is presented in Fig. 5. For
each such flight transect, the lidar data are shown
graphically as images in shades of gray with the stron-
gest scatter black and the lightest one white. The heavy
lines of strong scatter at the bottom of the images rep-
resent the ground return. The high concentration of
particulate matter below the base of the inversion (the
“mixed layer”) is clearly evident in Fig. 5a. The atten-
uation of the laser beam to a point where the ground
is barely detectable on the left side of Fig. 5a is caused
by a deck of stratus clouds. Note the change in the
boundary layer structure as the marine air ascends via
forced and/or free convection (thermals) up the heated
slope of the San Gabricl Mountains. Although the
boundary layer appears to be thinner along the slope
of the mountain, the actual depth, perpendicular to
the mountain slope, is ~3 km, owing to the vertical-
scale distortion of the data presentation. However, the
boundary layer is decreasing in depth relative to the Z
coordinate reaching a minimum at ~850 mb. This
lidar observation would explain the maximum in sur-
face ozone concentration noted by Edinger (1973) at
approximately the same level on other mountain
slopes; i.e., at a height two-thirds to three-quarters up
the mountain slope.

Long Beach ;

—o—a— 2100 GMT Aug 8 5
—t—&— 0501 GMT Aug 9

mb

—o—e— 1245 GMT Aug 9
—0—A— 2100 6MT Aug 9 4
—o~+— 0504 GMT Aug 10

F1G. 3. Radiosonde soundings launched at Long Beach (LGB) from 8 to 10 August
1984. Solid lines are temperatures and dashed lines are dewpoint temperatures.
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FIG. 4a. Surface airflow pattern and ozone concentrations for 2100 GMT 8 August 1984. The dashed lines are ozone
concentrations in parts per hundred million (pphm). Solid lines are streamlines.
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FIG. 4b. As in Fig. 4a except for 0500 GMT 9 August 1984.
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August 9,1984
B - LIDAR Observations
';;?ﬂ Elevated Aerosol Layer PO
MSL
-/ 500 —
San Gabriel
Mountains
[o] 10 20 km
10 mi
(4] mile 1000
-0 ¥ 2 d .- 1
PVR & LGE ELM ETW MTW
2200 GMT = LIDAR Transmission Time + 2229 GMT
S5a
2100 2100 GMT i 2042 2123 ZIBD Augu51 9’ 1984
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DIRECTION \
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— P a b

San Gabriel
Mountains

L 5 4
T \—e-src station
e 1000
oo A .
PVR & LGB ELM ETW MTW
2200 GMT = LIDAR Transmission Time 2229 GMT
5b

FIG. 5. Lidar cross section over track A (a) without superimposed data; (b) with surface and upper-level winds superimposed;
(c) with potential temperature and ozone concentrations superimposed; and (d) with relative humidity superimposed.
Balloons were launched at the five upper-air sites (PVR, LGB, ELM, ETW and MTW) at ~2100 GMT 9 August 1984.
The dashed line in Fig. Sa indicates that the two elevated aerosol layers may be contiguous. Wind speeds are in knots.
Lidar data are gray scale representations of aerosol backscatter of laser signal at 0.532 ym.



NOVEMBER 1986 ROGER M. WAKIMOTO AND JAMES L. MCELROY 1591

2100 2100 GMT 2042 2123 2130 August 9,1984
; ?
L. 2 : ' POTENTIAL 7
! . . TEMPERATURE
! _
\_l‘_/‘bﬁ* 8
km | i :
MSL ,
= - 5 | S " . ROO—

San Gabriel
Mountains
] 3 | -
9 ;::‘ ’, S f .. /
) /, [ y s oA i
< ft / ‘ Lo R gl S 1000—
L 1T . 5 : Ozone pphm
PYR & LGB ELM ETW MTW
2200 GMT = LIDAR Transmission Time + 2229 GMT
5c
'2:00 2|I00 GMT 20:‘2 2l|23 2I|30 Al.lgl.l51 9' 1984
1
R , ' R ity RELATIVE 3
! | 1 HUMIDITY
1 1
: N ¢ .
=2 | LY - BOO—
km 1 4] .
MSL ] :
o !
51
B ik e
!
e
L Al r , - : . z . : 4 d 00 —
- San Gabriel
Mountains
= i =
NN L
= R ARt
—p 1000
_O ‘]'v L Al w B & i . |
PVR Y LGB ELM ETW MTW
2200 GMT LIDAR Transmission Time 2229 GMT

5d

FIG. 5. (Continued)
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, August 8,1984
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FIG. 6. Vertical cross sections of (a) surface and upper-level wind field; (b) potential temperature and ozone concentra-
tions; and (c) relative humidity field for the same track as in Fig. 5 at ~2100 GMT 8 August 1984.
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FiG. 6. (Continued)

Although not totally apparent in the pictorial display
of the gray scale representation of the lidar data in Fig.
5a, the two elevated aerosol layers above the mixed
layer are believed to be contiguous as indicated by the
dashed line. This hypothesis is supported by subsequent
analyses. Figure 5a is similar to pictures shown by Uthe
et al. (1980b) of the pollution structure over Los An-
geles; however, in the present study, five upper-air sites
(labeled on the figure) were collecting data along the
flight path.

The wind information for the 2100 GMT launch
from PVR, LGB, ELM, ETW and MTW are plotted
on Fig. 5b. The surface flow field in Fig. 4c supports
an analysis along this cross section since the flow is
nearly parallel to this section except near the top of
Mt. Wilson, where the flow becomes easterly. Strong
southerly flow below the inversion within the mixed
layer is contributing to the upslope flow. This southerly
flow is continuous up the mountain slope until ~870
mb, where the surface station depicts an easterly wind,
and at the top of Mt. Wilson, where the station recorded
a northerly wind. This change in wind direction is con-
sistent with the location of the elevated aerosol layer
flowing southward away from the slope leading up to
Mt. Wilson., It should be mentioned that the pollutants
depicted within the elevated aerosol layer likely origi-
nated from an area east of the cross section presented
in Fig. 5 since the winds within this layer are from an
easterly direction.

Figure 5c is a potential temperature analysis corre-
sponding to the lidar cross section. The base of the
inversion is denoted by the 296 K isentrope over PVR
since it marks the boundary of a rapid vertical increase
of potential temperature. The base rises to higher levels
as the air moves inland toward the mountains. The
deepening is mainly a result of the modification of the
marine layer by the convection produced by heating
of the ground (Edinger, 1963). The air is unstable near
the mountain slopes and is characterized by nearly
vertical isentropes. This potential temperature analysis
is similar to ones presented by Defant (1951), Malkus
(1955), Cramer and Lynott (1961), Orville (1964,
1968), Fosberg (1967) and Cramer (1972). Figures
5b, c suggest that the rising motion up the mountain
slope, as shown by the lidar images, is a combination
of forced (by the southerly flow) and thermally induced
upslope flow (owing to the heating of the mountain
slope). ‘

The analysis in Fig. 5¢ suggests that a weak stable
layer whose base is denoted by the 312 K isentrope

-acted as the “lid” for the elevated aerosol layer. For-
tunately, a vertical profile of ozone concentration was
measured in situ by an instrumented aircraft at ~2030
GMT over ELM (see Fig. 5¢). There is a drop in ozone
as the aircraft penetrates the base of the first inversion
(denoted by the 304 K isentrope) and a subsequent rise
and fall as the aircraft passes the base of the second
stable layer (denoted by the 312 K isentrope). These
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observations support the continuity of the elevated
pollution layer indicated by the dashed line in Fig. 5a.

At this point it should be mentioned that the depic-
tion of such aerosol layers by lidar does not necessarily
imply that the gaseous pollutants are also contained at
elevated concentrations. In fact, the lidar may be mon-
itoring the aerosol mass associated with gaseous pol-
lutants, especially secondary ones. Blumenthal et al.
(1978) have shown that the vertical distribution of light-
scattering aerosols is well correlated to that of ozone
except in the early morning hours. They state that most
of the light-scattering aerosols in Los Angeles smog are
a product of atmospheric reactions which form sec-
ondary pollutants like ozone. Therefore, the correlation
between the light-scattering coefficient and ozone con-
centrations is consistent with the hypothesis that the
aerosol is a by-product of the photochemical reactions
which yield ozone.

An analysis of the relative humidity distribution is
shown in Fig. 5d. The presence of stratus is supported
by the high relative humidity values on the left side of
the figure. As the air moves up the mountain slope an
increase in relative humidity occurs as air parcels ex-
pand and cool. The “pumping” of moisture above Mt.
Wilson is illustrated by the 40% isohume.

It is apparent from the deepening of the marine layer
shown in Fig. 3 that the mesoscale conditions on 9
August were strongly influenced by the Catalina Eddy.
Therefore, it should be determined whether the obser-
vations shown in Fig. 5 are unique or whether these
profiles could be observed on days when the meteo-
rological conditions were more typical of a heavy smog
episode. To attempt to resolve this issue, an analysis
of the sounding data from the previous day was per-
formed even though lidar data were not available (Fig.
6). Recall that at the surface, the airflow patterns at
2100 GMT on these two days did not appear to be
substantially different (compare Figs. 4a and 4c).

In Fig. 6a, the winds within the mixed layer are sim-
ilar to those in Fig. 5b; however, the winds aloft exhibit
a more westerly component. The wind information
from the mountain surface stations are approximately
the same on both days (note that the northerly wind
at MTW is similar to Fig. 5b). The major differences
between 8 August and 9 August occur in the potential
temperature fields; the inversion on 8 August is stronger
and lower. The vertical profile of ozone concentration
does not indicate a secondary peak aloft owing to the
lack of a corresponding elevated inversion; therefore
an elevated aerosol layer may not have been present.
The heating of the mountain slope is still evident and,
combined with the southerly flow in the mixed layer,
apparently is advecting substantial quantities of pol-
lutants aloft. However, in the absence of an elevated
inversion and with an upper-level wind field which does
not support a “return flow” over the Basin, most of
the pollutants were dispersing well above the moun-
tains. It should be noted that the 2100-2130 GMT
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time may be too early in the afternoon for the upslope/
return flow to be fully developed. Unfortunately, the
next launch time (0100 GMT) is too late to observe
the return flow. In Fig,. 6c, the strength of the inversion
is shown by the very rapid drop in relative humidity
above its base.

b. Track B

The lidar data collected when the aircraft passed over
track B are presented in Fig. 7. Perhaps more dramat-
ically than in Fig. 5, elevated pollution layer structure
is clearly indicated over RIV and GRYV. A qualitative
description based on Fig. 7a suggests that the low-level
inversion has dissipated at GRV with an apparent
abrupt increase in mixing height at this location. From
GRYV eastward, the mixing height relative to the surface
decreases, particularly over the mountain slopes. Sim-
ilar to Fig. 5, there appears to be a pronounced oro-
graphic effect in the generation of the elevated pollution
layer. It is interesting to note that although the air is
relatively clean near the surface at GRV and RIV
(ozone concentrations of 2-3 pphm), there apparently
is extensive pollution aloft. Unfortunately, no vertical
profiles of ozone concentrations were available at this
time.

An interesting feature shown in Fig. 7 is the wave-
like structure (horizontal wavelength ~38 km) of the
elevated aerosol layer. The upper-air and lidar obser-
vations are not complete enough to determine the na-
ture of this wave; however, it may be an internal gravity
wave. Unfortunately, linear theory supports internal
disturbances of all wavelengths; thus, it is difficult to
explain the presence of a wave with this particular
length of scale.

A striking feature in Fig. 7b is the observation that
the low-level inversion does not dissipate at GRV, as

_ suggested by the lidar data alone, but is continuous to

RIV. The westerly winds within the mixed layer are
advecting pollutants eastward up the slope of the San
Bernardino Mountains. The meteorological data sup-
port the contention that these pollutants are subse-
quently advected by the easterly winds aloft back over
the basin at the ~860 to 870 mb level. The relative
humidity analysis (Fig. 7¢) supports the existence of a
deeper boundary layer toward the eastern part of the
basin.

In an attempt to understand the evolution of the
lidar data shown in Fig. 7, the upper-air data for 2100
GMT 9 August was plotted and analyzed (Fig. 8).! It
becomes apparent after examining Fig. 8 that although
the low-level inversion was continuous from GRYV to
RIV in Fig. 7b earlier in the day, the mixed layer was
deeper owing to thermal convection caused by surface
heating and extended to ~900 mb between GRV and

! Unfortunately, the upper-air data for 0100 GMT 10 August were
not complete, so the preceding launch time was chosen.
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FIG. 7. Lidar cross section over track B (a) without superimposed data; (b) with surface and upper-level winds, potential temperature,
and ozone concentrations superimposed; and (c) with surface and upper-level winds and relative humidity superimposed. Balloons were
launched at the four upper-level sites (PVR, LGB, GRV and RIV) at ~0500 GMT 10 August 1984. Wind speeds are in knots. Lidar data
are gray scale representations of aerosol backscatter of laser signal at 0.532 um.
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RIV. The location of the base of the inversion over the
east basin (~308 K isentrope) in Fig. 8a is well cor-
related with the position of the elevated pollution layer
in Fig. 7. A

Between the analysis times in Figs. 7 and 8, the land
surface cooled and the base of the inversion began to
lower to the position shown in Fig. 7b. In fact, a close
examination of Fig. 7a shows that a faint layer of pol-
lution exists at approximately the location of the 296
" 10 298 K isentrope. Russell et al. (1974) has discussed
a probable reason for the poor depiction of the base of
this inversion. During a subsidence regime when an
inversion begins to develop or to lower, often there is
little or no optical contrast between neighboring air
masses. Lidar detection is delayed until sufficient par-
ticles are trapped below the inversion to define the in-
terface. This process is just beginning in Fig. 7. The
humidity pattern in Fig. 8b does not appear to be sig-

nificantly different than that in Fig. 7c, although the
relative humidity values are lower owing to the warmer
temperatures.

As in subsection 4a, it is advantageous to compare
conditions in Fig. 7 with those occurring before the
Catalina Eddy formed. Accordingly, Fig. 9 was con-
structed from data obtained at 0500 GMT 9 August.
Similar to the analysis presented in Fig. 6, the inversion
is lower and stronger than on the following day. The
westerly winds within and above the inversion would
not appear to support the occurrence of an elevated
pollution layer as dramatic as shown in Fig. 7. (How-
ever, there is some evidence of easterly flow at ~950
mb over RIV and GRYV implying a possible existence
of an elevated-layer structure.) It is likely that much
of the pollution was advected through mountain passes
and over the slopes of the San Bernardino Mountains
by these winds. However, note the larger separation



NOVEMBER 1986

ROGER M. WAKIMOTO AND JAMES L. MCELROY

1597

0500 0501 GMT WIND 0500
5 255° = pimecrion™ 7°° <
\a/e \
2 e e it st e Tx \W
km
MSL

H

fi°°/— August 9, 1984 |

“~ Potential Temperature

- ]
e Wi e e “T T 800
1{“-?\ F

t: sw,\&"{}:

ST

i

0501 GMT pg50 —p  WIND

- owecrion® 7°°

DRY

5

&
o
(=]

August 9, 1984
Relative Humidity !

[Tt

/’%fff

o
ny L O
7
i S\so *~
= V\\ \
) i T T B D
PVR /

F1G. 9. As in Fig. 8 except for ~0500 GMT 9 August 1984.

between the 308 and 310 K isentropes which corre-
sponds to a discontinuity in relative humidity over RIV
and GRYV. This humidity pattern suggests that the
mixed layer was much deeper earlier in the day. In
fact, an analysis at 2100 GMT 8 August (not shown)
depicts a situation similar to Fig. 8a with the mixed
layer being much deeper east of GRV, owing to the
thermal convection from below. It is believed that an
elevated pollution layer would have formed below
~310 K isentrope in the east part of the basin if the
winds were not persistent from a westerly direction
above the mixed layer.

5. Discussion and conclusions

Edinger (1973) and Blumenthal et al. (1978) both
presented vertical cross sections of potential temper-
ature from flight paths approximately over CWA,
ELM, POM and RIV (see Figs. 1 and 2). Their results

reveal high oxidant levels within the inversion, which
they attribute to injection of pollutants in the vicinity
of heated mountain slopes. The present study supports
these works but also suggests that vertical mixing by
thermals in the mixed layer, especially over the east
basin, may contribute to the evolution of elevated pol-
lution layers. In fact, several figures in both of the above
mentioned studies suggest that large quantities of ozone
may be forced aloft over the east basin by convective
mixing before the advected, polluted air mass reaches
the mountains. After combining with pollutants that
are orographically forced aloft, elevated layers in both
cases are advected westward within the stable layer to-
ward the coastal areas. Naito et al. (1968), among oth-
ers, has hypothesized that convective plumes are an
important mechanism to transport pollution to higher
levels in the atmosphere.

The apparent discontinuity in the depth of the mixed
layer in the eastern basin over GRV and RIV during
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the day (Figs. 7, 8, and 9) should not be surprising
upon close examination of Fig. 2. The San Bernardino
Riverside Valley is shielded from direct ocean effects
except for the passes near the POM and GRYV upper-
air sites. During the day, heating at the surface is intense
in this interior valley and results in a much deeper
mixed layer. The findings suggest that at least two dis-
tinct boundary layer regimes must be considered over
the Los Angeles area. Figure 10 summarizes how the
combined effects of orography and convective mixing
might produce elevated pollution layers over the east
basin. The orographic effects include forced convection
by upslope flow along the mountains (in the examples
presented in this paper, this flow was a result of the sea
breeze on 8 August and the Catalina Eddy on 9 and
10 August) or free convection owing to the heating of
mountain slopes during the day. Convective mixing
over a heated interior valley was well illustrated in sec-
tion 4b.

Based on the analyses presented in this paper, it can
be concluded that elevated pollution layers are a com-
monly observed phenomenon within the boundary
layer in the Los Angeles area. It appears that upper-
level winds within the inversion, orographic effects and
thermally induced changes in the depth of the mixed
layer control the evolution of these elevated layers. In
addition to the results presented in this paper, it is be-
lieved that the depth of the mixed layer can be related
to horizontal wind shear (or sea-breeze undercutting)
which can lift the base of the inversion and redistribute
pollutants to higher altitudes. It is important to incor-
porate these elevated pollution layers and the detailed
- airflow field in numerical modeling efforts since the
aerosols can be reentrained into a deepening boundary
layer at subsequent times near their origin or at other
locales resulting in surface pollution concentrations
that can be much higher than predicted. The modeling
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in turn is generally used for the development of strat-
egies for the attainment and maintenance of the air
quality standards.
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