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Abstract

An SF6 tracer study was conducted on July 22, 1977 to‘examine :
the origin of the high sulfate concentrations observed in coastal
Los Angeles County. It was found that the sea breeze/land breeze
circulation system in the.Los Angeles Basin resﬁlts in transport
of pollutants seaward at night followed by return of aged material
inland the next day. This characteristic wind reversal pattern
both increases the retention time for sulfate formation in the
marine environment'and causes individual air parcels to make multiple

passes over large coastal emissions sources. Sulfur oxides recircu-

lated by the previous night's land breeze were found to be the largest

single contributor to 24 hour average sulfate air quality on this
occasion. In contrast, 24 hour average 502 concentrations were
dominated by fresh emissions from nearby sources. The overall rate
of SO2 oxidation to form sulfates iﬁ tﬁe Los Angeles atmosphere was

estimated to average about 5.87 per hour during these  experiments.
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1.0 Introduction

The sea breezé/land breeze circulation system in the Los Angeles
Basin results in transport of pollutants seaward at night followed
by return of aged material inland the next day. One result of this
ailr mass recirculation pattern is to increase the potential for
accumulating high sulfate concentrations. In order to quantify this
effect, a sulfate and total sulfur balance was constructed for polluted
air masses passing over a coastal air monitoring station in the

vicinity of a cluster of major SOx emission sources.

2.0 Physical Setting

The location of interest is the Santa Monica Bay coastline of
Los Angeles County, as shown in Figure 1. The major sources of sulfur
oxides emissions in\the‘Los Angeles area are situated at the coast,
close to waterborne transportation and a supply of cooling water. One
such source grouping shown in Figure 1 is a cluster of two oil-fired
power plants and an oil refinery located at El Segundo, California.
During 1973, for example, that group of El Segundo point sources
accounted for an average of 47.7 short tons per day of SOx emissions
(stated as 802). By comparison, sulfur oxides emissions from
surrounding low level sources located within a four mile (6.4 km)

radius of the El Segundo Power Plant totaled less than 2.7 tons/day.1

lFor emissions data, see Cass (1978), Figures 4.15 thrcough 4.20; grid
squares I5 through I8 by J11 through J12.
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During the daytime, emissions from these coastal sources are
advected inland by the sea breeze. In the evening; the onshore winds
stagnate and then begin to drain slowly back to sea. Pollutea air
masses residing over metropolitan Los Angeles during the previous

afternoon are swept back toward the coast.

As this "urban backwash" of material previously over land passes
the coastline, overnight emissions from elevated sources are injected
high into the atmosphere. The urban backwash and overnight coastline

emissions are then stored over the Santa Monica Bay during the early

morning hours.

Toward sunrise the onset of the sea breeze reestablishes a
dominant onshore flow. Aged material stored over the Santa Monica
Bay is advected back across the coast, picks up a fresh pollutant
burden as it recrosses the coastline emissions sources and proceedé
inland. Thus the typical day's sulfate air quality observations

made at a near-coastal community might well reflect contributions

- from at least three distinct passes over the same set of sources:

(1) Fresh emissions inserted into that day's sea breeze,
(2) Overnight emissions from coastal point sources inserted into

the previous evening's land breeze, and

(3) Urban backwash due in part to coastline emissions transported

inland during the previous day's sea breeze regime.

A total sulfur balance on air parcels observed at a receptor

point in coastal Los Angeles County then yields the expression that:
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= : + +
Stotal. Sbackwash, + Sovernight. Sfresh. Smarine. (1)
J 3 ] J J
where
is total sulfur oxides concentration stated as

Stotal,
J elemental sulfur observed during time interval j;

Sbackwashj is that portion of Stotalj due to recirculation of
pollutants previously located over the urban area
upwind of our receptor point during the land breeze

regime;

. . ! .
Sovernight. is that portion of StotalJ ue to overnight
J emissions from coastal point sources downwind of

our receptor point during the land breeze regime;

Sfresh, is that portion of Stotalj due to fresh pollutant
emissions upwind of our receptor point during that

day's sea breeze regime;

S . is that portion of . isin om i i
marine. ‘ that p n StotalJ arising from intrusion
J of marine air masses over land for the first time
after the backwash material has been cleared from
Santa Monica Bay by continuation of a sea breeze

stronger than the prior night's land breeze.
A similar expression is written for total sulfur appearing as sulfate

in each air parcel:

so, = SO + S0 + S0 + S0 (2)
total, backwash, overnight, fresh, marine,
3 J J J J
where
SO4 is total sulfate concentration stated as sulfur
tOtalj observed during time interval j:
S0 is that portion of SOy due to recirculation
backwash total;
i of pollutants located over the urban area upwind

of our receptor point during the land breeze

regime.
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SO is that portion of SOy due to overnight
overnight total;
j emissions from coastal point sources downwind of

our receptor point during the land breeze regime;

SO4 is that portion of So4total- due to fresh pollutant

resh, . . . .
£ | emissions upwind of our receptor point during that

day's seahbreeze regime;

SO4 is that portion of So4total- arising from intrusion

marine, . . . .
i of marine air masses over land for the first time.

3.0 Experimental Program Relevant to Sulfur Oxides Transport
and Transformation

An experimental program was undertaken during July, 1977, in an
attempt to separate each of these contributors to local sulfur oxides
air quality. Sulfate concentrations were measured at two hour inter—
vals by low-volume sampling at two onshore locations: Redondo Beach
and Lennox. Samples were collected on Gelman GA-1 glass fiber filters
and analyzed for total sulfur (reported as sulfate) by the X~-ray
fluorescence method (Tsou et al., 1977). The monitoring site at
Lennox was co-located with the‘South Coast Air Quality Management
District's SO2 continuous monitoring station in that community. A
time history of sulfate, sulfur dioxide and total sulfur oxides air

quality, S » thus can. be constructed at that location. For that

total
reason, our analysis will focus on Lennox as the receptor point of

interest,

Sulfur oxides concentrations in offshore marine air were sampled
by a variety of methods. A sulfate sampling station similar to the

ones at Redondo Beach and Lennox was established at Santa Catalina
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Island off of the Southern California coast. Flame photometric total
sulfur analyzers were located at Santa Catalina Island and aboard the
research vessel Acania as it cruised in the Santa Monica Bay. From
this sampling program, offshore sulfur oxides concentrations, Smarine’
could be determined.

Surface wind speed and direction.measurements obtained from the
South Coast Air Quality Management District's Redondo Beach and Venice
stations were used to track the outflow and return of urban backwash
air masses. Measurements of inversion base height over the Santa
Monica Bay were obtained from an acoustic sounder located aboard the
Acania. From pollutant measurements made at Lennox during the nighttime
land breeze regime, the initial concentrations of 802 and sulfates in
the backwash air masses were determined as those air masses moved
seaward. Meteorological data then can be used to estimate that portion
of S__ . .observed at Lennox during the next sea breeze periocdrthat

total

originated in the previous night's backwash from the urban area.

In order to identify the contribution to S due to overnight

total
emissions from coastal point sources, sulfur hexafluoride tracer was
injected into the stack of unit number 4 at Southern California
Edison Company's El Segundo power plant. A total of 90 Kg of SF6
was released at a continuous rate beginning at 2400 hours Pacific
Daylight Time (PDT) on July 21, 1977, and ending at 500 hoﬁrs on the
morning of July 22, 1977. Those tracer-labeled emissions blown out

to sea at night were then observed to recross the coastline during

the following day's land breeze. By considering the tracer concentration
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observed near Lennox and the ratio of tracer released to sulfur oxides
emitted by El Segundo point sources, the impact of overnight emissions
from those sources on the following day's air quality at Lennox can

be estimated.

Experimental means have been described which identify total
sulfur oxides concentrations, Stotal’ plus the contributions to that
total from urban backwash, overnight emissions and marine air quality.
From equation (1), we see that the remaining term which reflects the
effect of direct transport of fresh sulfur oxides emissions from

sources upwind of Lennox in the morning can be determined by difference.

4.0 Data and Analysis

Sulfate air quality measurements made at Lennox, Redondo Beach,
and Santa Catalina Island are shown in Figure 2. From July 19 through
july 26, sulfate concentrations at Catalina averaged 8.9x1gm/m3 |
(as SO4=). A long term fluctuation about that mean value is apparent,

with an amplitude of approximately i-Sugm/m3 and period of about one

week. The major departure from that pattern occurs in the afternoon

of July 24, when sulfate concentrations at Catalina increased sharply

from 9.011gm/m3 up to 27.411gm/m3 over a two hour time interval. Sulfur

hexafluoride samplers located at Catalina indicate that SOx emissions
accompanied by a tracer release made the previous night at E1 Segundo
passed over Catalina at that time. That was the only occasion on which

transport from E1 Segundo to Catalina was demonstrated during this study.

Sulfate measurements made at Lennox and Redondo Beach show a

distinct enrichment in pollutant concentrations above the baseline
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formed by marine air quality. A strong diurnal variation in sulfate
concentrations is observed, with peak values typically occurring at
about noontime, followed by a decline to near Santa Catalina Island
levels for a short time at night. A longer term pattern to onshore
air quality is also observed which tends to follow that at Catalina.
Successively rising dailyvmaximum sulfate concentrations are observed
from July 19 through July 22, followed by a subsequent decline over a
period of several days. Sulfate concentrations at Lennox and Redondo

Beach track each other closely over time.

Sulfur balance calculations will be used to explore the origin of
the highest sulfate concentrations observed at Lennox. Figures 2 and
3 show that both sulfate and sulfur dioxide concentrétions at Lennox
peaked strongly between 1000 and 1200 hours on the morning of July 22,
1977. However, in order to explain the factors contributing to tﬁat
peak, one must return to the later hours of the previous day. Just
before noon on July 21st, sulfate air quality peaked at Lennox. Then
throughout that afternoon and evening, sulfate concentrations decliﬁed
as wind speed increased and as material stored over Santa Monica Bay

was transported inland by the sea breeze.

By 2200 hours on July 21, sulfate concentrations at Lennox and
Redondo Beach had fallen to near the levels observed at Santa Catalina
Island. Then the land breeze began at 2300 hours PDT on that day. At
this time, polluted air masses previously over land began to flow

backward out to sea. A dividing line between marine air and the urban
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backwash is established at the coast with the onset of the land breeze

and propagates seaward.

4.1 Backwash Air Quality

As the material which was stored over land recrosses the Lennox
monitoring site, Figure 2 shows that sulfate concentrations began to
increase in a near "mirror image'" of the previous evening's inland
progression. This pattern is consistent with that which would be
expected if the same air mass passed back and forth over the same
monitoring site with relatively little mixing in the direction of

the flow.

Consider an x-y coordinate system with the y-axis parallel to the
Santa Monica Bay coastline. The motion of air normal to the coast is
measured along the x axis with x = 0 referring to the coordinate of

the air monitoring station at Lennox.

Beginning with the onset of the land breeze at night, the seaward

penetration, Axi, of urban backwash air masses during each time interval,

i, 'was calculated from the separate averages of wind speeds and wind
directions observed at Venice and Redondo Beach. Inversion base data
from the acoustic sounder aboard the Acania were used to obtain‘the
depth, hi’ of the mixed layer at that time. Air parcels of seaward
extent Axi, height hi and semi-infinite length in the crosswind

direction were successively placed over the Santa Monica Bay.

As each air mass so defined passes over the Lennox air monitoring

station, initial conditions for total sulfur concentration existing




as sulfur dioxide,

SSO(O), and sulfates, SSO(O), are established, as

2Bj 4B; .
given in lines 2 through 5 of Table 1. It is assumed that these aged
air masses are vertically well mixed to the base of ?he inversion.
Comparison of sulfate data taken at Redondo Beach and Lennox from
late July 21 through the morning of July 22 indicates that crosswind
concentration gradients on this occasion were small (see Figure 2).
Consequently, crosswind diffusion of backwash air parcels will be

neglected, and calculations will be performed for a two dimensional

system.

Surface wind data indicate that a land breeze started between
2300 and 2400 hours on July 21. At 2320 hours on July 21, the inversion .
base was located at 290 meters above sea level, and the backwash
material was taken to be well mixed at least to that altitude at that
time. From 2400 hours on July 21 until the late afternoon of Jul§ 22,
inversion base height over the ocean averaged 189 meters above sea
level and never rose to more than 260 meters above sea level. From
these data it is concluded that the inversion base never rose high
enough to include portions of the atmosphere free of backwash material,

and that changes in inversion height provided no opportunity for

vertical dilution of backwash or marine air parcels.

While dilution overnight would be ineffective in reducing SOZ‘
and sulfate concentrations, sulfur oxides concentrations could be
changed by chemical reaction. SO2 residing below the inversion base

may react to form sulfates, and may be depleted by deposition at the

ground or ocean's surface. The following set of competitive first
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order reaction processes were used to model this chemical transformation

and pollutant deposition:

ds

e ST @
dt SO2B h SO2B
where
SSo is the sulfur oxides concentration existing as sulfur
2B dioxide within an urban backwash air parcel;
k is the overall rate of oxidation of SO, to form sulfates
due to homogenous and heterogeneous processes combined;
Vg is the deposition velocity for 802 at the earth's surface;
h is the depth of the mixed layer below the inversion base.

In a similar fashion, expressions for sulfate formed can be written as

ds

SO :
4B
dt SOZB ‘
where
SSO is sulfur oxiaes concentration existing as sulfate within

4B an urban backwash air parcel.

‘Studies of sulfate deposition velocity made in the Los Angeles
Basin by Davidson (1977).indicate that particulate sulfates are present
predominantly in submicron size ranges, and thus exhibit extremely
low dry deposition rates. Ground level deposition of sulfates thﬁs is
neglected in equation 4. Sulfur dioxide gas, on the other hand,
undergoes comparatively rapid removal at the earth's gurface. A sulfur

dioxide deposition velocity of 0.7 cm/sec is estimated from Garland

(1974).




Solving equations 3 and 4 over a time interval from t to t +At

yvields,

v
_ £
k(1 + kh) At

S (t +At) = 8 (t) |e (5)
50,3 50,
- 7
Sso, (E+BT) = S (£) + 5 () —17 1-e k(@ + 1) ot (6)
4B 4B 2B 1y -8
+

As indicated by the dimensionless group (Vg/kh), in order for the SO2
in the backwash air masses to make a significant contribution to the
total sulfate concentration observed at Lennox the next day, the overall

rate of SO2 oxidation must have a value of order (Vg/h) or (in this case)

a value of a few percent per hour.

A convenient way of describing the temporal relationship betwéen
air parcels sent seaward at night and those returning the next morning
 with the sea breeze is by means of a "folded time line", as shown in
Figure 4. 1If viewed from the start of the sea breeze at 0700 hoﬁrs
on July 22, the lower axis of that graph would give the location of
the boundaries of those air parcels transported seaward during the
previous land breeze. In this case, pollutants have been transported
seaward to a distance of 30.0 km from the coast or a distance x = -35.5 km
from Lennox (which is located 5.5 km inland). 1If air parcels are
assumed to return past Lennox on a last—in first—out basis, then the
upper axis of Figure 4 represents the inland progression caused by the

sea breeze on July 22. It is seen, for example, that part of the




1118003 of (owioN
uoIjop stop ny)

I 4

SSYM Hiv INIYYN

ot ozl

ot Obl (wx) 37v3S 3IONVISIO

(8199204 21y
fuiopy pus ytomysop|

L

X3ON! IYAHILNI 3nIl

22/12 AP ~ J00H d2084g pudT

T r—r—

€l ¥t

4

6l

02 12 22 §2 22 Ao - anoy e20e.g Deg
INIT 3INLL

b P
T

1 {nvssd sy se8.g 00G)

2l

¥

(X1}

Li61 '22 Ane

o

bl

$13%4vd Miv

323344
323388 QNV N3I3M138 3IONIANOJSIYYOI O9NIMOHS

INIT 3WIL 430704

4 9an31g

. - X3

v3s aNv

FEINN B3| X3GNI IVAYILNG 3L



air parcel passing Lennox between 2300 hours and midnight on July 21,
plus all of the air masses passing between midnight and 0200 hours

on July 22, plus part of the air mass passing Lennox between 0200 and
0300 hours on July 22 returned back over Lennox between 1000 and 1100

hours on.the:morning: of July 22.

The contribution to the total sulfur oxides concentration observed
at Lennox due to the urban backwash at any time interval, j, is the
sum of total sulfur oxides originally in the backwash less that portion
of the SO2 in the backwash.which deposited at the ocean's surface.
Since the sea breeze is typically stronger than the land breeze, polluted
air parcels transported seaward during several time periods the previous
night may contribute to backwash concentrations sampled over land during

a single time interval the next morning. That is,

v
: i 1)
= o kb |y k\#=Bae ]
Sbackwash, :E:aij Sso(o) + SSOCO) 1 v 1 e kh ij (7N
3 i=1 ABi 2B, .1+E%

where the newly introduced terms are .

aij the fraction of the backwash air parcel characterized

during land breeze time interval i which recrosses
Lennox during the sea breeze time interval is

Ati' the retention time for each air parcel between initial
J characterization and subsequent return.

For the purposes of our calculations, some approximations were made.

The value of Atij was taken as the time that the centroid of the air

. .th | .
parcel (which travels seaward during the i— time interval and returns




.t . . . .
during the J—E time interval) spent west of Lennox. The inversion base
height, h, was taken to be constant and equal to its average value of

189 meters above sea level.

In a similar fashion, the backwash contribution to sulfate
concentration observed at Lennox during any time interval j was

computed as follows:

_ v :

. - _g

S0 = Z a..180,.(0) + so,_(0) 1 1-e k(l+kh) AtiJ'
4backwash +J 4Bi 2Bi v

(8)

4.2 Marine Air Quality

By the end of the sea breeze at 2300 hours on July 21, sulfate
concentrations at Redondo Beach and Lennox had dropped to near thg
levels recorded at Santa Catalina Island. A large mass of marine air
of uniform composition was assumed to completely fill the Santa Monica
Bay at that time. Measurements made at éanta Catalina Island between
2300 hours and midnight indicated a total sulfur oxides concentration
in marine air of 0.006 ppm (or 7.8 ugm/m3 as sulfur) which included
10.711gm/m3 of sulfates (3.611gm/m3 as sulfur). Simultaneous measure-
ments made aboard the Acania indicated a total - sulfur concentration of
0.01 ppm in air over the Santa Monica Bay, which is consistent with

the Catalina data to within the number of significant figures given.

This marine air mass residing over the Santa Monica Bay was

pushed seaward by the land breeze during the early morning hours of
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July 22. Thus once the urban backwash had been withd%awn completely
from over the Santa Monica Bay on the morning of July 22, marine air
parcels would begin to appear over land. The initial chemical compo-
sition of each marine air mass was taken to be like that observed at
Catalina Island at 2300 hours on July 21, as given in line 1 of Table 1.

The residence times for SO, oxidation and deposition were taken from -

2
this initial condition at 2300 hours on July 21 until the time of

arrival at Lennox of the midpoint of the air parcel of interest.

The effect of residence time on the sulfur oxides concentrationg
contained in marine air was computed by the same procedure as described

for the backwash air parcels. That is,

\9
: E% k(1+3£
| - A
S . =Zcx.5 0 + 5., O|l-7—%T(1l-e KLY
marine, 4= j’_J SO S0 |
J 4M. 2M, g |
=1 i i 1+ ;
kh 1
(9)
and
n ( Eé)
-k\l + A
S0, - => o, (0)+s (0) 1-e oy LI
4marine : ij 7M ‘g
ji=1 " i\l
(10)
where the newly introduced terms are:
S (0) the initial condition for total sulfur existing ag
SOZM. sulfur dioxide in marine air at time interval i;
i
SSO (0) the inttial condition for total sulfur ex1sting as

4M. sulfates in marine air at time interval 1.
i



o,

&)

~

Analysis of backwash and marine air motion coefficients, aij’ and
residence times, Atij’ are given in Table 2. The values of aij and

Atij are conveniently estimated from the folded time line in Figure 4.

4.3 Overnight Emissions

Overnight emissions into the land breeze from point sources at
El Segundo were tagged with SF6 tracer. From tracer measurements made
aboard the Acania, it was found that emissions from these elevated
sources stayed aloft until about 5:30 a.m., after which fumigation to
the ocean's surface occurred within a few minutes over a wide area of

Santa Monica Bay.

Trajectories calculated from surface winds would indicate that
emissions sent seaward at night tacked northward before recrossing the
coastline the next morning. However, from a line of closely spaced
SF6 samplers located at the coast, it was bbserved that the peak
returning SF6 concentration (76 ppt hourly average) occurred between
1000 and 1100 hours at the El Segundo monitoring site. That value
compares favorably to the highest hourly average SF6 concentration
observed aboard the Acania (82 ppt between 0900 and 1000 hours July 22)
as the ship sailed along a line headed almost directly westward from a
point located several miles off of El Segundo. The implication is that
the zone of highest impact of overnight emissions from Santa Monica
Bay point sources recrossed the coastline the next morning near the

point of pollutant origin.

The concentration of sulfur oxides later observed at Lennox due

to overnight emissions was therefore estimated from measured tracer
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concentrations plus a knowledge of the ratio of El Segundo SOX emissions
to SF6 tracer emissions. While resident aloft, SO2 in the elevated
source plume can react to form sulfates, but no removal processes occur
due fo deposition at the earth's surface. After fumigation, surface
deposition and SO2 oxidation serve to alter pollutant composition and
concentration. Total sulfur oxides concentrations observed at Lennox
the next morning due to overnight emissions from El Segundo were

taken to be equal to that computed from tracer concentrations and the

SF6 tracer to SOx mass ratio, less any SOz‘surface deposition. That is,

'
- £ .
oo

an

- A _ _ -kAt_.
Sovernightj_ B [SFG]j 1-1a fs)(e ' aJ

where the newly defined terms are:

B the mass ratio of SF_ tracer emissions to El Segundo point
source SOx emissions.

[SF6], the mass concentration of SF, tracer estimated to be at
} Lennox during morning time interval j. This estimate was
based upon measurements made upwind at El Segundo one hour
earlier.

f the volume fraction of SOx emissions present as sulfates
at the exit of the stack.

At . the time interval from the release of pollutants from
elevated sources to the time at which fumigation occurred,
for material observed at Lennox during time interval j.

Atb. the time from fumigation until that air mass recrossed
J Lennox during time interval j.
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TABLE 2

Analysis of Air Motion Coefficients and Residence Times
‘for Backwash and Marine Air Parcels

1. Air Motion Coefficient Matrix

O.ij T J
1 2 3 4 5 6 7 8
1| o 0.23 1.0 1.0 1.0 1.0 1.0 1.0
2 o0 0.30 0 0 0 0 0 0
31 0 0.35 0 0 0 0 0 0
4| 0.46 0.12 0 0 0 0 0 0
\[ 5| 0.56 0 0 0 0 0 0 0
1
2. Residence Time Matrix (hours)
Atij - > ]
1 2 3 4 5 6 7 8
1 - 12.8 14 16 18 20 22 23.5
2 - 12.2 - - - - - -
3 - 9.4 - - - - - -
4| 6.2 7.8 - - - - - -
' 5| 3.9 - - - - - - -
i

3. Interpretation:

For example, during time interval j=1 (between 8 and 10 a.m.

on July 22 as shown in Table 1) 56% of the air masses passing
over Lennox had initial chemical composition like those sent
seaward over Lennox during time interval i=5 (between 4 and 6 a.m.
on July 22 as shown in Table 1). The average residence time

for that material was AtSl = 3.9 hours.
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In a similar fashion, the contribution to daytime sulfate air
quality due to overnight emissions from coastal point sources,
SO s can be determined. It is composed of an increment due
overnightj
to the primary emissions of sulfates from those sources, plus sulfates
formed from 802 oxidation during the period while the plumes were

isolated aloft, plus sulfates formed from 802 oxidation after the

plumes had fumigated to the ocean's surface:

S0 =B - [SF.].|f +(1—f)(l—e_kAtaj)]
4 . 6°j1 s s
overnlghtj
1 e
+ 8- [SFG]j[l—fS][e—k Ataj] Vo[l -e*\E TR/ Ats

1 +T&%
(12)
The initial fraction of SOx emissions, fs, evolved directly és
sulfates from utility fuel combustion and refinery processes is taken
as 0.03 or 3% of total SOX emissions based on data given by Hunter
and Helgeson (1976). The mass ratio of El Segundo sulfur oxides
emissions to SF6 released on the early morning of July 22 is estimated

in Table 3 and cross—checked in Table 4 against the SF, and S0,

6

increments observed over the ocean after plume downmixing.

Mass balance calculations for SF6 release and return are shown

bj’ the midpoint of time

interval j at Lennox was chosen for reference. Since the SF6 monitors

in Figure 5. In order to estimate Ataj and At

were located at El Segundo upwind of Lennox, an estimate of the
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Ambient Monitoring Confirmation of the Ratio
of Elevated Source S04 Emissions to SFg Released

Time

0600 to 0700 hours July 22
0700 to 0800 hours July 22
0800 to 0900 hours July 22
0900 to 1000 hours July 22

1000 to 1100 hours July 22

Observation: Addition of (82.0 - 6.6) = 75.4 ppt of SF6 was accompanied
by an increase in SOx of about 0.0l ppm.

Inferred ratio'of SF6 to SOX is:

1 ppt SFg = 0.000133 ppm SO,, which is very close to the
6 x

TABLE 4

Hourly Average
of Simultaneous Observations
of SOy and SFg Concentrations
Along the Ship Track of the Acania

SFg in ppt S0x in ppm
6.6 c.01
59.6 0.02
33.1 0.02
82.0 0.02
43.6 0.02

ratio estimate from Table 3.
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. concentration and cumulative amount of SF6 having passed Lennox at the

midpoint of time interval j was read from the midpoint of the next
earlier sampling interval measured at El Segundo. Then the midpoint
time of release of that SF6—labe1ed matefial was determined by reading
horizontally across teo the cumulative release graph on the lgft hand
side of Figure 5, assuming that air parcels return from over the

Santa Monica Bay on a last-in first-out basis. The time interval from
release to returm is Atj = Ataj + Atbj. From a knowledge of the time
at which overnight emissions mixed down to the ocean's surface,

subdivision of Atj into Ataj and Atbj is accomplished (see Table 5.)

4.4 Fresh Emissions

Fresh emissions occurring after the end of the SF6 tracer release
also influenced Lennox air quality. An -analysis of wind flow da;a on
the morning of July 22 indicated that emissions into the sea breeze at
El Segundo were transported directly toward Lennox with transport times
as shown in Table 6. The contribution to Lennox sulfur oxides air
quality due to fresh emissions from sources in the vicinity of that
mgnitoring site was taken to be equal to the difference between total

SOx observed and contributions from other known sources. That is,

Sfreshj - Stotalj - Sbackwashj - Smarinej - Sovernightj (13)

The maximum sulfate contribution due to fresh emissions from nearby

sources is taken to be

- _ kAt
s0, =S gt rA-£)(L-e iy (14)

fresh, j
g _J
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TABLE 6

Transport Times from El Segundo to Lennox
during Sea Breeze Regime, July 22, 1977

Time _ Time Wind Direction ‘'Transit Time
Interval Interval Speed (Degrees from to Lennox
(Hours, PDT) Index (m/sec) Due North) (hours)
0800 - 1000 j=1 1.68 2240° 0.92
1000 -1200 ji=2 3.35 | 2406° 0.46
1200 - 1400 j=3 3.35 240° 0.46
1400 -1600 j=4 3.93 n 240° 0.39
1600 -1800 i=5 3.13 n 240° 0.49
1800 - 2000 i=6 1.65 n 240° 0.93
2000 - 2200 §=7 1.00 n 260° 1.64
2206 - 2300 j=8 0.90 n 275° 2,' 09

Note: Lennox is located 5.54 km from El Segundo. A wind direction
of 240° yields direct transport from E1 Segundo to Lennox.
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assuming that these emissions occurred from elevated sources so close

to the receptor point that ground level deposition can be neglected
during most of the transport time from source to receptor. It was
assumed that the principal source of these emissions was from El Segundo,

and thus that transport times, Atcj’ would be taken from Table 6.

4.6 Sulfur Balance Calculations

Expressions 7, 9, 11 and 13 were substituted into equation 1, while
equations 8, 10, 12, 14 were substituted into equation 2. The result
is a system of two sulfur balance equations involving two unknowns,

and the effective average SO2 oxidation rate, k. At each time

Sfresh.
J

interval j, a trial value for k was assumed. The total sulfur balance

(equation 1) was used to calculate S That value of S

fresh,’ freshj vas

ingserted into the sulfate balance (equation 2) and an estimate of

SO was obtained and compared to the measured value of SO
4
totalj totalj

The system of equations was solved by successive substitution of k

values until measured and calculated sulfate concentrations agreed.

5.0 Discussion of Results

From solution of our system of sulfur balance equations, a series
of estimates were made of the rate of SO2 oxidation within:air parcels .
arriving at Lennox on July 22. 1In every case, the estimated value
for k was significantly greater than zero, indicating that sulfate

formation was occurring over time.

In Table 7, individual determinations of k are compared to
experimental results obtained in the Los Angeles atmosphere by Roberts

(1975) during the same season of a previous year. The results of the
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present study are in the same range as those of Roberts (1975), but
with a somewhat lower average value. Considerable scatter in
oxidation rate estimates is apparent in both sets of experiments,

even for air parcels with consecutive times of arrival at the
monitoring sites of interest. This may be due in part to a diurnal
variation in 302 oxidation rate, but another likely explanation lies
in the nature of the experimental conditions encountered in these
field studies. Fairly small changes in measured SO2 or sulfate
concentrations can lead to correspondingly larger percentage changes
in reaction rate estimates. For example, a 20% reduction in sulfate
concentration observed at Lennox between 1400 and 1600 hours on

July 22 would have reduced the estimated 502 oxidation rate from 14%
per hour down to 7.8% per hour. ‘Our calculation scheme further forces
agreement between calculated and measured total sulfur oxides concen-
trations, with the result that the discretenmess of the 502 concentration
measurements (reported only in increments of 0.0l ppm) contributes to

scatter in the SO2 oxidation rate estimates.

In a situation where fluctuations within the limits of experimenﬁal
erro? are magnified in their effect on calculated 802 oxidation rates,
it is probably wise to rely on the average of all eight of our
determinations as the best indication of the rate at which sulfates
were being formed on this occasion. This overall average 802 oxidation
rate (as shown in Table 7) was 5.8% per hour. That value compares
favorably to the average Los Angeles summertime 802 oxidation of 6%

per hour estimated from the sulfate air quality model validation study

by Cass (1978).
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Total sulfur oxides concentrations observed at Lennox on July 22
are shown in Figure 6. On a twenty-four hour average basis,

contributors to that pollutant loading included:

- 60% fresh emissions from nearby sources

* 33% backwash sulfur oxides recirculated from over the
_ - -~urban area by the land breeze/sea breeze reversal

« 47 marine sulfur oxides

> 3% overnight emissions tagged with SFG'

The dominant contribution from fresh emissions is to be expected
because Lennox was directly in the path of the plumes from El Segundo

point sources during most of the sea breeze portion of July 22.

While total sulfﬁr oxides air quality was dominated by fresh
emissions from nearby sources, sulfate concentrations were due largely
to the oldest material in the atmosphere. Measurements at Lennox on
July 22 yielded a twenty-four hour average sulfate concentration of
32.3 ugm/m3. Figure 7 shows that that twenty-four hour average

consisted of:

497 backwash material

*

207 marine material

20% fresh emissions

« 117 overnight emissions tagged with SFG'

One reason for the relatively modest impact of fresh emissions on
Lennox sulfate air quality is found in the initial chemical composition
of those fresh SOX emissions. Nearly all of the fresh SOX emissions are

evolved from their source as SOZ' In the late morning and early
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afternoon of July 22, transport times from E1 Segundo to Lennox were
less than one hour. Sulfate formation was slow enough that fresh SOx
emissions still existed predominantly as 802 at the time that they
crossed the Lennox monitoring site. In contrast, backwash and marine
air parcels carried a significant fraction of their total sulfur
oxides concentrations as sulfates at the time of their initial
characterization. Over long retention times, additional sulfates
formed by oxidation of 502’ while total sulfur in marine and backwash
air parcels declined due to surface deposition of 802. The result is
that these aged air masses were major contributors to observed sulfate
concentrations in spite of their reduced importance to total sulfur

oxides concentrations. The sea breeze/land breeze circulation system

made possible the long retention times needed for sulfate accumulation

in backwash air parcels.

A second effect of the sea breeze/land breeze circulation system
is to increase sulfate concentrations due to multiﬁle passes of the
same air mass over the same emission sources. This feature is most
clearly illustrated by considering the peak sulfate concentrations
Whicﬁ occurred at Lennox between 1000 and 1200 hours on July 22. The
air mass passing Lennox during that time interval céntained neither
the highest backwash contribution observed, nor the highest overnight
or fresh emissions impacts observed over a two hour period. The

superposition of pollutant contributions from several distinct passes

of the same air mass over coastal point sources, however, was sufficient

to accumulate the high concentrations observed at that time.
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TRANSPORT OF SULFUR OXIDES WITHIN THE LOS ANGELES
SEA BREEZE/LAND BREEZE CIRCULATION SYSTEM
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5.3
Glen R.
and
Environmental Quality Laboratory
California Institute of Technology
1. INTRODUCTION

The sea breeze/land breeze
circulation system in the Los Angeles area results
in transport of pollutants seaward at night followed
by return of aged material inland the next day.
This characteristic wind reversal pattern both
increases the retention time available for the
oxidation of SOp to form sulfates and causes indi-
vidual air parcels to make multiple passes over
large coastal emissions sources. As a result, the
Los Angeles atmosphere exhibits high peak day and
high annual mean sulfate concentrations in spite
of the fact that sulfate concentrations in marine
background or desert air are low.

The problem of identifying the
impact of individual emissions sources on sulfate
air quality in such a situation is so complicated
that it will frustrate many conventional air quality
modeling approaches. Transport and chemical reac-
tion processes must be followed for several
consecutive days within an airmass that "sloshes"
back and forth over thousands of emissions sources.
Unsteady meteorological conditions characterized by
light and variable winds render Gaussian plume
calculations inappropriate. The large spatial
domain needed to confine several days' emissions,
combined with the absence of meteorological data
over the ocean make even finite difference scheme
grid-based air quality models unattractive.

However, over the past five
years a series of research projects have shown how
SFg tracer studies combined with chemical modeling
can be used to verify the origin of the high sul-
fate levels observed in Los Angeles. Transport
patterns, dispersion rates and 802 oxidation rates
have been measured during SFg tracer experiments.
Emissions to air quality models have been construc—
ted and validated using data from the tracer
studies. Source contributions to observed sulfate
air quality have been separated into the impact of
distinctly different types of emissions sources.
Emissions control strategies aimed at sulfate air
quality improvement have been designed.

The purpose of this paper is to
review and integrate the findings of research
projects at Caltech which becar on the resolution
of the Los Angeles sulfate air quality problem.

320
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Figure 1. Major Sources of Sulfur Oxides
Emissions in the Los Angeles Area.

The original reports on each individual project
are cited and are available elsewhere.

2. SULFUR OXIDES EMISSIONS

The location of interest is the
Southern California coastline of meteropolitan
Los Angeles and Orange Counties, as shown in
Figure 1. The major sources of sulfur oxides
emissions are located along the coast, close to
waterborne transportation and a supply of cooling
water.

Emissions from these sources during
each month of the years 1972 through 1974 are shown
in time series in Figure 2. An underlying contri-
bution to sulfur oxides emissions from mobile
sources is shown which exhibits only slight seasonal
variation. To that is added a contribution from
miscellaneous stationary sources, primarily from
petroleum coke calcining kilns. The petroleum
refinery emissions shown arise principally from
refinery fluid catalytic cracking units. The
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Figure 2. Sulfur Oxides Emissions within the
Geographic Area Shown in Figure 1.
(from Cass, 1978)

chemical plant emissions arise from sulfur recovery
and sulfuric acid plants which reclaim by-products
from refinery wastes. A strong seasonal variation
in power plant and industrial fuel burning SOy
emissions is evident as interruptible natural gas
customers switch to fuel oil in the winter months
in order to free natural gas supplies for home
heating use. Of particular interest to this study
are the two groups of large power plants located
at El Segundo and at Los Alamitos (see Fig. 1)
which will be the subject of SFg tracer releases.

3. LOS ANGELES SULFATE AIR QUALITY

Historical routine air monitoring
data for sulfates and 502 were assembled and
reviewed by Cass (1975; 1978). It was found that
S02 concentrations in Los Angeles dropped rapidly
with distance inland from major coastal point
sources, as would be expected for dispersion of
a conserved or slowly decaying pollutant species.
In contrast, sulfate concentrations throughout the
entire Los Angeles Basin averaged between 10 and
14 ugm/m> over long periods of time, and were as
high in the immediate vicinity of major sulfur
oxides sources as in the far inland valleys (see
Figure 3). Long distance transport of pollutants
from other airsheds could not account for this
behavior since air quality measurements at islands
off the southern California coast and in desert areas
surrounding Los Angeles all showed much lower sul-
fate concentrations, in the range 3 to 5 ugm/m3,
annual mean. ‘

Two hypotheses were offered which
might explain the observed spatial distribution of
sulfate air quality (Cass, 1975). During periods
of direct inland transport from source to
receptors, the constant sulfate concentration with
distance inland from the coast could be explained
by a competition between dispersion which tends to
lower pollutant concentrations and additional
gas-to-particle conversion involving S0 which
tends to build-up sulfate concentrations. An
alternative possibility is that sulfate concen-
trations accumulate aloft near the coast during
late night land breeze and early morning stagnation
periods. This well-aged aerosol might then be
swept across the basin the next day by the advancing
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sea breeze, contributing roughly equal amounts
of sulfate to successive air monitoring stations
in passing.

SFg tracer studies were designed to
probe each of these tramsport patterns.

4. DIRECT INLAND TRANSPORT

Under fully developed sea breeze
conditions, direct tramsport occurs from coastal
sources to inland areas of the Los Angeles basin.

In order to determine both the path of those
plumes and the rate of their crosswind dispersion,
two series of SFg tracer experiments were conducted.

During October and November, 1974
a total of six SFg tracer releases were made from
stacks at the two power plants located at Los
Alamitos, as shown in Figure 1 (Drivas and Shair,
1975). Three of these tests were conducted at the
Los Angeles Department of Water and Power Haynes
Plant, and the other three releases were made from
a stack at the Southern California Edison Company
Alamitos Generating Station. The two stacks were
only 400 m apart and are indicated by a single
release point (&) on the map of Figure 4. SFg was
injected at a rate of between 4.83 and 8.97 g/sec
into the power plants stack gases in order to
achieve an SFg concentration in the stack of
between 2.00 and 2.63 ppm.

PASADENA Azusa

PACIFIC OCEAN

O CALTECH SAMPLER STA.
0 ROCKWELL INTERNATIONAL STA.
/\ APCD STATIONS

O FREEWAYS

0 10 20
SCALE IN km

Figure 4. Three-Hour Averaged Concentration
Isopleths for Power Plant Test No. 2:
2 pm to 5 pm (PST) October 11, 1974.
Isopleths show degree of dilution rela-
tive to stack concentration (from
Drivas and Shair, 1975).

Twenty-two fixed ground level SFg
monitoring sites plus ground level automotive
traverses across the path of the power plant
plumes were used to map the location of the plumes.
The crosswind standard deviation of plume spread
as a function of travel time downwind over. the
Los Angeles urban area was computed. A typical
plume map, shown in Figure 4, indicates that the
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plumes are present at ground level about 10 miles
from the power plants and proceed in a narrow

arc toward the northeast passing through Pomona.
The plumes then typically turn eastward at the base
of the high mountains which ring the back of the
Los Angeles Basin and travel east through San
Bernardino. This transport pattern was observed
during all or part of each of the six tests
conducted.

A second set of sea breeze tracer
studies was conducted by Shair et al. (1980) during
September 1977. SFg was released from a ship
stationed offshore in the Santa Monica Bay and was
followed to a downwind distance of 88 km. Again
a network of ground-based monitoring sites plus
automobile traverses across the plume were used to
map its location and to calculate the crosswind
standard deviation of plume spread.

Data on the crosswind dispersion of
plumes over continuous urban areas are rare.
Perhaps the best known and most often used results
are those due to McElroy and Pooler (1968). In
that study, dispersion over the St..Louis urban
area was tracked out to a travel time of about
4 x 103 sec (66.7 min) downwind. Data from the
Los Angeles SFg tracer studies were assembled and
analyzed by Cass (1978). It was possible to show
that the Los Angeles data fall within the extra-
polated bounds of the dispersion observed during
McElroy and Pooler's most stable and least stable
atmospheric conditions. The Los Angeles data
however span travel times up to 26.1 x 103 sec
(435 min). In this manner, our ability to verify
dispersion rates over urban areas was extended to
time scales long enough to be important to a study
of sulfate formation in the atmosphere.
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5. SULFATE FORMATION IN THE SEA BREEZE/
LAND BREEZE CIRCULATION SYSTEM

Having verified the transport pat-
terns and dispersion rates which occur under
conditions when plumes are transported directly
inland, attention was turned to the second flow
regime of interest. Could it be shown that sul-
fur oxides air pollutants sent seaward at night
by the land breeze were being returned inland the
next day after having aged overnight in the marine
environment?

A study of surface wind trajectories
was conducted by Lyons (1975) to estimate the
liklihood that pollutants sent seaward at night
would return back across the Los Angeles County
coast the next day. It was found, for example,
that for a release at the surface into a land
breeze at Redondo Beach in September or October
1973, there was an 89% probability that the tracer
would be detected recrossing the coast within 19
hours after a 2:00 am release.

A series of field tests then were
designed to confirm that peollutant recirculation
also occurs for the case of elevated releases
from large power plants (Shair et al. 1980). On
July 22, 1977 SFg was released into the land
breeze from a stack at the Southern California
Edison Company El Segundo Generating Station. A
total of 90 kg of SFgy was discharged beginning at
00:00 hours Pacific Daylight Time on July 22 and
ending at 05:00 hours on the morning of that day.
SFp monitors were located aboard a ship traveling
back and forth across Santa Monica Bay. The ship
borne data showed that that power plant plume
stayed aloft until about 5:30 am, after which
fumigation to the ocean's surface occurred within
a few minutes over a wide area of Santa Monica Bay.

Trajectories calculated from surface
winds indicated that the emissions sent seaward
tacked northward before recrossing the coastline
the next morning. A line of closely spaced SFg
monitors located at the coast however showed non-

zero SFg concentrations returning inland from Ventura

County south to Redondo Beach. Mass balance cal-
culations performed on the SFg as it recrossed
the line of coastal samplers showed that virtually
100% of the tracer could be accounted for, as
shown in Figure 6. The peak returning SFg concen-
tration recrossed the coast at the El Segundo
monitoring site between 10:00 and 11:00 hours the
next day. The point of highest pollutant impact
thus crossed the coast the next morning near the
point of pollutant origin. As it passed over the
power plants and refinery complex at El Segundo
for the second time, that air parcel would have
received a second dose of pollutant emissions
before beginning its journey across the Los Angeles
Basin transported by the day's sea breeze.

A sulfate air quality monitoring
station was established during this test at Lennox,
which is located just inland from the El Segundo
SFp release point. A second onshore sulfate moni-
toring station was set-up at Redondo Beach and a
marine background site was established at Santa
Catalina Island (Tsou et al., 1977). Data on S0p
concentrations at Lennox and Redondo Beach are
available from monitoring instruments operated by
the South Coast Air Quality Management District.

Chemical reaction and ground level
deposition calculations then were performed along
the path of pollutant transport in order to deter-
mine the origin of pollutants contributing to the
sulfate loading observed at Lennox (Cass and Shair,
1978). Urban backwash air parcels were defined as
that material stored inland at the end of the prior
day's sea breeze that was transported back to sea
by the nighttime land breeze. These pollutants were
tracked by means of surface wind trajectories.
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Figure 6. SF6 Tracer Cumulative Release and Return From Emissions at El Segundo Power Plant
into Nighttime Land Breeze Regime (from Cass and Shair, 1978).
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SULFATE CONCENTRATION

Overnight emissions from the El Segundo area were
identified by means of the SFg tracer. The
intrusion of marine air uncontaminated by local
emissions sources was identified by trajectory
calculations and by reference to the Santa
Catalina Island monitoring station. The presence
at Lennox of fresh emissions released in the
morning following the 5:00 am end of the tracer
experiment were detected on the basis of sulfur
balances on sulfate and total sulfur concentra~
tions measured at Lennox. For the method of per-
forming these air quality modeling calculations,
see Cass and Shair (1978).
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Figure 7. The Origin of Sulfate Concentrations

Observed at Lennox July 22, 1977.
(from Cass and Shair, 1978)

It was found that the total sulfur
oxides concentrations observed that day at Lennox,
California were dominated by freshly emitted 509
from nearby sources. In contrast, sulfate con-
centrations observed were due largely to the
oldest material in the atmosphere. Measurements
at Lennox on July 22 yielded a 24 hour average
sulfate concentration of 32.3 ugm/m3 which as
shown in Figure 7 consisted of: )

@ 49% sulfates held over from the previous
day ("Backwash" recirculated by the land
breeze/sea breeze reversal)

@ 207 sulfates of marine background origin

®20% sulfates from "fresh" emissions which
occurred in the late morning and afternoon
near the sampling site

®11% sulfates from "overnight" emissions
into the land breeze between midnight and
the onset of the early morning sea breeze
(tagged with SFg).

The overall rate of S0, oxidation to form sulfates
in the Los Angeles atmosphere was estimated to
average about 5.8% per hour during these experi-
ments.
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6. SULFATE AIR QUALITY CONTROL
STRATEGY DESIGN

An emissions control strategy study
was conducted by Cass (1978) to assess the least
costly means for reducing the ambient sulfate con-
centrations in the Los Angeles atmosphere. An
important part of that study involved the construc-
tion and validation of a spatially and temporally
resolved regional air quality model which relates
sulfur oxides emissions to long-term average sulfate
air quality. The SFg tracer studies played an
important role in the model validation process by
confirming parameter estimates for dispersion
rates, S0y oxidation rates, and by providing a
check on typical transport patterns.

The air quality simulation model
developed computes pollutant concentrations from
long-run average source to receptor transport and
reaction probabilities. These transport and
reaction probabilities in turn were estimated from
Lagrangian marked particle statistics based on the
time sequence of historical measured wind speed,
wind direction, and inversion base height motion
within the airshed of interest. First order chemi-
cal reactions and pollutant dry deposition were
incorporated. The model was adapted to a multiple
source urban setting in a way which permits
retention of the air quality impact of each source
class contributing to air quality predictions at
each receptor site.

The calculation procedure used in that

air quality model has been summarized briefly as
follows. Single particles marked with the magnitude
and initial chemical composition of sulfur oxides
emissions from each source are inserted at measured
time intervals into the atmosphere above the loca-
tion of their points of origin. Depending on the
pPlume rise characteristics of each source and
meteorological conditions at the time of release,
a pollutant parcel may be inserted either above
or below the base of the temperature inversion
which separates a well mixed layer next to the
ground from a stable air mass aloft.

As these sulfur oxides laden air
parcels are transported downwind, chemical reactions
and surface removal processes act to alter the mass
of 805 and sulfates represented by each particle.
Sulfur oxides residing within the mixed layer next
to the ground are affected both by ground level
dry deposition and by atmospheric oxidation of SO
to form additional sulfates. Pollutant parcels
stored within the stable layer aloft are isolated
from surface removal processes but still are avail-
able for chemical reactionm. Exchange of air parcels
between the mixed layer next to the ground and the
stable layer aloft occurs as inversion basing
height changes over time.

The trajectories of successive
particles released from a source form streaklines
downwind from that source. Streaklines present
at each hour of the month are computed and super-
imposed. The horizontal displacement of each
particle located below the inversion base is paired
with the particle's probable chemical status and
divided by the depth of the mixed layer at the time
that the streakline of interest was computed. The
resulting magnitudes are assigned to a matrix of
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receptor cells by summing the contribution for all
particles falling within the same receptor cell.
Totals are accumulated separately for S0, and for
sulfates. The accumulated totals are divided by
the dimensions of a receptor cell and the number

of time steps being superimposed in order to directly

obtain the spatial distribution of long-term
average S07 and sulfate concentrations appearing
throughout the airshed.

By repeating that process for each
source in the airshed and superimposing the results
onto an estimate of sulfate background air quality,
a multiple source urban air quality model for
sulfates is obtained. Superposition is permitted
because all chemical processes are modeled in a
form that is linear in emissions.

A grid system consisting of 2 mile
by 2 mile squares was laid down over the geographic
area shown in Figure 1. Emissions sources falling
within each grid square were identified and sepa-
rated into 26 classes of mobile and stationary
sources within the 7 broad categories outlined in
Figure 2. Each emissions source class was composed
of a group of like equipment (e.g. sulfuric acid
plants) that would be subject to compliance with
a common emission control regulation.

The air quality model next was tested
in Los Angeles over each month of the years 1972
through 1974. As shown in Figures 8 and 9, good
agreement was obtained between computed and histori-
cally observed sulfate concentrations. Summert ime
807 oxidation rates averaging 67 per hour were
computed during the air quality modeling study, in
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Figure 8. (from Cass, 1978)

good agreement with the results of the SFg tracer
analysis described previously. A seasonal varia-
tion in SO; oxidation rate was inferred from air
quality model calculations, with wintertime SO
oxidation rates declining to between 0.5% and 3.0%
per hour. Transport paths downwind of the Los
Alamitos power plants computed during periods of
direct inland transport are shown in Figure 10 and
may be compared to the SFg tracer study results of
Figure 4. :

All source class contributions to
sulfate air quality computed from the air quality
model are superimposed and averaged over the year
1974 in Figure 11. It is seen that the sulfate
concentrations predicted in near coastal locations
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are of the same magnitude as those computed far
downwind, as must be the case if the air quality
data of Figure 3 are to be closely reproduced.
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In winter months with a pronounced daily sea breeze/
land breeze wind reversal, air parcel trajectories
wander widely over the basin. Sulfur oxides

emitted from all source classes are dispersed widely
within the airshed by the rotation of the wind
vectors. In contrast, during mid-summer, onshore
flow persists for most of the day. However, the
sequential siting of major 80y sources along the
coast means that the central portion of the air
basin is downwind of one major source group or
another at most times. Lateral dispersion of
emissions is just about sufficient to balance
sulfate formation, with the result that upwind/
downwind pollutant gradients are rather small in
spite of the direct inland transport from sources
to receptors. Annual mean sulfate concentrations
are further smoothed by seasonal transport cycles
in which peak sulfate concentrations appeared far
inland during the summer and near the coast during
the winter. '

Source class contributions to
observed sulfate air quality are shown in Figures
12 and 13. Superposition of small pollutant incre-
ments from power plants, heavy duty mobile sources,
chemical plants, refineries and other sources, plus
background sulfates must be considered in order to

.come close to explaining observed pollutant con-

centrations. Since no single type of emissions
source dominates local sulfate air quality, a
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control program diversified over a large number

of emissions source types will be needed if a
significant improvement in sulfate air quality is
sought in the Los Angeles region. One such
emission control strategy identified by Cass (1978)
is shown in Figure 14, organized in order

of increasing marginal cost per unit of sulfate
concentration reduction.
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7. CONCLUSIONS

. The combination of SFg tracer studies
and air quality modeling has been used to
examine the transport and reaction of sulfur oxides
air pollutants in the Los Angeles area atmosphere.
The tracer studies provide an attractive means for
obtaining data for air quality model validation
studies involving very complex meteorological
conditions.

The the course of these studies,
several important hypotheses about the origin of the
Los Angeles sulfate problem have been tested and
confirmed. The sea breeze/land breeze circulation
system in Los Angeles causes an increase in retention
time for sulfate formation in this airshed.
Pollutants held over from the previous day and
pollutants emitted at night can be transported sea-
ward on the land breeze, only to return many hours
later as the sea breeze reversal in wind direction
occurs. Both SFg tracer studies of single episodes
and long-term air quality modeling studies indicate
a summertime S0) oxidation rate which averages
about 67 per hour.

Information gained from these studies
holds important implications for emissions control
strategies aimed at sulfate air quality improvement.
From Figure 7 it is seen that peak sulfate concen-
trations near the coast can be caused by multiple
passes of the same airmass over coastal point
sources. This recirculation is induced by the sea
breeze/land breeze system. Intermittent control
strategies aimed at reducing sulfate concentrations
by switching fuel at major sources on the same day
as an episode forecast will achieve only limited
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results. This is because so much of the material
contributing to that day's sulfate concentrations
is either held over from the previous day and
night, or is due to long distance transport of
regional background through the marine environment.
If large sulfate concentration reductions are
sought, it will probably be necessary to place
continuous controls on emissions sources in order to
prevent the build-up of sulfates on days preceeding
the worst episodes. Air quality control strategy
studies described in this paper have shown how
emissions to air quality models can be used to
identify combinations of emissions controls on a
wide variety of sources that could cut long-term
average sulfate concentrations in Los Angeles by
about 50%.
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ABSTRACT

Data resulting from two atmospheric tracer experiments in the land-
sea breeze winds in Los Angeles, California are used to compare the
observed and released amounts of tracer (a mass balance). The mass
balance calculation indicated that essentially all of the tracer trans-
ported to sea during the land breezé was transported back across the
shore during the subsequent sea breeze. A methodology for calculating
a mass balance and the associated uncertainties is presented. The
experimental and calculation procedures presented allowed mass balance
estimates with less uncertainty than is present in individual measurements
of concentration or mixing height.

Similarly, a methodology for calculating dispersion parameters for
the Gaussian plume model from tracer data is discussed and applied.to
the results of two atmospheric tracer studies conducted during the

afternoon sea breeze in the Santa Barbara Channel of California. The

method presented involves the integral definitions of the statistical

quantities. By considering only tracer concentrations greater than 10%
of the maximum concentration, and by considering sufficiently many data
points; the uncertainty associated with the parameter estimation was
again less than the relative uncertainties in any individual data point.
These studies were primarily designed to relate the uncertainties
in estimates of mass balances and in estimations of Gaussian parameters

to the uncertainties inherent within field data.




INTRODUCTION

Interest in atmospheric tracer studies has increased greatly
during the last few years. Typically the results of such studies
have been used to estimate empirical parameters of dispersion models,
such as the Gaussian plume model (Turner, 1970)4, Also, to ensure the
accuracy of the parameter estimation, or to accurately evaluate down-
wind impact, estimates of mass and/or flux balances are of great help.
Unless a major portion of the tracer can be accounted for by means of
such balances the associated field study results will be of limited
value. The purpose of this paper is to demonstrate through example (1),
a technique for estimating nominal values and uncertainties of mass
balances incorporating field data and, (2), a technique for estimating
nominal valués and uncertainties of Gaussian dispersion parameters from

field data.
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PRESENTATION AND DISCUSSION OF RESULTS

MASS BALANCE ESTIMATES

Until recently, the application of mass balance calculations to

atmospheric tracer studies had been limited due to the quality and
quantity of available tracer and meterological data. However, the
quantity of tracer and meteorological data has increased greatly
during recent studies; additionally, the use of gaseous tracers
(such as SFg) has significantly improved the quality of data as com-
pared to particle tracers, when used to tag specific masses of air
(Lamb, 1978,1 Reible, 1982 2).

Two tracer studies conducted in July of 1977 were used to probe
the transport of airborne pollutanté~in the land breeze-sea breeze
system of the Los Angeles air basin. Sulfur hexafluoride was released
from a power plant stack in El Segundo, California. The tracer was
carried aloft and out to sea by the nocturnal land breeze. During
midmorning the tracer mixed downward to the sea surface and was trans-
ported back across the shore during the daytime sea breeze, Further
details concerning the tracer transport may be found in Shair, et al.
(1981).3 OQur current study seeks to estimate the nominal value and the
associated uncertainties in the amount of tracer returned across the

shore during the sea breeze.
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The total mass balance, for a system without sources, sinks or

chemical reaction, may be written as an integral:

m. = [[c'undSdt ¢))
s

where S is the surface of the control volume, c' is the mass concentra-
tion (kg/m®), u is the tracer velocity (m/s), and n is a unit normal

to the surface, S. 1In general, c' and u are functions of time and
position, and the surface any reasonable simply connected region through
which all tracer passes. Often the case with field studies, continu-
ous data are not available and the integral is approximatéd by a
discrete summation such as the trapezoidal rule. In this study, the
control surface was the coastline between sea level and the mixing
height. As indicated in Figure 1, this control surface was represented
by 24 line segments, Consequently; equation (1) may bé adequately

approximated by

m. = % % IZ<oz. U.. C.. [1@33 cos (6 _¢(a))
t i=1 j=1 k=1 i 7ij Tijk [Tk ij ik

+ 1§i) cos(eij - ¢§£))] Ati (2)




where p is the density of pure tracer, z; is the mixing height, uij

and eij are, respectively, the estimated hourly averaged wind speed and
direction across each segment, Cijk is the hourly averaged concentration
of tracer (assumed to be uniform throughout each segment), and 1jk and
¢jk are the length and normal angle associated with each segment
defining the control surface. The time interval, Ati, is always one
hour, i.e., hourly averaged concentrations were used. Figure 1 shows
the locations of wind monitoring stations and air sampling sites. The
dotted lines are the coastline segments forming the control surface.
Summation is over three subscripts: i, indicates the hour, j, the wind
station, and k, the air sampling site. Variables are subscripted as
often as the measurements were made. Thus, for example, density was
estimated once for the day from the observed average temperature and
pressure, while wind velocities were measured every hour and at each

of nine stations.

The results of the total mass balance calculations, for both
example tests, arevshown in Table 1. During both tests, essentially all
of the tracer, initially transported out to sea, was returned across the
shore on the day of the release. This conclusion agrees with indepen-
dent calculations reported in Shair et al, (1981)? They used another
method for constructing the control surface, as well as a different
method of wind averaging. The two sets of results differ for this
reason, but as will be seen, the discrepancies lie within the

calculated uncertainties,




UNCERTAINTY ANALYSIS OF MASS BALANCE

For a function of several variables,

Yy = f(X]_, XZ,""’Xn), (3)

the uncertainty in the dependent variable is a function of the

uncertainties in each of the independent variables (Beyington, 1969)4

2 = 1oz @5 @

The partial derivatives are to be evaluated for each variable

which is a source of uncertainty. With the assumption that the
dependent variables of the mass balance are independent of one another
and are evenly and randomly distributed about the actual value of the
variable, we may apply the formula to equation (2) for total mass

returned to yield
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For simplicity and convenience the following assumptions are made about

the uncertainties for similar variables

Z
T T s (6)
Z1 Zo ZI
= = ene = o' 7
Oell O912 eIJ <
etc,

The advantage of these assumptions is that constant factors (here
designated by Ru) relate uncertainty in the dependent variables to that
in the independent variable. Factoring the like temms outside the

various sums results in a compact equation involving each Rq.

%, 2 2
+[—] R52,+GR+GGR6 (8)




For example, R, and Ry are:

if

where:

K
(© . (8) o5 4 3B coge )
Y=L cap [ cosefi) 1 cosof)]

(9

(10)

(11)
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The R factors, which are independent of the uncertainties in the input
data, are calculated but once for each test; the uncertainty in the
dependent variable is then found from a relatively simple expression.
The best estimates for the input variable uncertainties for the two
example tests are presented in Table 1, along with the corresponding
value of uncertainty in the total mass.

The overall uncertainties, 25% for both tests, reward the effort
to include as many data points as possible. Some uncertainty was
foreshadowed insofar as the mass balance calculation occasionally
showed over a 100% return. In view of the uncertainties there is no
catastrophe in finding a nominal value of mass returned slightly above
100%. The interpretation is that essentially all of the tracer passed
through the control surface. The calculated uncertainties provide an
upper bound as to what constitutes a reasonable and probable total
mass return.

The variations in the coefficients of Table 1 merit inspection.
As expected from statistics, R, is smaller than Rp because wind speed
was measured more frequently than was density. Also, as the number of
significant (nontrivial) data points included in the computation

increases, the contribution to the uncertainty is softened. Thus, for
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example, a very narrow plume would contribute few significant data
points and would be characterized by larger R values; uncertainty in
the final result would be more sensitive to uncertainties in the input
data. For the two example tests, both of which were characterized by
broad returning plumes, the R factors were of comparable size. The
effect on R values and overall uncertainty due to the number of
significant data points contained in a plume will be seen later'in the
context of Gaussian parameter estimation.

Estimates of the independent variable uncertainties listed in
Table 1 came from two sources: observations of random fluctuations due
to measurement at a data point, and experiential knowledge of uncer-
tainties brought about by the trapezoidal integral approximations.

In particular, uncertainties in wind speed and direction were assigned
from average deviations between two adjacent wind stations over a
period of time, each assumed to be influenced by the same winds. The
contribution to the uncertainty from tracer concentration measurement
uncertainty can be estimated from prior experiments, Of less certitude
is the accurate assessment of uncertainty contributions brought about
by assuming the tracer to be well mixed over the convection layer and
over the width of the sampling interval. KXnowledge of the plume

dispersion history is a guide for estimating such uncertainties. .
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GAUSSIAN PARAMETER ESTIMATE

Emissions from a point source in a uniform wind fiéld are often
distributed downwind in approximate agreement with the Gaussian model,
in which the height and width of the concentration profile are corre-
lated with atmospherice stability (Turner, 1970).5 Under such condi-
tions the tracer data can easily be reduced and the results compared
to the predictions of the Gaussian model with the aid of integral
identities for the plume parameters, The Gaussian parameters to be
estimated are the horizontal standard deviation in concentration, Od?

the plume centerline, Yoo and the centerline concentration, < From

ax”
these parameters it is possible to estimate either the vertical
standard deviation in concentration, cvd,(br, alternately, the well
mixed depth of the tracer plume), or, if the vertical distribution is
also measured, a mass flux balance (a comparison between observed and
released tracer fluxes).

The horizontal distribution of tracer for a Gaussian plume may

be deséribed by

(y-y,)
c = ¢ € —2—02— (13)
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where the parameters are the same as those defined above. By standard
statistical techniques, the Gaussian plume parameters can be deter-
mined from the zeroeth, first, and second moment integrals of the

continuous concentration distribution,

Ip = J cly) dy (14)
I = | yely) ay (15)
I, = [ y%(y) dy (16)

The appropriate formulae for the plume centerline location, crosswind
standard deviation in concentration, and the centerline maximum

concentrations are:
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cid = L/l - Y3 (18)
Chax = IO/¢77F0hd (19)

For sampling traverses which are not straight, or oriented precisely
crosswind, suitable average correction factors can be applied, or

the traverse data projected, point by point, onto a straight line
segment which is orthogonal to the wind. In order to limit the
influence of low concentrations far from the plume centerline, where,
presumably, the tracer detection technique is less accurate, the
integration interval is contracted, eXcluding concentrations less
than 10% of the maximm. The neglected integral area can be included
by applying a correction factor for neglected area under a suitably
normalized exact Gaussian curve, The normalization procedure includes
choosing an exact Gaussian distribution with the same centerline
maximum concentration and standard deviation in concentration, Ohd®
and by shifting the abscissa of the experimental data to align the
origin with the plume centerline, This normalization procedure gives
the following relations between the complete (I) and contracted

integrals (I'):
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Iy = Kklg (20)

L o= KN (21)

I, = LI} (22)
where

k, = 1.032925 (23)

k, = 1.032025 (24)

kZ = 1,254861 (25)

The algorithm used here for estimating the appropriate Gaussian
parameters is:

(1) Evaluate plume centerline location using all data, including
data points extending past concentrations less than 10% of the observed
maximum,

(2) Shift the position coordinate axis so that the plume center-

line, calculated above, coincides with the origin,
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(3) Evaluate the horizontal dispersion coefficient, oy, and the
plume centerline concentration, Cnax? using the fully extended limits
of integration as in step 1.

(4) By interpolating (linearly or otherwise) between appropriate
points, find the location corresponding to 10% of the centerline
concentration as calculated in step 3.

(5) Recalculate the best fit Gaussian parameters by evaluating
the appropriate integrals between the limits specified in step 4.

(6) If necessary, repeat steps 4 and 5 until the limits of
integration are at 10% of the recalculated maximm concentration.

Additionally, as was done for the total mass balance, the
trapezoidal rule is used to approximate the integrals to accommodate
discrete sampling, For four data points equidistant in the integra-
tion interval (interval defined as the region between the locations
corresponding to 10% of the maximum concentration), the errors
introduced by the trapezoidal approkimation are no more than 4%:
plume\centerline location calculations are affected least by the
approximation. Fewer data points lead to significantly larger
errors in the parameter estimation. A rule of thumb is, therefore,
to have at least one data point every horizontal standard deviation,
Jy, 8CTOSs the plume, since the 10% limits encompass about a 4.3 oy
distance in the plume.

Two SFe releases in the Santa Barbara Channel conducted on
September 24 and 28, 1980, under stable transport conditions gave

rise to concentration profiles suitable for comparison to the
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Gaussian model (Reible, 1981)6° The tracer was released from 9 km
offshore, as indicated in Figure 1. Grab samples were gathered by
automobile teams traversing along the coastline between hourly-aver-
aged sampling locations 1 and 2 in Figure 1. The observed concentra-
tion profiles are indicated in Figure 2. Using the formulae developed
above for finding Gaussian plume parameters, concentration versus
distance data for the three traverseswére reduced; the results are
contained in Table 2, 1In all instahces the calculated horizontal
dispersion parameter indicated greater stability than might be
anticipated from the vertical temperature profile, It should be
noted, however, fhat the automobile traverse data represent short
time averages (between 3 and 10 minutes). As the sample averaging
time increases,the observed plume generally becomes flatter and
broader due to meandering of the wind (Reible, 1981)6. This could
account for the difference between the observed atmospheric stability

and that indicated by the tracer data,
UNCERTAINTY ANALYSIS OF GAUSSIAN PARAMETER ESTIMATES

Analogous to the procedure used for the total mass balance
calculation, equation (4) may be applied to the formulae for the
Gaussian plume parameters. We collect terms assuming the same

uncertainty in similar variable, i.e., assuming
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g = = ees = g 26
Y1 OYZ Yn )
UC OC OC
L R )
Cl Cz Cn

we obtain

(o) 1912 _Ov)
%, 2R+ [TC] R, (28)
(6,)) ro.q2 (o)
y
Ochd = 0; Ry Y4 [??] R. (29)
_ g ) FEJZ Ry M) (30)
OCm.ax ) Oy Y ¢ <

Equations 28-30 simply describe the dependence of the uncertainty
in the various plume parameters upon uncertainty in position and
uncertainty in coﬁcentration. Estimates for the uncertainty in

postion and concentration, the R factors for equations 28-30, and

the final results of the calculations are shown in Table 2. Note the

S
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lesser uncértainty for Test 1, with its wider plume: more significant
data points are included in the determination of the Gaussian
parameters.

Distinct from the issue of input data uncertainty is whether a
Gaussian model accurately depicts the physical situation. Using
a standard statistical technique, the so-called chi-squared test,
the deviations of the experimental data from the fitted Gaussian
curves indicate that the parent distribution of tracer is not Gaussian
(Bevington, 1969),4 Due fo nonuniformities in the mean and turbulent
wind field, the assumption that the tracer is normally distributed
crosswind is but a crude approximation. It is, however, a level

of approximation consistent with the current state of knowledge

~on dispersion in the atmosphere, and, for plumes such as those of

Figure 2, a very useful approximation.
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SUMMARY AND CONCLUSIONS

A method for estimating nominal values and uncertainties
associated with mass balances has been demonstrated by way of
example. For the cases studied the nominal values of mass returned
across the shore were in good agreement with that known to have
been released into the land breeze; that is, essentially all of
the tracer returned across the control surface. In these cases the
total uncertainties in the nominal values (about 25%) were actually
less than the uncertainty in any individual measurement of concentra-
tion or mixing height (30%-40%). This is simply a reflection of the
effect of statistical cancellation of errors distributed randomly
about the actual value of the measured variables, but, nonetheless,
clearly demonstrates that a complicated calculation such as the
tracer mass balance may be subject to less uncertainty than might
otherwise be expected.

A technique for fitting data to the Gaussian plume model was
also aemonstrated, using the integral definitions of the Gaussian
dispersion parameters. The technique presented was relatively
insensitive to uncertainties in the data; relative uncertainty in
plume centerline location and horizontal standard deviation in
concentration were much less than the relative uncertainties in
individual measurements of concentration or location. However, to
ensure good results at least four approkimately equidistant sampling

points must lie between the locations corresponding to 10% of the
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maximum concentration, i.e., data points should be spaced no farther

than one Oy apart.
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Table 1

Total Mass Balance and Uncertainty Analysis

Test Number

Date of Test

Amount SFg released (grams)
Amount SFs returned (grams)a
Percentage return
Amount SFe¢ returned (grams)b
Percentage return

R-factors:

GDPU _6?3 20’20 CPU O'FU NFU _O'PU

July 22, 1977
90,800
111,244
123
95,490
105

a

Estimated uncertainty in raw data:

p - density (%)

z - inversion height (%)

¢ - SFe¢ concentration (%)

u - wind speed (%)

& - coastal length (%)

¢ - coastal angle (radians)

® - wind direction (radians)
Calculated uncertainty in

m, - total mass returned (%) 25.4
aCThis calculation) B(Calculation

1

1,000
0.165
0.038
0.067
0.082
0.013
0.055

2
July 24, 1977

236,080
211,917
90
244,569
104
1,000
0.165
0.034
0.080
0.052
0.026
0.062
5
40
30
25
10
0.175
0.698
25.5

of Shair, et al,, 1981)
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Table 2

Gaussian Plume Parameters and Uncertainty Analysis

Traverse number 1 2%
Date of test 9/24/80 9/28/80

Plume parameters

Yo (km) 3.38 1.56
0}, 4 (k) 0.38 0.23
Cpax (PPE) 2730 9150
R-factors;
o) 0.0033 0.0027
r(y 0.032 0.040
R Cinac) 0.25 0.40
1353’0) 0,05 0.10
p§°y) 0.040 1,14
TS,-Cmax) 0.92 2,92
Estimated uncertainty in raw data;
O, ~ concentration (%) 30
Oy - distance crosswind (km) 0.16

Calculated uncertainty in

Yo (k) 0.06 0.08
% 11.5 18.2

Oy (%) .

Crax (%) 21.5 33.4

3*

9/28/80

9410

14.
31.

.54
.18

.0013
.052
.5l
.06
.60
.99

.06

*These traverses were within one hour of one another, during the

same release.
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Title of Figures

Figure 1 - Locations of hourly average sampling sites (only 24 of 29 were used
in each test), wind monitoring stations, and the release point for the tests
of the mass balance calculation. Also included is the Tocation of the

release location for the tests used in the Gaussian parameter estimation.

“Figure 2 - Concentration profiles from automobile traverses. Gaussians are

fit to three traverses; the last two traverses were of the sampe plume and
the fitted curve combines both data sets. The shaded region indicates the
limits of the integration for the curve fitting procedure.




T
W 0¢ Ol 0

000°'0G2:1 3VoS

aNVvsi
VNITTVLVD
VLINVS

S31aNLS NOILYWILS3I
H3ILIANVHYL ‘NYISSNYD W
‘NOILY207 3Sv3ay

$31aNL1S NOILYWILST
IONVIVE SSYWN B
‘NOILY201 3Sv313y

NOILVLS aNIM +
31s oNityoLINow %4s O

NV 300 21410vd

+
VINLINIA (1)

Figure T




[SFe] PPT

5000

IS000

VENTURA COASTLINE RELEASE
9/24/80-9/28/80

—
9/24/80
i 1435 PDT
A
L.
L
A 9/28/80
a TRAVERSE |
- 1555 POT
- . » TRAVERSE 2
1605 PDT
. L l
0] 1.6 3.2 ' 48

DISTANCE SOUTH OF SEAWARD BLVD, VENTURA (KM)

Figure 2



Chapter 6

Sulfate Data
at |
Lennox, Redondo Beach,
and
Santa Catalina Island
in
July 1977

George Tsou
Dennis Gibbons
D. William Davis
Shake' Sarkissian

October, 1977

Aerosol Laboratory
Atmospheric Studies
Haagen Smit Laboratory
Air Resources Board
9528 Telstar Ave.

E1 Monte, CA 91731




)

Introduction:

|

The aerosol studies section of the Research Division ARB

parficjpatéd in the ARB-Cal Tech %cania project conducted during
July 1977. Low-volume sequentia]%samp]ehé were located at
Redondo Beach, Lennox, and Santa bata]ina Island. The Redondo
Beach sampler was located on the roof of the Fire Department.
The Lennox sampler was located on the roof of the SCAQMD station.
The Santa Catalina sampler was located on the roof of the USC-
Marine Science Center near Two Harbors.

Two-hour samples were collected at 4-5 cfm 24 hours a day.
The 47 mm Gelman GA-1 filters were analyzed for sulfate by our

X-ray Fluorescence technique.

Herein we report the sulfate data.
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