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Abstract

This thesis details some applications of tracer techniques
from laboratory scale studies of diffusion in porous media to the
analysis of the transport and dispersion of pollutants in the
mountain-valley and coastal environments that form the majority of
the state of California.

Chapter 1 describes a technique for estimating gaseous
diffusivities in porous media that 1is based on the general
solution to Fick's second law for diffusion in a tube between two
well-mixed volumes. In beds of essentially non-porous particles,
the ratio of the measured effective diffusivity to the air
diffusivity of a gas was found to be proportional to the bed
porosity raised to the 1.43 power, a result in agreement with
previous studies on similar materials. High moisture content
(>15-20% moisture in sand) was found to significantly reduce the
gas diffusivity with respect to that found in dry materials.

Chapter 2 indicates the importance of ventilation system
imbalance upon the reentrainment of pollutants exhausted from a
building. Tracer was released from a fumehood in a "clean" room
at the Jet Propulsion Laboratory. 1Indoor concentrations as high
as 235 PPB/gr-mole tracer released/hr were observed due to
infiltration of the exhausted tracer. This concentration is about
an order of magnitude higher than has been observed in buildings
with more balanced venitilation systems. Predictions of single
and multi-compartment stirred-tank models were compared to the
dynamics of the tracer infiltration. A simple one-compartment

model provided a better description of the infiltration dynamics
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than a three-compartment model suggested by the design of the
ventilation system.

Chapter 3 describes a series of atmospheric tracer studies of
the transport and dispersion of pollutants over the ocean and near
an isolated 1island cape. The experiments were designed to
determine the impact of local sources on a background air quality
sampling program. The horizontal dispersion of the +tracer over
the ocean surface could be approximated by the Gaussian plume
model assuming a neutrally stable atmosphere, in general agreement
with the expected atmospheric stability. Tracer releases from the
surface of the isolated cape indicated that an essentially
well-mixed separated zone existed above and downwind of the cape.
The height of this zone extended to 35-40% above the height of the
cape, about the same height as the wake downwind of an isolated
building. Limited mixing between the separated zone and the
freestream resulted in a sharp concentration gradient above this
height.

Chapter 5 indicates the difficulties of describing the
behavior of pollutants in complex terrain. A series of tracer
experiments conducted in the northern and central California
Coastal Mountains are described. The Gaussian plume model could
be used to describe the dispersion of the tracer during strong,
unidirectional winds. During an elevated tracer release, however,
wind directional shear with altitude led to plume bifurcation,
with the majority being transported through a stable nighttime
drainage layer to ground level. The transport through the stable

layer occurred at a vertical velocity of about 2 cm/s,
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surprisingly rapid transport between stably stratified layers of
the atmosphere.

Chapter 6 describes the uncertainties associated with nmass
balance and Gaussian parameter estimates from tracer data. The
uncertainty in the calculated final result can be less than the
errors (assumed random) associated with any individual
experimental measurement, indicating that such calculations can be
made with greater accuracy than would initially be expected.

Chapter 7 details the transport of pollutants in the San
Joaquin Valley during stable wintertime conditions. The
relatively limited net ventilation of the wvalley indicates that
pollutants can remain within the valley for several days
subsequent to their release. During one tracer experiment, about
50% of the released tracer was observed to be well-mixed within
the southern valley about 72 hours after the beginning of the
release. The most significant ventilation mechanism for the
valley during the winter was the occasional passage of low
pressure frontal systems. Long periods without frontal system
passage can lead to significant pollutant buildup.

Chapter 8 describes the transport of pollutants in the San
Joaquin Valley during summertime conditions. While much more
effectively ventilated than during the winter, the increased solar
insolation leads to significant ozone levels within the valley. A
strong influx of air at the northern mouth of the valley is
balanced during the day by a corresponding efflux at its southern
end and by daytime upslope flow on the Sierra Nevada Mountains.

At night, an eddy forms in the southern valley due to Ilow level
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stabilization and terrain blockage of the afternoon efflux over
the southern boundary of the valley. This eddy grows as more air
is entrained from the influx at the northern mouth of the valley.
Bn accelerated layer of air aloft also develops during the night
due to surface layer stabilization and decoupling. These dynamic
flow structures are significant factors in the transport and
dispersion of pollutants in the valley during the summer.

Chapter 9 details the impact of the San Joaquin Valley on the
northern Mojave Desert. The transport of pollutants from the
southern valley was linked through both tracer and aerosol data to
the rapid nighttime reduction in visibility in the northern Mojave
Desert. Unlike winter conditions, most of the pollutants in the
southern valley were transported out of the valley within a day
after their release.

Chapter 10 describes the impact on the Sierra Nevada
Mountains of pollutant sources within the S8an Joagquin Valley.
Tracer released within the valley was efficiently transported
upslope, impacting National Park and Forest areas. The maximum
concentrations observed upslope could be approximated with the
Gaussian plume model, assuming very unstable atmospheric
conditions. Nighttime stabilization arrested the upslope movement
of the tracer and led to slope and valley impacts throughout the
night. The limited nighttime ventilation of the slopes may result
in the significant ozone concentrations typically observed at
slope sites throughout the night.

Chapter 11 describes the transport characteristics of the

Sacramento Valley, the northern half of the California Central
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Valley. Tracer experiments indicated that San Francisco Bay area
pollutants have only a small effect on the air quality in the
Sacramento Valley. A midday flow divergence over Sacramento
resulted in tracer impacts in both the northern part of the valley
and the slopes northeast of the city. A counterclockwise eddy
that forms in the southern valley during the morning Wwas a
potential mechanism for recirculating aged pollutants within the
valley. During one tracer experiment, most of the released tracer
was trapped within an elevated layer of air, a potentially
important mechanism for multi-day impacts of pollutants.

Chapter 12 evaluates the transport of pollutants in the Santa
Barbara Channel off the coast of southern California. Limited
vertical mixing combined with diurnal wind reversals resulted in
multi-day onshore impacts of the tracer released offshore.
Efficient lateral mixing of the tracer during wind reversals 1led
to a widespread coastal impact from a single point source. The
existence of many point sources could result in a diluted
background concentration (i.e. after wind reversals) that equals
or exceeds the concentration directly downwind of a single source.

Chapter 13 develops a two layer model of the atmosphere that
semi-quantitatively incorporates much of the basic transport
structure observed in the above studies. The method of
characteristics and the method of moments were used to examine the
implications of the model. The model indicates that the air aloft
must be considered in order to accurately predict the impact of a
pollutant source, especially when considering the multi-day or

long range impact of the source.



Table of Contents

Acknowledgements..............................................iii
BDSETrACt e e v v sesacnecascssensosassssanssesssasnssnssnssasessssaV
Table Of CONLENES . cesscoseoscssnssossoosasassaceacsoosessocssscseX
TNELOAUCEION v e vsonesnesaneosaansesssssssnssenasssosssncsanssl
Part I. Small Scale Studies of Diffusion through Porous Media,
Impact of Fumehood Exhaust Reentry on Indoor Air Quality, and

Pollutant Transport near an Isolated Island

1. A Technigue for the Measurement of Gaseous
Diffusion in POrous Medi@....eeeressuseasssoassascsocnanend

2. The Reentrainment of Exhausted Pollutants into
a Building due to Ventilation System Imbalance...eeeeeeses2?

3. The Transport and Dispersion of Airborne Contaminants
in Boundary Layers over the Ocean and an Isolated Island

Cape......................................................51
Part II. Pollutant Transport in Mountain-Valley and Coastal
Regions of California
4. TNtrodUCLION..se.oeeeeeeeacasosossosasasssnasnsenssasseansb?

5. Plume Dispersion and Bifurcation in Directional Shear
Flows in Complex TErLAiNeseeneneaaassasssasscnansvensssssaB2

6. Uncertainties Associated with the Estimation of Mass
Balances and Gaussian Parameters from Atmospheric
Tracer StUALIES..ceesseeseeeassnsennnsssssessncasaansenssssdl

7. The Origin and Fate of Air Pollutants in California's
San Joaquin Valley, I. WiNEET e e eeesnasasoasosnseosnsnssasllB

8. The Origin and Fate of Air Pollutants in California's
San Joaquin Valley, II. SUMMECL...ceseosanssaseesnessssasss150

9. Atmospheric Transport of Visibility Degrading
Pollutants into the California Mojave Desert..............188

10. The Transport of Airborne Contaminants via Buoyant Slope
Flows in the Sierra Nevada Mountains of California........232



X1

11. The Transport of Airborne Pollutants into, within,

12.

13.

and out of the Sacramento Valley of California........... 267
The Transport and Dispersion of Airborne Contaminants
in the Santa Barbara Channel of Southern California....... 294

A Two-Layer Model of the Atmosphere Indicating the
Effects of Mixing between the Surface Layer and the
AIr BlOFfL .. eeeeescsceeassasnosnonascsnssassssnnsne cee e e 325



Introduction

This thesis is separated into two parts. The first part
(Chapters 1 through 3), details three experimental studies that
were conducted to illustrate the potential of using an atmospheric
tracer, sulfur hexzfluoride, to soclve specific transport problems
that are not easily solved by any other means. This is especially
true in Chapter 2, in which the impact of fumehood exhaust reentry
on indoor eir quality is examined, and in Chapter 3, in which the
contamination of 2 background air quality sampling program by
local ©pollutant sources 1is examined. Chapter 1 details an
experimental technique that allows determination of gaseous
diffusivities in porous media. 1In 2ll three experiments, the use
of a2 tracer that can be detected at concentrations as low as 1
part in a trillion (1 PPT) allows the transport characteristics to
be essily quantified. Each chapter includes a separate
introduction that gives the background and objectives of that
work.

The second part of the thesis details the characteristics of
pollutant transport and dispersion in the mountain-valley and
coastal regions of California. While this section describes
investigations that strictly pertain only to California, the
transport mechanisms demonstrated are probably repeated elsewhere
in the world. At the very least, the implications of these
studies for other locezles are worthy of further investigation.

Chapter 4 introduces this part of the thesis and outlines the

basic problems, the objectives of these studies, and the method of



investigation. A short introduction 1is also included in each
subseguent chapter to give the background and objectives of each
study.

Chapter 5 describes a series of tracer experiments in the
mountainous regions of central and northern Californis,
illustrating many of the difficulties in describing the transport
and dispersion of pollutants in complex terrain.

Chapter 6 analyzes the accuracy with which tracer data can be
used to estimate mass balances (& comparison of released and
observed amounts of tracer) and air guality model parameters (for
the Gaussian plume model). Many of the results 1in the later
chapters are based upon estimetes of the totel amount of mass
remaining in 2 particular area after a tracer release, indiceting
the importance of an accurate mess balance estimate.

Chapters 7-10 eanalyze the trensport and dispersion of
pollutants in the southern half of the Central Valley of
California, the San Joaguin Valley. Chapter 7 describes the fate
of air pollutants in the San Joaguin Valley of California during
winter conditions. Chapter 8 examines the San Joaquin Valley
during summer conditions. The emphasis in these studies was on
developing the overall ventilation balance for the valley during
the respective season, and the 1implications of the overall
ventilation in determining the structure of the flow field and the
resulting pollutant transport and dispersion. Chapters 9 and 10
probe the impact of the San Joaguin Valley on two downwind
receptor zones, the northern Mojave Desert and the western slopes

of the Sierra Nevada Mountains.



Chapter 11 analyzes the summertime structure of the winds and

the resulting pollutant transport in the northern

Central Valley, the Sacramento Valley.

half of the

Chapter 12 extends this analysis to the Santa Barbara Chéennel

area of southern California. This chapter details the

effect of

diurnal wind reversals on the transport and dispersion of

pollutants.

Chapter 13 incorporates many of the important characteristics

of the transport of pollutants in the mountain-valley
regions of Californis into a two layer model of the
This model is used to indicate the implicetions of
transport between the surface layer of the atmosphere

2loft.

and coasteal
atmosphere.
significant

and the air



Part I.

Small Scale Studies of Diffusion through Porous Media, Impact of
Fumehood Exhaust Reentry on Indoor Air Quality, and Pollutant

Transport near an Isolated Island



Chapter 1
A Technique for the Measurement of

Gaseous Diffusion in Porous Media

by
D.D. Reible and F.H. Shair

(In Press, Journal of Soil Science)



ABSTRACT

An apparatus composed of two well-mixed vessels connected by a tube was
used to measure the effective diffusivity of a gas (sulfur hexafluoride, SFG)
in porous beds of sand, steel wool and glass beads. The general solution to
Fick's second law for the apparatus was employed in the analysis. The ratio
of the measured effective diffusivity of SF6 to the SF6-air diffusivity was found
to approximately equal the void fraction of the porous bed raised to the 1.43
power. This relationship agreed well with previously collected data and with
the theoretical models of Millington (1959) and Marshall (1959). The effective
diffusivity of wet porous materials was also measured and, at higher moisture
contents, found to deviate strongly from that measured in dry materials. The
effective diffusivity of SF6 in sand with 20% moisture (volume basis) was found
to be about one-fourth as large as the value expected from the dry bed experi-
ments. No significant deviation was found for sand of 10% moisture content

or lower.



INTRODUCTION

Many important industrial and agricultural processes require knowledge
of the rate of gaseous diffusive transport through porous media. Applications
of such knowledge include transport of oxygen and nutrients to plant root
systems, the movement of gases in underground reservoirs, and transport of
reactants to catalytic surfaces. Due to the complex nature of such transport,
however, no model of such processes has universal applicability and experiment
must generally be relied upon. The objective of this study is the demonstra-
tion of an experimental technique suitable for measuring gas diffusion rates
in porous media. This technique serves to generalize some of the currently
available methods. This technique is applied, in this work, to the estimation
of gas diffusivities in both dry and wet porous beds composed of non-porous

particles such as sand.



REVIEW OF PREVIOUS INVESTIGATIONS

A host of investigators have attempted to quantify the rate of gaseous
diffusion through soils. The effective diffusivity of a gas through a porous
media, De’ is normally related to its diffusivity in air (if pore spaces within

the media are air-filled) by a relation of the form,

De=§n (1)

where D is the air diffusivity of the gas. The porosity of the medium, e,

is the fractional volume available for transport, and the tortuosity factor,
1, is a measure of the deviation of the flow path from uniform cylinders. The
tortuosity factor is generally used as an adjustable parameter to fit experi-
mentally determined diffusivities to Equation (1). The data of Penman (1940)
suggested that the tortuosity was essentially constant and equal to about 1.5
for various materials and porosities between about 0.1 and 0.6. At higher
porosities, Penman noted significant deviations from this approximation. Van
Bavel's measurements (1951), indicated that the tortuosity was between 1.7 and
2 for beds of sand and glass spheres with porosities between 0.250 and 0.415.
Millington (1959), taking a theoretical approach, found the tortuosity to be
equal to the -1/3 power of the porosity. His approach considered spherical
pores and the probability of two such pores on adjacent planes being connected.
Marshall (1959) considered the interaction of cylindrical pores in adjacent
planes to show that the tortuosity is equal to the -1/2 power of the porosity.
Other investigators have attempted to quantify diffusive rates in catalysts,
which 1ike soils are porous. Wheeler (1955) assumed that diffusion occurs
through parallel cylinders of uniform size. His analysis suggested that the
tortuosity factor is equal to 2. Johnson and Stewart (1965) extended this

model to uniform cylindrical capillaries that are not parallel and developed



an equation for the tortuosity factor which is not strictly dependent upon
geometric factors. Wakao and Smith (1962) envisioned a bidisperse pore
network of macro- and micropores and developed a model based on the possible
interactions between the pores. For the Timiting case of systems composed
only of macropores, their results simplify to give the tortuosity as the
inverse of the porosity.

Many of the measurements of diffusion rates are made via steady-state
experiments in which gas streams of different compositions are passed over
each end of a column of porous material. The composition of the streams is
analyzed to determine the effective diffusivity. Buckingham (1904) was
apparently the first to use an apparatus of this type. This technique has
commonly been used to obtain binary diffusivities of H2 and N2 in porous media.
A short description of this method may be found in Smith (1970). Penman (1940)
and van Bavel (1951) also employed a steady-state method using a volatile
Tiquid to provide a constant concentration of diffusing vapor at one end of
the porous column. The primary disadvantage of such experiments is the lengthy
amount of time typically required to achieve steady-state.

In order to shorten experimental time requirements and due to the the impor-
tance of transient diffusion in real systems, a number of unsteady-state
techniques have been suggested. Pappendick and Runkles (1965) measured the
transient diffusion of oxygen in a soil column that was initially flushed and
then sealed on one end. Davis and Scott (1965) employed an approximate theory
of gas chromatography developed by van Deemter, et al. (1956). The technique
involves pulsing a porous column with the gas to be studied. The response
of the system, as measured by the exit concentration profile, allows determina-

tion of the diffusivity. Barrer (1953) observed the transient flow of a test



10

gas through a porous plug, Barrer showed that the total volume of gas that
diffuses through the plug asymptotically approaches a linear function of time
if the concentrations at the plug faces remain essentially constant. Ball,

et al. (1981) applied Fick's first law to measure the rate of diffusion of
krypton-85 through a porous plug between two well-mixed volumes. Their analysis
assumed that the concentration gradient through the porous plug was linear and
that the total amount of tracer in the plug was constant. The solution of
Fick's second law for diffusion betwen two well-mixed volumes, as presented

in the current work, indicates that these assumptions are valid after a

period of time which depends upon the geometry of the apparatus and the rate
of diffusion. The reader is referred to Ball, et al. for a summary and

critique of several other methods of measuring diffusion rates in porous media.
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METHOD

Apparatus and Procedures

The apparatus employed for this investigation was composed of two Lucite
cubes connected by a cylindrical tube. A diagram of the test facility is
shown in Figure 1. A porous test material (either sand, glass beads, steel
wool or mixtures of the three) was placed within the cylindrical tube. During
an experiment, a known amount of sulfur hexafluoride (SFG) was injected into
one of the Lucite cubes. After allowing the cube to become well-mixed, the
seals were removed allowing transport between the two cubes. The concentra-
tion of SF6 in each cube was then followed as a function of time by regularly
withdrawing 15 cm3 syringe samples. The sample volume (and thus the cube
pressure) was balanced by the injection of 15 cm3 of "clean" air. The dilution
error introduced by adding 15 cm3 of laboratory air to the 3500 cm3 cube volume
during the collection of each sample was not significant. The dgases within
each cube were kept well-mixed by small fans rotated by hand 3 or 4 times
every 5 minutes. The pump was used to mix the entire system at the completion
of an experiment so that the steady-state concentration could be measured. In
addition, the final mixing allowed an independent estimate of the mass originally
injected and ensured that no SF6 was lost.

A1l svringe samples were analyzed by electron capture gas chromatography.
For this study, the SF6-oxygen separating column was packed with 80-100 mesh
0.5 nm molecular sieve and was approximately 100 cm long. The detectors
were calibrated by exponential dilution of a known concentration as described
by Lamb (1978). The detectable range of SF6 was approximately 5-10 parts per

trillion (PPT) to 10 parts per billion (PPB). Higher SF6 concentrations were
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EXPERIMENTAL APPARATUS

MOVABLE SEAL

2
w— by e Bevice . —To)

HAND-DRIVEN FAN

TUBE

HAND-DRIVEN FAN
MICROMANOMETER

CUBE 2 Q_

") MIXING PUMP
(1) — —(2)

MOVABLE SEAL

(1)-AIR INJECTION PORT
(2)-SAMPLING PORT

Figure 1 - Diagram of experimental apparatus.
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analyzed by dilution of the sample. Further details of the analytical method
are described in Lamb (1978). The use of SF6 as a test gas is advantageous in
that low concentrations, which correspond to short times, can be measured.
While not generally necessary in a controlled laboratory environment, the
ability to detect these low concentrations allows considerable flexibility in
the arrangement of experiments. In addition, diffusivities through moist
materials can be accurately measured due to the low solubility of SF6 in water.

As mentioned previously, each Lucite cube had a volume of approximately
3500 cm3. The inside diameter of the connecting tube was 2.54 cm and their
lengths were 14.4 cm, 27.7 cm and 53.2 cm. The porous material within the con-
necting tube was either glass beads (1 cm and 0.2 mm dia), steel wool, sieved
sand (-35,+60 mesh) or mixtures of these. In this manner, the porosity of the
materials investigated was varied from 0.26 to 0.95. Steel wool with an 8.5%
moisture content (vol HZO/vo1 porous plug) and sand with 10, 15 and 20% moisture
contents were also investigated. The porosity of the materials studied was esti-
mated at the conclusion of an experiment by measuring the volume of water required
to just fluidize the porous bed within the connecting tube. The moist samples
were prepared by the addition of a known quantity of water to the porous material
and then mixing thoroughly before placement in the apparatus.

It was possible to measure pressure differentials as low as about 0.25

N/m2 across the porous column with the micromanometer. At the initiation of
an experiment, the measured pressure differential was occasionally as high
as 2.5 N/mz. The convective transport induced by a pressure differential of
this magnitude is small and not significant compared to the diffusive trans-
port. As an example, Scheidegger (1957), suggested that sand permeabilities
range from about 10'7 to 10'9. Using the larger permeability and the maximum

pressure gradient encountered during testing, the viscous flow flux was
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smaller than the diffusive flux by a factor of about 300. An upper bound on
convective effects was also established by experimentally determining the
diffusivity of SFg in air. At 22°C and atmospheric pressure, the measured
SF6-air diffusivity was 0.109 cmZ/sec. This can be compared to the value of
about 0.093 cmz/sec suggested by the correlation of Fuller, Schettler and
Giddings (see Reid, Prausnitz, and Sherwood, 1977). The damping action of
the porous column further reduced the effect of convection during the experi-

ments.

Estimation of Diffusivity

The measured concentration in the receiving cube as a function of time
can be used to estimate the effective diffusivity of the SF6 through the
porous column. Fick's second law is applicable to diffusion through a tube
with well-mixed end bulbs if the bulk transport of the diffusing gas is
negligible. This is true if equimolar counter diffusion prevails or if the
diffusing gas is present in low concentrations, as in this experiment. Thus
the applicable equation for the concentration of component A, CA’ can be
written as follows

2
BCA 3 CA

ot e aXZ

(2)

Where De is the effective diffusity through the porous medium. The boundary
conditions are that the molar flux of component A out of each end bulb is equal

to the time rate of change of CA times the end bulb's volume, or

oC aC
A _ A -
izt T Pes Ex=0
(3)
3C 3C
AL A _
Vosr * lem Ox=E
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End bulb 1 of volume Vl is situated at x=0, and end bulb 2 of volume V2 at
x=L. S is the cross-sectional area of the connecting tube. The direction

of transport of A is taken to be from x=0 to x=L. If we consider a given
initial concentration, Co’ uniformly distributed over volume 1 and a length,
]o’ down the tube, the concentration being zero elsewhere, then the necessary

initial condition becomes

C, for 0 < x <1,

Cplx,0) = (4)
0 for 1 <xc<L

Shair and Cohen (1969) showed that the solution of Equation (2), for

x> ]0, and subject to (3) and (4) is

X . X
(cos An(l-tJ - ézxns1nxn(1~t))

Cplx,t) = Cp + 2 éé%

*n

1 1
: 0 . 0 2 2
(s1n xn-t»+ 8oApCOSA, - > exp {—kn Det/L }

2 .
(1+51+52 - 8180, ) cos Ay - (51 + 8, + Zalsz)xn sin xn)

where 51 = Vl/SL, 62 = VZ/SL, CAW is the concentration of A at equilibrium

(infinite time) and the eigenvalues, Ay are the solutions to

(8, + 8,) &
tan A = - _*l____Z__Eﬁ (6)
1 - 8,850,

It should be noted that this differs slightly from the solution presented

by Shair and Cohen due to a typographical error in the earlier paper. The
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existence of a general solution to Fic.'s second law for diffusion between
two well-mixed volumes allows a great deal of flexibility in the design of
experiments.

The apparatus employed during this study is similar to that used by Ball,
et al. (1981), and for such a system, the general solution can be simplified

by assuming:

(1) end bulbs of equal volume, 81 = 6

(2) the initial concentration is zero everywhere except in end bulb

(3) the only concentration of interest after t = 0 is that in end
bulb 2, at x = L
With these modifications, Equation (5) simplifies to
L8 exp {—Ai Det/Lz} (7)
Cpllst) = Cy *+ 20, 3
n=1 (

2.2 2 .
(1 +28 -8 xn) cos A, - (25 + 28 )xn sin An)

The magnitude of each term in the infinite series is controlled, at large times,
by the exponential factor. Since the second and subsequent eigenvalues are at
least and order of magnitude larger than the first eigenvalue (see Table 1),

the first term in the series dominates. Thus, at large time, it is possible

to write
C(L,t) = Cp - K' (22 0 t/L% (8)
AVReRS T MAe T 8XD 1-41 Yo
or
CplLst) 3
n (1 - }=InK--+ Dt (9)
Che L2 e

where K and K' are constants.
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Table 1
Typical Values of A 8y = 8y
8 )\1 >\2 >\3 )\4 >\5
13 0.3896 3.190 6.308 9.441 12.578
25 0.2817 3.167 6.296 9.433 12.573
49 0.2016 3.154 6.290 9.429 12.570
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Ca(l,t)
Equation (9) indicates that a plot of 1In(l- é ) versus time should
Ae A12
yield a curve that approaches a straight line whose slope is _%—_‘De' Since
L

xl and L are known geometric factors, the effective diffusivity through a
porous medium can be estimated directly from the slope of such a plot. Evalua-
tion of Equation (7), assuming a diffusivity of about 0.1 cmz/sec, indicates
that this linearization procedure should be valid after about 15 minutes for
the smallest connecting tube employed during the experiment and about an hour
for the longest. It should be noted that while the simplifications employed
for our apparatus are convenient, effective diffusivities could be estimated
under Jess restrictive assumptions by directly fitting the general solution,
Equation (5), to experimental data.

Employing the assumptions outlined above, the data collected during a
typical experiment was plotted as shown in Figure 2. The slope of the linear
portion of the curve was accurately determined by a Tinear least squares fit
and thus the effective diffusivity of SF6 through the test medium estimated.

By dividing the experimental diffusivity by the SF6 diffusivity in air, the
results can be compared to those of other researchers employing different

gases. The SF6 diffusivity in air was estimated using the empirical correla-
tion of Fuller, Schettler and Giddings (see Reid, Prausnitz and Sherwood, 1577).
For non-polar gas mixtures, such as SF6 in air, this correlation can generally
be expected to be accurate within about 5%. It was felt that the calculated
SF6-a1r diffusivity would be more accurate than the experimental determination

due to the possibility of convective transport in the apparatus.
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FIGURE 2 - LINEARIZED CONCENTRATIONS,

TYPICAL EXPERIMENT
25 T T

€=0.45
3=25

] ]
o) 50 100 150
TIME-MINUTES

Figure 2 - Linearized analysis of a typical experiment.
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RESULTS AND DISCUSSION

A summary of the experimentally determined effective diffusivities for
dry test materials can be found in Table 2. The uncertainty in the measured
effective diffusivities was about + 5%. Theexperimentally determined diffu-
sivity ratios (measured effective diffusivity divided by calculated air
diffusivity) versus material porosity are also included in Table 2 and in
Figure 3. Also included in Figure 3 are the theoretically based relationships

suggested by Wakao and Smith (De/D=a2 in macropores), Millington (De/D=g4/3)

3/2). Over the range of materials studied, the experi-

and Marshall (De/D=s
mental data agree well with the proposed relationships of both Millington

and Marshall, the average deviations being 7.1% and 5.0%, respectively.
Average deviation from the Wakao and Smith relationship is 41%, primarily due
to large differences in the mid to lower porosity range. Also included in
Figure 3 are representative data points from Penman (1940), van Bavel (1951),
and Ball, et al. (1981). Except for the data of Ball and coworkers, agreement
between previous investigations and the current work is good. An equation

of the form DE/D=en has been fitted to the experimental data by a least-mean-
squares technique. The result, n=1.43, falls between the relationships
proposed by Millington and Marshall. Table 2, mentioned previously, also
shows the experimental deviation from this curve-fitted relationship. The
average deviation is 3.5%.

It should be noted that these results are only applicable to beds of
particles where the primary diffusion path is in the relatively large pore
spaces between particles. Traditionally, the deviation in measured diffusion
rates for different materials of similar porosities is modeled by adjusting

the tortuosity factor. A different approach, however, can be useful in
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Table 2

Experimental Diffusivities, Dry Materials

(22°C, atmospheric pressure)

Material

Steel Wool 95
compacted 88

Mixture of
Steel Wool 70
Glass Beads

Sieved Sand 50
compacted 45

Glass Beads 26

e(%

Dev.
mz from
) De(c /sec) De/D E1.43
0.088 0.94 1.2%
0.098 0.81 -2.0%
0.052 0.56 -6.7%
0.032 0.34 -6.2%
0,031 0.33  4.0%
0.074 0.15 0.9%



22

FIGURE 3 — MEASURED EFFECTIVE
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Figure 3 - Experimentally determined diffusivities as a function of bed
porosity for dry materials.
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understanding the effective diffusivity of gases in moist soils. Experimen-
tally, wet material diffusivities showed large deviations from those measured
in dry materials. The effect of moisture contents of 0, 10, 15 and 20% (vol.
water/vol. porous bed) on the measured diffusivity ratio in sand is shown

in Figure 4 and Table 3. Dry and 8.5% moisture steel wool diffusivities are
also included. The reference curve in the figure is the best fit relationship
found experimentally for dry materials, De/D=€1'43. The reduction of void
volume due to moisture has been included as shown by the change in material
porosity for each of the data points. If this reduction in void volume were
the only effect of the addition of moisture, the data points would coincide
with the reference curve. For small moisture contents (< = 10% in sand),
this does occur. As the moisture content increases, however, dead end pores
are apparently formed due to the presence of pockets of moisture and signifi-
cant deviations from the reference curve result. This deviation is not the
result of a change in the geometry of the individual pore spaces, i.e.
tortuosity, but, instead, is the result of a reduction in the effective

pore volume. The diffusive transport through the non-blocked pore space
probably occurs at the same rate as in the dry material. An effective
porosity, Eg» CanN thus be defined as that value of the porosity that gives the
experimentally determined diffusivity ratio when raised to the 1.43 power.

As shown in Table 3, the decrease in effective porosity can be substantial
between dry materials, where the effective porosity is assumed to equal the

actual porosity, and wet materials.
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FIGURE 4 — MEASURED EFFECTIVE
DIFFUSIVITY, MOIST MATERIALS
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Figure 4 - Experfmenta]ly determined diffusivities as a function of bed
porosity for moist materials.
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Table 3

% Water
Content

10
15
20

8.5

48
47
32
11
96
76

Experimental Diffusivities, Moist Materials

De/D

0.34
0.28
0.20
0.04
0.94
0.68
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Abstract

Iin order to illustrate the potential for significant indoor
air quality problems in an imbalanced ventilation system, a sul fur
hexafluoride tracer experiment was conducted in such & building.
Even though the building was in overall balance, excess air
exhaust capacity (over and above the air intake capacity) in a
single room led to reentrainment of some of the exhausted tracer
resulting in a steady-state indoor concentration of about 235
PPB/gr-mole SF6 exhausted/hr. Overall, about 10-11% of the
exhausted tracer was detected within the building at steady-state.
Three stirred-tank models were developed to describe the dynamics
of the air infiltration into the most heavily impacted rooms. A
simple one compartment model provided a reasonable fit to the
experimental data while a three compartment model based upon the
design of the ventilation system was least satisfactory. The
experiment indicated that a ventialtion system imbalance can
lead to significant indoor impacts of exhausted pollutants and
that some type of tracer experiment is necessary to determine the

transport mechanism and magnitude of the impact.
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Introduction

In recent years, the relationship between the air quality
indoors to that outside has become increasingly important.
Initially, this problem was investigated with respect to the stack
height necessary to avoid reentrainment of exhaust gases from
factories and laboratories back into the source facility. As the
ventilation rate of homes and small buildings has decreased 1in
order to conserve energy, however, the air quality in these
structures has become increasingly suspect. Due to the difficulty
in investigating these problems in full-scale systems, most
researchers have resorted to small-scale wind tunnel studies that
evaluate the building surface impacts of the pollutant source
(e.g. Halitsky, (1), Vincent, (2). While such small-scale studies
undoubtedly have some application to real systems, they suffer
from a number of serious drawbacks. First and foremost is that it
is generally impossible to determine the accuracy with which the
full-scale flow is being modeled due to the inability to exactly
reproduce atmospheric conditions in a wind tunnel. In addition,
wind tunnel models are generally used to estimate the
concentration profile exterior to the building due to a specific
pollutant source. Such studies cannot hope to directly address
the often more important guestion of the indoor pollutant impact.
Thus, for example, the relationship between the ventilation rate
of the building and the indoor air quality cannot generally be
evaluated. Wind tunnel studies can be used to investigate the
qualitative behavior of pollutants near buildings and to provide

estimates of the surface impact from particular sources, but
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studies on the full-scale system are generally necessary to
evaluate and model the indoor impact of the pollutant source.

Drivas and Shair (3) probed the wake downwind of a building
as well as as concentrations within the building with an
atmospheric tracer. The studies of Drivas and Shair indicated
that the building's near-wake tends to be relatively well-mixed,
causing the indoor impact of the pollutant to also be relatively
uniform. Their studies indicated that lumped parameter,
stirred-tank models could be used to guantify the interraction of
the outdoor air with that inside. Sabersky, et al. (4) and Shair
and Heitner (5), showed that a stirred-tank model that included
reaction terms could accurately describe indoor ozone
concentrations resulting from high exterior concentrations. An
review of the applications of well-mixed stirred tank models to
indoor air quality was reported by the Committee on Indoor
Pollutants (6). Generally such models assume that the section of
a building served by a single ventilation system make up the
well-mixed compartment.

As mentioned previously, the importance of assessing indoor
air quality has increased recently as ventilation rates of
buildings have decreased in an effort to conserve énergy. In the
case of laboratory buildings, which generally contain auxiliary
ventilation systems such as fumehoods, the reduction of the
overall ventilation rate can result in the development of a
negative pressure in the building when compared to that outside.
An imbalanced ventilation system can dreatly increase the

infiltration of exterior pollutants into parts of a building.
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While the concentration uniformity noted in balanced ventilation
systems suggests that relatively simple stirred-tank models are
applicable, a ventilation imbalance can lead to significant
concentration variations within a building. The purpose of the
current work is to illustrate the significance of a ventilation
system imbalance upon indoor air guality. In addition, various
stirred-tank models were analyzed to test their wvalidity to the
dynamic behavior of the indoor concentrations in an imbalanced
ventilation system. A number of studies conducted by the authors
in previous years, primarily on laboratory buildings on college
campuses, have indicated that an imbalanced ventilation system 1is

quite common and thus a potentially significant problem.
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Experimental Procedure

The building chosen for study was located on the campus of
the Jet Propulsion Laboratory, Pasadena, California (Building
#158). The building was approximately 49 m long, 24 m wide and 10
m high (2 stories). The building had intake and exhaust vents on
the roof and on the exterior walls. Based upon the design air
rates, the building was at a slight positive pressure, i.e.,the
design intake rates exceeded the design forced exhaust rates. As
shown in Figure 1, however, Room 115 in the southeast corner of
the building was strongly imbalanced by a design exhaust rate of
1605 1/s more than the design intake rate. The fumehood in this
room was exhausted to the outside via a flush vent on the east
wall of the building. This fumehood was used to release an
atmospheric tracer, sulfur hexafluoride, into the building
environment.

Sulfur hexafluoride has proven useful in full scale
atmospheric tracer studies (e.g. Drivas and Shair (3). It can be
detected at concentrations as low as 1-10 parts-per-trillion (PPT)
by electron capture gas chromatography. SF6 concentrations
between 10 and 10,000 PPT can generally be measured with an
accuracy of better than +/- 20%. Higher concentrations can be
measured by sample dilution. During the current study, the tracer
was relezsed from a small lecture bottle containment cylinder at a
rate of 0.026 1 SFs/min, as measured via a calibrated rotameter.
SF. was released between 1230 PDT and 1315 PDT, 7/11/80 under

6
unstable atmospheric conditions and 2-3 mps southerly winds.
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Figure 1 - General plan of test building indicating ventilation rates in rooms of interest.



Essentially instantaneous air samples (i.e. grab samples) were
collected at one or two minute intervals at locations within and
outside of the building. All air samples were collected in 30 cm3
disposable plastic syringes. A more detailed description of the

analytical and experimental procedure can be found in Drivas (7)

or Lamb (8).
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Presentation and Discussion of Results

As indicated in Figure 2, essentially none of the released
tracer was observed at locations other than ventilation system #2
(Vent %2, Rm 215, Rm 114 and Rm 118), and in Rooms 115 and 112,
which are on their own separate (and imbalanced) ventilation
system. Rooms 115 and 112 were heavily impacted even though their
normal air intake was through Vent #1, where very little SEE was
observed. As indicated in the figure, the tracer was not spread
uniformly throughout the inside of the test building. Instead,
only those locations which had an air inlet located close to the
exterior flush vent (i.e. the source) were affected significantly
by the tracer. The inlet to ventilation system #2 was located on
the roof on the easterly side of the building, the same side as
the fumehood exhaust. The average ventilation inlet flowrate of
3880 1/s and concentration of 5530 PPT corresponded to about 5% of
the SRS released. While SFy was introduced to ventilation system
#2 via the normal air inlet, the ventilation system imbalance in
Rooms 115 and 112 apparently led to the infiltration of the S%
contaminated air through an entrance on the east side of the
building. This conclusion was verified by several samples
collected outside of the building entrance that showed that the
exterior tracer concentration at that location was virtually
indistinguishable from the steady-state room concentration (about
15 PPB or 235 PPB/gr-mole released/hr). The 15 PPB concentrations
and the 1605 1/s of required makeup air account for abou% 6% of

the released tracer. It should be made clear that the

contamination of Rooms 115 and 112 was not due to the
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ineffectiveness of the fumehood, but instead due to the
ineffectiveness of the exterior wind field 1in transporting the
tracer away from the building. Unfortunately, fumehood design
procedures and installation codes are generally based upon only
the interior flow characteristics of the fumehood (e.g. face
velocity). In more than one hundred fumehood experiments conducted
by the authors, however, the local contamination ©problem at the
fumehood was always insignificant compared to the return of
contaminated air via reentrainment of the exhausted air. While
this problem is aggravated by a ventilation imbalance, as in this
test, it occurs even in more balanced ventilation systems. As
mentioned previously, however, a balanced ventilation system
results in a more uniform indoor impact (e.g. Drivas and Shair,
3). During this study, the concentration gradient with distance
from the source was guite pronounced. As shown in Figure 3, the
steady~-state concentration observed in all rooms was well
correlated with the time lag between the start of the release and
the observation of tracer in that room, a result that 1is clearly
at odds with the existence of a single well-mixed zone. The time
lag was calculated from the release time and the time when
concentrations exceeding 10% of the steady-state were observed in
the room. The shaded characters in the figure, which show a
somwhat larger lag time for the same concentrations than is
indicated by the rest of the data, represent interior rooms, i.e.
rooms which were contaminated by air drawn from other rooms and
not the outside. The solid line represents a best-fit to all of

the data (including interior rooms), for which the correlation
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coefficient was 0.929. Further tests are required before the
significance, if any, of the good correlation between time lag and
steady~-state concentration is understood.

While neither the interior or exterior of the building was
entirely well-mixed, this approximation was applicable to small
zones within the building. B steady-state average of 89+/-11
PPB/gr-mole released/hr was observed in those rooms that received
air through ventilation inlet #2 (Rooms 215, 118 and 114). A
steady-state average of 235+/-1 PPB/gr-mole released/hr = was
observed in Rooms 115 and 112. Because of the existence of these
well-mixed zones, stirred tank models were developed in an attempt
to describe the dynamics of the concentration levels within the
building. Because the highest concentration levels were observed
in Rooms 115 and 112, the emphasis was to describe the dynamics of
those rooms. Three models were considered: 1) a simple single
compartment stirred-tank model that combined Rooms 115 and 112, 2)
a two compartment model which assumed that Rooms 115 and 112 were
interacting with a wake-like structure of unknown volume and
adjustable ventilation rate, and 3) a three compartment model
based upon the ventilaticn system design from building blueprints.
The model equations are presented in Table 1 and schematics of
the three models are shown in Figure's 4, 5 and 6, respectively.
Below each schematic is the predicted concentration profiles as a
function of time after the start of the release using the
parameters included in each figure. Although an analytical
solution to the model equations can be easily developed, the

predicted concentration profiles were calculated using a
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Table 1

Model Equations

(1) Single Compartment Model

dC
‘l = -
Vi T %%t %% - 90h - 910h
(2) Two Compartment Model
dC1
Vg 7 aab b - 9fr - 9ih
de
Voar T 90bo tofale T %l o %o
(3) Three Compartment Model
dC]
Vige T 9mb oty - %0h - %y
dC2
Vo 3@ © 9303 - 0%
dC3
Vagr 7 9%3% * o9t - 9l - 93l
where
Vi - volume of compartment i
t - time
qij - volumetric flowrate between zone i and zone j

C, - concentration in zone or component i
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Runge-Kutta numerical scheme. In each case, the steady-state
concentration was chosen to fit the experimental data. In
additon, since the models could not account £for the observed
time-lag between release start and detection, the time axis in
each model was shifted accordingly. The room volumes and
ventilation rates reguired for the models, however, were actual
values. The figures indicate that the worst fit to the
experimentally observed tracer concentrations among the three
models was that model based upon the design of the ventilation
system (Figure 6). The system design indicates that the only
possible interaction between Rooms 115 and 112 occurs through the
small air handler indicated as volume 3 1in the figure. The
predicted difference in unsteady-state concentration between the
two rooms far exceeds the observed difference, although both
curves lie within the scatter of the data at steady-state. This
again indicates that the transport between Rooms 115 and 112 and
between the rooms and the exterior was by infiltration and not
through the wventilation system. This suggests that it is
generally not possible to predict the machanism whereby
pollutants are transported into an imbalanced ventilation system
without some type of tracer experiment. Not surprisingly, the two
compartment model (Figure 5) provides the best fit to the dynamics
of the experimental data through the addition of an unconstrained
adjustable parameter, the "wake" exchange rate (V/Q - wake
volume/wake ventialtion rate). As shown in Figure 7, however, the
predicted room concentrations are not a strong function of this

parameter as long as the steady-state concentration is forced to
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remain constant. Note that the wake included in this model, 1is
not the lee wake behind the building, but instead represents a
small wake~like structure on the side of the building near the
entrance through which SF6 infiltrated to Rooms 115 and 112. The
single compartment model does not incorporate any unconstrained
adjustable parameters and while the two compartment model provided
a better fit, it is difficult to justify the additional complexity
of that model in view of the scatter of the data. In addition, the
two compartment model postulates the existence of a wake-like
structure that may have no physical basis. Due to these factors,
the most satisfactory model of the dynamic impact in Rooms 115 and

112 was also the simplest.
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Summary and Conclusions

In order to illustrate the potential for significant indoor
air gquality problems in an imbalanced ventilation system, a sul fur
hexafluoride tracer study was conducted on such a building. Even
though the building was 1in overall balance, excess exhaust
capacity (over and above the intake capacity) in a single room led
to a reentrained steady-state concentration of about 235
PPB/gr-mole released/hr due to a release in that room's fumehood.
The problem was accentuated in this case by a flush side vent for
the fumehood exhaust rather than a generally more effective
vertical stack. Based upon sampling in the heavily impacted rooms
and elsewhere in the building, about 10-11% of the released tracer
was reentrained into the building. These data indicate that the
ventilation system imbalance can lead to significant
"short-circuiting™ of a building's intake and exhaust systems.

Although the interior concentrations were clearly not
uniform, small well-mixed zones composed of one or more rooms were
observed. In an attempt to describe the dynamics of the air
infiltration into the heavily impacted rooms, three stirred-tank
models were developed. A three compartment model based upon the
building ventilation system design provided the poorest fit to the
data. While a two compartment model, with a single unconstrained
adjustable parameter, provided the best fit to the data, a simple
single compartment model, with no unconstrained aéjustable
parameters, also provided a reasonable fit within the scatter of

the data. Due to the complexity of the reentrainment of the
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exhausted tracer, realistic dynamic models of the indoor impact

could only be developed after conducting a tracer experiment.
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Abstract

A series of eighteen atmospheric tracer experiments using sulfur
hexafliouride (SF6) and chemical smoke were conducted to explore the
transport of airborne contaminants in the boundary layer over the ocean
surface and in the separating boundary layer over an isolated island cape.
The immediate objective of the tests was to determine the impact of
local pollutant sources on a background air quality sampling program con-
ducted from elevated towers on the cape. In addition to satisfying this
objective, the tests are of interest in that they illustrate the local
behavior of pollutants in a complex natural atmospheric flow.

The tests indicated that the crosswind dispersion of pollutants over
the ocean surface can be approximately modeled using the simple Gaussian
plume model. The observed crosswind dispersion of the tracer corresponded
to that expected under neutrally stable atmospheric conditions, consistent
with the near equilibration of the ocean surface and air temperature.
Tracer released into the wake downwind of the Teading edge of the cape
was found to mix relatively rapidly to a height of about 10 m above the
surface (i.e. 35-40% of the cape height). Due to decoupling between the
recirculating wake flow, and the freestream flow, however, very little of
the tracer was observed above this height. This suggests that the impact
of local pollutant sources (i.e. on the cape) would be minimized if the

proposed sampling towers were elevated above a 10 m altitude.
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INTRODUCTION

Much of what has been learned about the dispersion of airborne con-
taminants around surface mounted objects in a turbulent flow field has
resulted from highly idealized wind and water tunnel studies. While these
experiments have proved useful in exploring the basic structure of such
flows, it is never quite clear how applicable such studies are to "real”
systems. In order to quantitatively determine how pollutants are trans-
ported in a specific full-scale system, it is generally necessary to
conduct atmospheric tracer experiments. In this work, a study of the
Jocal dispersion of pollutants around a cape at one end of an isolated
island was conducted. This report serves to document the procedures used
to solve a specific atmospheric transport problem in a real system as
well as indicate the behavior of airborne contaminants in such a system.

The objective of this study was to determine the impact of Tocal
pollutant sources upon a sampling program conducted by SEAREX (Sea-Air
Exchange Program) on American Samoa in the South Pacific. SEAREX is a
marine air sampling program conducted by a consortium of universities
and laboratories coordinated by the Graduate School of Oceanography of
the University of Rhode Island. In American Samoa, SEAREX personel were
attempting to measure the pollutant burden of the relatively pristine
air at a remote site on Cape Matatula, Tutuila Island (see Figure 1). In
orcer to 1imit the impact of local contaminants on the sampling program,
it was proposed that all air sampling would be conducted from towers and
in winds that were free from the contamination of upwind islands. Due to
the sensitivity of the sampling apparatus employed, local crustal and
organic contaminants from the land surface and vegetation could imperil

the quality of the attempted measurements. The objectives of the current
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study was to determine the wind directions which would not be contami-
nated by upwind sources (specifically, Aunuu Island, approximately 5 km
offshore) and the tower height necessary to negate the effect of crustal
and organic sources below the sampling towers. Resolution of the former
problem requires evaluation of the horizontal dispersion of pollutants

over the ocean surface while the latter problem reaquires evaluation of

the vertical dispersion of pollutants in the complex flow around Cape
Matatula. The cape has a bluff southerly and northerly face indicating the
importance of flow separation upon local vertical transport of pollutants
in winds from those directions. Both problems were resolved in this study
through atmospheric tracer experiments using chemical smoke and sulfur
hexaflouride (SF6). SF6 is an inert, non-toxic gas that can be detected

at concentrations as low as 1-10 parts SF6 per trillion parts air. In
addition to meeting the specific objectives of this work, the experiments
provide some insight into the dispertion of pollutants over a smooth water
surface and also the dispersion of pollutants in a separating boundary layer.

Neither subject has been adequately investigated in the atmosphere.
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EXPERIMENTAL PROCEDURE

A total of 18 atmospheric tracer experiments were conducted using
smoke and sulfur hexafluoride (SF6) to assess the possible contamination
problems associated with sampling of the marine air on Cape Matatula,
Tutuilla Island, American Samoa. Tests using chemical smoke involved
releasing the smoke from a cannister or candle at a Tocation of interest
and visually monitoring the dispersion of the smoke plume. The experiments
employing SF6 as a tracer were very similar except that a quantitative
observation of the tracer dispersion could be made. SF6 can be detected
at concentrations as low as 1-10 parts SF6 per trillion parts air by
electron capture gas chromatography. During each test, SF6 was released
continuously from a containment cylinder. The release rate was monitored
with a calibrated rotameter. The release locations included various points
on the cape (see Figure 2) and onboard a boat located close to Aunuu
Island (see Figure 1).

A11 air samples were taken with 30 cm3 plastic syringes. During near-
field studies on Cape Matatula, grab samples were taken <t various locations
on the cape during walking traverses that were generally aligned perpen-
dicular to the estimated path of thie tracer plume. Additional sumples were
taken on the cape during these tests by remote sampling through long small
diameter tubes. These sampling tubes were used to investigate the vertical
distribution of tracer on masts raised to simulate the proposed sampling
towers. They were also used to monitor concentrations at various heights
on the upwind bluff face of the cape. During far-field experiments, in
which the SF6 was released from the vicinity of Aunuu Island, additional
grab samples were taken onboard a boat traversing the channel between Aunuu

and Cape Matatula and by automobile traverses along the coastline {see
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Figure 1). During each tracer experiment, a portable gas chromatograph

was used to provide real time feedback into the test plan by spot checking
of samples, The balance of the collected samples were analyzed upon return
to the laboratory at the California Institute of Technology. Prior tests
had indicated that the time interval between collection and analysis of
samples would not significantly alter the observed concentrations. A
description of electron capture gas chromatography and the instrument
calibration procedures can be found in Lamb (1978).

During all tests, wind speeds and directions were monitored by equip-
ment located atop the plateau above the cape (see Figure 2). This monitoring
station is part of the Global Monitoring for Climatic Change program of the
National Oceanic and Atmospheric Administration. Additional wind speed
and direction measurements were made on the cape in order to map the local

flow field.
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PRESENTATION AND DISCUSSION OF RESULTS

Far-field experiments

As mentioned previously, two SF6 releases were made from a boat close
to Aunuu Island (Figure 1). One release was conducted from a location
upwind of Aunuu, approximately 4 km from the Tutuilla shoreline and about
6 km from Cape Matatula. The winds were southeasterly at 6-7 mps, as
measured at Cape Matatula. A sharply peaked, essentially Gaussian, SF6
concentration profile was detected downwind of the release during automobile
and boat traverses. The automobile traverse data collected along the road
indicated in Figure 1 is shown in Figure 3a. The transport and dispersion
of atmospheric contaminants in a strong, uniform flow field is commonly
modeled with the Gaussian plume model (Turner, 1970). Key parameters in
this model are the width and depth of the plume as measured by the standard
deviations in concentration in each direction. Turner has reported the
value of these parameters as a function of downwind distance and atmospheric
stability over flat terrain. Relatively few investigations of dispersion
over bodies of water have been conducted, however, and it is interesting
to compare the dispersion observed during the present study with that
reported over land. For the traverse data presented in Figure 3a, the
crosswind standard deviation in concentration was about 270 m, corrected
for the 50-70° angle between the road and the plume trajectory. Since the
route traversed was approximately 4 km downwind of the source, this
horizontal dispersion corresponds to that predicted by Turner (1970) for
neutrally stable atmospheric conditions. Automobile traverses following
the same route are shown in Figure 3b for the tracer release from downwind
of Aunuu Island. The crosswind standard deviation in concentration during

these traverses was about 90 m, again corrected for the 50-70° angle
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61

between the plume trajectory and the traversed road. Since the tracer
plume was detected about 1.5 km downwind of the release site during this
test, the observed horizontal dispersion also corresponded to that expected
during neutrally stable atmospheric conditions. The vertical temperature
structure of the atmosphere was not measured during either test, making

it impossible to correlate the observed tracer dispersion with the

actual stability of the atmosphere. Neutral or slightly stable atmospheric
conditions would be expected, however, due to the high wind speeds observed
and the approximate equilibration between surface air and water tempera-
tures. While two relatively simple experiments cannot hope to fully
describe the horizontal dispersion of contaminants over the sea surface,
these tests indicate that such dispersion can be predicted in much the

same way that dispersion over flat terrain is predicted. Additional
information on dispersion of po}]utants over water surfaces (in this case

a more stably stratified environment, the Santa Barbara Channel off southern

California) can be found in Reible and Shair (1981).

Near-field experiments

As indicated previously, the primary objective of these studies was
the evaluation of local pollutant sources on a proposed SEAREX sampling
program at Cape Matatula. While the offshore releases described above
allow evaluation of the impact of sources located some distance from the
cape, a potentially more serious problem was contamination from sources
on the cape. Due to the "bluffness" of the cape, the boundary layer
flow observed over the ocean surface separated over the cape. Just as
in turbulent flow over a surface mounted cube, a small upwind separated
zone was observed as well as a larg:r, more encompassing dowrwind wake.

Further complicating the flow was local surface roughness on the cape.



62

A complete description of the dispersion of pollutants in such a flow
field was not possible. As shown in Figure 4, however, very little of

the tracer released from locations on the cape was transported higher

than about 10 m above the surface. The data included in Figure 4 were
collected during 5 tests, each with a different release location (see
Figure 2) and wind directions from 30° to 140°. The solid line connects
the maximum concentrations detected at each height. The concentration
data collected during each sampling period of each test is normalized with
respect to the maximum concentration detected during that period (C,).
Based upon this data, a SEAREX sampling tower located at least 10 m above
the surface would be relatively free from the influence of surface sources,
at least during winds with an easterly component.

The sharp division in tracer concentration between the surface and the
air aloft was apparently due to the structure of the lee wake of the cape.
The rate of mixing between the wake and the freestream flow is generally
about the same or less than the rate of mixing within the separated zone
(Vincent, 1977 or Drivas and Shair, 1974), clearly suggesting that a sharp
concentration gradient can exist between the separated zone and the free-
stream. This phenomenon has been observed previously, but usually in the
reverse context, during the determination of a stack height necessary to
carry pollutants away from the influence of the wake of an object. Smith
(1978) found that a stack height 30% higher than a building model was
sufficient to reduce the downwind wake concentrations by an order of
magnitude below that observed with a flush vent (i.e. pollutant source
at building height). By comparison, the 10 m layer of the highest tracer
concentrations, as indicated in Figure 4, was about 35-40% of the cape

height at the sampling locations. Thus the vertical extent of the lee
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wake above a surface mounted object was essentially the same whether the
estimate was made by, (1) determining the release height necessary to
eliminate significant transport into the wake, or by (2), determining the
vertical influence of a pollutant source within the wake. The current
study is one of the few that has explored such concepts in relation to
natural geographical features. In addition to resolving the immediate
problem of quantifying the impact of local pollutant sources upon the
SEAREX sampling program, the results of this study provide some qualitative
insights into the nature of a complex natural flow field and the resulting

pollutant dispersion.
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Part II.

Pollutant Transport in Mountain-Valley

and Coastal Regions of California
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Chapter 4

Introduction



Statement of Problem

Although there have been attempts over the past few decades
to reduce the gquantity of pollutants emitted into the air,
continued growth has led to @ potential increase of emissions in
many areas of the United States. The shift in population from
urban centers to rural areas, coupled with the need to develop
rural resources (such as energy sources), has led to indications
that air pollution is no longer a problem limited to cities. At
the same time, there has been increasing recognition that
significant pollutant impacts can occur at large distances from
their source. This problem has been linked, for example, to the
acidity of the rsinfell in Scandinavia (Bergstrom, et al., 1972y,
ané the transport of visibility degrading pollutants into the
southwest deserts of the United Stetes (Trijonis, 1979). The
transport of both sources and pollutants into more rural areas has
resulted in an increasing need to predict the impact of industrial
and urban development on air guelity in areas that have faced
comparatively little previous study. A prediction of air quality
at a particular locestion reguires knowledge of 1) the gquantity and
dictribution of emissions of primary pollutants, 2) the transport
and dispersion of the wemitted pollutants by the appliceble
meteorological factors, and 3) the formation of secondary
pollutants by reactions within the atmosphere. This research is
devoted to acquiring an understanding of the second factor, the

transport and dispersion of pollutants in the atmosphere.
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The study was centered about the Great Central Valley of
California (San Joaguin-Sacramento Valley) and the coastal regions
of Southern California. The San Joaguin-Sacramento Valley 1is a
rich agricultural region with an annual crop yield in excess of 4
billion dollars (Census of Agriculture, 1981). The valley faces
significant industrial development in coming years to develop and
process o0il reserves. Additional industrial and urban development
is expected due to the low cost of land when compared to the urban
centers on the west coast of California. Because of the
importance of the agricultural products of the Central Valley, the
impact of even winor increases in air pollution can be
significant. It has been estimeted (CARB, 76-19-4, 1876), that
the annual crop losses in the San Joaquin Valley due to oxidant
damage currently exceed 30 million dollars annually.

In other regions, similar problems also occur. The Sante
Barbara Channel area of Southern California, for example, faces
more extensive development of 0il reserves located offshore as
well as the pressures of urban growth. Pt. Conception, at the
western end of the Santa Barabara Channel has been suggested as =&
possible locztion for @ major 1liguefied natural gas terminal.
Concerns over the impact of development of these areas are
compounded by the nearness of locations that currently exhibit
comparatively pristine air quality. The Central Valley is bounded
on the east by the California Coastal Mountains, on the north by
the Cascades, on the east by the Sierra Nevada, and on the south
by the Tehachapi Mounatins. The Cascades and the Sierra Nevada

Mountains both contain National ©Parks, Forests and Recreetion
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Areas that are heavily used by the public and often protected by
the Prevention of Significant Deterioration Policy of the Clean
Air Act, as amended in 1977 (Council on Environmental Quality,
1978). The Mojave Desert, east of the southern San Joaquin
Valley, exhibits generally good air guality that may have been
deteriorating over the past few decades (Trijonis, 1979). The
southern boundary of the Sants Barbara Channel is the ecologically
fragile Channel Islands, some of which make up the Channel Islands
National Monument. Thus the Central Valley, the surrounding
mountainous areas, and the coastal region of Southern California
are excellent examples of the often conflicting requirements
currently being placed upon the air resources of rural areas.

This research will zttempt to provide a sound basis for the
technical evaluation of the impact of development on these areas,
by developing an in-depth description of the flow field and the
resulting trensport and dispersion of pollutants. The specific
objectives of this study can be stated in the following manner:

1) Determine the transport routes into, within, and out of the
Central Valley of Californie, the surrounding mountazinous
areas, and the coastal ereas of southern California.

2) In so doing, delineate the basic characteristics of the flow
field important to the ventilation of these and other similar
areas.

3) Determine the rztes and mechanisms of air exchange between
the flow structures, such as eddy and convergence zones, that

characterize the wind field within the study areas.
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While these investigations are necessarily site-specific, it
is quite likely that the transport mechanisms observed will be
applicable to other mountain-valley or coastal environments. At
the very least, site-specific studies provide a foundation on

which to base future investigations in other locales.

Meteorological Complexity of Mountain-Valley and Coastal Regions

The meteorology of rural, mountainous areas is generally not
characterized to the degree of wurban environments. Complex
topography tends to modify the local wind field. Urban areas in
flat terrain also exhibit local influences but the length scale of
such influences is generally 1less then the 1length =<scales of
interest in the prediction of pollutant dispersion. Thus the
"roughness" and thermal effects of cities in flet terrain may
simply enhance mixing processes in the atmosphere rather than
modify the mean flow field (McElroy, 1969). The local effects of
mountein~-valley and coastal environments, however, both enhance
the mixing of pollutants in the atmosphere and modify the mean
flow field. Mixing is enhanced by mechaniceally induced turbulence
and flow channeling can occur due to flow blockage by the terrain.

In addition to these more localized effects of terrain,
diurnally varying winds are observed in mountain-valley &and
coastal environments due to differential heating of the earth's
surface. During the day, enhanced heating of a mountain surface
with respect to the valley floor, and of the land with respect to

the adjacent sea surface, results in a density gradient, and thus
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a driving force, for the development of an wupslope or onshore
flow. At night, the reverse flow develops due to more rapid
cooling of the mountain slopes with respect to the wvalley floor
and the land with respect to the sea surface. While the cause and
the basic structure of these flows are known (e.g. Defant, 1931),
such important meteorological parameters as the depth and strength
of these flows have not been adequately characterized to predict
the transport characteristics of a pollutant. In addition, the
twice daily wind reversals are characterized by light and variable
winds. The transport and dispersion of pollutants in such wind
conditions are very difficult to predict due to the scarcity and
inaccuracy of typical meteorological measurements. Because the
depth of the diurnsl winds 1in mountain-valley or coastal
environments is limited to the height influenced by the diurnal
surface temperature variations, a distinct layering can often be
observed in the atmosphere. The air above the buoyancy driven
surface flows is typically driven by the synoptic scale pressure
gradients. The interaction of these leyers introduces additional
complexity to the transport of pollutants in mountain-valley
and/or coastal areas.

In addition to the loczlized effects of complex terrain, such
as channeling and mechanically induced turbulence, and the effects
of intermediate scale, such as the diurnally varying winds, there
exists the potential for very large scale flow modification by the
terrain, due to the size of the systems under study. Thé Central
Valley of California, for example, 1is approximately 700 km in

length and averages about 80-100 km in width. In the Central
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Valley, perhaps the best example of the large scale modification
of the environment is the variation in climate between the west
and east sides of the valley. The western side of the San Joaquin
Valley is quite arid while the eastern side of the valley receives
significantly more precipitation due primarily to the uplifting of
air over the mountains that form the eastern boundery of the
valley. The physical size of the mountain-valley and coastal
environments of California represents possibly the greatest
challenge to the investigator attempting to describe the transport

and dispersion of pollutants in such a system.

Methods of Investigation

There are four basic methods of probing the transport and
dispersion of pollutants in a complex flow field:

1) sufficiently detailed meteorological measurements to allow
inference of the transport wind field,

2) numerical simulation based upon the application of the
conservation equations to the atmosphere,

3) laboratory scale modeling of the physical system, and,

4) atmospheric tracer studies on the full-scale system.

Since airborne contaminants are transported and dispersed by
the wind field, it would appear that the most direct means of
describing the behavior of pollutants in the atmosphere is through
meteorological measurements. In practice, however, because of
the substantial spatial and temporal variations in the wind field

typically observed in mountain-valley and coastal environments, it
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is generally difficult to <collect sufficient meteorological
measurements to adequately characterize the behavior of
pollutants. This is especially true in rural areas that have not
benefited from detailed study over long periods of time.
Numerical simulation of the atmospheric system under study
has the advantage of being easily modified for different
conditions. 1In principle, the resolution of the numerical model
could be as small as necessary to provide adequate results.
Unfortunately, the flow field over complex terrain or in diurnally
verying flows cannot generally be evaluated from first principles.
Thus numerical models of transport in the atmosphere tend to be
based upon a wind field developed from meteorologicel
measurements. At best, such numericel models can be only as
accurate as the input wind field. As indicated above, this can be
a significent limit to the accuracy of these models in rural areas
where the wind field is only poorly characterized. Benarie (1980)
has reviewed the state of the art of air gquality modeling.
Benarie emphasized the difficulty in predicting the transport and
dispersion of pollutants in wind speeds below 3 m/s, by indicating
that only moderate to strong winds can be expected to follow an
observable cause-and-effect relationship. At wind speeds much
below 3 m/s, the lack of a well-defined wind £field precludes
accurate prediction. This indicates that the dispersion of a
pollutant during & wind reversal may prove very difficult to
predict. Throughout the book, Benarie reports varying degrees of
success in modeling the eir quality in wurban areas. Numerical

simulation of the behavior of a pollutant in the atmosphere can be
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both accurate and useful given a sufficiently broad data base for
validation. Because such a deta base rarely exists, however,
accurate models are generally available only for relatively
specific locations or conditions. The Gaussian plume model
(Turner, 1970), <for example, has proven quite useful for
predicting the <concentration profile directly downwind of a
continuous source in a strong, uniform wind field. Under less
ideal conditions, however, the Gaussian plume model may at best be
an order of magnitude estimate (see, for example, Chapter 5). In
conclusion, numerical simulation of the transport and dispersion
of pollutants in the mountain-velley and coastal locales of
California does not appear to be a viable alternative at this time
due to the lack of data about the wind field or the basic
mechanisms of the ventilation of these areas.

The third means of establishing the transport characteristics
of the rural air basins under study is through labecraztory scale
physical models. Just as in numerical models, however, physiceal
models are appliceble to certain specific problems of transport in
complex flow situations, but the more general problem of the
ventilation characteristics of a large zir basin appear beyond its
capabilities. Deardorff, et al. (1980), for example, conducted a
laboratory experiment to investigate the rate of entrainment of a
convectively mixed layer into a more stable layer above. But
while such studies shed light on the mechanisms of mixed layer
growth during the day, the results of the study are not directly
applicable to a real atmosphere except in a limited sense. Cermak

and Arya (1970) summaerized the difficulties of the laboratory
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simulation of atmospheric flows and many of their comments are
still applicable. They considered the difficulty of accurately
modeling 1) thermal stratification, 2) surface roughness, 3) the
non-uniformity of the surface roughness or the temperature field,
and 4) surface irregularities due to hilly or mountainous terrain.
While concluding that similarity between the atmosphere and the
laboratory models can be achieved, at 1least for specific flow
situations, the authors pointed out the difficulty in achieving
accurate laboratory representations of 3-dimensional flow fields.
Compounding these problems is the difficulty of physically
simulating dynamic atmospheric flows, such as the diurnally
varying mountain-valley or land-sea breezes.

A fourth method of establishing the ventilation
characteristics of a particular eir basin is through atmospheric
tracer technigues. A number of tracers have been used to indicate
the movement of air masses,_including pollutants such as ozone
(Wolff, et al., 1977), meteorological tools such as tetroons
(Angell, et al., 1972), and artificially introduced tracers such
as flourescent particles (Hinds, 1970), and sulfur hexafluoride
(Stert, et al., 1974, Lamb, et =al., 1978). Pollutant tracers
suffer from the possibility of chemical conversion between source
and receptor thus confusing the transport characteristics with the
chemistry. It is also often difficult to unambiguously determine
the source of a pollutant plume, especially after extensive
dilution with time. Meteorological technigues, such as the use of
tetroons, are easy to follow long distances, but cannot be used to

determine the dispersion characteristics of the atmosphere.,
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Ballon trajectories also may not follow an air parcel trajectory
due to the significant mass and buoyancy effects of the Dballocon.
Fluorescent particles suffer from the same disadvantage 1in that
they often 1indicate the transport and dispersion of small
particles rather than that of a gaseous pollutant (Eggleton and
Thompson, 1961). In addition, zinc-cadmium sulfide, a commonly
used fluorescent particle tracer, is known to be toxic (Spomer,
1973).

Over the past decade, however, electron capture gas
chromatography has been applied to the investigation of the
transport and dispersion of pollutants in the atmosphere.
Electron capture gas chromatography, originally developed by
Lovelock and Lipsky (1960), =z2llows the detection at very low
concentrations of non-toxic gaseous compounds which have a high
affinity for the absorption of electrons. Such compounds 1include
sulfur hexafluoride, which can be measured at concentrations
approaching 1 pert in a trillion parts air (1 PPT), and
bromo-trifluoromethane, which can be measured at concentrations
approaching 10 PPT. The fact that these compounds are generally
non-toxic, odorless, colorless, and stable 1in the atmosphere,
makes them idezl atmospheric tracers. The wuse of such tracers
allows a quantitative description of the atmospheric flow field
and the associated transport and dispersion of pollutants. Tracer
experiments have the disadvantage, however, in that their results
are strictly applicable only to the meteorological conditions
under study. Thus great care must be taken to ensure the

representativeness of the field studies, by repetition of
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experiments where possible, and by adequate characterization of
the basic atmospheric conditions.

Most experiments employing these gaseous, ultra-sensitive
tracers have been used to explore specific transport problems in
the atmosphere. Many tracer experiments, for example, have been
used for the sole purpose of determining the dispersion parameters
associated with a particular model, such as the Gaussian plume
model (Turner, 1970). While such studies are useful, they suffer
from many of the same disadvantages as laboratory scale
experiments, namely an a' priori determination of how the data are
to be analyzed. 1In order to realize the full potential of these
gaseous atmospheric trecers, it would seem that they should be
used to probe the structure and mechanisms of the transport and
dispersion of pollutants in the atmosphere, and not simply to
provide experimental inputs for a preconceived model. In urban
areas, where the pollutant behevior is generally somewhat better
characterized, an a' priori specification of a model may prove
fruitful in that a model may be based upon an adequate fundamental
understanding of the problem. But while this may be true in many
well studied urban arees, it is apparently not true in rural areas
which exhibit the complicating factors of complex terrain. It
seems clear that more basic research into the mechanisms and
structure is needed before an adeguate model of the transport and
dispersion of pollutants in such areas can be formulated. It is
this need that formed the basis of this work. ’

As indicated by this discussion, the use of wultra-sensitive

atmospheric tracers such as sulfur hexafluoride appears to be the



79

best available means of achieving the specific purposes of the
current research. In the following chapters, a series of
atmospheric tracer experiments in the mountain-valley and coastal
regions of California and their results are described. It 1is
hoped that these studies will zllow a more accurate estimation of
the impact of development on the study areas and a more thorough

understanding of the mechanisms of transport in complex terrain.
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Abstract—The results of three atmospheric tracer studies involving winds in complex terrain are discussed.
Winds above ccrplex terrain frequently exhibit directional shear due to the presence of relatively shallow
layers of air driven by surface heating and cooling. The three tracer tests were conducted to elucidate
pollutant transport and dispersion in multi-directional flows in complex terrain.

During the Srst test. in the Lost Hiiis region of the San Joaquin Valley of California, the tracer (sulfur
hexaflouride, SF,) was spht into two distinct plumes by wind directional shear. During the second test,
conducted in the California coastal mountains near Clear Lake in northern California, under conditions
approaching minimum wind directional shear, no plume bifurcation was detected. The tracer dispersion
characteristics during this test could be accurately modeled using the Gaussian plume model using dispersion
coefficients corresponding to “D" stability. The third test was also conducted from the Clear Lake area and
during this test the SF, plume was again bifurcated due to the action of wind directional shear.

Estimates of the amount of tracer within each of the plumes were made for each test. These
estimates accounted for essentially all of the tracer and showed that significant amounts of tracer (and thus
airborne pollutants) can be transported by the winds aloft. Predictions of pollutant transport based on
surface wind measurements cannot normally be expected 10 provide good results in complex terrain. The
tracer experiments also showed that destabilization of the atmosphere by compiex terrain can lead to efficient
vertical transport of airborne pollutants through stable layers of air such as nocturnal ground-based
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inversions.

INTRODUCTION

Atmospheric pollutants are transported and dispersed
by winds which can be grouped into three broad
categories: macroscale, mesoscale and microscale
phenomena. which occur over length scales of hun-
dreds and thousands of km, of tens of km and less than
1-10km respectively. Events dominated by macro-
scale phenomena are perhaps the easiest to predict or
describe quantitatively (see e.g. Holton. 1972). Events
that reflect mesoscale phenomena, however, such
as pollutant transport by mountain—valley winds,
have proven much more difficult to quantify.
Unfortunately. the local meteorology and the resulting
pollutant transport in complex terrain is often domi-
nated by mesoscale phenomena especially during
stable atmospheric conditions (Defant, 1951 and
Hinds, 1970).

The meteorology and the pollutant transport and
dispersion in complex terrain are influenced by mech-
anical effects and thermally induced buoyant effects.
The mechanical effects include flow channeling due to
valley or canyon walls and enhanced turbulence due to

* To whom all correspondence should be directed.

surface roughness. Daytime upsiope flows and re-
versed nocturnal flows are examples of the mesoscale
buoyancy effects. The basic theory and observations of
the buovancy driven mountain —valiey circulation sys-
tems. caused by the diurnal heating and cooling of
sloping surfaces, has been summarized by Defant
(1951). The basic structure of such flows is outlined by
the Eatontown Signal Laboratory Group, US Army
Signal Corps (1945). During the generally stable night-
time conditions, the slope flow (in this case 2
downslope or drainage flow) is typically confined toa
sharply defined layer close to the surface that is
essentially decoupled from the air aloft (see e.g.. Ayer.
1961). Because the synoptic flow is often directed
differently than the slope flow, a layer of air with
pronounced directional shear is quite common in
mountain-—valley systems during stable conditions.
In order to quantify the effect of the industrial.
commercial and recreational requirements placed on
mountainous terrain and its resources. a number of
investigators have attempted to understand the charac-
teristics of pollutant transport and dispersion in com-
plex terrain. Egan (1975) has described the basic
concepts of turbulent diffusion in complex terrain. He
reviewed some of the available theoretical and exper-
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imental resuits. He also discussed the experimental
modeling of flow over complex terrain involving wind
and water tunnels. Hinds (1970) emploved zinc sulfide
particles as a tracer to study transport in the coastal
mountains of southern California. He found that
stable conditions maximized the meteoroiogical effects
of the terrain. Kao and Taylor (1977) followed an SO,
plume from a copper smelter and found that the plume
dilution was affected by two local wind effects; en-
hanced mechanical turbulence due to the terrain and
wind directional shear. During some of the exper-
iments. the SO, plume bifurcated. Due to insufficient
meteorological data it was not possible to correlate the
bifurcation with the wind structure. The investigators
found that the plume dispersion was strongly in-
fluenced by wake effects on the lee sids of a mountain
range. Start et al. (1974) used SF,, as a tracer in Utah
and found that both mechanical turbulence due to the
terrain and wind directional shear contributed to
increased dilution of the plume, over and above that
predicted for flat terrain. Whaley and Lee (1977) also
found enhanced plume dilution in complex terrain
during their study of an SO, plume emitted from a
smelter. The crosswind dilution was limited, however,
by steep valley walls that caused channeling of the flow.
Whaley and Lee aiso found that the SO, dispersion
was complicated by a shallow surface layer of air that
caused transport upwind of the prevailing wind direc-
tion. Saffman (1962) and Csanady (1969) have de-
veloped theories for diffusion from an instantaneous
point source in winds exhibiting speed and directional
shear. Saffman used an eddy diffusivity approach to
evaluate diffusion in both bounded and unbcunded
atmospheres with wind velocity shear. Using a dimen-
sional analysis approach, Saffman also considered
diffusion in an atmosphere exhibiting a general three
dimensional power law velocity profile. Csanady
theoretically investigated diffusion inan Ekman Layer.
Both Saffman and Csanady used the method of
moments (Aris. 1956) in their analysis. Due to the
complexity of the problems, only the lower order
moments of concentration could be derived. Both
authors concluded that concentration distributions
downwind of a source emitting into a wind exhibiting
speed or directional shear were asymmetric. This can
be compared to the symmetric concentration distri-
butions predicted by the Gaussian diffusion model in
which the velocity profile is characterized by an
average speed and direction. Results similar to those of
Saffman and Csanady have been reported in theor-
etical studies by Smith (1965) and Hogstrom (1963).
Csanady (1972) semi-quantitatively anslyzed some
data which exhibited some effects of crosswind shear
upon diffusion. He found that the lateral spread of a
pollutant plume may be dominated by directional
shear when the pollutant has mixed sufficiently within
the shear layer. Ip qualitative agreement with theory,
concentration profiles Gownwind of the tracer source
were asymmetrical due to the directional shear. The
data which Csanady analyzed indicated a bifurcation
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of the tracer plume during some tests. The experiments
strongly influenced by directional shear were as-
sociated with moderate to strong temperature inver-
sions in the atmosphere.

Due to the complexity of wind flow patterns in and
around mountainous or hilly terrain, attempts to
mode! pollutant transport and dispersion in such
regions have generally been unsuccessful. Primarily
because of its relative simplicity. the Gaussian piume
model has besn applied to many atmospheric diffusion
problems. Itis well known. however, that the Gaussian
model and the values of its dispersion parameters, were
developed from data collected over smooth terrain
under relatively simple meteorological conditions (see
¢.g. Pasquill. 1974; Scorer, 1978). The extensior: of
such a model to complex terrain and meteorology is
not straightforward. As pointed out by Scorer (1978):
“Many studies do not appreciate that it is easier to
measure the distribution of pollution than to measure
the eddy characteristics of the air motion and then
predict the distribtion of pollution by means of some
theory.” Therefore, atmospheric tracer experiments
are the most direct way to predict the impact of
pollutant source in complex terrain or meteorology.
Currently, the Environmental Protection Agency is
supporting at least two studies of pollutant transport
and dispersion on and around ar isolated hill (Lamb
and Drivas, personal communication). A third study of
pollutant transport and dispersion in complex terrain
is being conducted by the Department of Energy in the
Geysers Area of California, wherein much of the
current study was located (Dickerson. personal
communication.)

The purpose of this work was to conduct atmos-
pheric tracer experiments designed to characterize the
transport and dispersion of gaseous pollutants emitted
into a complex wind flow pattern which includes
directional shear with altitude.

EXPERIMENTAL PROCEDURE

The first tracer test was conducted from Lost Hills in
the western San Joaquits Valley of California. The San
Joaquin Valley is the southern half of the great central
valley of California. The valley is about 400 km long
and 80 km wide, being bounded on the east by the
Sierra Nevada mountains and on the west by the
California coastal mountains. 285 kg of an inert, non-
toxic tracer gas, suifur hexaflouride (SF,) was released
continuously at ground level in Lost Hills between
1400 and 2030 PST on 8 December 1978.

The second and third tests were both conducted in
Lake County, California, which lies in the coastal
mountains of northern California. The second test was
conducted from the Mcleskey geothermal well site
close to a small ridge at 640 m above sea level and about
3km southeast of the intersection of California
Highways 175 and 29. The third test was conducted
from the Wilson Well geothermal site, Skm south of
the same highway intersection, at 730m above sea
level. The release sites lay between Mt. Kinocti (1280 m
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elevation)to the northand Mt. Hannah (1213 m)to the
south. East-west ground level elevations decreased to
412m at Kelseyville, about 10km northwest of the
release sites. and to 418 m at Lower Lake, about 13km
east of the release sites. During the second test, 41 kg of
SF, were released continuously between 2100-2300
PDT on the night of 15 July 1979. After 2300 PDT,
mechanical difficulties with the release system caused a
rapid deterioration of the release rate. During the third
test. 93kg of SF¢ was released continuously between
2340 PDT on 19 July 1979 and 0540 PDT, 20 July
1979.

The SF¢ was released as a gas from cylinders
containing about 45kg of liquid SF¢. The cylinders
were connected via 1.27cm OD copper manifolding.
The SF, flowrate was monitored with a high volume
rotameter and verified by weighing the cylinders both
before and after the release. The SF, was released from
ground level during the San Joaquin Valley test.
During the Lake County tests, the SF, was released at
an altitude of 30 m above ground level by attaching the
release tube to helium balloons.

During each of the tests, a series of automobile air
sampling traverses was conducted using two person
teams. During an automobile traverse, the passenger in
each car took grab samples in 30cm? plastic syringes.
The distance between samples was dependent on the
distance downwind of the release site and varied
between 0.3 and 1.6 km. Traverse paths were de-
termined during each experiment based upon real time
wind data and spot checking of samples with a
portable electron-capture gas chromatograph. During
the Lake County tests. 30cm? syringes were also used to
collect air samples at 10 min intervals from 13 fixed
locations.

Air samples were analyzed for SF, using electron-
capture gas chromatography. Details of the analytical
procedure are described by Drivas (1974) and Lamb
(1977). The gas chromatographs were calibrated using
the exponential dilution method and checked between
calibrations by comparison to a known standard.
Calibration results showed that concentrations as low
as ten parts SF per trillion parts air (10 ppt) could be
detected within about 109,. Concentrations between 1
and S PPT could be detscted within a factor of 2.

PRESENTATION AND DISCUSSION OF RESULTS

Test of 8 December 1978, San Joaquin Valley

SF, was released at a continuous rate of 47.5kgh ™!
from 1400 and 2030 PST on 8 December 1978 from
Lost Hills in the San Joaquin Valley of California.
During the first two hours of the release the surface
winds were from the southeast at about 2ms~%,
Throughout the rest of the release, however, the
surface winds shifted counterclockwise until westerly
winds at 2 m s~! were measured at the end of the
release. Winds above 150 m, however, were southeas-
terly (2-3ms™! at 100130 deg. true) throughout the
release. Figure 1 summarizes the grab sample data
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Fig. 1. SF, concentration as function of location. San

Joaquin Valley Test. 12,878. Thickness of shaded region

proportional to concentration (100 ppt/cm). Release point
denoted by °.

from two automobile traverses conducted between
2030 and 2130 PST. During the afternoon. efficient
mixing between the surface layer and the air aloft
caused the tracer to be transported towards the
northwest. As mixing between the surface layer and
the air aloft decreased due to surface cooling during
the later stages of the release, some tracer was
transported towards the southeast. Atleast 75 %, of the
tracer was estimated to have been transported towards
the northwest where lower concentrations (but spread
over alarger area) were detected. The directional shear
between the surface and winds above 150 m measured
throughout much of the experiment apparently had
little effect on the direction of tracer transport until
vertical mixing became limited near nightfall. A
trajectory analysis based only on the surface winds
suggested that the bulk of the tracer would lie
southwest and southeast of the release site rather than
northwest as detected. More detailed information on
this test can be found in Reible er al. (1981).

Test of 15-16 June 1979, Lake County

During this period, the study area was influenced by
a gradually deepening marine layer, with a persistent
flow from the west being noted everywhere but the
most sheltered locales. The stable marine air generally
extended to the 1150 m elevation (about 500 m above
release height). A secondary temperature inversion
aloft based near 1000 m was observed. The synoptic
flow was strong enough to dominate the local
meteorology, minimizing the effects of topography.
The surface winds at the release site were 3ms™* at
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Fig 2. Study area showing fixed sampling sites and traverse routes. Clear Lake County Test

No. 1. 15-16 June 1979. Also included are 1 ppt(gmole h)}~* concentration isopleths drawn

from Gaussian plume calculation {. . . .. surface winds and —-. 30m pibal winds) and from
experimental data ( )

230-280° while the 30 m winds were estimated by pilot
balloon measurements to be 5-6ms™* at 260-280°
true north. The meteorological conditions correspon-
ded to Pasquill-Gifford stability class E (Turner.
1973).

A total of approximately 73 kg of SF, was released
continuously from the Mclesky Well site between 2100
PDT. 15 June 1979 and 0200 PDT. 16 June 1979. The
initial SF flowrate was 20 kgh ™. Between2and 3.5 h
after the start of the release. the average release rate
was 14 kg /hr. Between 3.5 and 5 h the average release
rate was 7kgh~!.

Figure 2 displays the 13 fixed sampling sites for this
test along with the roads that were sampled by
automobile traverses. Figure 3 displays the SF, con-
centrations detected at each of the fixed sampling sites
which showed an hourly average concentration of
greater than 1ppt(gmoie/h)~*. High concentration
levels were detected only during the first 3 h of the test
due to the significant drop in SF, release rate after 2 h.
Using automobile traverse data obtained between
2300 PDT and 2330 PDT along Pt. Lakeview Rd. it
was possible to estimate an SF, flowrate of ap-
proximately 23 kgh~!. This mass flow estimate was
obtained using the experimentally determined ground
level SF, concentrations and ground level speed. The
vertical distribution was calculated using Turner
(1973). Whaley and Lee (1977) have suggested that
vertical plume spread in complex terrain can be
predicted reasonably well by Pasquill-Gifford stability
criteria. In view of the uncertainties, the mass balance
calculation appears reasonable and merely indicates
that essentially all of the tracer was accounted for.

As mentioned above. the atmospheric conditions
prevailing at the time of the test corresponded to class

E stability (Turner. 1973). Figure 2 displays the
1 ppt (g mole h) ™! isopleth calculated by the Gaussian
plume model for E stability using both the surface
winds (3 ms™ ', 240-280°) and the 30 m pibal winds
(5-6ms ™! at 260-280°). The solid lize encloses the
area where maximum hourly averaged fixed site con-
centrations of greater than 1 ppt(gmole/h)™ ! were
detected. Grab samples taken during automobile tra-
verses were used to aid in determination of the limits of
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Fig. 3. Concentration vs. time at the fixed sampling sites

where the maximum hourly averaged SF, concentration

detected exceeded 1 ppt(g mole h) ™ during Clear Lake
County Test No. 1, 15-16 June 1979.
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Table 1. Comparison of experimental® and calculated plume centeriine
conceatrations +

Equivalent SF,PPT/G-MOLE/H

Distance from
release site Experimental Caiculated -
Location (km) (maximum) (centerline)
Hwy. 29 1.6 119 160
Soda Bay Rd. 22 46.1 66.0
Pt Lakeview Rd. 6.4 285 14.5

* Grab sample concentrations detected during automobile traverses on roads

listed.

+ Calculations follow Turner (1973) using D stability and the average of the

surface and 30m pibal winds.

this area. The discrepancy between the predicted and
actual crosswind dispersion could be due to topo-
graphically induced turbulence. It might, however, bea
reflection of the slight directional shear with altitude.
The cross wind standard deviation in concentration,
d,. was sstimated at two distances downwind of the
release site using automobile traverse data. The cross-
wind dispersion of the tracer roughly corresponded to
Pasquill stability class D. Urban plumes often exhibit
dispersion rates characteristic of the next less stable
classification than that predicted over flat terrain
(McElroy, 1969). Table 1 compares the caiculated SF,
centerline concentrations based on D stability and the
experimental concentration maxima. Even using ex-
perimentally determined o, valves (ie. 5, for D
stability), the Gaussian model yielded results only
within a factor of two of actual concentrations. This
could be due to flow channeling or uncertainties in
wind speed and;or vertical dispersion coefficient. o.. In
the absence of tracer data. one must expect calculated
results to be even less accurate.

Test of 19-20 June 1979, Lake County

During this period, the study area was influenced by
a westerly flow similar to, but much weaker than, that
encountered during the first test. Winds speeds at the
surface and at 30m elevation were about 2ms™!
throughout the entire region of interest. Localized
topographical effects produced downslope (ie.
drainage) flows with similar velocities. Temperature
soundings during the test indicated generally stable
conditions to a height of 1150m above sea level.
Ground based radiational inversions were also evident
during this test. The meteorological conditions cor-
responded to Pasquill-Gifford stability class F
(Turner. 1973).

A total of 91kg of SF,, was released continuously
from the Wilson Well site betwesn 2340 PDT. 19 June
1979 and 0540 PDT, 20 June 1979. The release rate
remained uniform throughout this period at about
15kgh~!. Throughout most of the test, a drainage
condition (southerly flow) was found at the release site.
The westerly synoptic flow was found at elevations
greater than 90m above the surface. Between the
surface drainage layer and the synoptic flow existed a
region containing both velocity and directional shear.

The tracer was released at a height of 30m into this
region.

Figure 4 displays the | ppt(gmoleh)™! isopleth
test along with the roads involved in the automobile
traverses. The directional shear above the release site
caused the tracer plume to split into two distinct
sections as shown by a plot of an automobile traverse
along Redhills Road and Hwy. 175 (Fig. 5). An estimate
was made of the tracer mass flow in the eastern plume
from automobile traverse sample concentrations plus
the mean wind speed and by assuming a Gaussian
concentration profile in the vertical (vertical distri-
bution again calculated via Turner (1973)). This plume,
which was driven by the synoptic scale winds, con-
tained approximately 8G¢, of the SF, released. Thus,
about 202, of the SF, released followed the surface
winds. This is in good agreement with an independent
mass estimate on the northern plume, which suggested
that 15¢, of the SF, was transported by the surface
drainage flow.

Figure 6 displays the concentration data at each of
the fixed sampling sites which showed an hourly
average  concentration of  greater  than
1 ppt(g mole/h)~ . High SF, concentrations were de-
tected at site 9 only between 5:00 and 8:00a.m. This is
presumably due to some shift in the wind direction
during that time. Sites 13, 12, 8,5, 7and 6 lie northwest
of the release point and thus were impacted by the
surface drainage flow. Note the similar structure of the
concentration profiles in Sites 5, 6, 7 and 8. The tracer
was essentially well mixed over the entire area enclosed
by these sites, suggesting that Gaussian modeling of
the tracer transport and dispersion is not appropriate.

Figure 4 displays the 1ppt(gmole/h)™! isopleth
developed from the maximum hourly averaged con-
centrations detected at the fixed sampling sites (solid
line). Automobile traverse grab samples were used to
aid in determination of the isopleth location. Note that
the experimental isopleths were extended towards the
regions of lowest elevation (Lower Lake and
Kelseyville) due to the action of drainage winds. The
location of the isopleths that bound the region between
the two plumes is not well defined due to the sparcity of
experimental data in this region. The high morning
concentrations detected at site 9 were apparently due
to a shift in wind direction and were excluded from the
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Fig 4. Study area showing fixed sampling sites and traverse routes for Clear Lake County Test
No. 2, 15-16 Juae 1979. Included is the route traversed in Fig. S (#HiH). Also included are

1ppt (g mole/h)~* concentration isopleths drawn from a Gaussian plume calculation
surface winds and ----, 30m pibal winds) and from experimental data (

isopleth determination. Also shown in the figure are
1 ppt(g mole h)~ ! isopleths predicted using either the
surface winds or 30 m pibal winds and stability class F
(as suggested by Turner for the atmospheric con-
ditions prevailing during the test). An attempt to apply
a simple Gaussian plume model to the tracer transport

Clear Loke Test No 2 20 June 1979
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Fig. 5. Concentration vs. distance from the intersection of

HWY 29 and HWY 175 at about 0330 PDT on 20 June

1979. Traverse followed HWY 175 and then turned east
on Redhills Road.

would not predict the relatively large crosswind
dispersion of the tracer nor the trajectory of either
plume. In addition, there appears to be no way to
accurately estimate, a priori, the amount of tracer
transported by either the drainage or synoptic flow.

The maximum ground level tracer concentratior: in
the eastern plume (driven by the winds aloft) occurred
about 3km east of the release point. The Gaussian
plume model suggests that the maximum concen-
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" Fig. 6. Concentration vs. time at the fixed sampling sites

where the maximum hourly averaged SF, concentration
detected exceeded 1ppt(gmole/h)~! for Clear Lake
County Test No. 2, 15-16 June 1979.
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tration should occur at half this distance downwind.
Since complex terrain is generally believed to increase
the vertical dispersion of pollutants, especially at small
distances from the source, the discrepancy between the
predicted and actual location of the maximum con-
centration is probably due to the strong directional
shear between the release height and the ground. Anair
layer exhibiting strong direction shear is generally
assumed to be a region of limited vertical mixing
caused, for example, by the top of a temperature
inversion. In this test, the limited vertical mixing
reduced the average effective diffusivity to about half
that predicted over flat terrain. Presumably, vertical
. mixing would be further reduced if it were not for the
destabilizing effect of the complex terrain.

One way to model the rate of vertical mixing is to
consider the directional shear layer as a turbulent
mixing layer, which is frequently described with 2
relationship of the form

“,=cAul (1

where Au represents the change in velocity across the
width of the mixing layer, I The quantity ¢ is an
empirical constant and is typically of value between
107! and 10~2 (Tennekes and Lumley, 1972). This
relationship is based on dimensional arguments and
assumes that the characteristic time for bulk transport
(t, = L su,) is approximately equal to the character-
istic diffusion time (tp = L/D,). L, and U, are the
characteristic length and velocity scales of the flow. In
the current experiment, the directional shear between
the surface (2ms™ !z 170°) and 30 m (2ms " '@ 240%)
accounted for an “apparent™ velocity change of
1.2ms™!. The magnitude of the average effective
diffusivity can be estimated by the relation

Z,=VFup=1Pt,=13j(Lju) @

with ! =30m, u = 2ms™* and L = 3000m. The aver-
age effective diffusivity for the tracer detected at the
location of maximum concentration is approxi-
6 x 10°cm?s™!. Substitution into Equation (1) gives
¢ =0.017, the same order of magnitude as found in
laboratory experiments on neutrally stratified mixing
layers. This again suggests that the stability of the
surface layer may be partially offset by the enhanced
mechanical turbulence due to the terrain. More de-
tailed information on the third test can be found in
Reible et al. (1979).

The primary difficulty in predicting pollutant trans-
port and dispersion in this or a similar meteorological
condition, is the lack of knowledge about the three-
dimensional flow field. When topography affects the
local meteorology (as in the occurence of shailow
drainage flows), then small variations in the effective
stack height of the plume and, or location may give rise
to significantly different transport paths and disper-
sion characteristics of the poliutants. Even though the
Gaussian plume model is very popular, it should be
used with caution especially when considering shallow
drainage conditions. Since the air flows over complex

gy
1N

terrain are often multidirectional. in most cases the
Gaussian plume model will underestimate the disper-
sion of the plume. Consequently, the Gaussian plume
model can provide an upper bound value for the level
of maximum impact. The Gaussian plume model may
not provide an upper bound to pollutant exposure
levels, however. if the terrain limits horizontal disper-
sion (e.g.. by canyon walls). it should also be noted that
the location of the maximum impact generally cannot
be determined from calculations based upon the
Gaussian plume model wherein some average speed
and direction is assumed to characterize the transport
wind. This is particularly important when an elevated
plume might impact surrounding higher terrain. If the
transport wind is a buoyancy driven slope flow. the
pollutant plume will move roughly perpendicular to
the mean lines of constant elevation. providing an
estimate of the location of maximum impact. In
principle. only meteorological data (i.c.. surface winds
and winds aloft) could be used to estimate the location
of the maximum impact zone; however. to do so. the
distance between wind monitoring stations must be
less than the distances over which changes in wind
speed and direction occur due to local variations in
terrain. For example. during Test 3 (conducted 19-20
June 1979) wind speeds and directions would be
required at 30 m vertical intervals at sites separated by
distances no greater than a few km throughout the
total region of interest. Consequently, in order to
economically determine the location of maximum
impact either pollutant data and,or tracer data should
be analyzed.

SUMMARY

(1) The influence of complex terrain on the transport
and dispersion of pollutants has been reviewed. Em-
phasis was placed on pollutant transport in directional
shear flows which often occur in compiex terrain due to
decoupling between suface air and the air aloft. Three
atmospheric tracer tests were conducted. During the
first test, a shallow surface layer of air transported
some of the tracer upwind of the prevailing flow aloft.
During the second test, the study area was influenced
by a strong, essentially uniform, synoptic scale low. In
this test, the crosswind spread of the tracer plume was
larger than would have been predicted over flat terrain,
but only a single, esscntially Gaussian, plume was
observed. During the third test. the local meteorology
was strongly influenced by nighttime drainage flows
which caused strong wind directional shear with
altitude. The tracer was split into two separate plumes.
The crosswind spread of each of the plumes was more
extensive than would have been predicted over flat
terrain. The tracer driven by the winds aloft was
quickly transported through the stable surface layer
and detected at ground level within 3 km of the release
point. The transport rate was similar to that found in
laboratory experiments on neutrally stratified turbu-
lent mixing layers, suggesting that the stability of the
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surface layer was at least partially offset by the
enhanced turbulence due to the terrain.

(2) No generally applicable model of pollutant
transport in mountainous or hilly terrain is available.
This is primarily due to the complex nature of the wind
field in such terrain. Under conditions of generally
uniform winds (little or no directional shear or chan-
neling effects due to the terrain), the Gaussian model
can be used to give a reasonable approximation to
pollutant dispersion by employing empirical disper-
sion coefficients corresponding to more unstable con-
ditions than would be predicted over flat terrain. It
should be noted that even using experimentally de-
termined horizontal dispersion coefficients, predicted
poliutant concentrations cannot be expected to be
more accurate than a factor of two.

(3) If there exist significant variations in the wind
speed and direction, either with altitude or distance
downwind, then a simple Gaussian model does not
accurately predict poliutant transport and dispersion.
Variations in wind direction with distance downwind
can cause large uncertainties with respect to the
location of the plume. Wind directional shear with
altitude causes enhanced horizontal dispersion of
pollutants and can lead to bifurcation of the plume.
Since directional shear enhances plume dispersion,
however, the Gaussian plume model can be used to
provide an upper bound to the pollutant concen-
trations downwind of a source. If the vertical wind
structure in the atmosphere can be represented by two
or more layers each characterized by a single wind
direction, an appropriate upper bound calculation
should consider complete transport of the pollutant in
each of the wind directions. If the pollutant plume is
elevated, an appropriate upper bound calculation
should consider the possibility of direct impingement
of the plume at elevated points on the surrounding
terrain. When using the Gaussian model for an upper
bound calculation, flat terrain dispersion coefficients
corresponding to the meteorological conditions under
study should be used.

(4) In general, pollutant and/or tracer data should
be analysed in order to accurately determine the levels
and locations of impact associated with a pollutant
source in complex terrain.
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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 breeze 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.
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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 (Turmer, 19?0)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 (n,
a technique for estimating nominal values and uncertainties of mass
balances incorporating field data and, (2), a technique for estimating
nominal values 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 5.

Two tracer studies conducted in July of 1977 were used to probe
the transport of airborne pollutants 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 Qur 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:

me = [[c undsadt e8]
s

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

to the surface, S. In 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 approximated by a
discrete summation such as the trapecoidal 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 be adeguately

approximated by

[.(a)
k
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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 lo-
cation for the tests used in the Gaussian parameter estimation.
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where o 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, atg, 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 contrcl 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, are shown 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.
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Table 1
Total Mass Balance and Uncertainty Analysis

Test Number 1 2
Date of Test July 22, 1977 July 24, 1977
Amount SF¢ released (grams) 90,800 236,080
Amount SFs returned (grams)® 111,244 211,917
Percentage return® 123 90
Amount SFg returned (grams)b 95,490 244,569
Percentage retumb 105 104
R-factors:

Rp 1,000 1,000

R, 0.165 0.165

RC 0.038 0.034

Ru 0.067 0.080

Ry 0.082 0.052

R¢ 0.013 0.026

Re 0.055 0.062
Estimated uncertainty in raw data:

p - density (%) 5

z - inversion height (%) 40

c - SFe concentration (%) 30

u - wind speed (%) 25

% - coastal length (%) 10

¢ - coastal angle (radians) 0.175

¢ - wind direction (radians) 0.698

Calculated uncertainty in
me - total mass returned (%) 25.4 25.5

aCThis calculation) b(C::llc:'t.llation of Shair, et al., 1981)
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UNCERTAINTY ANALYSIS OF MASS BALANCE

For a function of several variables,

Y = f(xl: XZ:""’X)) (3)

the uncertainty in the dependent variable is a function of the

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

=5 (4)

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

o)

C Z
%2 _ Tz ... 1 (6)
71 Z2 ZI
= G - a0 = 7
OS]..\. 612 OE’IJ ( )
etc.

The advantage of these assumptions is that constant factors (here
designated by Ra) 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 imvolving each Ra‘

2 ¢} (O 12 (8] 2
2 YGOW Z? Ci [uﬂ
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For example, R, and Ry are:

IR
R = DZ Z? u.. C..
Z i=1 *lj=1 k=1 M 1jk

[23@15? cos{eij - @gi))
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, (b (b
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@ o @, ) D)
h ik ljk 51n¢jk } (12)

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, Ru is smaller than Rp because wind speed
was measured more frequently than was density. Also, as the mmber 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. Knowledge of the plume

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

Emissions fram a point source in a uniform wind field 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, o,

Y

the plume centerline, Yoo and the centerline concentration, From

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

The horizontal distribution of tracer for a Gaussian plume may

be described by

CaAk
cy) = c € —5T— (13)
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where the parameters are the same as those defined above. By standard
statistical techmiques, the Gaussian plume parameters can be deter-
mined from the zeroeth, first, and second moment integrals of the

continuous concentration distribution,

I, = [ cly) dv (14)
I = [ yely) ay (15)
L = yeely) 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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Yo = Iy/I, 17n
2 = - 2
o 12/10 V3 (18)
Crax = IO/v’TT"oy (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 applyving 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
maximm concentration and standard deviation in concentration, oy,
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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IO = kOI('J (20)
I1 = klli (21)
12 = kzlé (22)
where
kO = 1.032925 (23)
k1 = 1.032925 (z8)
k, = 1.254861 (25)

[3]

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
maximm.

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

lmmcﬂmmmdﬁwac&mﬁ%wnhmewmm.
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(3) Evaluate the horizontal dispersion coefficient, oy, and the
plume centerline concentration, Chax’ 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 maximum 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 approximation 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,
cy, across 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



110

Gaussian model (Reible, 1981)6. The tracer was relsased 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 traverseswere reduced; the results are
contained in Table 2. In all instances the calculated horizontal
dispersion parameter indicated greater stability than might be
anticipated from the vertical temperature profile. It should be
noted, however, that 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. 4ic 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



111

VENTURA COASTLINE RELEASE
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Figure 2 - Concentration profiles from automobile traverses. Gaussians are
fit to three traverses; the last two traverses were of the same plume and
the fitted curve combines both data sets. The shaded region indicates
the 1imits of the integration for the curve fitting procedure.
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Table 2

Gaussian Plume Parameters and Uncertainty Analysis

Traverse number 1 2% 3%
Date of test 9/24/80 9/28/80 9/28/80

Plume parameters

y, () 3.38 1.56 1.54

o, (m) 0.38 0.23 0.18

c .. (PPT) 2730 9150 9410
R-factors:

R0 0.0033 0.0027 0.0013

ROy 0.032 0.040 0.052

R Cmax! 0.25 0.40 0.51

R§Yo) 0.05 0.10 0.06

R§Uy) 0.040 1.14 0.60

R§Cmax) 0.92 R 1.99
Estimated uncertainty in raw data: k

c - concentration (%) 30

y - distance crosswind (km) 0.16

Calculated uncertainty in

Yo (m) 0.06 0.08 0.06
o, (%) 11.5 18.2 14.2
Crax (%) 21.5 33.4 31.2

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

same release.



113

o} = g = = 0 (26)
Y1 bg) Yn
O O O
e Z ... 1 (27)
“1 ) ‘n
we obtaln
(va) 1912 (vp)
o = 02 R 0. §—E} 0 (28)
YO vy Lc c
(c c+2 (o)
o} = g2 RL y) + &J;’ R 7V (29)
c y oy ;¢
b4
c ..) o2 (c )
o = o2 R max I (30)
C Yy < c
max '

Equations 28-30 simply describe the dependence of the uncertainty
in the various plume parameters upon uncertainty in position and
uncertainty in concentration. 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
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lesser uncertainty 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 to 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 demonstrated, 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 approximately 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 Gy apart.
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Abstract

A series of 19 atmospheric tracer experiments, 7 during the
winter of 1978-1979 and 12 during the summer of 1979, were
conducted to determine the transport route of pollutants into,
within, and out of the San Joaquin Vvalley of central California.
In this, the first of two papers reporting the results of the
study, the ventilaticn characteristics of the valley during
wintertime conditions are discussed.

During the winter, the San Joaguin Valley is characterized
by very stable atmospheric conditions. The 24 hr average air
flow at the northern mouth of the valley is directed towards the
north and out of the valley. Based upon the calculated flux out
of the valley during this period, the average residence time of
air within the valley was about 8-12 days. The actual residence
time of pollutants within the valley is generally much shorter,
however, due to the effective ventilating action of the passage
of low pressure troughs which occur with an average period of
about 6 days. The tracer experiments confirmed the relatively
low ventilation rates within the valley in that essentially all
of the tracer was accounted for within the valley on days subse-
quent to its release. During one experiment, even after four
days, mass balance estimates indicated that half of the tracer
remained in the valley. Releases in the southern part of the
valley indicated that the tracer, and thus any air pollutant, was

effectively mixed throughout the southern part of the valley
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within 24-48 hours after its release. This cross-valley mixing
could not be explained on the tasis of meteorological observations,
even though the normally available wind sampling network was
supplemented with pilot balloon observations.

Because of the low ventilation rates in the San Joagquin
Valley there is a great potential for air pollution during the
winter months. Also, between frontal passages, the stable
atmospheric conditions lead to extensive periods of dense fog
which have an, as yet unkown, effect upon the heterogeneous

conversion of S0; to sulfate in the atmosphere.
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Introduction

As the demands man has placed upon his environment have
become increasingly more stringent, there has been more and more
concern with the efficient allocation of the world's resources.
It has proved exceedingly difficult to balance the often
conflicting pressures posed by the need to retain land for
agricultural and urban uses, develop mineral and energy reserves,
and to retain uncontaminated air and water resources. The
objective of this work is to evaluate the potential for air
quality degradation in the San Joaquin Valley of central
California due to agricultural, industrial and urban development.

The San Joaquin Valley is a large inland valley about 380 km
in length and 80 km in width. Bounding the fairly level and
featureless valley floor are the Sierra Nevada Mountains to the
east (peak heights in excess of 4000 m), the Tehachapi Mountains
to the south (peak heights of 1500-2000 m), and the California
coastal mountains to the west (peak heights of 1000-1500 m). The
general topography of the valley is indicated in Figure 1.
Primarily due to the presence of a semi-permanent subtropical high
pressure belt off the California coast, the climate of the San
Joaquin Valley is essentially Mediterranean, with hot, dry summers
and cool, rainy winters. Much of the local meteorologyis
controlled by the interaction of the prevailing pressure gradient
from the coast to the inland desert areas of the United States

and the mountain-valley breezes that develop due to differential
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heating between the sloping surfaces and the valley floor. Due
to a normally long growing season and sufficient mountain runoff
water for irrigation, the valley has developed into a major
agricultural producer, with a crop value in excess of 4 billion
dollars annually (Census of Agriculture, 1981). 1In addition,
almost 200 million barrels of oil and 4.1 billion liters (at
standard conditions) of natural gas are produced annually
(California Abstracts, 1980). This production rate can be expected
to rise as the value of the oil increases. Also, the valley
faces significant urbanization in the coming years with a 17%
population growth between 1970 and 1978 (World Almanac, 1972 and
World Almanac, 1981). These conflicting environmental pressures
have already caused some air pollution problems. 2 California
Air Resources Board staff report (CARB 76-19-4, 1976) estimates
that annual crop losses may have reached $32,000,000 per year as
a result of ozone and other airborne contaminants. In addition,
mid-day visibility within the San Joaquin Valley is less than
that specified in the California ambient air quality standard
(i.e., less than 10 miles when the relative humidity is less
than 70%) about a third of the time (Duckworth and Kinney, 1978).
It is clear that in order to efficiently allocate the finite
amount of available resources equitably among the potential
users it is necessary to evaluate the negative air quality
impact of each use in addition to its potential economic or
social benefits. It was this need that formed the impetus for

the current study.
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The specific objectives of this study were threefold.

1. Identify the transport routes into, within and out of
the San Joaguin Valley.

2. Determine the chemical composition of the particulate
matter in the valley and trace the sources of this
material.

3. Acquire an aerometric data base that can be used in
air quality model simulation of the photochemical
formation and transport in the valley.

In view of the comprehensive and complex nature of the study, it
was conducted as a cooperative effort by four organizations,
Meteorology Research, Inc. (Altadena, Ca.), the California
Institute of Technology (Pasadena, Ca.), the Rockwell Air
Monitoring Center (Woodbury Park, Ca.), and Environmental Research
and Technology (Westlake Village, Ca.). The results of the study
embody a report to the California Air Resources Board (Smith,

et al., 1981). The current paper will emphasize the findings of
the study with respect to the first objective, the identification
of the transport routes into, within, and out of the San Joaquin
Valley. This aspect of the study involved extensive meteorological
and pollutant measurements as well as atmospheric tracer experiments.
The study was broken into two basic meteorological regimes,

winter and summer, and for clarity, the current paper describes
only the transport and dispersion of pollutants in the San

Joaguin Valley during the winter. A separate paper will describe
the behavior of pollutants in the valley during summer atmospheric

conditions (Reible, et al., 1982).
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Experimental Procedure

The study consisted of three intensive field programs,
each of about three weeks duration. Field programs were carried
out in November-December, 1978, and in July and September, 1979,
in order to exanine seasonal variations in the valley character-
istics. During the November-December field program, 5 releases
of the atmospheric tracer, sulfur hexafluoride (SFg), were
conducted with the support of extensive meteorological and
air quality measurements. In addition, two other tracer releases
were conducted during February and March, 1979, but with limited
meterological support.

The meteorological observations during the first 5 winter
tests included a surface wind network which included existing, as

well as supplemental, stations. During the November-December, 1978,

program, the winds aloft were measured via pilot balloons at 3
and occasionally 4 locations within the valley. An acoustic
sounder was used to assist in the estimation of the vertical
mixing height. The vertical mixing height was also inferred

from vertical pollutant and temperature distributions measured by
aircraft. In addition, pibal measurements were used as an
indicator of layering in the atmosphere since the interface
bet&een layers typically exhibits significant wind speed and

directional shear.
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Air quality measurements included airborne observations by
Meteorology Research, Inc., of sulfur dioxide, ozone, oxides of
nitrogen, and light scattering cocefficient. The aircraft used to
make these observations typically traversed particular sections of
the San Joaquin Valley during each tracer release. Some traverses
were designed to transect pollutant plumes from significant
source areas while others were designed to measure the regional
background pollutant levels. The airplane was also used to
observe the vertical distribution of pollutants at specific
locations through spirals. In addition to the mobile airborne
pollutant sampling, similar measurements were made at ground level
in three vans operated by Rockwell. Also located at the Rockwell
vans were filter samplers for particulates that were later
analyzed by Environmental Research and Technology (ERT). The
ERT analysis consisted of speciation of the collected particulates
and source determination by the chemical element balance method
(Friedlander, 1973 and Watson, 1979).

The atmospheric tracer releases were conducted by the
California Institute of Technology. The tracer employed for these
studies was sulfur hexafluoride (SF¢). SFe¢ is a non-toxic,
colorless, odorless gas that can be detected by electron capture
gas chromatography at concentrations as low as 1-10 parts SFg per
trillion parts air (PPT). The analytical procedure, as well as
instrument accuracy and calibration procedures, has been described
by Lamb (1978). A gaseous atmospheric tracer provides a true

measure of the tranport winds from a particular release site.
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Because the grid over which tracer concentrations can be measured
is typically much finer than it is feasible to measure the wind
field, it is sometimes easier to infer the wind field from tracer
measurements than from direct wind observations. All air samples
for tracer concentrations were collected in 30 cm® plastic
syringes. During airplane or automobile traverses, grab samples
were collected at regular time or distance intervals from a
specified start point. In addition, automatic samplers were used
to determine hourly-averaged concentrations at specified fixed
sites. The automatic samplers pull a 30 cm? syringe over the
course of an hour, at the end of which the syringe is sealed and
the subsequent syringe started. Generally, automatic sampling
continued for 24 hours during a given experiment, although sampling
periods as long as 96 hours were employed during some tests.

The tracer release locations were chosen to meet the specific
objectives of a particular test. In most cases, this meant that
the tracer was being used to tag a particular source region.
During some experiments, however, the objective of a particular
test was to evaluate the transport and dispersion of pollutants in
a particular flow structure observed within the valley. A summary
of the late fall and winter tracer experiments are included in

Table 1. The locations of these releases are shown in Figure 1.
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Test

Test

Test

Test

Test

Table 1

Fall and Winter Tracer Releases

1 - Release of
11/15/78, from
2 - Release of
11/18/78, from
3 - Release of
11/35/78, from
4 - Release of
11/28/78, from

5 - Release of

45 kg SFs per hour between 1100
Chowchilla

43 kg SFg per hour between 1300
Fresno

25 kg SFg per hour between 1200
Bakersfield

38 kg SF¢ per hour between 1300
Valley Acres in the Elk Hills

44 kg SFe¢ per hour between 1400

12/8/78, from Lost Hills

6 - Release of
and 0800 PST,
7 - Release of

and 0800 PST,

24 kg SFs per hour between 2000

2/7/79, from Lost Hills

27 kg SFg per hour between 2030

3/7/79, from Lost Hills

and

and

and

and

and

PST,

PST,

1600 PST,

1700 PST,

1700 PST,

1700 PsT,

2030 PsST,

2/6/79,

3/6/79,
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Presentation and Discussion of Results

Overall Valley Ventilation

As mentioned previously, the valley winds are normally
dominated by the interaction of the pressure gradient from the
coast to the inland deserts and the local terrain influences of
the mountains surrounding the valley. The coastal-inland pressure
gradient is lowest during the winter. For example, the pressure
difference between San Francisco and Las Vegas during January of
1975, for example, averaged only 1.1 mbs, about 15% of the average
pressure difference detected during June of the same year. An
analysis of the wind velocities at the northernmouth of the San
Joaquin Valley (as measured at the surface at Stockton) during
the same year indicates that there is a weak net flow out of the
valley during January and February. The 24-hour net velocity
during these months was less than 1 mps, which can be compared
to a net 24-hour velocity in excess of 3 mps into the valley
throughout most of the summer. Assuming that the efflux at the
northern mouth of the valley during the winter is the only sig-
nificant exit from the valley during the stagant winter condi-
tions, it is possible to estimate the mean residence time of an
air parcel within the valley. The average out-of-valley wind
speed observed at Stockton during January, 1875, was 0.36 mps,
and 0.52 mps during February, 1975. Assuming that these are

typical values, and assuming a typical mixing height of about
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500 m (validated during the current test program), and an 80 km
valley width, these wind velocities correspond to a volumetric
flow of about 50 km®/hour during January and 75 km®/hour during
February. Since the valley is’ 380 km long and 80 km wide, and
again assuming 500 m deep, the average residence time of an air
parcel within the valley is approximately 8-12 days during these
winter months.

A second means of transport across the valley borders
involves the thermally driven slope flows on the surrounding
mountains. During the summer, extensive slope heating leads to
strong afternoon flows directed upslope. During the winter,
however, the limited afternoon heating weakens the upslope flow
with respect to the corresponding nighttime drainage flow which
is driven by surface cooling of the slopes. This results in a
relatively limited 24 hour net flow either in or out of the valley.
Also, due to the apparently limited vertical mixing within the
valley during cool, stable winter conditions, very little air is
transported aloft and out of the valley during the winter.

Due to the influence of synoptic pressure upsets (i.e.,
passage of frontal movements through the valley), the actual
residence time of an air parcel is freguently less than that
suggested from the previous discussion (8-12 days). The enhanced
vertical mixing and higher wind speeds observed during frontal
passages rapidly reduce pollutant levels giving rise to a rapid

increase in visibility. The observation of visibilities in excess
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of 16 km can be used as a rough indicator of the occurrence of
frontal system passages. Between 1967 and 1977, visibilities in
excess of 16 km were detected at Fresno an average of 10-11 days
in December and January and 19 days in February. Assuming that
each frontal system passage efficiently ventilates the valley for
2 days, these data suggest that the average length of stable, low
visibility conditions during December and January was 4 days.
Thus, on average, frontal system passage accounts for a more rapid
ventilation of the valley than the efflux of air at the valley
mouth. Clearly, however, an extended period without frontal
system passage can lead to a significant buildup of valley

pollutants due to inadequate ventilation.

Pollutant dispersion within the valley

The previous section described the overall ventilation
characteristics of the San Joaquin Valley by considering the
volumetric flow balance at the borders of the valley. The current
section, however, will describe the implications of the overall
ventilation characteristics on the internal distribution of
pollutants in the valley, as observed during the test program.
As mentioned in the preceding section, in the absence of frontal
system passage, the volume of air transported across the borders
of the valley during each day was estimated to be only about 1/8
or 1/12 of the total volume of the surface layer of the valley.
As expected from this statistic, wind speeds within the valley

were generally light and variable. Between storm fronts, the
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valley atmosphere was extremely stable and moisture from winter
rainfall and extensive irrigation led to persistent fogs. During each
January, an average of 10 days of fog was observed between 1970
and 1979, and in at least one case fog was observed for 21
consecutive days. Visibility during these foggy periods was
reported as less than 3.2 km. The importance of the fog from the
air pollution standpoint is the probable participation of the
water in the heterogeneous conversion of S0, to sulfate. Peak
sulfate measurements in Bakersfield in 1978-1979 occurred in
December to February during the months when fog or high humidities
were most present. Bakersfield is located in Kern County, in
which about 274 tons of SOx is emitted daily (Technical Services
Division, California Air Resources Board, 1979). Of this, 230
tons per day, or 84%, were emitted during the combustion of fossil
fuels by the petroleum industry. The highest 24 hour average
aerosol sulfate concentration to date in California, 80 vg/cm?,
was found near Bakersfield in December, 1978 (Duckworth and Crowe,
1979). These figures are expected to increase as the oil
reserves in the southern San Joaguin Valley are developed further.
During the November-December field program, as in the
preceding 11 year period, stagnant conditions were broken by
occasional intrusions of cold air troughs. As shown in Figure 2,
a negative correlation existed between the visibility at Bakers-
field and the temperature at the 850 mb pressure level. Stagnant
conditions, as measured by a visibility of less than 16 km at

Bakersfield, persisted during periods of from 2 to 8 days.
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Figure 2 - Comparison of visibility at Bakersfield and the air temperature at the 850 mb pressure
the November-December, 1978, test period.
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The first five atmospheric tracer experiments were conducted
during stable periods as shown in the figure. As expected from
the previous discussion, the dispersion of the tracer during these
stable conditions was extremely limited. The tracer concentra-
tions observed almost 30 hours after the start of the first
release, for example, are shown in Figure 3. Assuming that the
average concentration of 50 PPT SF¢ detected during this traverse
was well-mixed to an altitude of 500 m within the rectangle
outlined in the figure, about 90% of the released tracer was
within 110 km of the release site. This release, from Chowchilla
on the eastern side of the valley, was conducted in light southerly
winds that later reversed. During both releases from the northern
half of the valley (Test 1 and 2), most of the SFy was limited

to a relatively narrow band along the eastern side of the valley.
This differs from the subseguent 5 experiments conducted at the
southern end of the valley. During each of these experiments,

the tracer was mixed, over a period of days, throughout the
southern end of the valley. This phenomenon discloses a great

deal about the flow patterns in the southern valley, and thus
merits closer consideration.

In that part of the San Joaguin Valley south of Fresno, the
nighttime drainage flows from the surrounding mountain slopes form
a convergence zone near the center of the valley. It Qas not
knoﬁn prior to the experiments what effect the convergence would

have on the cross-valley transport of the tracer. During Test 4
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Figure 3 - SFg concentrations observed during an automobile traverse conducted

between 2110 and 2315 PST, 11/16/78. Release was conducted at Chowchilla
between 1100 and 1600 PST the previous day.
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SFs was released during the early aftenoon from the Elk Hills in
the southwestern valley. This region is near large o0il fields
which are significant pollutant sources in the San Joagquin Valley.
Figure 4 depicts surface wind streamlines at 13 and 22 PST, 29
November and at 10 PST, 30 November, respectively. At 13 PST and
at 10 PST on the following day, generally light, upslope winds
were noted in most locations. At 22 PST on the day of the
release, however, the nighttime downslope, or drainage, flow had
led to the development of a convergence zone in mid-valley. The
experimentally determined hourly-averaged tracer concentrations
at fixed sampling sites is shown in Figure 5. As shown by the
figure, when the initial easterly winds reversed shortly after
nightfall, the tracer was apparently split into two plumes, one
transported more northward and later observed at Delano and
Richgrove, and one transported directly eastward and later
observed at Greenfield and Lamont. A wind reversal is a complex
meteorological phenomenon and even with the extensive wind
monitoring network established for this test program it was not
possible to predict the plume trajectory during the wind reversal.
The effect of the wind reversal was to spread the tracer over a
wide area, although in this case, apparently not uniformly. The
reversed winds transported the tracer towards the predicted
location of the flow convergence zone near the center of the
valley. The flow convergence probably slowed the eastward
movement of the tracer but by early the next morning the SF¢ was

detected east of the presumed location of the convergence zone.
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SFe was released from Valley Acres, in the Elk Hills, between 1300 and 1700 PST, 11/29/78.
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Cross=-valley transport was clearly noted in all 5 tracer
experiments conducted in the southern valley during the winter.
During this particular test, a maximum hourly-averaged concen-
tration of about 200 PPT per kg-mole of SFs released per hour
was detected on the east side of the valley by mid-morning on
the day following the release. As shown in the figure, the
southern tracer plume was continually transported eastward
throughout the afternoon on the day after the release and was
apparently transported into the Tehachapi Mountains east of
Bakersfield.

Efficient cross-valley mixing in the southern valley was also
indicated during the final winter tracer experiment in which SFg
was released throughout the night of March 6, 1979, from Lost
Hills on the western side of the valley. By the second day after
the start of the release, essentially all of the tracer was
uniformly mixed over the entire southern end of the valley. This
test also indicated the significance of pollutant carryover into
days subsequent to their release. The hourly-averaged tracer
concentrations detected at Wasco and ©ld River during the
experiment are shown in Figure 6. Although the concentrations
observed at these sites varied with the local diurnal wind
patterns, the concentration levels on March 7 and later were
remarkably consistent between the sites and from day to day.

The degree of mixing in the southern valley was also indicated
by an automobile traverse conducted during the afternoon of

March 8, 1979. As indicated in Figure 7, SFe¢ concentrations as
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high as about 25 PPT were observed over much of the valley south
of Wasco. Assuming that the tracer concentrations observed at
0ld River on the evening of March 9 applied to the entire valley
south of Wasco (~4500 km?), and that the tracer was mixed up to
1200 m (maximum afternoon mixing height measured at Fresno),
accounted for about 50% of the tracer released. An independent
mass balance estimate made in the same manner using automobile
traverse data also indicated about 50% of the tracer remained
within the southern valley on March 9. Modeling the southern
San Joagquin Valley as a well-mixed st