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ABSTRACT

A small percentage of the wastewater sprayed in a land irrigation or
disposal system is aerosolized. Pathogenic microorganisms contained in
the municipal wastewater can thus become airborne and transported by the
wind. The potential for a health hazard has been suggested by a number
of studies in which viable microorganisms have been recovered downwind
of a viable aerosol source. However that potential has not been realized
in terms of recurring human hea]th incidents associated with municipal
wastewater irrigation.

The objective of this study was to generate a model to predict
aerosolized viable particle dispersion from a spray system, taking.into
account the effects of particle size, microorganism viability and
meteorological parameters such as solar radiation, relative humidity,
temperature, wind speed and wind direction.

Two spray solutions, one containing a viable atmospheric tracer, the
bacteria E. coli, and the other a non-decaying tracer, the fluorescent
dye, uranine, were simultaneously sprayed in an open field to simulate
the aerosolized portion of a full-scale irrigation spray. Ambient
concentrations were determined by sampling at distances up to 311 meters
downwind. Maximum downwind concentrations were estimated from the dye
field data for 65 experimental runs.

These data combined with monitored meteorological data were analyzed
for development of an appropriate atmospheric dispersion model.
Empirical models were investigated in terms of both a standard Gaussian
plume distribution format as well as a non-Gaussian linear multiple
regression analysis. The linear regression analyses of the daytime runs
indicated that the normalized concentrations (measured concentration
divided by source strength, X/Q) were inversely correlated with distance
but were not significantly influenced by the meteorological parameters,
including wind speed and wind fluctuation. Limited night-type conditions
indicated a significant inverse correlation with wind speed. The final
linear regression ana]ysfs of all daytime runs combined resulted in the
empirical model x/Q = x~'*®, which predicted concentrations within a
factor of two for eighty-four percent of the data. In this equation, X
represents concentration in ug/m?, Q is source strength in ug/sec and X
is the distance downwind in meters.

Viability of the airborne E. coli was determ1ned from comparisons of
the bacteria to dye ratios in the spray and in the samp]ers. Linear
multiple regression analysis of this information resulted in a viability
model which indicated that the natural logarithm of the bacteria death
rate was inversely correlated with relative humidity, and to a lesser
extent, with airborne time, and directly correlated to solar radiation.



Evaluation of typical wastewater disposal operations with the
empirical model and assumptions about wastewater characteristics and

spray equipment aerosolization efficiency indicate Tow levels of
pathogens on the order of one per cubic meter expected thirty meters
downwind from sprayed unchlorinated secondary wastewater effluent or
settled raw wastewater depending on specific wastewater properties. The
significance of a health hazard from the predicted exposures cannot be
concluded without further investigations into dose-response infectivity
and disease studies of airborne pathogenic microorganisms.
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CONCLUSIONS

Sampling Procedures

1. Uranine dye and E. coli were shown to be successful tracers for
atmospheric dispersion modeling studies. They are easily detectable in
small quantities and are readily identifiable with standard analytical
techniques. The dye is non-decaying in the dry state but must be
shielded from the sun when in solutions as in a 1iquid sampler. The

E. coli are sensitive to meteorological parameters.

2. The Andersen viable impactor and the May liquid impinger were found
effective in detecting dispersed airborne bacteria downwind of a
simulated wastewater spray source. The Andersen sampler detected
bacteria to at least 300 meters while the May sampler was used
successfully at 150 meters. Although a May sample does not represent an
actual concentration it can be compared to Andersen sampler results.

Downwind Concentration Predictions

1. Analysis of the experimental dye data indicated that normalized
concentration is inversely proportional to the downwind distance raised
to the 1.8 power. Predicted concentrations with the empirically derived
dispersion model were within a factor of two of observed results in 84%
of the cases. Tne model was not significantly influenced by wind speed
or fluctuations in wind direction, indicating that at short distances
(less than 200 meters) the plume characteristics overshadowed the
meteorological influence. Downwind concentrations increased as much as
one order of magnitude and were inversely related to wind speed with
night-type conditions.

2. Analysis of the experimental E. coli data indicated that it was
possible to estimate the viability of an airborne tracer bacteria based
on meteorological conditions, in terms of the death rate of the
bacteria. The natural logarithm of the death rate was found to be
inversely correlated with relative humidity, and to a lesser extent,
airborne time, and directly correlated with solar radiation.

Applications

Based on the results predicted by this model, land appiication by
spray irrigation is considered to be feasible with little or no buffer
zone for unchlorinated secondary wastewater effluent and with minimal
buffer area for settled raw wastewater depending on wastewater
characteristics.

xi.






RECOMMENDATIONS

Further Studies

1. Validation of the empirical model should be attempted by studying
downwind concentrations at existing sewage spray operations using both
the May and Andersen samplers. If possible, uranine dye or another
suitable non-decaying tracer should be added to the spray liquid in
sufficient quantities to detect it downwind. An overall wastewater total
bacteria death rate model should then be developed based on the procedure
followed for the E. coli model.

2. Dose-response toxicological and epidemiological studies should be
conducted to determine the relationship between airborne microbial
concentration, infectivity and disease. This information is needed to
develop guidelines for maximum acceptable concentrations of airborne
pathogenic microorganisms which will not endanger the public health. The
point downwind at which these levels would occur could then be predicted
with appropriate dispersion modeling estimates, to determine actual
buffer zone requirements.

Applications

1. tLand application of wastewater should be considered as an acceptable
alternative to conventional wastewater treatment. Reevaluation of

the need for disinfection or secondary treatment before spraying should be
made with respect to appropriate health hazard data if land application
is to be economically competitive.

2. Detailed design criteria must take into consideration the
site-specific nature of Tand application of wastewater systems, including
such factors as wastewater microbial characteristics, type and location
of land available as well as the general focus of the land application
approach, that is, for disposal, treatment or reclamation.

xii






I.  INTRODUCTION

Statement of the Probliem

The disposal of wastewater has been of concern to mankind since
people began congregating together. It will continue to be of even
greater concern as treatment requirements become stricter, treatment
costs increase and energy and water resources become more limited. Land
treatment of human wastes is a concept which is not new. It has been
used in Europe as well as the U. S. since the mid 1800's. Although the
amount of wastewater treated on land is a small fraction of total
wastewater load, this concept is receiving increasing attention as an
alternative to conventional wastewater treatment plants. Several
benefits such as water reuse, nutrient reuse, lower cost and lower stream
contamination loading make this a desirable alternative. With the passage
of the Federal Water Pollution Control Act Amendments in 1972 (1) all new
wastewater treatment projects receiving federal funding must consider
land treatment as an alternative disposal method.

A small percentage of the wastewater sprayed in a land irrigation or
disposal system will be aerosolized. Pathogenic microorganisms contained
in the wastewater thus have the potential to become airborne and
transported by the wind. The possibility of a health hazard to persons
in the vicinity of the spray drift has been suggested by a number of
studies in which viable microorganisms have been recovered downwind of a
spray system. It is important to Tearn to what extent viable particle
dispersion can present a health hazard as this information will play a
key role in determining the limitations to this municipal wastewater
treatment and utilization method.

The establishment of a body of knowledge concerning the extent of the
airborne pathogen exposure from this form of wastewater treatment has a
two-fold significance. First, if more wastewater is treated by land
application, more people may be exposed to viable organisms, requiring
the development of proper control measures and criteria to guide spraying
operations. On the other hand, too many restrictive requirements based
on unsubstantiated downwind predictive concentrations may prevent the
beneficial aspects of land treatment from being fully realized.

Although a number of investigators have studied the transport and
survival of viable wastewater microorganisms, a number of questions
remain. How applicable is dispersion modeling, What is the relative
effectiveness of microorganism die-off, physical barriers and
disinfection as control measures and what are appropriate airborne
pathogen concentration levels to adequately protect the public are
examples of questions which remain. These must be answered before the
airborne health hazard potential of land application of wastewater can be
fully understooa and evaluated.

Study Objective

The specific objective of this study was to generate and verify a
model to predict viable particle spread from aerosois formed during land
irrigation or disposal of sprayed wastewater, taking into account the




effects of particle size, viability of airborne microorganisms, and
meteorological parameters, with possible correlations among the various
parameters being investigated.

Specifically, the downwind range ana concentration of dispersed
aerosols were examined to determine possible dispersion model
predictions. Viability of aerosolized organisms was measured by the use
of a non-pathogenic bacteria tracer. Since one organism cannot
necessarily be used to model viability for any other, the dispersion of a
nonviable dye tracer was used to provide a conservative estimate of the
viability of more resistant organisms as well as a comparison for the
bacteria.

Literature Review

Recent emphasis has been placed on land application of municipal
wastewater as a serious alternative to the conventional wastewater
treatment plant. Applying wastewater to the land, however, has been
practiced in varying degrees in many areas for many years. The first
documented lana application system was begun in Bunzlau, Germany, in 1630
(44), and remained in operation for over 300 years. Early goals of land
application, not unlike present-day resource recovery, were to improve
stream quality and to fertilize the soil. Other systems were begun, and
by the mid-nineteenth century, the prevailing philosophy could be
expressed by a conclusion of England's Royal Commission on Sewage
Disposal in 1856:

"....the right way to dispose of town sewage is to apply
it continuously to land...it is only by such application
that the pollution of rivers can be avoided." (35)

Several factors contributed to the increased interest in land
application of wastewater. Installation of drainage systems to alleviate
deteriorating sanitary conditions in cities and increased water pollution
from direct discharge of sewage provided the proper incentives for
adoption of land application systems.

The sewage farm in Rugby, Englana, established in 1853, was the first
to utilize spray irrigation (46). In 1872, Augusta, Maine became the
first city in the U.S. to begin a sewage farm. Soon after, in 1881,
Pullman, ITlinois became the first U. S. sewage farm to utilize spray
irrigation (46). It was a large scale system serving a population of
11,000. San Antonio has applied its sewage to the land since 1895, with
approximateiy 25% of its 90 mgd (million gallons per day) flow of treatea
sewage handled in this manner in 1973 (35).

In the late 1800's, land treatment of wastewater was widely used and
was considered an effective process. As population centers continued to
grow, however, sewage farms began to be abandoned due to overloading and
lack of sufficient land for expansion. Furthermore, cheaper sources of
fertilizer decreased the importance of the nutrient aspect of sewage
farming. By the beginning of the twentieth century, many wastewater
treatment unit operations were being developed and a definite change of
philosophy was taking place. Wastewater discharge to waterways became
the accepted method with discharge standards determining the degree of
pretreatment required by wastewater treatment plants. This approach
continued, with few major changes, until the late 1960's and early 1970's




when public awareness of the increasing pollution of streams, rivers and
lakes began to be aroused. The concept of zero discharge to wastewater
and the renewed interest in resource recovery has brought the emphasis on
land treatment of wastewater full circle.

Estimates indicate that more than 3000 various types of land
treatment systems are currently operating in the U.S. (46). The
potential for new systems is very great, but is hampered by restrictive
state guidelines established to govern the use of land treatment. These
guigelines are a result of the lack of sufficient information on which to
determine the soil assimilation capacities, and the fate of pathogenic
and hazardous trace substances in the soil, groundwater, crops ana
surrounding air.

Further exploration and study of each of these potential problem
areas will clarify the factors that may 1imit the expansion of the
practice of land treatment of wastewater. The question of an airborne
hazard from pathogenic microorganisms is related to the extent of their
presence in the wastewater and transfer across the water-air interface.

A hazard analysis (29) would indicate a hazard possibility if pathogens
are present, if they are virulent, if they are aerosolized, if they can
survive and maintain virulence in an aerosol state, and if they are
present in infective numpbers after dispersion to the receptor. Pathogens
are likely to be present since typical municipal wastewater is known to
be contaminated with a number of pathogenic species. The exact species
and their concentrations are determined by the conditions of the
community generating the waste. Typical pathogens can include various
bacteria (Shigella, Salmonella, Mycobacterium tuberculosis,
enteropathogenic E. coli), viruses (Coxsakie, ECHO, Adeno and Reo groups)
and parasites (amoeba, protozoans, helminths). These pathogens are
usually present in concentration ranges of thousands per liter (76) while
total organism concentrations are normally in the miliions per liter
range.

The fraction of the wastewater that can be aerosolized depends upon
the method of land application. The three most common practices are
overland flow, infiltration and spray irrigation. The overland flow
method relies on the soil surface and vegetation to treat the
wastewater. The low pressure sprays aerosolize a small fraction of
wastewater. Infiltration requires the least amount of land with the
highest application rate. It is surface-applied to very permeable soils
to obtain maximum percolation to groundwater. Spray irrigation, the most
popular method of land treatment, has the advantage of even distribution
over a wide area but has the lowest application rate of the three, thus
requiring the most land. Spray application also provides the greatest
aerosolization potential of the three.

The amount of wastewater that becomes aerosolized in the process of
spraying has been estimated experimentally to range from 0.03% to 1.0%
(10,64,68) with fairly good agreement among the different estimates. The
droplet size distribution will vary considerably depending on the
particular spraying apparatus used. In general, droplets <100um will not
remain airborne long, while those <100 um will evaporate, leaving the
small residue or microorganism to travel significant distances.

Particles <10 um can remain airborne for extended periods and are in the
respirable size range which can pose a health problem. The tenaency of a
particle to remain airborne and viable depends on both physical and




biological factors. Removal anda dispersion of the particles is affectea
by meteorological factors such as wind speed and atmospheric stability.

Environmental stress due to evaporation, relative humidity, temperature

and solar radiation can affect the viability of the microorganisms.

The final element in the hazard analysis is the requirement that the
pathogen be present in infective quantities at the receptor location.
This has been studied from an environmental monitoring basis as well as
an epidemiological basis by many researchers. Views on the potential
health hazards, general advisability and practicality of wiaespread land
application of wastewater range from strong advocacy to strong
disapproval. In a general review of attitudes about land disposal of
wastewater, Benarde (7) states that there is a low risk compared to the
benefits gained. In fact, he feels that from the viewpoint of
communicable disease, land disposal of treated municipal sewage effluent
is Tess of a risk than conventional disposal into rivers and streams.
Wolman (91) urges caution to avoid pathogen contamination and disease
spread. He concluded that land disposal is practicable if carefully,
efficiently and continuously managed. He feels that general application
in the U.S., however, is improbable due to the varied geology, hydrology,
meteorology and topography. Preliminary studies by Sorber and Guter (75)

-led them to conclude that prior to land application, the wastewater

should be treated and disinfected to minimize the infection hazard.
Krishnaswami (52) supports the reuse of wastewater but to avoid any
possibility of contamination, suggests stringent guidelines for land
application, aavocating various treatment steps even beyond secondary
treatment and disinfection.

One of the most often cited references which relates a potential
health hazard to sewage irrigation is the study by Katzenelson and Shuval
(50). They compared the incidence of enteric disease between a large
group of kibbutzim (collective farms in Israel) practicing sewage spray
irrigation and a second large group practicing no wastewater irrigation.
Their initial study in 1976 reported a two to four fold higher rate of
illness in the summer, during the spraying season, at the former group of
kibbutzim. This study has been criticized for its data interpretation.
Preliminary findings of a follow-up study by Shuval and Fattal have
recently been presented (33), showing no apparent difference in enteric
disease incidence between those kibbutzim practicing effluent irrigation
and those not. The authors now feel that the earlier conclusions are no
longer valid.

Decisions about spray irrigation guidelines and criteria are
important but must be based on sufficient technical knowledge. Overly
1iberal regulations could endanger people downwind of a spray location;
on the other hand, overrestrictive criteria could result in the loss of
an effective method for wastewater treatment.

An extensive survey of state guidelines was conducted by Morris and
Jewell (58) in 1976. Although recent changes have certainly taken place,
this survey of every state is still useful. As of 1976, 26 states had
guidelines and five more were preparing them. O0f significance is the
fact that 21 of the 26 states required secondary treatment. This severely
restricts land application as a practical and cost-effective
alternative., Obviously, land application cannot be cost-effective
compared to secondary treatment if secondary treatment is required as
part of the land application procedure. These states tend to view .land




application as only a disposal technique. The few states which do not
require pretreatment or are more flexible recognize that the soil itself
can be a gooa treatment medium. Another critical factor is the
requirement for buffer zones., Fifteen states require buffer zones,
ranging from 50 feet (Nebraska) to 1000 feet from a public water supply
(Wisconsin), with a typical zone averaging 300 feet. Except for Maine,
which requires a 300 foot buffer zone for spray irrigation, the distances
all refer to locations of groundwater sources. In summary, the authors
felt that the cost of land for storage and buffer zones, and the cost of
secondary treatment may severely affect the economic feasibility of this
alternative. They urged that states allow sufficient latitude in
developing their guidelines so that land application can be developed to
its full potential.

A more recent version of the State of Georgia criteria (79) includes
the requirement for secondary treatment but not for disinfection. No
spraying is allowed on bare or disturbed soil or on any crop for human
consumption, and only large, coarse droplets should be generated.

As of 1978, the state of New York (43) required secondary treatment
and disinfection, with a 200 foot minimum separation from any dwelling,
public road or surface water.

As more information is acquired and the scientific basis for the
promulgation of rational land application standards is strengthened, more
uniformity should develop in areas such as pretreatment requirements and
buffer zone distances. :

Concerns over possible health hazards from viable aerosols were first
raised in relationship to wastewater treatment plants. These concerns
have generated a number of studies and opinions. One of the most recent,
as well as most complete reviews of this topic, is presented by Hickey
and Reist (41,42). Their survey of a number of field studies showea that
viable aerosols can definitely be recovered downwind but usually not more
than 50 meters from the wetted zone of the wastewater treatment process
(aeration basin, activated sludge tank, trickling filter). Typical
aerosol size is generally 4.5 um (geometric mean diameter). Many sampler
types such as Petri dishes, impactors, and liquid impingers were used
with the six-stage Andersen impactor referred to most frequently. The
authors reported that no evidence of unusual disease incidence could be
tracea to wastewater treatment plants. They suggested continued study of
exposed groups and improvement in sampling techniques as a means of
determining control measure effectiveness as well as for further
examination into the areas of land irrigation and virus spread.

Other references concerning wastewater treatment plant emissions have
appeared in the literature since the Hickey and Reist review. Cronholm
(19) samplea the air surrounding small wastewater package treatment
plants but could find no statistical difference between upwind and
downwina samples. She felt that it was not possible to construct any
type of useful predictive model for emission rates from this type of
treatment plant.

Clark et al. {12) conducted a comprehensive study of treatment plant
workers in addition to an environmental monitoring program. They found
relatively Tow levels of airborne total fecal coliform organisms when
they sampled over an activated sludge plant and 30 meters downwind.
Median values were 14/m3 at the basin and 7/m3 at 30 meters. They
were unable to detect any clinical or subclinical health effects in the
workers traceable to the sewage treatment plant.



Johnson et al. (48) examined the exposure potential and possible
effects from an activated sludge wastewater treatment plant located
adjacent to an elementary school. The aeration basin was 400 m from the
classroom building and 50 m from the school playground. Although they
detected various microorganisms in levels significantly greater than
background concentration at 50 m downwind from the plant, there was no
evidence of adverse effects based on a comparison of school attendance at
the test school and eight control schools.

A study combining environmental monitoring and community health data
was conducted by Carnow et al. (11) for an urban area surrounding a large
metropolitan activated sludge treatment plant. The plant was found to be
a source of viable organisms with values significantly greater than
background up to 0.8 km downwind. The overall conclusion, however, was
that this plant had no obvious adverse health effects on the surrounding
resiagents. It might be argued that the sample size of the population
studied was too small to show any effects, but the number of households
close to a sewage treatment plant becomes a limiting factor in any study.

The overall attitude at a recent EPA-sponsored seminar on the health
hazards from wastewater treatment plants (33) was similar to the
conclusions of most of the reviews and studies cited: there does not
appear to be sufficient evidence to show any health hazard from a typical
wastewater treatment plant on the surrounding population.

Because of the higher aerosolization potential, evidence of
significant downwind viable concentrations, and lack of sufficient
experimental scientific data, this conclusion cannot yet be drawn for
land application systems. A number of excellent overviews and general
references covering a wide range of topics concerning land treatment
indicate that a steadily increasing amount of consideration has been
given to land treatment during the last 10 to 20 years. One of the
earliest was a comprehensive literature review by Sepp in 1971 (70) (a
revision of his earlier 1963 edition). His numerous references, both
foreign and domestic, cover various aspects of sewage irrigation. There
was not a great deal of information on airborne hazards due to wastewater
spray as can be seen by the small number of references cited. Sepp (70)
reported a study by Reploh and Handloser in Germany who detectea coliform
organisms on agar plates up to 160 meters downwind of undisinfected raw
sewage spray. They estimated that the spray would travel up to 400
meters with a 5 m/s wind and recommended a 500 m buffer zone for spray
systems. A secona study reported in this review, by Bringmann and
Trolldenier, also in Germany, found coliform in Endo agar plates 63 to
400 meters downwind of an undisinfected raw sewage spray with the greater
distances occurring at night and with 7 m/s winds and 100% relative
humidity. The third stuay referenced by Sepp found, however, no eviaence
of airborne coliform beyond the mist or wetted zone of an undisinfected
raw sewage spray in California. The need for more detailed studies to
further investigate the airborne hazard is clear from the wide range of
preliminary results.

Other excellent examinations of the reuse of wastewater by land
treatment giving extensive historical background and systems descriptions
were presented by Pound and Crites (63) and Hartman (39). Although
neither report concentrates on airborne microorganisms, Pound and Crites
are of the opinion that spray irrigation is the most reliable land
treatment method and that there is no indication of serious health




hazards due to the spray, provided that the wastewater is adequately
disinfected.

More current and practical information was releasea by the U. S.
Environmental Protection Agency in two design manuals in 1976 (30) and
1977 (31). Design difficulties are succinctly summarized by the
statement that because land application by nature must be site specific
it is not well-suited to standardized design guidelines (30). The
designer must take a multi-disciplinary approach to properly plan an
acceptable Tand application system.

As more emphasis was placed on the use of land application systems,
more data became available concerning airborne microorganisms. Sorber,
Schaub and Guter (77) in a Problem Definition Study of land application
of wastewater in 1972 concluded that the probability of inhaling
pathogenic aerosols near a spray site was significant. They recommended
continued research in the areas of environmental monitoring, evaluation
of spray systems, determination of organism survival rates, airborne
dispersion of aerosols, and development of design criteria for land
application sites. A number of studies have been conducted since then
providing a strong foundation of knowledge. More information will be
neeaed to reach final conclusions concerning the overall implication of
land application of wastewater,

Sorber, Bausum, Schaub and Small (74) studied the dispersion of
bacteria from an army golf course irrigation system, using chlorinated
ana unchlorinated secondary wastewater effluent. Uranine dye was used to
determine spray aerosolization efficiency by comparing air samples to
dispersion model prediction values. This method has a wide range of
error associated with it due to the uncertainty of dispersion model
predictions. The average aerosolization value of 0.32% does compare with
other work. Samplers utilized in this study were the six-stage Andersen
impactor, an all-glass liquid impinger (AGI) and a high volume
electrostatic precipitator (ESP). Typical values of total bacteria
concegtration ranged from 500 to 1400 /m3 at 150 feet, and 86 to
130/m° at 405 feet for unchlorinated spray (68). They estimated a
coliform die-of f rate of 72% which led them to conclude that the standard
wastewater indicator, E. coli, would not be suitable as an airborne
indicator organism. They felt that loss of viability occurs in two
stages. First, an initial aerosol shock, perhaps due to evaporation,
kills the weaker organisms in seconds. The second stage of continued
die-off is much slower and may be related to relative humidity, solar
radiation and temperature. Night runs were found to increase downwind
air concentrations two to four times, while chlorinated runs reduced
sample levels to near background.

A study of the municipal undisinfected secondary wastewater effluent
was performed at Pleasanton, California (47,49), a city whose wastewater
has been treated by land application since 1931 (39). The purpose of the
study was to evaluate the extent of aerosolized microorganism exposure to
individuals near a spray irrigation site. Only the high volume ESP,
operating at 1000 1pm, was employed for these tests, but this sampler has
been shown to be comparable to the Andersen impactor in previous tests
(74). They found a measurable bacterial concentration significantly
greater than background levels out to at least 200 m downwind from the
Tine source of sprinkiers. Significance of results at greater distances
seems difficult to substantiate. Detection of virus, however, would



require such a large volume of air due to the extremely low
concentrations that the authors feel that a more practical approach would
be to model the virus concentration based on the known wastewater virus
concentration and comparison to the wastewater bacterial dispersion. The
authors conclude that viable aerosols can accurately be detected only to
approximately 100 to 200 meters and that more emphasis should be placed
on the development of dispersion models to predict downwind
concentrations.

Bausum et al. (4) examined the downwind dispersion of chlorinatea
effluent from an area source of 96 sprinklers in Deer (Creek Lake, Ohio.
Six-stage Andersen impactors, high volume ESP's and AGI liquid impingers
were used at distances of 30, 50 and 200 meters. Particle size estimates
indicated approximately 75% of the viable particles from the spray were
respirable (<5 um). Dispersion estimates indicated a 95% decrease in
concentration when the sampling position was moved from a height of 1.7 m
to 9 m. A 92% decrease in concentration was observed as downwind
distance increased from 30 meters to 200 meters.

Camann et al. (10) developed a microbiological dispersion model based
on Turner's (85) Gaussian model with added insights into the
aerosolization and microbial die-off factors. Using the Pleasanton (47)
and Deer Creek (4) data, they used the model to predict worst case
examples of air concentrations at the closest housing, 650 meters
downwind, with high relative humidity and zero solar radiation. The
P]easgnton unchlorinated gispersion predictions were: total coliform
0.2/m° and virus - 0.01/m?; the Deer_Creek chlorinated data generated
values gf: total coliform - 0.002/m3 and fecal streptcocci -
0.007/m°. The authors recommend incorporating a plus-or-minus order of
magnitude uncertainty in precision into the interpretation of the model's
predictions.

Raynor and Hayes (64) compared the aerosol characteristics from a
number of irrigation spray systems and operating parameters. The mean
number diameter of 2-4 um was apparently independent of windspeed, nozzle
type and water pressure. The mean mass diameter had a larger range,

4-49 um, due to the greater influence of a few large particles.
Dispersion estimates based on their field data with uranine dye indicated
a aownwind centerline concentration decrease of one to two orders of
magnitude at 1 km.

Wastewater reuse can be particularly beneficial in aria and semi-arid
regions. Shuval (71) discusses the benefits of land application in
Israel. Data from field studies (51) indicate that coliform bacteria
were detected at 450 m downwind of a line source of raw wastewater
sprinklers, but positive results seemed questionable beyond 100 m. One
Salmonella colony was detected at 60 m and since the wastewater
concentration of this species is small, the authors placed significance
on this finding. At a second spray site, coliform organisms could not be
detected beyond 30 m from a spray field irrigating with aeration pond
wastewater. Shuval noted that a ten-fold increase in downwind bacteria
concentration was observed at night. This is particularly significant
since most irrigation in Israel is done at night to minimize evaporative
losses.

Teltsch and Katzenelson (82) improved upon their previous study by
adding a marker bacteria (antiobiotic resistant E. coli) as a tracer to
the wastewater. Sampling was conducted with six-stage Andersen impactors




for bacteria samples, and a high volume liquid scrubber for virus
samples. Bacteria samples were collected 20 m downwind of a single
sprinkler spraying chlorinated secondary wastewater effluent. The tracer
bacteria could be detecteg at the sampling point when the spray
concentration exceeded 10°/m1. By sampling for 30 minutes every hour
over a ten hour period, they were able to observe the relationships
between the aerosol concentration and various monitored meteorological
parameters. They reported a positive correlation between the number of
aerosolizea bacteria and relative humidity while solar raaiation appeared
negatively correlated with bacterial level. There was no correlation
with temperature or wind speed. Night irrigation produced up to ten
times higher levels of viable aerosolized bacteria. The presence of a
human enteric virus gownwind in some of the samples suggested to the
authors the possibility that viral diseases in addition to enteric
pacterial aisease can be transmitted through the air as a result of spray
irrigation of sewage. It would seem to be more accurate to conclude that
the possibility exists that bacteria and virus but not necesarily
disease, may be transmitted aownwind to a receptor. More work must be
conducted to determine the infectivity, dose-response and actual
mechanisms of contracting diseases from inhaled microorganisms.,

From the references cited, it can be seen that significant
contributions have been maae to further the understanding of the
dispersion of viable microorganisms from land application of wastewater.
Various types of samplers have been used to sample downwind of several
wastewater spray operations. Different species of viable microorganisms
have been monitored. Reviewing some of the actual field data, two early
German stuaies (70) reported coliform colonies on agar settle plates to
160 meters downwind from raw sewage spray. A series of studies sampling
for total bacteria counts downwind from unchlorinated secondary effluent
wads conducted. The initial study with a point source (68,74) resulted in
average downwina concentrations of 500-1400/m° at 50 m and 100/m° at
150 m. Later studies of line (4) and_area (47,49) sources indicated
approximately 450/m3 at 50 m and 40/m3 or less at 200 m. An Israeli
study (82) indicated coliform detectable to at Teast 100 m downwind from
a raw wastewater spray line. In addition, viability observations
indicated a positive correlation with relative humidity and a negative
correlation with solar radiation. Additional field data and modeling
evaluation will continue to improve the capability of determining the
extent of downwind exposure to aerosolized miroorganisms.







MATERIALS AND METHODS

Sampling Sites

Experimental field sampling was conducted at two sampling sites.
Both sites were located in the central Piedmont of North Carolina but
differed somewhat in topography. The major factors considered in
selecting a proper site for the air sampling field work included
meteorological conditions, ambient background air concentrations and
accessibility. A relatively flat, open terrain with no interferring
structures to cause perturbations in wind conditions was considered most
desirable. The more general the meteorological conditions of the site,
the more applicable would be the results to other sites. A low
background concentration of airborne microorganisms was sought since it
would contribute the least interference to any biological sampling.

The first site was located approximately ten miles northeast of
Raleigh, N.C. on the grounds of the Neuse River Wastewater Treatment
Plant (referred to as WWTP). Figure 1 indicates the orientation of the
eight acre plot, a small part of the open, gently rolling agricultural
land surrounding the wastewater treatment plant, which was used as the
test site. A temporary power line was installed to provide electrical
power to operate the spray and sampling pumps and other miscellaneous
instruments. Hundreds of feet of extension cord as well as a
supplemental gasoline alternator for distant samplers were required.
Proximity to the treatment plant provided a source of water and access to
laboratory facilities for interim sample processing.

The second site was located in Chapel Hill, N.C. on a portion of an
unused runway at the Horace Williams Airport. A map with location inset
of this eighteen acre site (referred to as HWA), a flat grassy rectangle
of land enclosed on three sides by relatively tall trees, is shown in
Figure 2. Operations were located close to the open end of the runway to
avoid the unpredictable turbulent wind conditions created by the boxed-in
effect of the trees. Photographs of the overall site and an overhead
view of the operations area are shown in Figure 3. Since no electrical
power was available at this site, three gasoline alternators and a
network of extension cords powered the sampling pumps.

Experimental Procedure
The modeling of downwind concentrations of wastewater microorganisms
can be approached in one of three ways:

1) Samples can be collected downwind of an existing wastewater
spraying system whose physical parameters such as spray rate
and nozzle configuration can be measured and biological
parameters monitored.

2) An experimental wastewater spraying system can be constructed
with one spray point source so that the experimental
parameters can be more easily controlled.

3) An experimental small-scale spraying system can be designed to
completely aerosolize a small portion of liquid which would
simulate the aerosolized portion of a typical wastewater spray
system.
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Figure 1. Map of WWTP Site
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Figure 2.

Map of HWA Site
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Most of the previous research reported in the literature has been of the
first type. This is a straightforward approach requiring assembly of the
sampling network only. Using existing spray sources, however, introduces
many variables which are not easily controlled by the researcher. The
second method allows the researcher to control the source parameters but
presents a more complex system since both a sampling network and a
full-scale spraying system, complete with wastewater supply, must be
developed. Both of these methods require the determination of the spray
aerosolization efficiency which is an approximate ana difficult parameter
to measure. Alsc, unless different types of sprinkler designs and .
spraying methods are to be examined, the sampling program woula be
specific for the characteristics of the sprinkler useda. The third
approach, which was used in the current study, is the most efficient from
the standpoint of the spray source. Since only the aerosolized portion
of the wastewater spray presents an airborne hazard, a simulation of this
part of the system would provide data which can be extrapolated to almost
any design. This approach eliminates the need to investigate various
types of sprinklers, spray pressures and other specific nozzle
parameters. In addition to simulating the aerosolizea portion of the
wastewater spray (reducing liquid volume and spraying requirements by
approximately 99%), this small-scale spraying system uses a simulated
wastewater by substituting tracers in distilled water. The replacement
of the general assortment of microorganisms in typical wastewater with
two controlled tracers, a viable bacteria and a fluorescent dye,
eliminated variations due to wastewater content, sprinkler type ana
aerosol efficiency. The use of tracers for wastewater spray
investigations has been reported in the literature, but only by injection
into the wastewater supply line (4,74,82).

A commercial high pressure paint spray gun, operated with an air
compressor was used to aerosolize the spray liquid. The compressor was
capable of maintaining 30 psi for one or two spray guns, and was equipped
with the necessary pressure gauges, valves, moisture trap and pressure
regulators. The spray gun could be adjusted to spray in either a
syphon or pressure mode, and couid control the configuration of the spray
pattern ana the air flow rate. The syphoning mode was very effective in
producing a fine mist at low liquid flow rates. Because the spray guns
were operated at much lower flowrates than that for which they were
designed, however, the flowrate control was not effective and the
flowrate was not constant. The spray gun was positioned at an elevation
of two meters and one liter of 1liquid in a plastic.jar was placed in a
holder above it. The increased pressure due to the liquid elevation
helped to maintain the flow once the syphoning effect began. A tubing
clamp was usea to provide additional flow rate control. The typical run
was designed to aerosolize one liter of Tiquid at 30 nsi in approximately
13 minutes (this in effect simulates an aerosolization efficiency of 0.1%
from a 20 gpm irrigation sprinkler). Average variations on this spray
time were +25% and the overall range was +50%.

The experimental design included spraying both tracers, the bacteria
ana the dye, together. Preliminary laboratory tests to determine the
effect of the dye in 0.1% and 1.0% concentration on the bacteria were
inconclusive. Field studies at WWTP with both tracers, however,
indicated that the 1.0% dye was probably inhibiting the bacteria. To
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avoid this possible variable, all runs at HWA were conaucted with two
separate spray systems. Views of the spray guns in operation and the
spray system with samplers in the background are shown in Figure 4.

The development of the sampling protocol involived many factors,
Limitations were imposed on the sampling strategy by factors that
getermine maximum sampling distance and equipment deployment. Distance
from the spray source at both sites was limited to approximately 300 m
(1000 ft). This would have been a 1imiting distance from the standpoint
of tracer adetection sensitivity and the ability to effectively provide
electrical power to the samplers.

Initially all the samplers for a particular run were positioned
together at distances less than 75 m, These runs provided information on
sampler reproducibility, sampler comparisons and tracer detection
limitations. A wind shift of 209-30°9, however, could render the
results useless. The samplers were then spread out in pairs when
possible over an arc of 60°. The final sampling grid used for most of
the data collection consisted of a total of six sampler positions set in
a 300 arc at two or sometimes three distances in order to obtain
dispersion data. Figure 5 shows the orientation of a typical run.

Stands were used to provide a platform and support for the samplers
at an elevation of 1.5 m (to approximate a typical breathing height) and
a lower platform to keep the vacuum pump off the ground. Each pump
operated two samplers at maximum capacity, and combinations of samplers
were paired whenever possible to obtain the most information from each
run. For many of the WWTP runs, a network of settle plates (open
pre-pourea Petri dishes) were placed on 1T m stands. This arrangement
gave information on particle settling and helped to confirm average wind
dgirection or trends and the maximum centerline position. Since the
microbial colonies that grew on the media (trypticase soy agar with 5%
sheep blood ) were a result of particles that settled out or were
impacted by wind turbulence, it was not possible to airectly determine
air flow rates and concentrations.

In a typical run, the current wind direction strip chart trace was
studied to determine the appropriate positions for the samplers. As a
general criterion, if the wind direction was fluctuating more than 90°,
the run was halted to avoid wasted effort. There were many exceptions to
this rule as can be seen from the data and many other factors went into
the decision for each run. The samplers, stands, pumps and alternators
were then positioned by field angle markers located every 159 at 38 m
and 76 m (125 and 250 ft) and at some farther points. The bacterial
tracer was added in the field to a liter of distilled water. The spray
bottles, one containing bacteria and the other pre-mixed dye were then
placed on the spray stand and connected to the spray guns. The sampler
pumps were started immediately prior to spraying and were stopped after
exhausting the sprayed material to ensure sampling during the entire span
of the run. The run time was the time required to spray one liter of
sample. The extra time that the pumps ran was not taken into account in
dgetermining concentrations since it was assumed that this time resulted
in no aaaitional sample. Upon complietion of a run, liquid impinger
samplers were stored in a portable cooler, the Petri dishes were labelled
and the glass fiver filters folded in half, identified and stored. At
the end of the sampling day, the samples were brought back to the
laboratory for processing.
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Dye and E. coli Solutions Being Sprayed

Figure 4a.
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Figure 4b.
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Figuke 5. .Orientatioh of a Typical Run
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Tracers

A number of atmospheric tracer materials have been developed to study
the meteorological dispersion of pollutants in the atmosphere. Typical
characteristics of an ideal tracer often cited (27,66) include:

1) High detection sensitivity

2) Adaptable to field conditions and easily dispersed

3) Relatively simple analysis with readily recognizable
characteristics

4) Low cost

5

) Nontoxicity.

Some tracers which have been used include oil-fog, sulfur dioxide,
radioactive isotopes, Lycopodium spores, fluorescent pigments and
fluorescent dyes.

Two tracers were used in this study, one viable and one nonviable.
The viable tracer was the coliform bacteria Escherichia coli (specific
culture ATCC 11775, 11/18/68, lypholyzed in skim milk). The nonviable
tracer was the fluorescent dye, sodium fluorescein, also referred to as
uranine.

The E. coli organism was chosen as a typical model for the study of
biological decay or die-off from various environmental factors, which
would effect, to varying degrees, any microorganism contained in
wastewater spray. The selection of E. coli was based on its wide use as
a standard in wastewater evaluation technigues. Some investigators
(68,75), however, have suggested that E. coli may not be as applicable
for airborne studies because of its susceptibilty to environmental
stresses. Experience in the initial phases of study did not find this
problem serious enough to warrant the selection of another species. In
fact, the reaction of E. coli to stresses such as relative humidity, for
example, made it more UsefuTl since biological effects are more readily
observable. The presence of E. coli in large numbers in wastewater and
the ability to compare data with other investigators were considered in
selecting this organism. Important, too, is the ease of working with and
identifying the E. coli and its pathogenicity. This species' physical
characteristics also make it a desirable tracer. An E. coli is typically
oblong in shape with dimensions of 1 mby 3 m, which pTaces it in the
respirable size range. Its specific gravity has been estimated at 1.5
gn/cm3 (55) .

The E. coli stock culture was maintained at 2-5°C in a test tube
containing TO m1 of a sterile 3% trypticase soy broth (TSB). To ensure
against a buildup of waste products and mutations in the culture, a
loopful (approximately 0.1 m1) was transferred to a sterile TSB tube and
reincubated approximately every two months. The tracer spray stock was
prepared by incubating a loopful of the stock culture in a special Klett
flask containing 50 mi1 of sterile TSB. The concentration of
microorganisms in this broth was determined by photometrically measuring
the turbidity and comparing this reading to a predetermined standard
curve. The tracer stock normally grew to a concentration of
approximately 5x 109 bacteria/ml in ten hours. The spray stock flask
was placed in a portable cooler for transfer to the field. The liquid to
be sprayed was prepared in the field by transferring 1 ml of spray stock
to a plastic bottle containing one liter of a Standard Methods (78) pH
7.2 phosphate buffered solution. The resulting spray liquid had a
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typical E. coli concentration of 5x106/m1 varying slightly with
variations in the spray stock concentration which was checked
perijodically by plate count. This concentration was chosen to simulate
the upper estimate of total bacteria present in typical secondary
effluent wastewater prior to chlorination.

Uranine is widely used (27,54,66,90) and meets all the criteria for
an excellent tracer and has been widely used in atmospheric studies. The
use of a nonviable tracer simultaneously with the viable tracer provided
the data to determine E. coli die-off. More importantly, the dye tracer
data were used as the basis for the development of a dispersion model.

An appropriate biological die-off function can be included in the model.
Without this function, the model can be used to simulate the dispersion
of a very hardy biological species with relatively little die-off.

Uranine as a reddish-orange dry powder has a bulk density of 1.53
gm/cm’, Since uranine is very water soluble, it can be easily
dissolved in water and dispersed as a spray. Most estimates of the
density of the dried aerosol are very close to that of the bulk density
(57,59,69). One lower estimate of 0.58 gm/cmd (80) was thought to have
resulted from higher drying temperatures leaving voids in the particles
(69). The sensitivity of the spec%rophotometric analysis of the dye
under controlled conditions is 10-10 gm corresponding to a single ? m
particle (66), but practical 1imits of detection are typically 1010
gm/ml (parts per ten billion).

Preliminary runs at WWTP compared dye strengths of 1 gm/1 and 10 gm/1
(0.1% and 1.0%). Results indicated that to achieve a sample
significantly greater than background at 75 m the higher concentration
would be preferred but beyond that distance it would be required. Thus,
except for a few runs, the 1.0% solution was used. Ten grams of powdered
dye were dissolved in a plastic bottle containing one liter of distilled
water. The spray was typically prepared prior to each day's testing,
although storage in the dark for one to two months did not appear to
significantly affect the fluorescence of the dye at this concentration.

Since the dye was used to determine the E. coli die-off, it was
necessary to assume that the dye did not decay and was only affected by
meteorological dispersion. Early in the project, it was determined that
a weak solution of dye lost over 50% of its fluorescence when exposed to
sunlight for 30 minutes. Due to evaporation, the dye particles were in a
dry state very soon after spraying. Dumbauld (27) exposed dry uranine
powder to sunlight for 34 hours and found no detectable change. As a
precaution against photodegradation of the dye solution, the spray
bottles were covered with aluminum foil during the run.

Samplers

The selection of an appropriate sampling device for a field research
project requires the consideration of many factors. The substances to be
collected may be the major factor, but others include limits of
detectability and instrument sensitivity as well as physical and economic
constraints. Both tracers used in this research program were particles
but each had special characteristics which were considered in choosing a
sampling instrument.

The dye tracer, uranine, is an extremely water soluble material which
in the dry state can be collected in a liquid medium in an impinger or on
a dry surface in an impactor or filter. If collected in a liquid, the
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sample is then ready for immediate analysis in a spectrophotometer. If
collected on a filter, the dye is easily extracted with a liquid rinse.
The standard high volume ambient air pollution sampler was used in
preliminary testing since it was available and its high sampling volume
would have greatly improved the 1imit of detectability. The advantages
of the hi-vol, however, did not outweigh the disadvantages: its bulkiness
and weight did not fit into a field study where constant relocation was
necessary, and its high electrical power requirement made it - :
impractical. Comparison tests indicated that equivalent results could b
obtained within one order of magnitude with a 47 mm filter holder using
binderless fiberglass filters. The 47 mm filter thus was used to
determine downwind dye concentration., Air flow through the filter was
regulated at a nominal flow rate of 55 liters per minute (1pm) to match
the flow rate of the glass microbial sampler. Filter holders were tested
with both long and short inlets as well as with and without an entrance
cone. No difference in concentrations was seen, supporting the
assumption that the dye particles were small enough to follow the air
currents. Dumbauld (27) reported similar findings, comparing samplers
oriented forward, backward and sideways, with insignificant differences
in concentration among samplers.

Sampler requirements for the E. coli tracer included not only the
ability to collect a representative sample but also to maintain the
“viability of that sample once it was collected so that the analyzed
concentration was indeed the collected concentration. A number of
samplers have been designed or adapted specifically as viable samplers,
These can be divided into two basic groups, those that use a liquid
collection medium and those that collect by impaction on a solid nutrient
agar surface, with various advantages and disadvantages to both types.
Since an aerosol particle may contain more than one viable organism, it
is useful to have some agitation and break-up of the particles as in a
Tiquid impinger so that all the organisms are counted. Impaction of a
viable particle on an agar surface, however, could result in the growth
of only one colony regardless of the number of organisms originally in
the particle. These two different approaches to determining ambient air
viable organism concentrations actually represent parts of the total
situation and thus, can complement each other. The total number of
viable organisms as given by a liquid sampler provides useful information
on downwind dispersion from a spray source, whereas the number of viable
particles is useful information in terms of a respiratory health hazard.
Most tiquid samplers require considerable preparation time and lengthy
sample extraction procedures whereas the impactors only require placement
of a pre-poured Petri dish and incubation upon completion of sampling.

The experimental design originally called for the use of the
two-stage Andersen viable impactor but due to high cost and the number
required, a more economical glass multi-stage 1iquid impinger was
selected. This device, the May three-stage glass impinger is a liquid
meaium sampler developed by K. R. May (55). Available through the
British scientific glass blowing firm of A.W. Dixon (Anerley) Ltd. at a
relatively low cost, it has apparently seen 1ittle application in the
U.S., as indicated by its absence from the scientific literature. It is
of good design and workmanship with many improvements over other types of
glass impingers. An important characteristic of this sampler is its
ability to proviage particle size information. It consists of three
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collection stages which approximate the particle size removal
capabiiities of the major portions of the human respiratory system: the
nasopharyngeal, tracheobronchial and the alveolar region.

The particle removal mechanism of the first two stages is by
impaction on a wetted sintered disc, while the smallest particles in the
third stage impact directly onto the wetted glass side wall after exiting
from a smooth curved giass jet. The cut-off diameters, dgg (defined as
the diameter of particles 50% of which are removed by a stage) have been
estimated by May (55) to be 6.0 m, 3.3 m and 0.7 m respectively for
the three stages, for a typical bacteria particle (estimated specific
gravity of 1.5) and a nominal flow rate of 55 lpm.

The May samplers are not complete and ready for field use as received
from the factory. They required glass and rubber tubing for connection
to the vacuum pump and rubber stoppers to seal the filling ports. A drip
ring, made from a slice of rubber stopper, was positionea at the end of
the glass tubing (suggested by May) to avoid liquid loss by suction of
splashed drops on the tubing. This sampler is shown in Figure 6.

Preparation of a May sampler for the field began with a thorough
multiple rinse with distilled water to remove any residual dye. The
three stages were filled with a commercially available neutral buffer of
pH 7.0. The choice of the collecting medium was governed by the
microbial requirements for a neutral buffered environment. Although a
nutrient could be added, this would add extra material and preparation
steps to an already involved procedure, and could require the addition of
a defoaming agent. Initial sampling comparisons of phosphate buffer and
broth showed similar results. The nutrient environment may even
encourage bacterial growth in the collection medium prior to extraction
and analysis, thus falsely elevating the results. The top two stages
were filled to just below the top of the impaction frit to maintain a wet
frit condition by capillary action during use. The lower stage was
filled with 10-11 ml as suggested by May to provide enough liquid for
collection even with losses by evaporation.

After the rubber stoppers were in place and cotton-gauze plugs placed
in the glass openings, the entire unit was terminally sterilized at
1219C for 15 minutes. The samplers were then ready for the field and
the cotton plugs were not removed until the vacuum line was connected for
a run.

From recovery tests it became apparent that even for the short period
of time that the liquid in the glass samplers was exposed to the sunlight
during the run, a significant decay of dye and E. c011 was occurring.
Tests run during the winter months, when the intensity of the sunlight
was not as great as summer, 1nd1cateo decay losses of 40% for the E. coli
and up to 70% for the dye in solution and exposed to the sun for 20
minutes. Even more severe losses were reported by Fedorak and Westlake
(32) who tested two different viable air samplers, both covered and
uncovered, and found a three-to eight-fold increase in recovery with
shielding. Consequently all HWA May samplers were covered with foil and
correction factors were applied to all data collected from unshielded
samplers.

With the experience gained in the WWTP sampling phase, it became
evident that using a large number of May samplers or conducting many runs
in one day would become prohibitive because of the time required to
process samples. It was decided that the addition of another viable
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samp]er such as the Andersen, in the second phase of sampling would
improve the data collecting capab111t1es for the project. A plastic
version of the two-stage Andersen viable impactor had been developed (83)
which had been intended as an economical, disposable easy-to-use
microbial sampler. These samplers were no longer commercially available
but a large quantity of these samplers was obtained, courtesy of
Bard-Parker Division of Becton-Dickinson, Inc., who had purchased the
rights for the sampler and the sole remaining stock. Six metal two-stage
Andersen viable samplers, shown in Figure 6(b), were also made available
courtesy of Andersen 2000, Inc. Additionally, three older six-stage
Andersen samplers were used.

The original Andersen sampler (2) is a solid surface sampler with six
stages. It has been widely used and is generally considered as a
standard in the field of biological air monitoring. Each stage has 200
or 400 precisely drilled holes with the hole diameter becoming
progressively smaller from the top to the bottom stage. A Petri dish
containing approximately 27 m1 of trypticase soy agar with 5% sheep's
blooa was positioned under each stage. As the air flows through the
sampler at the standard rate of 28.3 1Ipm (1 cu. ft/min) a particle is
deposited by impaction on the agar surface when the momentum imparted to
the particle is too great to allow it to follow the airstream to the next
stage. The six stages provide a gooa deal of information on the size
distribution of the sampled aerosol cloud, with the top stage collecting
basically non-respirable particles, those greater than 7 um, and the
lower stage collecting those respirable particles capable of reaching the
alveoli. Actual size ranges and efficiencies vary depending on the
density of the particle, and some overlapping of stages does occur, but
overall results from this sampler have been widely accepted.

In this study the two stage version of the Andersen sampler was also
used. It is very similar in design ana operation to the six stage
Andersen except that only the second and fifth stages are used and each
stage has only 200 holes. This design provides a good separation between
non-respirable and respirable particles. For the requirements of this
project based on preliminary tests, two stages were adequate since
approximately 90% of the aerosolized E. coli were single cells after
initial evaporation. The typial oblong Tum by 3 um shape of an E. coli
cell allowed it to be efficiently trapped in the second stage of the two
stage sampler or any of the bottom three stages of the six-stage
sampler. Tests have shown very good comparison between the two and
six-stage samplers when exposed to a wide range of E. coli
concentrations. Previous uses of the plastic two stage sampler while it
was available received both favorable (19) and unfavorable (12)
comments. Comparison tests of the plastic and metal two stage samplers
during the HWA runs gave excellent results. Resu]ts of these comparison
tests are given in Appendix B.

Air flow rates for the May anda 47 mm samplers were 55 1pm while the
Andersen required a 28.3 lpm rate. When the May sampler or 47 mm filter
was paired with an Andersen sampler in the normal sampling mode with one
vacuum pump, the comb1nat1on of pressure drops reduced the maximum flow
in the May or the 47 mm filter to 50 1pm. ‘A slight shift in the size
distribution of the May results due to this change was felt to be so
overwhelmea by typical uncertainties in dispersion modeling ana
biological sampling as to be insignificant.
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Samplers Being Readied for Run

Figure b6a.
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A specially designed 1imiting orifice was used to control the flow of
air through the samplers. A limiting orifice was selected as the flow
metering device because, once calibrated in the laboratory, it maintained
a constant flow rate in the field, whereas devices such as rotameters
must be calibrated and then monitored ana adjusted during use. The magor
disadvantage normally associated with a limiting orifice is the large
pressure drop of approximately 15 inches of mercury (one-half atmosphere)
required to maintain a constant flow. During the process of establishing
the proper material to use as an orifice, it was discovered that the tip
of a Becton-Dickinson Falcon 5 m1 serological plastic pipet came very
close to matching the ideal parameters of length and angle of a diverging
conical critical orifice described by Druett (26). By carefully filing
the tip of the pipet, it was calibrated to the desired flow rate at a
pressure drop of approximately 5 inches of mercury, thus allowing a
substantial reduction in vacuum pump capacity and cost. After properly
sizing the limiting orifice, the sampling train was tested with a primary
standard flow calibration device to confirm that the proper flow rate was
achieved. Once the vacuum source had provided a sufficient vacuum to
compensate for the pressure drop requirements of the orifice and the
sampler, further increases in vacuum did not increase the flow above the
desired rate.

Meteorological Monitoring

The extent of pollutant dispersion in the atmosphere is normally
influenced by meteorological parameters such as wind speed, wind
direction ana turbulence which can be a function of temperature, solar
radiation and cloud cover. A material subject to decay such as a
biological tracer may also be influenced by relative humidity, solar
radiation and temperature. Although various meteorological parameters
were available at tne local airport, the data for this study was
collected at the site. Winds aloft and regional weather data, although
more accurate from a macrometeorological standpoint, do not necessarily
reflect the real situation occurring between the sprinkler nozzle and a
ground level receptor position. A typical wastewater irrigation system
is primarily influenced by the local micrometeorological conditions close
to the ground. In this study, wind speed and wind direction were
recorded with a C. W. Thornthwaite and Associates multi-level tower with
six levels of wind speed anemometers and a recording directional vane at
the 3.2 m (10 ft) upper level (20,22). The wind vane rotates freely on a
shaft which 1s connected to a potentiometer. Once the system is
physically oriented to North with an accurate compass or theodolite, the
signal from the potentiometer drives a strip chart recorder indicator
needle to the appropriate angle on the 09 to 360° calibrated strip
chart paper. A data point is produced approximately every five seconds
on the pressure sensitive paper. Since a wind direction angle refers to
the direction the wind is coming from, downwind field angle markers were
labeled 180° out of phase. In other words, the physical North position
was labelea 180° to reflect the fact that a southerly wind would
require this sampling position,

Initially a digital recording Polaroid camera (21) was used to record
incremental changes in wind speed for all six levels every 15 minutes.
By shorting the timing circuit, a minute-by-minute record was also
possible, Data from the level six anemometer (3.2 m) was used in the




data analysis. It was the least affected by ground disturbances and
represented a compromise between higher wind speed detection heights,
considered as normal practice, and the lower plume relatea level. Data
from levels four (1.6 m) and five (2.4 m) were, on the average, 90% and
95%, respectively, of the level six value (Appendix C).

Solar radiation was measured with an Eppley pyranometer recording
system (23). The sensor was mounted on a level platform on the roof of
the equipment building at HWA to obtain the most unobstructed view of the
sun. The sensor consisted of a thermopile with the hot lead connected to
a black surface and the cold lead to a white surface. The emf produced
was recorded on a strip chart recorder linearly calibratea in millivolts
per langleys/minute (calories/cmf-minute). Maximum solar radiation
outside the earth's atmosphere, referred to as the solar constant, is
generally accepted to be 2 langleys/min. Approximately one-third of this
radiation is absorbed by the atmosphere, and the amount reaching the
earth's surface is partly direct (sun) radiation and partly sky
radiation, scattered by the atmosphere. For North Carolina, the maximum
globa) radiation (sun and sky) reaching the surface woula be
approximately 1.2 ly/min or less, depending on cloud cover, time of year
ana time of day. Since the solar radiation instrument was received after
sampling at WWTP had been completed, rough estimates were assigned to
each WWTP run by comparing the meteorological conditions, time of day ana
time of year to an appropriate HWA reading., Estimates of solar
insolation can also be obtained by a simple alternate method if no direct
measurements are available by measuring the shadow length of an object of
known height as described by Lavdas (53).

The wind speed, wind direction and solar radiation systems were
operated on a 12 volt DC current utilizing transformers at WWTP ana by
automobile batteries at HWA. The batteries were periodically checked and
recharged when necessary. . '

Relative humidity and temperature were determined with a sling
psychrometer. Cloud cover and other general comments, when appropriate,
were also recorded on a Field Data Sheet (Appendix D).

Analytical Procedure

The 47 mm glass fiber filters were analyzed for uranine dye by
extracting the dye in 10 m1 of buffer and examining the liquid spectro-
photometrically. Uranine is extremely pH sensitive, especially in the
range of pH 5-7, but is very stable at a pH of 9-10. Care was taken to
ensure that the pH of the sample was maintained constant. A pH 10.0
buffer was selected for extraction of the filters both to take advantage
of the uranine's increased fluorescence at this alkalinity as well as to
control for the interference from the alkaline property of the fiberglass
filter itself. Although most of the dye was extracted within the first
ten minutes, the filter was allowed to soak in the 10 ml of buffer for
two to three hours to guarantee complete extraction of all the dye.
Since 2-3 m1 of liquid was retained by the filter, the possibility
existed that this 1iquid might have a higher concentration of dye.
Comparison of the extraction liquid and with that squeezed from the
filter gave identical readings.

The fluorescence spectrophotometer, a G.K. Turner Model 430, which
was used for analysis, is a comparative reading instrument which must be
calibrated to a known standard in order to obtain a sample reading.
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Uranine standards of known concentrations were carefully prepared, in
identical pH 10.0 buffer to calibrate the spectrophotometer (Figure 7a).
Linearity of ghe instrument response was confirmed for concentrations
Tess than 1072 mg/m1 by making serial dilutions of dye standards down
to 107/ mg/ml, the practical limit of detection. The instrument's
response was linear over three orders of magnitude, and thus, only one
standard, 10-4 mg/ml, was used to calibrate the instrument prior to
sample analysis and to check for drift periodically during operation of
the instrument. The uranine standard was covered in foil, stored in the
dark and replaced every few months with a fresh standard. Loss in
fluorescence was typically less than 5% over a two month period under
these conditions.

Before the liquid sample was placed in the spectrophotometer, it was
centrifuged to remove fibers which could cause interference in the
reading. After three minutes at 3000 rpm, the sample was removed from
the centrifuge and approximately 3-4 m1 were poured into a spectro-
photometer grade cuvette. The filled cuvette was then placed into the
chamber where a Xenon lamp light beam passes through the cell registering
a response on the indicator depending on the concentration of the dye. A
fluorescence spectrophotometer operates on the principle that certain
materials will fluoresce or release 1light energy at a unique wavelength
when excitea with a light beam of another unique wavelength. The
excitation wavelength is always of a higher energy, lower wavelength than
the emission. To avoid internal interference between the excitation and
emission spectra, the Model 430 requires a 45 nm band separation between
settings. Thus, the spectrophotometer was set at wavelengths of 483 nm
‘excitation and 528 nm emission, a setting found to yield maximum values,
although these settings were not the characteristic uranine peak settings.

The extraction of the collecting liquid from the May sampier was
performed with great care to avoid contamination. The liquid was
transferrea by sterile pipet from each stage to a separate sterile
graduated centriufuge tube for storage and measurement. In the early
phases of the project ,each stage was rinsed with 5 ml of steriie pH 7.0
buffer to remove any residual sample but this step was eliminated when
contamination of the sample occurred. The amount of tracer lost by not
rinsing a stage was estimated to be approximately 6%-7% (Appendix E).
Eliminating the contamination risk and the possible loss of a complete
sample outweighed the slight loss from lack of rinsing. Two one ml
aliquots were taken from each stage for duplicate plating on trypticase
soy agar. This extraction and plating technique is shown in Figure
7(b). The agar plates were incubated at 359C for 24 hours and then
counted, recording the average count of the two plates. This count
represented the average number of viable bacteria per ml for each sampler
stage.

After the bi1ological samplie had been removed, the residual liquia in
each stage was examined for dye concentration., Since the choice of pH
7.0 for collecting buffer in the May sampler was prepared at pH 7.0 to
enhance bacterial viability, a different set of dye standards was
requirea, Although this pH is in the very sensitive region of
fluorescence response, the pH 7.0 uranine standard reading was
consistantly 20% lower than the pH 10.0, inaicating the precision of the
pH solutions used.
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Extraction, Dilution and Plating of May Sample

Figure 7b.




The agar plates from the Andersen sampler were incubated at 35°C
for approximately 18 hours and then colonies were counted. E. coli
colonies haa a distinctive appearance both on the surface of trypticase
soy agar with 5% sheep blood (Andersen sampler) and in the plain
trypticase soy agar (May sampler). The E. coli colonies on the agar
surface were rouna, slightly of f-white raised mounds of fairly uniform
diameter. E. coli colonies within the agar were smaller and formed a
typical aiamond shaped colony. Both of these types of colonies became
easily distinguishable compared to other interfering or background
bacteria or fungi.
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RESULTS

Summary of Runs

Many different experimental runs were conducted during the course of
the study. Initial runs determined the range of the tracers and served
to identify various operational problems. Following this, a series of
runs established the precision of the sampliers as well as compared the
different types of samplers. Finally, and most importantly, the final
runs were used to provide dispersion data. A summary of the total data
output for the project is given in Table 1.

Field sampling was conducted during the period from February 1978 to
February 1979 at WWTP and from July 1979 to December 1979 at HWA. Thus a
wide range of seasons and meteorological conditions are represented in
the data. Minimum and maximum values for many of these parameters are
given in Table 2. Due to the nature of the field conditions, night runs
would have been extremely difficult to perform. Meteorological changes
which take place at dusk such as calmer, lower speed winds, temperature
drop and beginning of an inversion layer have been considerea similar to
night conditions, however (85). Six runs performed at dusk were thus
classified as night runs and their results examined separately from the
other runs.

Data Reduction - Meteorological

When the wina speed recorder system was functioning, typical output
consisted of a line of six numbers, for each minute the recorder was
activated, on a Polaroid picture. Each number representea the raw
revolutions of the anemometer cup assembly for each level on the wind
tower. Subtracting two successive numbers provided the net number of
revolutions per minute which was then converted to units of meters per
second (m/s), based on the factory calibration factor for the anemometer
cups. This minute-by-minute and level-by-level information was used to
examine general wind patterns for the site. For data analysis, however,
the average wind speed during the run from tower level six was used,
since it was the least affected by turbulence close to the ground.

The wind direction was determined from the recorder strip charts, a
typical sample of which is presented in Figure 8. The average direction
from 0° to 360° was determined for each run by visual examination of
the trace length for the time period of the run. Each estimate involved
breaking down the trace into two to three minute divisions and judging
dot densities in the different groups. This process produced a rough
estimate, but a more precise method of determining average wind direction
still would not necessarily convey more usefulness or significance.

Wind direction is a random physical phenomenon, especially at close range
and for short time periods. An average direction becomes more meaningful
with Tonger time periods over greater distances.

The solar radiation estimates at HWA were derived from the Eppley
recorder stirip chart depicted in Figure 8. The reading for a run in
langleys/minute, was obtained by visually determining an average value
for the length of the trace associatea with the time periods of the run.
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"~ Table 1. Summary of Runs

WWTP WWTP
Preliminary Tests ~ Final Tests HWA

Time Period 3/78 - 1/78 8/78-2/79 7779 -

| o . o 2/79
Days on which 11 ’ 23 19
run(s) were made
Runs | 12 o 47
Useable runs R o 23 42
for dye dispersion :
modeling

Table 2. Range of Experimental Parameters Measured

Hin Max
Temperature, 0. 2 36
Relative Humidity, % 30 95
Solar radiation, ly/min | 0.00 1.26
Cloud cover, %‘ 0 | 100
Wind speed, m/s 0.3.~. 6.9
Wind fluctuation, degrees 0 155
Downwind distance, m 23 305
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Data Reduction - Airborne Concentrations of Tracers

The maximum downwind dye concentrations derived from the raw data in
Appendix H and the basic parameters for each run are presented in Table 5
for WWTP and Table 6 for HWA.

Dye concentrations from the spectrophotometer were initially reag in
units of ug per ml of samp]e This value was then multiplied by the
extraction volume of 10 m1 in the case of a 47 mm filter or the actual
liquid volume extracted from each stage of the May in order to determine
total dye per filter or per stage in micrograms. Conversion to air
concentration is achieved by using Equation 1 for the filters or Equat1on
2 for the May samplers.

N 10 S 3
Equation 1: gfilter [(—EE—) x 107] - B
' % S;V
. Iy SV, 3
Equation 2: CMay = [( Qtfl'l) x 107] - B

where:

dye concentration, of f1)ter or May
respectively, ug/m

Cfilter & CMay
S = sampie concentration from spectrophotometer,
ng/ml
V = liquid volume extracted from a May stage, m1

i = May stage indicator: 1 = top; 2 = center; 3 =
bottom :

Q = air flow rate through the sampler, 1pm
(typically 55 1pm for 47 mm and May; 28.3 lIpm
for Andersen)

t = run-time, minutes

f = correction factors to account for sampler
losses and correlation with filter

B = backgrouga interferences, for dye equivalent to
, .02 ng/m
103 = conversion from liters to m3

The E. coli colony counts from the two or six stage Andersen sampier
plates were added together to get total E. coli-containing particles per
sampler. The average plate counts from The May sampler represent the
count per m1 of sample extracted and were treated the same as the dye per
ml. Because the £. coli were readily recognizable and the spray was the
only source of this strain of E. coli, the background was assumed to be
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zero. Tests run upwind of or prior to the spray confirmed this.
Conversion to ambient air concentration was made using the following
equations:

n
IO
Equation 3: C = ( i=] L) x ]03
qua *  YAndersen Q
:
NGV
o 4. _od=1 70 3

Equation 4: CMay = (fo?—?g—) x 10

‘where:
CAndersoh or CMay = E. coli concentrationé no./m3

N = number of counts per plate

~n = no, of Andersen stages used, 2 or 6

-
}]

L correction factor to account for sampler
losses and extraction procedures

fC = correction factor to account for
correlation with Andersen

Both the glass fiber filter sampler and the Andersen viable sampler
have been widely accepted as standard sampling methods, whereas .
experience with the May samplers appears to be somewhat limited. Because
of this fact and because typically the May gave Tower values for dye -and
E. coli than an adjacent 47 mm filter or Andersen sampler, the assumption
was made that the filter dye results and the Andersen E. c011 results
represented the true concentrations.

The May correction factors referred to in Equat1ons 2 and 4 incluae
losses due to extraction, operation and relative efficiencies. After the
liquid was extracted from the May, it was found that a rinse with a
sterile liquid would recover approximately 6% additional sample (dye or
E. coli). The incorporation of this sample loss into a correction factor
in Tieu of the actual rinse was a compromise to avoid the increased risk
of sample contamination associated with this added rinse step. Recovery
tests were also performed (Appendix E) in which a known E. coli or dye
concentration was placed in the sampler. The sampler was then held
stationary or operated for 15 minutes on a background level atmosphere
and then the liquid extracted, plated and incubated to check for
operational losses. These overa]] losses varied from sampler to sampler
but averaged approximately 20% for E. coli whether or not air was flowing
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through the sampler. Less than half of this loss was due to the
elimination of the rinse step and the remainder was apparently related to
general extraction procedure losses, microorganism death and typical
microbial variability. The overall losses averaged approximately 20% for
dye in a covered May with air flow. In addition to the rinse loss, some
. of the additional loss may have been due to the agitation and ox1dat1on
- of the dye.
In a separate comparison (Appendix F), 27 pairs of May-Andersen
results were examined to determine the extent of the agreement of E. coli
" concentrations after the overall losses of 20% were accounted for by an
fL = 0.80. A1l May samplers in this comparison were covered with foil
to eliminate the influence of sunlight. The following relationship

Equation 5: May = 0.82 Andersen .(r2 = 0.84)

was found, indicating that even with the losses accounted for in the
recovery tests, the results from the May sampler on the average, gave a

- concentration 18% lower than the Andersen. Thus, all E. coli results
from the May sampler (where May was coverea with foil) were Corrected
using 0.8 and 0.82 factors (f; and f¢, respectively). Since the data

had already been corrected with the 0.8 factor before the correlating
factor of 0.82 was estimated, the effective total correction factor woula
actually be f = 0.66, the product of the two individual factors. For May
samplers at WWTP before foil was used, an adjustment to f| became
necessary based on the estimated amount of solar raaiation to which the
sampler was exposed. Since the support collar on the sampler stana
provided some shielding to the third stage, the following correction
scheme was developed based on the limited solar radiation testing.

Table 3. Sampling Loss Correction Factors for
Unshielded Mays, E. coli

, fL factor
Solar Radiation, 1y/min Tor stages T and 7 Tor stage 3
S — 0.6 ~— 038
0.5 -1.0 ' o 0.7 0.8

<0.5 0.8 ‘ - 0.8

A similar comparison {Appendix G) of 39 pairs of May-47 mm filter
data was examined to determine the extent of the agreement of dye
concentrations. Rather than computing the correction factors separately
for this analysis, the actual May and Andersen concentrations were
compared and the. fo]]ow1ng re1at1onsh1p

Equation 6 May = 0.715 Andersen . | (r rl = 0.97)

-was found, indicating an f 0.89 in addition to the estimated f 0.80.
Again, for Mays at WWTP w1%hout foil, an adjustment for f was dev%1oped
From recovery tests, the support collar did not appear to provide any
significant protect1on to the dye which is very sensitive to sunlight while
in so]ut1on



Table 4. Overall Correction Factor for Unshielded Mays, dye

Solar Radiation, ly/min . f
>1.0 - 0.4
- 0.61-1.0 ’ 0.45-0.55
0.21-0.6 0.6 -0.65
<0.2 0.715

A correction factor suggested by Andersen (2), known as the positive
hole correction, was not applied to the Andersen data because there is
some question as to its physical significance (84). The positive hole
theory states that as more and more spaces under the 200 holes of each
stage are filled, the chance that a new particle will enter an already
occupied space increases. This particle would not be counted since only
one countable colony results in each space, whether one or more than one-
viable particle originally impacted on that space. From the
observations, it appears that above 120 counts on the second stage this
effect may begin to become noticeable, and above 180 there is a
significant effect. At least in the case of sampling single E. coli
particles, the positive hole correction does not appear to be significant
when the second stage count was than 120.

Downwind Maximum Centerline Dye Concentration Estimates

In a field study of this type, the chance 0T positioning any one
sampler for a run airectly on the average centeriine wind direction is
small. The greater probability is that the samplers will stradale the
centerline or all be off to one side of it. In both cases the maximum
concentration for that downwind distance will not be representea by any
sampler position but must be estimated. The average wind direction from
the strip chart recorder, which was used as a guide in determining
sampler positioning to set up a run, also can be used as a guide in
determining centerline and crosswind positions for data analysis. The
predicted chart centerline may not agree in all cases, however, with the
actual trend of the concentration levels with lateral aistance. This
disagreement between the actual concentration-derived centerline and the
indicated wind chart centerline may be related to the random motion of
the plume from constant changes in wind direction. Also, the wind
direction vane which was located near the spray source position may not
be capable of accurately representing the wind direction downwind at the
sampler positions. The final determination of a best estimate maximum
centerline concentration was a judgmental decision, taking into account
sampler results as well as wind trace data.

Three possible methods (Figure 9) for predicting maximum
concentrations from the assessment of results were considered. In method
I it is apparent that physically, the maximum would best be represented
by the interpolated peak. Method II presents the situation in which the
maximum sampler concentration is assumed to represent the centerline,
taking precedence over the wind chart. Method III represents a situation
in which additional weight is placed on the wind chart results, with a
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Table 5. Run Parameters and Estimated Max mum Downwind Dye Concentrations, WWTP

Date R uld) SRR T Q X v kK x
21 Jul 78 1 2.0 90 51 33 1,130 22.9 3.12
45.7 1.12
21 Jul 78 2 2.5 50 51 33 995 22.9 2.67
, 457 0.70
09 Aug 78 1 2.2 60  1.25 68 30 855  45.7 0.80
09 Aug 78 2 2.2 45 1.25 65 32 877 45.7 1.26
07 Sep 78 2 1.8 60 1.25 48 33 1,390  45.7 0.85
15 Sep 78 1 1.8 45 0.60 67 23 1,210 45,7 1.18
| - 76.2 0.39
15 Sep 78 2 1.8 45 0.30 70 24 6,410  45.7 9.92
76.2 3.80
24 Oct 78 1 4.5 60 1.00 62 17 23,800 76.2 12.28
- - ' 137.2 2.79
07 Dec 78 1 1.3 100 0.50 60 21 18,500  76.2 21.40
20 Dec 78 1 1.6 9  0.20 8 12 22,200  76.2 | 18.80
11 Jdan 79 1 2.7 108  0.15 58 6 11,700  76.2 11.33
17 Jan 79 2 3.1 9  0.65 4 15 12,300  76.2 8.30
' 152.4 2.90
(a)

See key at end of table for explanation of abbreviated terms and units.
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Table 5 (continued)

Date Run u 0 SR RH T Q

16 Feb 79 2 3.2 80 0.50 56 15 11,500

X v k X
38.1 0.57 0.05 2.8
0.38 0.04 7.2

(a)'Kéy for Terms and Units’

Symbol 7 Description Units
u Average wind speed meters/second -
6 Wind direction range degrees
SR Solar radiation langleys/minute
RH Relative Humidity %
T Temperature oC
Q Source strength ug/second
X Donwwind distance  meters
v Viability fraction surviving
k Death rate second-1
X Concentration ug/m
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Table 6. Run Parameters and Estimated Maximum Downwind Dye Concentrations, HWA

‘Date - Run u(a) ) SR~ RO T Q X ) k X
08 Aug 79 1 2.2 155 1.23 54 34 8,130  38.1 0.005 0.31 7.0
08 Aug 79 2 2.4 95 1.26 53 35 13,300  38.1 0.005 0.33 13.6
lomg79 2 25 106 1.05 63 33 10,100  76.2 a0
10 Aug 79 3 2.6 g2 1.23 56 36 19,000 76.2 7.6
13 Sep 79 1 . 2.0 85 . 0.04 95 20 9,520  38.1. 0.99 = 0.001 12.35
13 Sep 79 2 2.0 77 0.04 95 20 15,200  38.1  0.99  0.001 19.58
" 04 Oct 79 1 1.0 47 0.44 9 16 10,100  91.4 0.58 ~ 0.01.  8.83
09 Oct 79 1 1.7 123 0.90 59 24 14,500  38.1 0.09 0.11 8.2
e | 76.2  0.07 0.06 2.7
09 Oct 79 2 25 113 1.00 55 27 15,200  38.1 . 8.7
09 Oct 79 3 24 130 0.85 50 28 13,900  38.1 1.7
23 Oct 79 1 24 135  0.30 &4 26 11,000  38.1 0.28 0.8 12.0
| | , 76.2 0.12  0.07 2.4
29 0ct 79 1 1.0 144 0.28 57 21 11,100  38.1 0.05 0.08 11.5
R | | 76.2  0.02 0.05 - -
30 Oct 79 1 2.7 -~ 99 0.59 64 21 17,500  °38.1 0.23 0.10 -
| © 76.2 0.8 0.09 7.0
30 Oct 79 2 19 99 050 65 21 11,500  38.1 0.5  0.07 -
| . ~ R 76.2  0.11 0.06 10.16
(a) |

See key at end of table for explanation of abbreviated terms and units.
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Table 6.

Date
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07‘Nov
07‘Nov
07 Nov
07 Nov

09 Nov
09 Nov
09 Nov

14 Nov

79

79

79

79

79

79

79
79
79

79

(continued)

Run

u

2.7

88

72

17

71

72

112

152

45

SR

0.90

0.83
0.88
0.92
0.89
0.75

0.63

0.79

0.66

0.84

69

58
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T
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9
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Table 6. (continued)

Date Run 9 SR
14 Nov 79 2 5.4 50  0.92
14 Nov 79 3 5.1 54 0.62
14 Nov 79 4 3.5 46 0.44
14 Nov 79 5% 2.5 45 0.20
16 Nov 79 1 2.6 85 0.84
16 Nov 79 2 3.6 67 0.79
16 Nov 79 3 2.9 76 0.63
16 Nov 79. 4% 1.1 59 0.04

RH

63

63

52

61

49

57

49

59

—

10

10

11

15
15
16

12

Q X v k X
11,500 76.2  0.10  0.16 4,92
152.4  0.09  0.08 1.49

274.3  0.03  0.07 0.20

11,500 76.2 0.10 0.15 4.1
152.4  0.10  0.08 1.25

274.3  0.03  0.06 0.20

11,900 76.2  0.53  0.03 6.4
152.4  0.23  0.03 2.3

274.3  0.16  0.02 0.7

11,100 76.2  0.25  0.05 7.5
152.4  0.20  0.03 4.3

274.3  0.20  0.01 1.2

9,010 76.2 - 0.06  0.10 4.3
152.4  0.03  0.06 0.67

12,300 76,2  0.08 0.12 7.4
152.4  0.04 0.08 2.2

12,800 76.2  0.09  0.09 6.6
152.4  0.04  0.06 0.75

10,800 76.2 - 55.5
152.4  0.32  <0.008 16.0

228.6 = 0.17 <0.008 3.0

* Classified as Night’-type conditions
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Table 6. (continued)

Date Run u
16 Nov 79 5% 0.3
14 Dec 79 1 2.2
17 Dec 79 1 3.7
17 Dec 79 2 5.4
17 Dec 79 3 3.9
.17 Dec 79 4* 3.8
20 Dec 79 1 1.9
20 Dec 79 2 2.3
20 Dec:79 3

1.7

12

43

40

27

36

75

63

60

SR

0.00

66

59

40

48

51

50

83

83

83

12

Q X V
10,400 76.2 -
152.4 - -
2286  0.18  0.002
16,700 38.1 0.22  0.09
" 76.2 0.19  0.05
152.4  0.16  0.03
8.770  76.2 0.11 0.1
152.4  0.03  0.09
13,900 76.2  0.15 ~ 0.13
152.4 0.1  0.08
9,260 76.2 0.09  0.12
152.4  0.03  0.09
11,100 76.2 0.13 0.10
152.4 0.08  0.06
8,770  76.2 0.33  0.03
152.4  0.36 0.0l
10,100 76.2  0.40  0.03
152.4°  0.49  0.01
8,770  76.2  0.68  0.009
1524  0.72  0.004

Ow SO

-t oM

—_

[an o)

? Classified as Night-type conditions
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Figure 9. Maximum Centerline Dye Concentration
Estimating Methods

o vf("\\ Estimated Centerline from Wind Chart
L_l_Estimated - Estimated Centerline from Sampler Data

Max imum

Concentration

|

Crosswind Distance, y
METHOD I ‘Interpolated Maximum

’////"“ Estimated Centerline from Wind Chart

Estimated Estimated Centerline from Sampler Datq

- ey — - -

r—
Maximum

Concentration

Crosswind Distance, y
METHOD II Highest Sampler Maximum.

+~ Estimated Centerline from Wind Chart

Maximum

Concentration

Crosswind Distance, y
- METHOD III Extrapolated Maximum
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‘maximum being estimated from an extrapolated curve which was drawn to
- give the best data fit. General patterns and siopes for other typical

runs at the same downwind distance were used as a guide in drawing the
curve. Obviously, the more crosswind positions providing data at any
distance, the more 1ikely it is that the estimate would be accurate.
Three lateral positions gave the most information in this study, and
thus, were the least susceptibie to major errors. 7Two lateral data
points required more reliance on suggested trends and slopes from other
typical runs and were more judgmental. In the case of only one data
point for a downwind distance, it was assumed to represent the maximum
unless physical evidence suggested otherwise. - For example, a sampling
arrangement with two samplers at 76 and 152 meters and one sampler at 274
m allowed an average centerline to be predicted from the values of the 76
and 152 m positions, with some weight given to chart direction. A very
rough extrapolation was then made to increase the value of the single
point if it was obvious that it did not represent the maximum,

In summary, it is recognized that the most desirable downwind maximum
would be an actual sampler concentration if it could be confirmed to be
positioned on the centerline. In real life this situation may not be
readily available and the results may need a certain amount of
adjustment. The data manipulations were made with the intent of
providing the best estimates of maximum concentrations. The overall
premise justifying these estimates is that increasing the value of the
downwind concentration would provide at least a factor of safety, erring
on the conservative side, and could provide a more accurate physical
representation of the downwind dispersion. :

E. coli Viability Estimation

Viability is defined as the ratio of the final number or
concentration of viable microorganisms following some treatment or
effect, to the initial number or concentration of the same species prior
to the treatment. The viability of the airborne E. coli tracer bacteria
in this study could not, however, be determined directly because the
initial spray concentration and the downwind air concentration were not
expressed in comparable units. One method which has been used to '
determine bacterial viability is to predict an expected downwind
concentration based on the source strength and meteorological dispersion
factors only, and then to compare this predicted amount to the actual
amount. It is assumed that the difference between these two numbers is
the result only of bacterial die-off, but this prediction is weak because
it inherently absorbs all the dispersion model errors into the viability
prediction. , o

A much more accurate indirect approach for estimating viability was
utilized in this study. The presence of two tracers, one viable and one
non-viable, subjected simultaneously to the same meteorological
dispersion conditions provided two points of comparison. The ratio of
the initial E. coli concentration in the spray in organisms/ml to the
initial dye concentration in g/ml represented initial congitions of the
systems prior to presentation of any biological challenge. The units of
this ratio are organisms/ug of dye. . The ratio of the E. coli air
concentration in organisms/m® to a dye concentration in g/m3 from
either the same sampler (in the case of the May) or an immediately
adjacent sampler represents the final conditions after exposure to
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environmental stress of airborne exposure. Since this ratio is also
expressed in oganisms/ g of dye, the ratio of final to initial condition
ratios is analogous to the laboratory study of final to initial ratio.
This explanation can be summarized by:

o By BeDy
Equation 7: V = . (5; )/(5—) = E;ﬁ}-

where:
V = viability, in decimal fraction
re = final ratio of E. coli to dye in sampler after
environmental effects
f; . = initial ratio of E., coli to dye in the spray prior to
i : £. 011 .
environmental effects
B; = E. coli concentration in spray, no./mi
D; = aye concentration in spray, ung/ml
Bf =E. coli concentration in air downwind, no./m3
D¢ = dye concentration in air downwind, ug/m3s

The accuracy of these estimates is aetermined by the accuracy of the
samplers and by the assumption that loss of viability occurs only while
the bacteria are airborne. As was discussed previously, there was a
certain amount of loss when extracting the sample from the May sampler
after collection. The Anderson and 47 mm filter data (for the E. coli
and dye respectively) were used to calculate viability data (Tables 5 ana
6) whenever possible. If the only data available were from a May
sampler, however, the correctedvalues for the May were used.
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DISCUSSION

Dispersion Modeling

The ability to effectively measure downwind viabie particle spread
from a spray system has been demonstrated in the previous chapter. The
ability to predict these downwind concentrations by fitting the data to a
model is now investigated. This ability to predict concentrations, known
as the science of atmospheric dispersion modeling, has been continually
advancing for the past sixty years. There are numerous excellent
publications dealing with atmospheric dispersion moceling. One of the
most widely cited and utilized publications is Turner's "Workbook of
Atmospheric Dispersion Estimates" (85). An important assessment of this
document for possible changes was published by the U. S. Environmental
Protection Agency (61,89). Slade's Meteorology and Atomic Energy (73) is
an extremely comprehensive treatment of both the theoretical and
practical aspects of aispersion modeling and reviews most major field
studies. A recent state-of-the art review by Turner (86) presents an
excellent overview of current information as well as a very complete 1ist
of references. Though current modeling techniques are sophisticated,
predictions based on these models are still only rough approximations of
the highly complex meteorological and atmospheric processes. Turner (85)
states that a best estimate downwind concentration prediction can be
expected to be within a factor of three of the real situation. The final
report of the Pleasanton study (49) suggested that mcst of the predictea
results fell within a factor of five of measured concentrations, Camann
et al. (41) recommended that the user apply a factor of ten to their
modeT estimates.

The final model which was found to best fit the data from this stuay
is of the empirical form: :

Equation 8: X/Q =
x1.8

‘ . . 3
where x = downwind concentration, amount/m

Q

X

I

source strength, amount/sec

downwind distance, m

The development of this model was the outcome of a step-by-step analysis
of various modeling formats. Only the dye data were used in this model.
The E. coli data were usea as a guide for estimating viability. The E.
coli data cannot be used as an indicator of any other microorganism since
die-off rates in the air would be specific for each microorganism. The
dye dispersion data, however, can be thought of as an envelope, a
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conservative estimate, or as simu1ating a very hardy microorganism with -
little or no die-off.

The data were used to deve]op a best fit model for each site..
Initially two wind speed sub-groups were used. A later version of the
model combined all wind speeds into one group. After deriving an
equation which best represented the data from one site, it was validated
using the data from the other site. Using two independent sets of data
eliminated the probliem of trying to va]10ate a mode w1th the same data
used to generate the model.

Gaussian Approach ~

The dispersion of any material released into the atmosphere is a
function of the turbulence of the air. The normal or Gaussian
distribution function provides a fundamental solution to the Fickian
diffusion equation (73). The use of the standard deviation of the
Gaussian distribution of plume spread was basically developed by Pasqu111
and Gifford and is the basis for the well-known Gaussian dispersion
model,  The egquation, expressing the downwind concentration- (chi) in
terms of a Cartesian x,y,z coord1nate system and a source emission height

H, is:
Equation 9:
x(X,y,23H) = T}o‘— exp [-JZ— ({‘-—)2] %ip[_%(a_-ﬂ_ﬁ] + exp[-%(gﬂ)z]}
y e y Z z
where -y = downwind concentration, amount/m3

Q = source strength, amount/sec
u = wind speed, m/s
- H = source emission height, m

9,0, = standard deviation of crosswina ana vertical Gaussian plume
Y spread, respectively, m

X,Y,z = downwind, crosswind and vertical recepter coordinates,
respect1ve]y,

expla] = form for e?

There are a number of assumptions underlying this mouel equation.
The concentration x represents a gas or an aerosol <20 m in diameter
from a continuous source. Constant wind speed, source strength and total
reflection of the plume from the surface (no deposition or surface
reaction) are assumed. Sampliing times are generally assumea to be on the
order of 10-30 minutes., A much simpler form of this eguation can be used
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to predict maximum centerline downwind ground level concentration from a
ground level source. By setting the source emission height H = 0, the
receptor height z = 0 and the receptor crosswind distance y = 0, all the
exponential terms are reduced to a value of 1, leaving

Q
0,0,

Equation 10:  X(x,0,0 30) =

The concentration term, x, is obtained from the experimental data and
any errors inherent in the sampling efficiency are carried through in the
model. The source strength and wind speed are measured in each run. The
only unknowns are the terms oy and oz which are the most critical
parameters in Gaussian dispersion modeling applications. There is no
single accepted method for determining values for these dispersion
coefficients and this problem has created much discussion ana controversy
among air pollution and meteorology scientists. Sigma values are
typically derived empirically from extensive fiela data, but since these
experimental results are a function of the site, its geography,
topography and climate, these empirical values may not agree. Weber (89)
has reviewed many of the more well-known empirical methods, as well a
some newer theoretical approaches for deriving sigma values. There is
general agreement that oy and oz are functions of various meteorological
factors such as solar radiation, wind speed and wina fluctuation, which
contribute to the overall stab111ty of the atmosphere.,

There have been many attempts to c]ass1fy atmospheric stab111ty for
the purpose of predicting changes in the sigma values. The best known
of these classification systems is the one developed by Pasquill ana
Grifford and utilized by Turner (85). This system rates the atmospheric
dispersive potential from very unstable (A) through neutral (D) to very
stable (F), taking into acount wind speed, cloud cover and solar
insolation. The largest sigma values reflect maximum instability and
po]]utant d1ffus1on, and thus, the smallest downwind concentration. The
sigma values increase 1ogar1thm1ca]1y with downwind distance, qenerci]y
following the power law function y = ax®. Standard plots of oy
and oz versus distance for each stability class are found in Turner
(85), Slade (73) and many other sources. These plots have minor or major
differences depending on the experimental data from which they were
developed.

An attempt was made to classify each run into a Pasquill- G1fford
stability class based on observed conditions. Approximately half the
runs were simiiar to class C, slightly unstable, a third were either
neutral class D or night runs and the remainder appeared to be moderately
unstable, class B. Equation 10 was used to predict a downwina
concentrat1onx based on Turner's (85) sigma values. This x, was
then plotted versus the observed in Figure 10. Although there does not
appear to be any overall significant correlation, analysis indicates
significant correlations (p <.01) for least squares analysis best fit
lines, weighted through zero when the data is separated by stability
class. The equations of the lines indicate that the Turner model
overpredicted the observed results by 3.75, 4.2 and 16 for the B, C, and
D classes, res%ect1ve1y The values for the squared correlation
coefficient, r¢, for B, C and D were 0.62, 0.73 and 0.90.
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Because of the variability of the data and inability to obtain gooa.
agreement with the Turner predictions, the data was examined with the
intent of deriving an empirical model. The data was separated into two
groups with a wind speed of 3 m/s selected as a boundary for low and high
wind conditions, rather than three stability classes to avoid dividing.
the data into subcategories with too few points to allow significant
analysis. Six of the HWA runs were separated into a third category for
night-type conditions. o ~

Since the values for terms x, Q and u were available from the data in
the present study, Equation 10 was simply rearranged to solve for the
product of the two sigmas, designated S:

ion 11: S = - O
Equation 11: S_- (cyoz) - =

It was not necessary to separate the o, and o, terms from the empirical
sigma product values since they were used to generate centerline
concentrations, However, crosswind dispersion estimates were derived and
will be discussed later. :

A summary of the sigma product S values at varicus downwind distances
is presented in Table 7. Although some of the standard deviations of the
average S values are quite large and the data are limited at the longer
distances, a definite trend can be seen in the data. Most 0y andogz
data are plotted on log-log paper to fit the typical power law function
and it was assumed that this relationship would also hold true for a plot
‘of their products. The equations relating S to downwind distance were
derived using a least squares simple linear regression technique applied
to the log transforms of S 'and x. Then the slopes and intercepts were
converted back_to the power law form. The squared correlation
coefficient, r2, thus expresses the percent of the variance of log S
explained by log x. This log transform method compressed the scales of
the numerical values, decreasing the sensitivity of the correlation
coefficient techgique and producing somewhat elevated r2 values. The
extremely high ré values, however, are consistent with a good fit.

These equations are plotted in Figure 11. The lines are somewhat
parallel and show a trend toward smaller S values with increased
atmospheric stability, with higher speed winds generally indicating more
stability. Night conditions were usually the most stable. This decrease
in oyo,corresponds to what should be occurring physically in the
atmosphere, As stability increases, turbulent mixing decreases, and the
plume remains more intact with a smaller plume spread. A comparison of
the experimental curves with appropriate curves derived from Turner {85)
shows that the Turner data underestimate the sigma values, especially
when x <100 m (Figure 12). Turner did not intend his sigma values to be
used at distances less than 100-m but others (9) have extrapolated them
back to shorter distances. It has been suggested that the Turner method
underestimates sigma values and thus overestimates downwind
concentrations. Santomauro et al. (67) reported that their oy andoy,
curves overestimated the Turner curves at all stabilities and suggested
that this may have been due to air trajectory meanderings from persistent
stagnation conditions in the Po Valley. They also cite Wilson whose
dispersion coefficients were as large as six times those of Turner, with
low wind speed in the first 400 m. This air trajectory-plume meanderings
explanation may be responsible for the increasea sigma values at closer
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Table 7. Summary of (cyoz) Products vs. Downwind Distance

Site Wind Category X, m S (stnd.dev.), me n S = axb : rz
WWTP u<3m/s 22.9 53 (8) 2 1t
45,7 169 (61) 7 S = 0.678x °''° 0.983
76.2 283 (161) 5
WWTP  uz3m/s - 38.1 56 (14) 8 1 595
: 76.2 178 (71) 10 S = 0.171x" " 0.999
152.4 511 (158) 4
HWA u<3m/s 38.1 182 E78)) 10
76.2 410 (215 15 _ 1.610
152.4 1543 (585) 9 S = 0.463x 0.989
228.6 3090 (204) 2
HUWA uz3 m/s 76.2 290 (96) 1 | 532
~ 152.4 676 (303) 12 S = 0.294x " 0.999
| 274.3 1560 1 |
HWA Night 76.2 158 €53)) 6 |
152.4 420 (209 6 _ 1.541
304.8 © 1282 (325) 2 -



Figure 11. Experimental 9,0, (s) Best'v-Fit’ Lines for Each Site
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Comparison of Experimental S Curves with Turner

Figure 12.
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distances. The actual plume may have a smaller spread but the meandering
of the entire plume gives a larger apparent spread. As distance
increases this meandering would be less detectable within the overall
dispersion averaging effects. This explanation may indicate that
Turner's equations for the plume spread at longer distances cannot be
applied to the wandering plume at shorter distances. The experimental
equation exponent b values, which on a log-log plot represent slope, are
smaller than Turner's. Thus, for small values of x, the experimental
results inaicate a larger dispersion, but at larger distances the 1ines
will intersect and agree with the Turner lines. Table 8 presents a
comparison of the power law parameters, a and b, from Santomauro et al.
(67), Singer and Smith (72), as well as Turner (85) and the experimental
data.

Tne equations for x, as a function ¢f x, based on the Gaus¢1an model
were deve]oped by substituting the expressions for S into Equation 10 anda
are given in Table 9. These equations were then validated by calculating
predicted downwind concentrations from the WWTP model using HWA data and
vice versa, The predicted versus observed concentrations are plotted in
Figure 13 for the WWTP model and Figure 14 for the HWA model, A summary
of the validation comparison is given in Table 10. The equation relating
predicted to observed values was generated by a simple linear regression,
weighted through zero to provide more realistic physical meaning. The
max imum value of Predicted/Observed or Observed/Predicted was selected in
order to nave all comparisons greater than one. This value is referrea
to as Ratio and a percentsge of the cases in which the model
underpredicted the observed value is given to incicate the balance of the
model. It appears that this model falls well within acceptab]e limits of
predictive capabilities.

Non-Gaussian Approach

A second approach to the acevelopment of an appropriate dispersion
mogel is to remove the confinement of the Gaussian distribution and
consider the model as the relationship between a dependent variable;,
normalizea downwind maximum concentration (X/G), and a number of
independent variables including downwind distance and meteorological
parameters. A best fit model can then be developea using a simple least
squares fit linear regression analysis. Six independent variables were
selectea as being most Tikely to be correlated to the resulting downwind
concentration. These variables and their units are:

downwind distance X m
average wind speed u m/s
relative humidity RH %
stanaard deviation of g radians
wind fluctuation

solar radiation SR ly/min
temperature T Oc
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Table 8. Comparison of Several Equations for o o

System & Stability Classes
Turner (85)

Mmoo W

(neutral)

Brookhaven National Laboratory,
Singer and Smith (72)

B..
BZ

C](neutra1)

D

Santomauro et al. (67)
Continental flat site

OMoOOEI>

oastal, hilly, site

mo o W™

Experimental Data
WWTP

u<3 m/s
ux3 m/s

HAA

u<3 m/s
uz3 m/s
Night

Note: Form of equation is o0

graphs from the references.

.033

1021
1010
°008

OO0

0.164
0.119
0.070
0.019

y z

e N\)
[02]
w

.82
.72
.56
.42

— ot ol ]

——d ot et e et
w
o

— ek ) d d
w
s

1.60

1.61
.53
1.54

—r

axP. A1 stability classes
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Table 9. Gaussian Version of Experimental Dispersion Model

Site , Wind Category Model Equation, X =
. | @
WWTP u <3 m/s 0.678 x 110 yq
WWTP 1 U 23 m/s 4ooan (1B g
{
- aQ
HWA u <3 ms | 0.463 x 610 44
: i
‘ Q
HWA u 23 /s 0.204 x 232 4
Q
HWA Night 0.193 x 24 4y

61



Table 10. Validation Summary for Gaussian Models

WWTP Model HWA Model
u<3m/s u3z3ms u<3m/s u23m/s
Equation coefficient, b
i.e. b value of 1.28 1.02 0.54 0.66
Pred = b x Qbs
v 0.85 0.87 0.87 0.93
N 37 26 15 22
% Cases Pred<Qbs 27 38 87 73
% Ratio <2 70 77 73 91
% Ratio <3 97 100 93 100
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Figure 14, Ploﬁs of Predicted to Observed Dye Concentrations
Validating HWA Gaussian Model
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The initial form to express the variables and coefficients for the
Tinear muitipie regression analysis was:

i : = + b SR+b.T
Equation 12: X/Q bo + b]x + bZU + b3RH + b4ce 5 6

which was solved for the best fit values of the bj coefficients.
Although a first order additive mode} s%ch as this is not the typical
form used for such a physical system, r& values were evaluated. No
single independent variable was correlated with the dependent variable
with an r¢ greater than 0.38 and even with every variable included in
the equation the highest r¢ was 0.66. ,

A multiplicative model was then evaluated. The general form of this
model is:

b] b2 b3 b4 b, b

Equation 13: x/Q = box u “RH 9y SR 5T,6

If the logarithm of each term is taken, Equation 13 is transformea into a
form compatible with the linear regression technique:

Eqdation 14:

logx/Q = 1ogbO + bllogx + b21ogu = b3logRH + b41og Og + b51ogSR + b logT

After the slopes and intercept are calculated from a least squares fit,
the slopes become the exponents and the antilog of the 1nter§ept becomes
the coefficient "in the power law (Equation 13). Values of r< were
computed for the transformed multiplicative model of each site
separately. The night-type runs were not examined for the HWA site since
it was assumed that night conditions and the resulting concentratigns
would be significantly different from the rest of the data. Ther
values for the correlation of log x/Q with the lTog of each independent
variable were determined separately (by letting the unwanted b; = 0),

as well as with some combinations of variables (Table 11). These r
values explain the variance in log x/Q due to the log of the variable or
combination of variables. The downwind distance was the only individual
variable with which x/Q was strongly correlated. Adding other variables
to the model gave some improvement but not enough to justify the
increased complexity of the model and the difficulty and extra expense of
physically collecting the marginally useful data. The wind speea term
was retained in the model even though it added only slightly to the
usefulness of the model, since this would aliow a better comparison of
the linear regression models to the Gaussian models. The resulting
non-Gaussian, linear regression models for each site are presented in
Table 12 along with the v¢ value for the model and the number of data
points 1in the particular wind category.
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Table 11. R2 Values for Initial Screening of Variables
for Best Fit Linear Regression Model

HWA (except

Variable HWTP night-type runs
X 0.72 0.82
U 0.13 0.11
RH 0.12 0.03
o4 0.07 0.08
SR 0.06 0.01
T <0.,01 0.09
XsU 0.78 0.82
XsUs0o 0.80 0.84
all variables 0.83 0.85



Table 12. Line?r Regression Experimental Dispersion

- Models '

Model
Site Wind Category Equation, x/Q = r2 n
WWTP u <3 m/s 0.095 u 0-3:-1-11 058 15
~ -0.93 -1.60

WWTP u 23 m/s 1.78 u % 0.87 22
HIA u <3 m/s 0344 y 03151 g1 37
HUA uz3m/s 2.37 w0-27 -191 032 2
HWA Night 2.21 u"1-06,-1.58 590 16
WHTP A1l data 0.347 u9-38 141 .80 37
HWA A1l data 0.415 u~ 099161 480 63

(except night-type '

runs)
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Figure 17. Plots of Predicted to Observed Dye Concentrations for A1l
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