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Abstract

Aerodynamic surrogate surfaces employing Teflon plates and nylasorb filter paper have been used to

‘measure dry deposition in three sets of field experiments. The first set involves sampling in Claremont

during the Southern California Air Quality Study (SCAQS) in June and July 1988. Sampling was
conducted at two locations : the Bernard Biological Station and Claremont McKenna College. The
second set involves sampling at the same location during an extension of SCAQS in August and
September 1988. Finally, the third set includes sampling at Emerald Lake in Sequoia National Park.
Three species of vegetation (Waxleaf Privet, Canary island Pine, and Japanese Privet) have also been
used to assess dry deposition during the first set of field experiments.

For the first field program, measurable dry deposition fluxes have been obtained for nitrate, suffate, lead,
and calcium. The Teflon plates are shown to yield satisfactory results for sampling periods as short as
four hours. The vegetation sampling is shown to yield satisfactory results for periods as short as four
days, although it is likely that good results can be obtained for even shorter periods such as 1 - 2 days.

The fluxes of all four contaminants on the Teflon plates are highly variable. Values in ng/sec m?2 cover the
following ranges: nitrate 7 - 213, sulfate 2 - 64, lead 0.035 - 0.46, and caicium 1.2 - 20.7. Results for the
Teflon plates and vegetation are roughly comparable. In general, deposition on the Canary Island Pine
shows the greatest values, exceeding those on the Teflon plates and nylasorb fitter paper by factors of 2 -
3. Fluxes onto the Japanese Privet are only slightly lower than those onto Canary Island Pine, while
fluxes onto the Waxleaf Privet are nearly the same as those on the Teflon plates and filter paper.

One of the findings of this study is the effect of exposure time on the observed deposition fluxes.
Generally, short-term exposures yield greater deposition fluxes for both deposition to the Teflon plates
and to vegetation. Resuspension of deposited particles is probably responsible for this phenomenon.
Based on the assumed mechanism of resuspension of deposited particles, it is found that the
resuspension rates of all four species from any surface are on the order of 108 sec™!.

Only limited data are available from the second and third sets of field experiments. The results are
generally consistent with the June - July SCAQS data, although nitrate fluxes are considerably smaller at
Emerald Lake compared with Claremont. Sulfate fluxes at Emerald Lake are only slightly smaller than in
Claremont.
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Disclaimer

The statements and conclusions in this report are those of the contractor and not necessarily those of the
California Air Resources Board. The mention of commercial products, their source or their use in
connection with material reported herein is not to be construed as either an actual or implied endorsement
of such products.
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Summary and Conclusions

A passive aerodynamic surrogate surface for measuring dry deposition of airborne contaminants has
been developed. The device is designed as a low-speed airfoil, symmetric with respect to a vertical axis
through the center so that its characteristics are independent of wind direction. A deposition plate is
positioned at the top of the airfoil. The leading edge is such that flow separation will not occur over the
plate over a range of windspeeds (up to 15 m/sec) and angles of attack (£10° relative to horizontal). The
device offers the following advantages:
e The boundary layer characteristics are known, allowing studies of dry deposition
mechanisms.

» Because a laminar boundary layer exists over the surface, particle deposition measured with
the device is a reasonable lower limit to deposition on rough natural surfaces.

e When used with inert material (e.g. a Teflon plate), the unit can assess deposition of
particulate species. When used with reactive material, the unit can assess deposition of
reactive gases (e.g. nylon for nitric acid vapor, potassium carbonate-impregnated filter for
sulfur dioxide). "

» For chemical species associated with particles of a wide range of sizes, the device may be
particularly useful in identifying mass deposition dominated by a small fraction of the largest
particles.

e The device is inexpensive and easy to use for routine dry deposition monitoring. Trends in
deposition onto the device are likely to be similar to trends in deposition on natural vegetation
and other surfaces where measurement is more difficult.

Experimental Methods

A. Aerodynamic Surface

The aerodynamic surface is composed of a Teflon-coated solid aluminum airfoil and a deposition plate.
The deposition plate, which can have any kind of surface characteristics, was put on the top of the airfoil.
Teflon-coated aluminum plates and nylon filter papers were used as deposition surfaces in this study.
After each exposure, the surface was removed from the airfoil and immediately washed using a TFE
Teflon digestion vessel with 8 ml of distilled/deionized water. The vessel containing the plate was then
shaken for three minutes to extract the poliutants, and the solution was poured into a polyethylene tube.

B. Vegetation

The plants that we used were Ligustrum japonicum texanum (Waxleaf Privet), Pinus canariensis (Canary
Island Pine) and Ligustrum japonicum (Japanese Privet). The plants were placed at about the same
height as the aerodynamic surfaces. Before the plants were put on-site, they were washed with
distilled/deionized water. After being exposed for periods which ranged from 4 to 16 days, the leaves
were harvested from the plants, put into 50 mi of distilled/deionized water and shaken for three minutes
[Lindberg et al., 1984; John et al., 1985). Because of the variation and complexity of dry deposition to
vegetation, 2 to 4 samples consisting of ten leaves each with the same exposure time were collected
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simultaneously from the same plant or different plants.

Both aerodynamic surface and foliar extraction samples were refrigerated until they were analyzed.
Analyses were conducted by ion chromatography for sulfate and nitrate and by flameless atomic
absorption spectrophotometry for lead and calcium.

Resuits and Discussion

The results of the field measurement data are summarized as:
A. Aerodynamic Surface

1. There is good agreement between conjugate samples: the difference in flux associated with co-located
samplers is generally less than 20%. The difference between conjugate sample values is inversely
proportional to the amount of pollutant collected. Nitrate, with the greatest fluxes, has the best
agreement. The fluxes of lead, which are smallest, differ most. These differences are caused by natural
variation, sampling artifacts and limitations of instruments used for analyses.

2. There is substantial variation in deposition rate from time to time. For each sampling experiment, the
two deposition fluxes (i.e., pair of conjugate values) have been averaged to provide a single flux for that
time period. The tluxes are shown in Table S.1 for the various species analyzed. The differences in
fluxes among the various species are caused by variations in airborne concentration and in deposition
velocity.

3. There is a strong diurnal variation in the deposition rate. Such variations are shown in all of the plots
with greatest tiixes during the daytime hours. This may be due to both greater airborne concenirations
and higher deposition velocities during the day.

4. There is a marked effect of exposure time on deposition rate. Comparing the 4 to 6-hour exposures
with 24-hour exposures, it is found that the short-term fluxes generally yield higher deposition fluxes.
Comparing 12-hour exposures with 2-day and 4-day exposures, we obtain the same results; the short-
term exposures generally yield higher deposition fluxes.

B. Vegetation

1. Differences in fluxes measured with different sets of leaves exposed simultaneously average about
31%. These differences are caused by different orientations and shapes of leaves or needles, by the
complex airtlow patterns around the vegetation, and by sampling and analytical problems.

2. Substantial variation in deposition rate is observed from experiment to experiment and among the
different plant species. Table S.1 shows ranges of deposition fluxes to the vegetation. In general, the
fluxes to Canary Island Pine exceed those to the Privet by factors averaging 3.0 for nitrate, 2.3 for sulfate,
1.3 for lead, and 2.0 for calcium.

3. Short-term exposures generally yield greater deposition fluxes than longer exposures, as with the
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0.5 day 1 day 1.5 days 2 days 4 days
nitrate | 56.8+29.1 | 40.6%t17.0 | 53.7%9.4 41.7%146 | 24.0F5.1
sulfate | 11.7+5.6 12.3+4.8 9.9+428 12.9+17 7.7%22

lead |0.072*0.043 | 0.11220.041 | 0.0704+0.027 | 0.082+0.026 | 0.079+0.026
calcium 54F25 5.7%1.6 7.2%1.5 9.0%*2.2 6.5+2.9
A. Teflon plate
4 days 8 days 12 days 16 days
nitrate 49.8 X14.7 33.6+ 13.8 30.8+24.9 26.8+20.8
sulfate 11.023.5 7.7%3.8 7.2%3.9 5.0%¢3.7
lead 0.145%+0.056 | 0.07270.021 0.0814+0.014 0.022
calcium | 12.3*1.6 6.5+1.4 3.9 5.1
B. Waxleaf Privet
4 days 8 days 12 days 16 days
nitrate 111.8£43.9 109.4*57.3 85.3%15.9 145.3
sulfate 23.1%8.7 11.4%13.9 11.2+15 22.1
lead 0.180+0.083 | 0.104=+0.004 0.063+0.006 0.084
calcium 24.9+2.4 10.1240.3 10.8+4.0 7.2
C. Canary Island Pine
4 days 8 days 12 days 16 days
nitrate 51.5+36.2 43.2%1.2 31.3 38.7
sulfate 21.3%11.5 29.5%16.5 11.1 7.5
lead 0.227+0.144 | 0.068+0.036 0.064 0.036
calcium 18.4% 6.8 12.3%0.2 7.9 9.2
D. Japanese Privet
Table S.1 Summary of deposition fluxes to surfaces used in this study.

All values are expressed in units of ng/sec m?2




FEDRTRE

Iy iy N S

[z

xi

Teflon plates.

The greater fluxes for short-term exposures are also found in the study by John et al. [1986] for
deposition to surrogate surfaces and vegetation. There are at least two possible processes responsible
for this phenomenon in both the present study and that of John et al. : interactions between gaseous
species and previously deposited particles, and resuspension of deposited particles. Thermodynamic
equilibrium among ammonia, nitric acid and atmospheric aerosols is believed to be reached in the
ambient environment [Hildemann et al.,1984; Stelson et al.,1984]. Unless a large fraction of the
deposited particles is not from the atmosphere, such as local soil resuspension, the gas-particle
interaction should not be significant. From the results for calcium, which is always in the form of solid
particles in the ambient environment, it is likely that gas-solid interactions are not an important factor.
Therefore, we assume that resuspension of deposited particles is the mechanism that causes the greater
fluxes for short-term exposures

The parameters in a model for particle resuspension are obtained by fitting the observed data with an
exponential curve. Results are shown in Table S.2. All the resuspension rates except for nitrate to
Canary Island Pine are on the order of 10 sec™.

The Teflon plate results in this study suggest that the resuspension rate increases as particle size
increases. This is consistent with the findings of Garland [1983] in his study of resuspension of particles
from soil and grass. In wind speeds from 3 to 10 nmvsec, Garland [1983] has reported that the
resuspension rate varies from 10 to 105 sec? for particle sizes ranging from < 1 to 5 um. Our results lie
at the upper end of the data of Garland. Future work with the SCAQS data will consider the influence of
windspeed on the observed resuspension rate.

Conclusions
» The aerodynamic surfaces with Teflon plates yield consistent, measurable dry deposition
fluxes over periods as short as four hours for nitrate, sulfate, calcium, and lead in the Los
Angeles Basin.

» The foliar extraction technique applied to Waxleaf Privet, Canary Island Pine, and Japanese
Privet yields consistent, measurable dry deposition fluxes over periods as short as four days.
However, it is likely that good resuits can be obtained for even shorter periods such as 1 - 2
days.

« Short-term exposures yield greater deposition fluxes than longer exposures for both the
Teflon plates and the vegetation. This is probably due to increased resuspension as more
particles accumulate on the surface.

« Based on the assumed mechanism of resuspension of deposited particles, the deposition
flux data suggest that all four species have resuspension rates on the order of 106 sec™! for
any of the surfaces studied.
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resuspension

surface fitting nitrate | sulfate lead calcium
average
flux , 70.2 15.7 0.092 16.7
ng/sec m
Teflon resuspension . 1.8 7.7
plate | rate in10 ®sec -6 > ' .
max. exposure
time, hours 3.8 5.0 16 3.7
average
flux \ 53.5 14.9 0.18
ng/sec m
Waxleaf | resuspension 18
Privet | rate in10 ®sec! 11 18 .
max. exposure
time, hours 26 16 16
average
flux
2 99.0 22.1 0.33
Canary ng/sec m
Island resuspensi
pension
i R 2.5
Pine rate in10 ‘ssec'1 1 4.0
max. exposure
time, hours 115 19 7.2
Table S.2 Summary of parameters for resuspension fitting. Maximum

exposure time refers to the longest possible exposure
period where resuspension accounts for loss of less than

5% of the deposited mass.
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Recommendations

In the future work, the following are recommended to evaluate use of the aerodynamic surface for routine
monitoring :
* To develop some measures to protect the aerodynamic surface from contamination by rain,
birds, and insects.

» To use with different kinds of surface material to study the deposition of other species like
nitric acid and sulfur dioxide.

» To explore the mechanisms responsible for variations in flux with exposure time. This will
probably involve both wind tunnel studies and field work.

» To compare the deposition to Teflon plates with deposition to other kinds of vegetation in
more detailed studies.
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Chapter 1
Introduction

Dry deposition of atmospheric contaminants is known to be an important removal
mechanism, of comparable importance to wet deposition in many cases. For example,
Shannon [1981] has used budget studies of sulfur emissions in eastern U.S. and Canada to
estimate that dry removal, wet removal, and transport out of the region are of similar
magnitude during summer months. Dry deposition is roughly half as large as the other terms
during the winter. Lindberg et al. [1986] have found that dry deposition represents more than
half of the total annual input of SO,2", NOy, Ca, K, and acidity to an oak forest in Tennessee.
Other studies [e.g. Galloway et al., 1984] suggest that dry deposition is less important than
precipitation scavenging in eastem U.S., although still significant on an annual basis. Young
et al. [1987] estimate that dry and wet deposition of atmospheric acidity are roughly equal in
magnitude in mountainous regions of western U.S. ; dry deposition may be dominant in arid
regions of the West.

1.1. The Process of Dry Deposition

Dry deposition may be broadly defined as the transport of particulate and gaseous
contaminants from the atmosphere onto surfaces in the absence of precipitation. It is
worthwhile to consider dry deposition as part of an overall atmosphere-surface exchange:
gases are sometimes reversibly adsorbed onto surfaces only to be re-emitted, while particles
may be deposited and subsequently resuspended. We often refer to net dry deposition as the
resulting balance between downward and upward fluxes.

The key factors influencing dry deposition can be categorized into characteristics of the
atmosphere, the nature of the surface, and properties of the depositing species [{Sehmel,
1980]. Atmospheric properties influence the rate at which contaminants are delivered to the
surface. Especially important is the state of the atmosphere close to the ground. The nature
of the surface can have a marked effect on deposition. Of primary importance is the way in
which the surface interacts with the atmosphere by exchanging momentum, heat, and mass.
For example, a smooth, relatively nonreactive surface may result in rapid bounceoff of
particles, and may not permit absorption or adsorption of certain vapors. A rougher, more
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reactive surface favors greater deposition rates. Natural surfaces such as vegetation are
highly variable in their characteristics; fluxes are often strong functions of the status of the
vegetation during the growth cycle. Finally, properties of the depositing species will influence
their transport to the surface and their ultimate fate after reaching the surface. For example,
particles larger than a few micrometers are dominated by sedimentation, while diffusion is a
more important mechanism for small particles and vapor deposition. Large particles are
resuspended more easily than small particles [Garland, 1983].

T aen

______ =), ided into three steps
[Sehmel and Hodgson, 1978; Hosker et al, 19&”2] First lsilha transfer from the atmosphere to
the boundary layer lmmedaately surmundlngmiﬁﬁeposnnn surface, Eﬁown as the quasi-
laminar sublayer. Th’iS’step is called aerod 1 ‘_lc transport, a%ﬂ occurs by eddy diffusion
and sedimentation. The second step, cafled boundary- la¥er transport, occurs when
contaminants are carried across the_quasi-laminar sublayer. The key-mechanisms for this
step include diffusion, interception, inertial img@etioPand sedimentation. The final step in the
deposition process occurs as contaminants reach the surface. Particles may simply adhere to
the surface, or may react chemically producing irreversible changes in the deposited material.
Vapors similarly may adsorb reversibly onto a surface or may undergo chemical reaction.
Interactions with the surj,g;e:may also mvolve resusp lon_ of ajraction of deposnted particles
or re-emission of adsorbmg vapors. :

)

defined as [Chamberiain, 1953]

F
[&®)

Vd=_

where F is the deposition flux, or deposition per unit time per unit area, and C(z) is the
airbome concentration of the contaminant at a reference height, z. The minus sign is needed
since downward flux has a negative value but the deposition velocity is defined as a positive
quantity. F is assumed to be constant over the appropriate range of heights.

The dry deposition processes are also modeled by analogy between contaminant
transport and the flow of electrons in an electrical circuit. The concentration is anaiogous to
voltage, while the deposition flux is represented as an electrical current. Ohm’s law can then
be used to determine a resistance to transport as shown in Figure 1.1, analogous to an
electrical resistance. The resistance to transport is merely the inverse of the deposition
velocity and is typically divided into components representing the three steps in the deposition
process, as discussed above.
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Figure 1.1 Schematic diagram showing the resistance model.
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1.2. Measurement Methods for Dry Deposition

Over the years, several techniques have been developed for measuring dry deposition.
These can be divided conveniently into two categories. The first category, surface analysis
methods, includes all types of measurements which examine contaminant accumulation on
surfaces of interest. The second category, atmospheric flux methods, involves measurements
of contaminants in the atmosphere from which one may estimate the flux [Hicks et al., 1986].
Two methods, aerodynamic surrogate surfaces and foliar extraction, are both in the first
category and have been used in this study.

Various kinds of surrogate surfaces have been used to estimate dry deposition because
of their convenience, low cost, and reasonable control over the experiment. Surrogate
surfaces which have been used in dry deposition studies include open buckets, petri dishes,
Teflon disks, coated and uncoated glass, filter paper, plastic nets and artificial foliage. For
each of these surrogate surfaces, the processes responsible for deposition may be affected
by the particle attraction and capture characteristics of the surface material, and by the local
turbulence induced by the surrogate surface size and shape [Munn and Bolin, 1971; Davidson
et al., 1985]. In spite of the difficulty in correlating deposition on surrogate and natural
surfaces, the former can provide an estimate of fluxes with controlled aerodynamic
characteristics not currently obtainable from natural surfaces [Vandenberg and Knoerr, 1985].

In this study, a new aerodynamically designed surface is used to measure the deposition
rate. It is a Teflon-coated solid aluminum frisbee-shaped symmetrical airfoil. A deposition
plate with any surface characteristics can fit snugly into the recessed airfoil [Gamble, 1986].
The key features of the surface are :

1. Predictive air flow pattern : The boundary layer flow around the airfoil can be
computed theoretically. Therefore, the boundary layer reSIStance can be
predicted if the wind speed is known. -_

2. Independence of wind direction : The airfoit lsiﬂesgned to be ngﬁgﬁlﬁg ggnetﬂc

3. Easy control of surface characteristics : The deposition surfaw% placed onto
the top of the airfoil. Various kinds of surfaces can be used for any specific
purpose. For example, Teflon-coated aluminum plates are used to measure the
deposition to inert surfaces.

Besides use of the symmetric airfoil, foliar extraction has been used in these
experiments. This method directly measures the amount of contaminant deposited on plants
by washing the leaves with water. However, the uptake of contaminant during exposure, the
complex flow patterns around plants, and the leaching from plants during washing, make data
interpretation difficult.
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1.3. Purpose of This Study

Dry deposition measurements to the aerodynamic surfaces and vegetation have been
conducted simultaneously in Los Angeles Basin during June, July, August and September,
1987. The surrogate surfaces put onto the airfoils include Teflon-coated aluminum plates and
nylasorb filter paper. The Teflon-coated surfaces are used to measure the deposition rate of
particles without interference from gases because the surface material is inert. Nylasorb filter
paper has very high reactivity with nitric acid gas and it will capture nitric acid in addition to
nitrate particles. Deposition to vegetation is measured by washing the leaves of Ligustrum
japonicum texanum (Waxleaf Privet), Pinus canariensis (Canary Island Pine) and Ligustrum
japonicum (Japanese Privet). Comparing the deposition rates to the surrogate surfaces with
those to the plants will illustrate the extent to which the airfoil deposition can be used to
represent deposition to the vegetation. Such a comparison will also enhance our
understanding of those complex factors influencing deposition onto both types of surfaces.
Comparing fluxes of different exposure times on each surface type will indicate if exposure
period is a important factor in determining dry deposition rate. Some additional limited
measurements of deposition to surrogate surfaces have been conducted at Emerald Lake in
Sequoia National Park. These experiments have provided deposition data for a remote area,
in contrast to the deposition in the urban Los Angeles Basin. Note that this is the first time
that the aerodynamic surfaces have been used in the field, although preliminary wind tunnel
tests have been conducted previously.
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Chapter 2

Dry Deposition onto Aerodynamic Surfaces
and Vegetation in Los Angeles Basin

During the Southern California Air Quality Study (SCAQS) in June and July of 1987, the
dry deposition fluxes to aerodynamic surfaces and vegetation were measured at Claremont,
which is about 65 miles east of Los Angeles International Airport. Two different kinds of
surrogate surfaces, Teflon plates and nylasorb fiter paper, were put onto the top of the
airfoils. At the same time, three different kinds of vegetation were used for comparison. As
discussed earlier, this is the first time that the aerodynamic surrogate surfaces were used to
measured the dry deposition rate in the field, altthough some wind tunnel studies were
conducted previously. Preliminary results suggested that sedimentation dominates particle
deposition onto the airfoils, so that the total mass deposition is mostly influenced by the
concentration of large particles in the atmosphere [Davidson et al.,1985].

2.1. Experimental Methods

(A). Aerodynamic Surrogate Surfaces

The aerodynamic surrogate surface is composed of a Teflon-coated solid aluminum airfoil,
which is shown in Figure 2.1, and a deposition plate. Both the airfoil and the plate are
symmetrical with respective to their vertical axes so that wind direction does not have any
effect on the air flow pattern. The deposition plate can have any kind of surface
characteristics and is put on the top of the airfoil. The airfoils are mounted on the top of
tripods to avoid soil contamination, such that the deposition plates are about 2.5 meters above
ground. Teflon-coated aluminum plates and nylasorb filter paper are used as deposition
surfaces in this study. Teflon-coated surfaces are inert to most chemical reactions, so that
only particles deposit. In contrast, nylasorb filter paper is very reactive to nitric acid, so that
both particles and nitric acid gas deposit. A total of ten airfoils are used in the study, eight
with Teflon-coated aluminum plates and two with nylasorb filter paper.

In order to get fully developed air flow, the aerodynamic surfaces have to be set up at a
location with enough upwind fetch. The location should be as far as possible from locai
sources such as traffic and other human activities to provide concentrations representative of




Fadl i 12

Figure 2.1

Aerodynamic airfoil without deposition surface.



e

8

the region. Many of the SCAQS experiments involving real-time continuous sampling were
set up in a parking lot at the Claremont Colleges where electric power was available, known
as the Claremont A Site. Possible local contamination over short time periods can be readily
identified in the real-time data resulting from these experiments. Such contamination is a
more serious problem for the airfoils, however, which integrate deposition over several hours.
Furthermore, the airfoils do not require electricity, allowing greater flexibility in choosing
sampling locations. For these reasons, the experiments were set up at Robert J. Bernard
Biological Station instead of the Claremont A Site. This deposition field site, which is shown in
Figure 2.2, is about 500 meters north of Foothill Boulevard and 250 meters west of Mills
Avenue, roughly 800 meters NNW of the Claremont A Site. The Biological Station is a nature
reserve area with fence around it, representing a typical background environment in Southern
California. With the control of access to the area, there was minimal risk of vandalism. In
order to compare the results with other SCAQS data, two of the ten aerodynamic surfaces
were put on top of the trailer of the GM group at the Claremont A Site. The other eight airfoils
were set up at the Biological Station.

Four Teflon-coated surfaces, two at the Claremont A Site and two at the Biological
Station, collected samples for 12-hour or 24-hour exposure periods on nonintensive days.
During intensive days, the two at the Biological Station were run according to the ARB
intensive day schedule. That is, samples were collected at 1 am, 6 am, 10 am, 2 pm and 6
pm. An additional two airfoils were used with nylasorb fitter paper to measure the dry
deposition rate of nitric acid gas. The other Teflon-coated surfaces were originally assigned
for longer exposure times such as two days, four days and eight days. Because of
contamination from birds, we obtained only limited data with exposure times longer than two
days.

After each exposure, the surface was removed from the airfoil and immediately washed
using the TFE Teflon digestion vessel [Davidson et al., 1985] with 8 mi of distilled/deionized
water. The vessel containing the plate was then shaken for three minutes to extract the
pollutants, and the solution was poured into a polyethylene tube. Some primary studies done
in Pittsburgh found that a three-minute extraction obtained the same results as five-minute,

_ ten-minute and fifteen-minute extractions. Similar experiments run in Los Angeles also

showed the same results. The nylasorb filter paper was put into polyethylene tubes and then
placed in a freezer until analysis. The contaminants were extracted from the nylasorb fiiter
paper by placing the tube with 16 mi of distilled/deionized water in an ultrasonic bath for one
hour, then putting the tube on a hot plate at 65°C for 3 hours, and finally putting the tubes
back in the ultrasonic bath for 5 hours.

To insure the quality of the data, every sample was duplicated. That is, two samples with
the same kind of surface and the same exposure period were collected simultaneously. The
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blanks for the Teflon plates were made in two different ways. First, clean Teflon plates were
extracted in the laboratory using the same procedures performed in the field. These
represented the possible contamination from the Teflon plates themselves and from the
distilled/deionized water used to extract the deposited pollutants. Second, field blanks were
made at the site in the same way as samples except that the exposure time on top of the
airfoil was only about 5 minutes. These represented the possible contamination from handling
in the field in addition to contamination of the blanks in the laboratory. The comparisons of the
second type of blanks with the corresponding 12-hour exposure samples are shown in Figure
2.3. The Julian date of each comparison is listed in Table 2.1. One field blank was made for
every five samples.

The concentrations of the lab blanks in ng/cm?2 are 11.8+7.0 for nitrate, 1.39+2.09 for
sulfate, 0.09+0.03 for lead and 1.76+1.05 for calcium. The field blanks have concentrations
of 14.6+9.7, 2.78+2.09, 0.09+0.02 and 2.04+1.32 ng/cm? for nitrate, sulfate, lead and
calcium, respectively. Compared with the concentrations of the samples, the concentrations
of the blanks are very low. Note that the blanks made in the field are all slightly greater than
those made in the laboratory, but the differences are small. This suggests that the
contamination from handling is not significant. The final net concentration in each sample has
been computed as the difference between total concentration in the sample and the mean
value of the field blanks.

(B). Vegetation

The plants that we used for most of the vegetation experiments in this study were
Ligustrum japonicum texanum (Waxleaf Privet) and Pinus canariensis (Canary Island Pine).
The former is the same as that used by John et al. [1985] in their study of dry deposition of
nitrate and sulfate in West Los Angeles and Tanbark Flats. !n addition to these two species of
plants, we also used Ligustrum japonicum (Japanese Privet). Note that Ligustrum japonicum
may be called Waxleaf Privet or Japanese Privet; to avoid confusion, the latter name is used
here. L. texanum has larger and waxier leaves than L. japonicum. L. texanum, commonly
found in nurseries throughout Los Angeles, is also more popular than L. japonicum. Both of
these plants are about 1 meter high. P. canariensis with a height of 1.3 meters is also popular
in Southern California. All of the plants were fixed onto a wooden table, which is 1.5 meters
above the ground, at the Biological Station site. Thus the plants were at about the same
height as the surrogate surfaces. Before the plants were put on-site, they were washed with
pressurized distilled water twice for about 10-15 minutes each time. The concentrations of
sulfate and nitrate in this distilled water were lower than 0.05 and 0.5 ppm, respectively. The
plants were then washed leaf by leaf using a squeeze bottle with distilled/deionized water.
The concentrations of nitrate, sulfate, lead and calcium in the distilled/deionized water were
below the detectable level, which was about 1 ppb. After being exposed for some periods
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Table 2.1

sample
number

plant

date

Table 2.2

12

#1 #2 #9 #10 #9 #2 #1 #2 #9

171 171 171 171 172 173 178 178 178
11 12 13 14 15 16
#1 #9 #10 #1 #2 #10

183 183 183 187 191 191

The sampling dates and the airfoil numbers for the
samples in Figure 2.3,

#1 #2 #3 #4 #4 #7 #3 #5

176 176 176 176 184 184 188 188

The sampling dates and plant numbers for the
samples in Figure 2.4.

10

#10

178
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which ranged from 4 to 17 days, the leaves were harvested from the plants and were washed
immediately with 50 ml of distilled/deionized water using ten leaves in each sample. Lindberg
et al. [1984] have found that the kinetics of dissolution of calcium and nitrate from leaves were
similar to dissolution from inert surfaces, with stable levels reached within 3 minutes. Thus
the leaves harvested from the plants were also shaken in distilled/deionized water for three
minutes. In order to have a better comparison between results of the foliar extraction and
those of the surrogate surfaces, we chose leaves to the extent possible that were up-facing
and were not shadowed by other leaves. Note that all of the plants were watered every day
so that the plants were always in a state without water stress.

Because of the variation and complexity of dry deposition to vegetation, 2 to 4 samples
consisting of ten leaves each with the same exposure time were collected simultaneously from
the same plant or different plants. Field blanks were obtained by washing a set of ten cleaned
leaves at the beginning of each exposure period. Only one such blank was obtained for each
experiment. Comparing the concentrations of samples with those of blanks, we find that the
blanks had much lower concentrations. Using Waxleaf Privet as an example, the average
concentrations of nitrate, sulfate, lead and calcium in the blanks are 9.6+12.6, 33.0+34.3,
0.37+0.10 and 45.9+21.1 ng/cm?, respectively. The blanks from vegetation have higher
concentrations than those from the Teflon plates, but they are still much lower than samples.
The comparisons of nitrate, sulfate, lead and calcium are shown in Figure 2.4 for each blank
and the corresponding four-day exposure sample from Waxleaf Privet. The exposure time of
each comparison is listed in Table 2.2. The higher concentrations in the vegetation blanks are
believed to be caused by difficulties in washing the plants. Because of the longer exposure
times for the vegetation, the blank/sample ratios are lower than those for the Teflon plates.
The net concentration in each vegetation sample is taken as the total amount of contaminant
in the sample minus the amount of contaminant in the one blank corresponding to that
experiment. The final concentration for each experiment is computed as the average of the 2
to 4 samples collected at the same time.

Both surrogate surface and foliar extraction samples were refrigerated until they were
analyzed. Analyses were conducted by ion chromatography for sulfate and nitrate and by
flameless atomic absorption spectrophotometry for lead and calcium. The ion
chromatography analyses were conducted using a Dionex IC 2010 at the Califomia Air
Resources Board Laboratory at El Monte. The procedures for quality control of the ARB were
followed. The standards were recalibrated every 30 samples. The atomic absorption
analyses for lead and calcium were run at the AA laboratory at Camegie Mellon University,
using quality assurance procedures established for prior National Science Foundation
projects.

The numbers of samples and blanks are shown in Tables 2.3 and 2.4. In total there are
201 samples for the aerodynamic surfaces and 43 samples for foliar extraction.
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Type of surfaces Exposure time Number
i Teflon surface 12 hours 73 (42)
one day 39 (19)
g two days 7(4)
§ intensive days 52
1 others 16 (4)
4 nylon filters 12 hours 12
E 4 days 2
blanks 44 (6)

=l =1

Table 2.3 : Total number of samples, and total number of
blanks, for aerodynamic surrogate surfaces at
both the Biological Station and the Claremont
A Site. The number of samples or blanks at
the Claremont A Site is shown in parantheses.

F——y e

[y

1 Plants Exposure time Number
L. Texanum 4 days 11

E 8 days 7

[ others 4

- P. Canariensis 4 days 6

: 8 days 4

- others 3

i L. Japonicum 8

] blanks 16

. Table 2.4 : Numbers of samples and blanks for
£ foliar extraction.
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2.2. Results

(A) Aerodynamic Surrogate Surfaces - Teflon Plates

The resuits of dry deposition to Teflon plates are presented in four categories.

e The first category involves comparisons between identical deposition plates
located side-by-side, sampling simultaneously. These comparisons illustrate
experimental uncertainties associated with the sampling method. Note that all of
the deposition fluxes measured during June and July are included in this
comparison, since every experiment involved two simultaneously exposed
samplers.

» In the second category, the fluxes from the two co-located samplers have been
averaged to yield a single flux for that time period. The results may be used to
compare fluxes at different times throughout the SCAQS program. Results are
presented separately for the Biological Station and for the Claremont A Site.

+ In the third category, the average fluxes from category 2, computed separately for
each of the two sites, have been plotted on a single graph. This allows a
comparison of the fluxes at the two sites. Separate graphs are plotted for nitrate,
sulfate, lead and calcium.

« In the fourth and final category, the deposition fluxes for 12-hour runs and for the
4 to 6-hour SCAQS intensive runs are presented. These results illustrate the
diurnal variation and the effect of exposure time on dry deposition rate.

Because the airborne concentrations needed to calculate deposition velocities are not yet
available, the data are presented as fluxes in units of ng/sec m?.

Category 1

Two Teilon plaies with the same exposure period were sei side-by-side at ihe Bioiogicai
Station. Meanwhile, another two were set up in the same way at the Claremont A Site. The
plates at the Biological Station were exposed 12 hours or 24 hours on non-intensive days and
were run according to the SCAQS schedule on intensive days. For those at the Claremont A
Site, the exposure time was always 12 hours or 24 hours. Contamination by bird excrement
invalidated some of the samples, however. For all of the valid sample pairs, comparisons of
the duplication are shown in Figures 2.5 and 2.6. Figure 2.5 shows the difference in fluxes of
nitrate, sulfate, lead and calcium to simultaneously exposed Teflon plates at the Biological
Station, while Figure 2.6 shows the difference in fluxes of these species for the Claremont A
Site. The data are plotted as the percentage of the mean values for the Julian date
representing the beginning of the exposure period.

The agreement between co-located samples is generally good. The values of the root
mean square difference for nitrate, sulfate, lead and calcium at the Biological Station are
9.0%, 23.0%, 23.7%, and 15.6%, respectively. The values of root mean square difference for
nitrate, sulfate, lead and calcium at the Claremont A Site are 6.8%, 10.2%, 12.8%, and 9.0%,



17

‘uoilels [eoibojoig ey} le suonesidnp jo uosuedwo) G2 8.nbi

eleQg
S02 G61 g8l Sl G9l
1 2 Il 2 [ A Al A 8-
- 09-
‘ o
IO.VI
v L
v 14 ad
L 44 v 2 )
.:..:d,ﬂ.::...ﬂ.:.d:.d:::...:.d.f YT 0
v “QQ v v v B
v - 0¢
v L
- Op
v L
09
wnioen ‘g
ejeq
S0c G61 S81i Sl G91
] A [] M L A 1 & 8.
. -
° L] - 09-
° .ro¢-
- O2-
? ¢ RPN TN, )
‘%ro o o® 000 i
. -
o ° 0oc
° L
- O
- 09
algjing 'g
Lo ' - remrd emrTECIOEL ey =2 o [ T

uesw jo sbejusoled ‘soueleyiq

uesw jo ebejusdiad ‘sousieyi(]

bt

eleq
s0e S61 G881l Sl S91
L " ] " 1 2 L i Qmu
- 09-
v v L
vy v - Ob-
v . oz
14* 11 1 v 1 0o
v y v A
vy v - 02
v v i
v lov
Y 09
pee "0
eleq .
Gs0c G61 --G8F - G/l G9t
1 ' L " L 4 L M Oml
- 09-
- OY-
o % .. .
‘0 0 0C

-aa.:aa”.*aOnav a:’.@b ao::n::‘n’4¢£¢aanaaal 0

- 0C
- O
09
olellIN V¥
FR=T) L=— == 3 [REE| (= b _rer | [ |

ueeWw jo abejuesied ‘esueisyig

uesw jo ebejussied ‘esusieyq



18

‘9lIS v luowseie|) 8y} e suoneosldnp jo uosuedwo) 9'g ainbiy

eleq
S61i g8l S/
1

v
v
v \Ad

v v v

v

a..:a....ﬂ...4.,.:4.:....:::%:ﬂf.::....::4..441::;..::

ueew Jo sbejusdied ‘esusieyiq

ejeq
S8l gl 591
[ " i 2
v v i
‘ - ONI
v !
v - 01~
\, ] -
Ve
v Ve |

wnoe) g

pes D

ueel Jo efiejueated ‘edusieyiq

aleq
S8l YA ! S91
(] M 1 P
®
® 0. [
L )
1.1.::::..«:0....0,9.::........‘.. avennnn
® o
e hd [
. e

..eleqg
G61 g8l S/l
1 3 L M 1
°
°
° °
[ 4 ]
° vo °
L - .
° o %
%
°
°
°
9leyIngS 'd

- i Terpd It T fpozeae i

SlellN ¥V

ueew Jo ebejuscied ‘sousieyi]

ueew jo ebejuesied ‘gousisyiq



§iam

e

5 Y |

[p—

r——T7

) ey

19

respectively. Note that the agreement is better at the Claremont A Site than that at the
Biological Station. Nitrate, whose fiuxes are the greatest among the various species, shows
the best agreement. Lead, whose fluxes are the lowest, shows the poorest agreement. The
difference between conjugate samples comes from both actual variation in the fluxes and
experimental error.

Category 2

For each sampling experiment, the two deposition fluxes (i.e., pair of conjugate values) have
been averaged to provide a single flux for that time period. These average fluxes are plotted
in Figures 2.7 and 2.8. The fluxes of nitrate are in the range of 7 - 213 ng/sec m? at the
Biological Station and 24 - 131 ng/sec m? at the Claremont A Site. The fluxes of sulfate are in
the range of 2 - 64 ng/sec m? and 4 - 19 ng/sec m? at the two sites, respectively. The fluxes
of lead are in the range of 0.035 - 0.46 ng/sec m? at the Biological Station and 0.019 - 0.17
ng/sec m? at the Claremont A Site. The fluxes of calcium are in the range of 1.2 - 20.7 ng/sec
m? and 1.4 - 9.1 ng/sec m? at the two sites, respectively.

The highest fluxes at the Biological Station are much higher than those at the Claremont
A Site. For fluxes at the Biological Station, i.e. Figure 2.7, there are peaks around date 175
and date 195 in each plot. All of the peak fluxes are associated with intensive runs, that is,
high airborne concentrations and short exposure times. Note that only the plates at the
Biological Station were run on the SCAQS intensive day schedule. The high observed fluxes
on the intensive run days are due in part to the high airborne concentrations on those days,
although the effect of short exposure time may also have been important. The latter effect
cannot be quantified until airborne concentration data are obtained. More details regarding
the etfect of exposure time on deposition rate will be discussed in the final category. For the
four species analyzed, the order of fluxes from high to low is nitrate, sulfate, calcium and lead
at both sites. The large nitrate fluxes result from both high airborne concentrations [Appel et
al.,1980; John et al.,1985; Bytnerowicz et al.,1987] and high deposition velocities relative to
sulfate [John et al.,1985,1986; Voldner et al., 1986; Bytnerowicz et al.,1987; Milford and
Davidson, 1987]. Note that there is substantial variation in the fluxes for all four species. This
is probably the resuit of variations in airborne concentration and in characteristics of the
atmosphere which influence deposition velocity. The relative importance of each of these
factors cannot be discussed until the airborne concentration data are obtained.

Category 3

In order to compare fluxes at the Biological Station with those at the Claremont A Site, the
difference in values for each run involving simultaneous exposures have been plotted in
Figure 2.9. The style of graphing is the same as that in Figures 2.5 and 2.6.
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The data in Figure 2.9 provide information on which of the two sites shows the greater
fluxes. For example, 6 out of the 29 conjugate fluxes of nitrate are greater at the Biological
Station. In contrast, 8 out of the 26 conjugate samples have greater fluxes of calcium at the
Claremont A Site. In general, the fluxes at the Claremont A Site are greater than those at the
Biological Station for nitrate, sulfate, and lead; the opposite is true for calcium. The ratios are
1.57+1.09 for nitrate, 1.11+0.80 for suifate, 1.04+0.75 for lead and 0.87+0.26 for calcium.
The greater activity at the Claremont A Site, both by SCAQS participants and by motor
vehicles in nearby parking lots and streets, may be responsible for the higher observed fluxes
of nitrate and sulfate. The water spray from an adjacent field at the Claremont A Site may be
another source of contamination. The greater fluxes of calcium at the Biological Station are
probably caused by soil resuspension because of greater dust levels there and because the
Teflon plates are only 2.5 meters above ground. It should be noted, however, that the
variability in fluxes from one experiment to the next is far greater than the differences between
the two sites for all four contaminants.

Calegory 4

Figure 2.10 shows average fluxes plotted sequentially during a three-day intensive run period
at the Biological Station. In each graph, the 4 to 6-hour exposures and 24-hour exposures are
plotted together to be easily compared. Note that short-term SCAQS intensive sampling was
not conducted at the Claremont A Site since the Biological Station was believed to be the
better site, both from aerodynamic considerations and because of a greater distance from
local sources. Strong diurnal variations are shown in all of the plots with greater fluxes during
the daytime hours. Nitrate and lead have the highest fluxes during 2 pm to 6 pm, while sulfate
has the highest fluxes during 10 am to 2 pm. The highest fluxes of calcium are not at the
same time period throughout the three-day intensive runs. The greater fluxes during the day
may be caused by both greater airbome concentrations and higher deposition velocities.

Comparing the short-term fluxes with 24-hour exposures, it is found that the 4 to 6-hour
exposures generally yield higher deposition fluxes. Comparing 12-hour exposures with 2-day
and 4-day exposures, we obtain the same results; the short-term exposures generally yield
higher deposition fluxes. This is an important finding: the measured deposition flux, and
presumably also the deposition velocity, are functions of exposure time. More quantitative
discussion about the effect of exposure time on deposition rate is presented in the final
section.

(B). Aerodynamic Surrogate Surfaces - Nylasorb Filters

Because of contamination from bird excrement, the sampling time of nylasorb filter paper was
changed to intensive days only. In order to have a significant amount of pollutants relative to
the background level of the paper itself, the exposure time was chosen to be 12 hours. The
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deposition fluxes of nitrate and sulfate are shown in Figure 2.11. Note that the exposure times
of the Teflon plates were either 4 to 6 hours or 24 hours on intensive days. It is found that the
12-hour deposition fluxes for the nylasorb filter paper are greater than the 24-hour deposition
fluxes on the Teflon plates but are smaller than the 4 to 6-hour exposures on the plates. More
information will be provided when airborne concentrations are available to compute the
deposition velocities. Because the effect of exposure time is so significant, it is difficult to
compare the results of these different exposure times.

(C). Vegetation

All three species of plants were set up at the Biological Station. The deposition fluxes plotted
separately for Waxleaf Privet, Canary Island Pine and Japanese Privet are shown in Figures
2.12 - 2.14. The data are plotted as horizontal lines connecting the starting and ending times
of each sampling run. Different symbols are used to represent the various exposure times;
square boxes with dots are for 4 days, solid diamonds are for 8 days, and crosses are for
longer exposure times. Because of the natural variability of both deposition rate and leaf
surface characteristics, all of the samples with the same exposure period were averaged to
represent the deposition flux during that period. Thus, each line represents the average of
two to four samples taken from the same or different plants at the same time.

In each graph, fluxes of several different exposure times are plotted together to be easily
compared. The variations of fluxes to Waxleaf Privet are in the range of 16.7 - 67.5 ng/sec m?
for nitrate, 3.3 -12.9 ng/sec m? for sulfate, 0.022 - 0.20 ng/sec m? for lead and 3.9 - 14.0
ng/sec m? for calcium. The variations of fluxes to Canary Island Pine are in the range of 74.7
- 116 ng/sec m? for nitrate, 10.4 - 32.5 ng/sec m2 for sulfate, 0.057 - 0.23 ng/sec m? for lead
and 7.4 - 26.1 ng/sec m? for calcium. For Japanese Privet, the fluxes vary from 25.9 to 77.1
ng/sec m? for nitrate, 7.5 to 41.2 ng/sec m? for sulfate, 0.036 to 0.33 ng/sec m? for lead and
7.9 to 23.2 ng/sec m? for calcium. Among the various species, the order of the fluxes to the
vegetation is the same as that to the Teflon plates, decreasing in the order nitrate, sulfate,
calcium and lead.

Comparison between the Teflon plate fluxes and the vegetation fluxes can be made only
for the four-day exposures. Results show that deposition rates onto the vegetation are
generally greater. The average deposition fluxes are shown in Table 2.5 while values of the
average deposited mass per unit area are shown in Table 2.6. Among the different kinds of
vegetation, the deposition fluxes to Canary island Pine are the greatest while those to Waxieaf

" Privet are the smallest. The differences are statistically significant over 95 percent confidence

level except for lead to Japanese Privet which is about 60 percent and lead to Canary Island
Pine and nitrate to Japanese Privet which are both about 85 percent. The fluxes to Canary
Island Pine exceed those to Waxleaf Privet by an average factor of 3.0 for nitrate, 2.3 for
sulfate, 1.3 for lead and 2.0 for calcium. The Japanese Privet fluxes exceed those to the
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0.5 day 1 day 1.5 days 2 days 4 days
nitrate | 56.8+29.1 | 40.617.0 | 53.7+9.4 41.7F146 | 24.0%5.1
sulfate | 11.7%+5.6 12.3%4.8 9.9+ 2.8 129+1.7 7.7%22

lead }0.072%0.043 | 0.11220.041 | 0.070%+0.027 | 0.082+0.026 | 0.079+0.028
calcium 5.4%25 5.7+1.6 7.2+15 9.0F2.2 6.5+2.9
A. Teflon plate
4 days 8 days 12 days 16 days
nitrate 49.8 %147 33.613.8 30.8 % 24.9 26.8+20.8
sulfate 11.0%35 7.7%38 7.2+3.9 5.0%3.7
lead 0.145+0.056 | 0.07270.021 0.081=0.014 0.022
calcium | 12.3F*1.6 6.5+1.4 3.9 5.1
B. Waxleaf Privet
4 days 8 days 12 days 16 days
nitrate 111.8%43.9 109.4+57.3 85.3%15.9 145.3
sulfate 23.1%+8.7 11.4+13.9 11.2%1.5 22.1
lead 0.180+0.083 | 0.104=+0.004 0.063+0.006 0.084
calcium 249424 10.12%0.3 10.8+4.0 7.2
C. Canary Island Pine
4 days 8 days 12 days 16 days
nitrate 51.54+36.2 43.2%1.2 31.3 38.7
sulfate 21.3%*11.5 29.5+16.5 11.1 7.5
lead 0.227%0.144 0.068 +0.036 0.064 0.036
calcium 18.4% 6.8 12324 0.2 7.9 9.2

All values are expressed in units of ng/sec m:

D. Japanese Privet
Table 2.5 Summary of deposition fluxes to surfaces used in this study.

2
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0.5 day 1 day 1.5 days 2 days 4 days
nitrate | 457.9+133.4 | 386.7149.9 | 694.1%+116.1 | 695.7+254.6 821.9+138.0
sulfate | 475+28.4 | 108.4%40.8 | 127.5%36.1 |194.9+36.1 |227.24+79.0

lead 0.24=+0.19 0.947+0.33 1.03+0.37 1.30+0.61 | 2.37+1.13
calcium | 2594104 | 37.4%18.0 | 93.4*19.6 | 168.3+46.1 | 179.8+56.2
A. Teflon plate
4 days 8 days 12 days 16 days
nitrate 1827+ 705 2334+ 925 3180+ 2580 39303040
sulfate 401145 530 * 264 748 %402 736+544
lead 5.127+1.84 5.047%1.34 8.38=+0.88 3.17
calcium | 444.1%+64.9 461.7F117.8 404.0 757.3
B. Waxleaf Privet
4 days 8 days 12 days 16 days
nitrate 4109+ 1491 7470+ 3900 8989+ 1449 21217
sulfate 886 +463 1238+ 620 11813140 3223
lead 6.36%2.37 7.08%0.26 7.65+£0.87 8.30
calcium 926+191 686.8+21.4 10463544 1533
C. Canary lIsland Pine
4 days 8 days 12 days 16 days
nitrate 179841302 3154+ 162 3237 5669
sulfate 742417 2206+1380 1149 1104
lead 7.91%5.20 4.83+2.28 6.63 5.34
calcium 640 +254 901+ 56 814 1340

D. Japanese Privet

Table 2.6 Summary of deposited mass per unit area to surfaces used

in this study. All values are expressed in units of ng/cm?
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Waxleaf Privet by an average factor of 1.3 for nitrate, 2.7 for sulfate, 1.2 for lead and 1.8 for
calcium. These ratios represent averages of individual values of the ratio computed for each
experiment. Differences in the values among the four pollutants and for the three plant
species are probably due to differences in particle size distributions, vegetation surface
characteristics, and transfer resistances around the plants. All of the data show that short-
term exposures generally yield higher deposition fluxes, a phemonemon also found in
deposition to the Teflon plates. '

2.3. Discussion and Conclusions

Based on the results presented in the previous section, we reach the following
conclusions :

(A). From the good agreement between conjugate samples, the uncertainties associated

‘with co-located samplers is generally lower than 20%. These uncertainties include natural

variation, sampling artifacts and limitations of instruments used for analyses. The difference
between conjugate sample values is inversely proportionally to the amount of pollutant
collected. Nitrate, with the greatest fluxes, has the best agreement. The fluxes of lead, which
are smallest, differ most.

(B). The deposition fluxes at the Claremont A Site are generally greater than those at the
Biological Station, except for calcium. The greater fluxes at the Claremont A Site may be
caused by greater activity including SCAQS participants and automobiles there, as well as
water spray at an adjacent field. The greater fluxes of calcium at the Biological Station are
likely due to soil resuspension because of local dust at the site and the lower position of
Teflon plates. Overall, the data show that the local sources at the Claremont A Site contribute
slightly to the observed fluxes there. |

(C). For both Teflon plates and vegetation, the fluxes decrease in the order nitrate-
sulfate-calcium-lead. The short-term exposures generally have greater fluxes than longer
experiments.

The differences in fluxes among the various species are caused by variations in airborne
concentration and in deposition velocity; the latter is a function of particle characteristics,
meteorological conditions, and surface conditions. From a recent literature review, the
average deposition velocities for surrogate surfaces are 0.38+0.28 cm/sec for nitrate,
0.26+0.25 cm/sec for sulfate, 0.17+0.16 cmy/sec for lead and 2.46+2.16 cmvsec for calcium
[Davidson and Wu, 1988]. The large standard deviation associated with each deposition
velocity implies great variability with the observed data. Generally, calcium has the greatest
deposition velocity and lead has the smallest. For each contaminant, these deposition
velocities are functions of atmospheric as well as surface conditions.
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The greater fluxes for short-term exposures are also found in the study by John et al.
[1986] for deposition to surrogate surfaces and vegetation. There are at least two possible
processes responsible for this phenomenon in both the present study and that of John et al. :
interactions between gaseous species and previously deposited particles, and resuspension
of deposited particles. Thermodynamic equilibrium among ammonia, nitric acid and
atmospheric aerosols is believed to be reached in the ambient environment [Hildemann et
al.,1984; Stelson et al.,1984]. Unless a large fraction of the deposited particles is not from the
atmosphere, such as local soil resuspension, the gas-particle interaction should not be
significant. From the results for calcium, which is always in the form of solid particles in the
ambient environment, it is likely that gas-solid interactions are not an important factor.
Therefore, we assume that resuspension of deposited particles is the mechanism that causes
the greater fluxes for short-term exposure.

It is of interest to consider this resuspension process theoretically. We begin with a mass
balance on the deposition surface :

dl!i
— =Fi—BM;
where

M, = deposited mass per unit area (ng/cm?)
t = time (sec)
F, = deposition flux (ng/sec cm?)

B, = resuspension rate of species i (1/sec)

Note that the resuspension rate is defined as the fraction of deposited mass
resuspended per unit time [Sehmel, 1983]. Integrating the differential equation, we obtain a
exponential form for deposited mass with respect to time :

M;= Ef[l — exp(-B )]

= M{1 - exp(-B,#)]
Here we assume the surface is clean at the beginning of sampling, that is, M; = 0 at ¢t = 0.

Note that F,/ B, (= M) represents the final and maximum amount of poliutant deposited by dry
deposition per unit surface area.

The parameters are obtained by fitting the observed data with an exponential curve. The
observed deposited mass and the exponential fitting are shown in Figures 2.15 - 2.17. The
average deposition flux F; and resuspension rate B; for each species based on these plots are
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summarized in Table 2.7. If the longest sampling period (i.e. 16 days for vegetation) is not
represented by shorter exposures covering the entire period, then those data have not been
used. For deposition to the Japanese Privet, there are only two measured data valid for the
exponential fitting, preventing an exponential curve fit. Note that the intensive day sampling
data are not included in the exponential fitting. There are two reasons for excluding these
data. First, they represent a special case during the sampling period, that is, deposition at
times of high airborne concentration. Second, the short-term exposures have variable time
periods. Thus, the assumption of constant flux may not be good and the diurnal variation will
bias the resuits.

Generally speaking, the exponential curve fits the observed data quite well. This implies
that the assumed mechanism, resuspension of deposited particles, is indeed an important
factor in the greater fluxes observed for short-term exposures. All the plots except for nitrate
to Canary Island Pine show the effect of exposure times significantly. Many more samples
are obtained for deposition to Teflon plates, resulting in better fitting for the exponential curve.

For the computed average fluxes, Canary Island Pine has the largest values for all four

_contaminants. It is of interest that the deposition fluxes to the Teflon plate are similar to those

on the Waxleaf Privet. This is probably due to similar characteristics between both surfaces.
All the resuspension rates except for nitrate to Canary Island Pine are on the order of 10
sec’l.

The Teflon plate results in this study suggest that the resuspension rate is directly
proportional to particle size. This is consistent with the findings of Garland [1983] in his study
of resuspension of particles from soil and grass. In wind speeds from 3 to 10 m/sec, Garland
[1983] has reported that the resuspension rate varies from 10" to 105 sec™! for particle sizes
ranging from < 1 to 5 um. Our results lie at the upper end of the data of Garland. Future work
with the SCAQS data will consider windspeeds during the experiments, enabling more
meaningful comparisons with Garland’s results.
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resuspension

surface fitting nitrate sulfate lead calcium
average
flux 70.2 15.7 0.092
5 . . . 16.7
ng/sec m
Teflon resuspension . I8 25
plate rate in10 Csec! -6 >-8 ' '
max. exposure
time, hours 3.8 5.0 16 3.7
average
flux 53.5 14.9 0.18
ng/sec m
Waxleaf | resuspension 18
Privet | (ate in10-6$ec'1 1.1 1.8 '
max. exposure
time, hours 26 16 16
average
flux
2 99.0 22 .1 0.33
Canary ng/sec m
Island resuspensi
pension
i . 2.5
Pine rate in10 Gsec'1 1.5 4.0
max. exposure
time, hours 115 19 7.2
Table 2.7 Summary of parameters for resuspension fitting. Maximum

exposure time refers to the longest possible exposure
period where resuspension accounts for loss of less than
5% of the deposited mass.
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Chapter 3
Extended Southern California Air Quality Study

The Southern California Air Quality Study was extended from August 26 to September 3
because there were fewer than 12 intensive runs during June and July due to low smog
levels. The field work durinig this extended period was conducted by a student at the
Claremont Colleges. There were four airfoils used in the extended study to measure the
deposition of nitrate and sulfate; the other six airfoils were used at Emerald Lake at the same
time (see Chapter 5). Two kinds of surrogate surfaces were used, Teflon plates and nylasorb
filter paper. Note that no foliar extraction was done in the extended study.

3.1. Experiment Methods

The four airfoils were set up at the Biological Station; prior to August 28 two were set up
with Teflon plates and the other two with nylasorb filter paper. All four airfoils were used with
Teflon plates after August 28. All of the airfoils were run with the same schedule, 12 hours or
24 hours, providing duplicate samples of both types of surfaces. The collection procedures
were the same as those described in Chapter 3. After collection, the samples were sent back
to CMU and were kept frozen until they were analyzed. The analyses of nitrate and sulfate in
all samples by IC were conducted at CMU.

One blank was made for every sample, including both Teflon plates and nylasorb filter
paper samples. The blanks were made in the same way as the samples except that the
exposure times of the blanks were very short. Both the Teflon plate blank and the sample
were obtained from the same plate and airfoil. The Teflon plate was washed in the field
immediately prior to extraction of the blank. The net amount of contaminant deposited on the
plate was taken as the difterence between sample and the corresponding blank. The nylasorb
filter paper sample and blank were made from different sheets of filter paper, but we assume
that all of the sheets have similar levels of contaminant since they are from the same batch.
The net amount of contaminant deposited on the nylasorb filter was taken as the difference
between the sample and the average of all nylasorb blanks.
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3.2. Results

In total, there are 34 Teflon plate samples and 6 nylasorb filter paper samples. One of
the Teflon plate samples was lost because of leakage during shipping. Five of the Teflon
plate blanks were lost for the same reason. Thus, there are only 29 Teflon plate blanks, and
28 sets of sample/blank pairs.

The comparison of concentrations in the Teflon plate blanks and samples is shown in
Figure 3.1. The Julian date for of each comparison is listed in Table 3.1. Data for airfoils #1
and #2 are plotted in one set of graphs, while data for airfoils #9 and #10 are plotted in a
second set of graphs. The ratio of sample/blank varies from 0.43 to 14.5 for nitrate
(average + standard deviation : 6.1+4.8) and from 0.11 to 27.1 for sulfate (average + standard
deviation : 5.0+5.6). The average concentrations of blanks in units of ng/cm?2 are 118+104
for nitrate and 40+37 for sulfate. These blanks have much higher concentrations of
contaminant than those made in June and July, 8.1 times greater for nitrate and 14.4 times
greater for sulfate. Note that some of blanks have higher concentrations than the
corresponding samples, leading to negative net sample values. These negative values, and
those samples without corresponding blanks, are not included in the following analysis.

The concentrations in the nylasorb filter paper blanks are higher than those in the Teflon
plate blanks. The averages are 310141.6 for nitrate and 208+205 for sulfate. This yields
sample/blank ratios for the nylasorb filter paper which are too small to allow meaningful data.
The comparison of concentrations between blanks and samples is shown in Figure 3.2 and
the exposure time of each sample number is shown in Table 3.2.

The deposition fluxes of nitrate and sulfate to the Teflon plates are plotted in Figure 3.3.
The flux to each individual plate is plotted as a horizontal line connecting the starting and
ending times for the particular run. For the first three runs, only fluxes from airfoils #1 and #2
are plotted because the surfaces placed on airfoils #9 and #10 were nylasorb filter paper
during this period. The average difference between the simultaneous samples shown in
Figure 3.3 is 22.4+£19.3% for nitrate and 23.2+23.8% for sulfate. The average fluxes are
plotted in Figure 3.4. The fluxes of nitrate are always greater than those of sulfate. Strong
diumal variation is found for nitrate with much greater fluxes during the day. The diurnal
variation is also found for sulfate, although not as pronounced.
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#1

238.75
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245.35
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240.29
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#9
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The sampling dates and the airfoil numbers for the

#1
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#2
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#2
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samples in Figure 3.2.
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#1
240,29

11

#2

238.75

18

#2
246.35

#9

245.35

#10

238.75

#1
240.75

12

#2
239.29

#9

245.81
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239.29

#1
241,66

13

#2

239.75
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246.35

#10

239.75

#1

244.79

14

#2

240.29

The sampling dates and the airfoil numbers for the
samples in parts A and B of Figure 3.1.

p #10
240.29

The sampling dates and the airfoil numbers for the
samples in parts C and D of Figure 3.1.
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3.3. Conclusions

The high concentrations of blanks, especially for the nylasorb filter paper, are responsible
for the poor agreement among the simultaneous samples. The large amounts of contaminant
in the blanks probably result from improper handling in the field. Despite these problems, the
extended study data are consistent with values of the fluxes measured during June and July.
Further comparison is difficult because airborne concentrations are not yet available.
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Chapter 4

Dry Deposition onto Aerodynamic Surfaces
at Emerald Lake in Sequoia National Park

After the June and July SCAQS experiments in Los Angeles, some of the airfoils were
used at Emerald Lake in Sequoia National Park to measure the dry deposition of nitrate and
sulfate. The field work was conducted from August 11 to September 30 by Air Resources
Board contractors. Two different kinds of surfaces, Teflon plates and nylasorb fitter paper,
were mounted on top of airfoils to measure the deposition of nitrate, sulfate and nitric acid
gas. Because of rain from mid-August to mid-September, only six runs were successful. This
includes all four of the 2-day runs and another 2 runs with one-week exposure. The numbers
of samples and blanks are listed in Table 4.1.

Type of surface Exposure time Number of Number of
samples blanks
Teflon surface 2 days 7 8
7 days 4 2
nylon filter 2 days 8 8
7 days 4 4

Table 4.1 Numbers of samples and blanks for deposition
to aerodynamic surfaces at Emerald Lake.

4.1. Experimental Methods

Teflon-coated aluminum plates and nylasorb filter paper were used as deposition
surfaces in this study. The experimental methods were similar to those used in SCAQS. The
Teflon plate samples were digested with distilled/deionized water immediately after removal
from the airfoils. The nylasorb filter paper samples were put into polyethylene tubes. Both
were then shipped back to CMU and were kept refrigerated until analysis. All of the samples
were analyzed by ion chromatography at CMU.

Like the sampling in SCAQS, two identical surfaces were set up side-by-side to duplicate
the sampling. The comparison between the two simultaneous samples illustrates the
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experimental uncertainties associated with the sampling method. Four two-day sampling
experiments were run at the beginning of the study, then the exposure time was changed to
one week for the duration of the project. One blank was made for every sample, inciuding
both Teflon plates and nylasorb filter paper. The blanks were made in the same way as the
samples except that the exposure times of the blanks were less than 5 minutes. Because the
Teflon plate blanks and samples were made from the same plate and airfoil, the concentration
of each individual blank was subtracted from that of the corresponding sampie. For nylasorb
filter paper, the blank and sample were made from different pieces of filter paper. However,
all the nylasorb filter paper samples were from the same batch. We have assumed that all the
paper samples have similar background levels of each chemical species and that the
contamination from handling is completely random. Thus the average of all of the blanks,
instead of each individual blank, has been subtracted from the samples of nylasorb filter
paper.

4.2. Results

The comparison of the concentrations in blanks and samples is shown in Figure 4.1 and
the exposure time of each sample number is listed in Table 4.1. The concentrations of blanks
from the Teflon plates have much greater variation than those from nylasorb filter paper. The
average concentration in the Teflon plate blanks is 41.0+24.3 for nitrate and 104+ 127 ng/cm?
for sulfate. For nylasorb filter paper, the average is 92.3+30.8 for nitrate and 4.6+7.8 ng/cm?
for sulfate. Note that some of the blanks from the nylasorb filter paper have concentrations of
sulfate below 5 ppb, the detectable level for the CMU ion chromatagraph.

The blanks from the Teflon plates in the Emerald Lake study are much higher than those
made in SCAQS in June-July, averaging three times higher for nitrate and 38 times higher for
sulfate. Note that some blanks have higher concentrations than the corresponding Teflon
plate samples. There are many possible sources of contamination, including water used to
digest the Teflon plate samples, unclean plates, and problems during handing; the exact
sources of the contamination are unknown. The samples which have lower concentrations
than the corresponding blanks are excluded from the following analysis.

The deposition fluxes of nitrate and suifate to Teflon plates which were mounted in
airfoils #7 and #8 are shown in Figure 4.2. The flux to each individual plate is plotted versus
the exposure period which is expressed by Julian calendar date. The data are plotted as
horizontal lines connecting the midpoints of triangles or X's. The midpoints represent the
starting and ending times of a particular sampling run. The agreement between the samples
which were exposed simultaneously is not as good for deposition to Teflon plates as during
SCAQS; values differ by 53.9+10.8% for nitrate and 23.1+8.6% for sulfate. The results of
deposition to nylasorb filter paper are plotted in the same way, shown in Figure 4.3. For these
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#7 #7 #7 #7 #7 #7 #8 #8

217 221 223 225 257 266 217 221
9 10 11 12

#8 #8 #8 #8

223 225 257 266

The sampling dates and airfoil numbers for the
samples in parts A and B of Figure 4.1.

#3 #3 #3 #3 #3 #3 #4 #4
217 221 223 225 257 266 217 221

9 10 11 12

#4 #4 #4 #4
223 225 257 266

The sampling dates and airfoil numbers for the
samples in parts C and D of Figure 4.1.
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two airfoils, the triangles represent the deposition to airfoit #3 and the X’s represent the
deposition to airfoil #4. None of the blanks from nylasorb filter paper has a higher
concentration than any of the samples, so all of the samples are included in the plots. The
agreement between simultaneous samples is 26.7+28.5% for nitrate and 34.9+30.5% for
sulfate.

The average fluxes to both surfaces are summarized in Table 4.2. Some of the data to
the Teflon plates are the results of only one sample because the conjugate has been lost.
The fluxes to the Teflon plates range from 0.93 to 2.7 ng/sec m? for nitrate (2.06+0.68) and
from 2.7 to 6.1 ng/sec m? for sulfate (4.91 +1.38). For each sample, the flux of sulfate is
always greater than that of nitrate, by a ratio averaging 2.0+£0.4. For the deposition to
nylasorb filter paper, the fluxes of nitrate range from 2.5 to 11.8 ng/sec m2 (6.10+3.45) and
those of sulfate range from 1.9 to 24.4 ng/sec m? (9.45+8.23). Note that the deposition fluxes
of nitrate to nylasorb filter paper are always greater than the corresponding fluxes to the
Teflon plates for nitrate. In contrast, the fluxes of sulfate to the nylasorb filter paper are highly
variable, sometimes greater and sometimes smaller than those to the Teflon plates. The
greater fluxes of nitrate to the nylasorb filter paper are from the deposition of nitric acid gas;
the difference is taken as the deposition flux of this gas. Values of the nitric acid fluxes are
also shown in Table 4.2. The difference in the sulfate fluxes between both surfaces is caused
by different surface characteristics influencing deposition of sulfate particles as well as some
deposition of sulfur dioxide [Chen et al.,1986; Cadle and Mulawa,1987].

Bytnerowicz and Olszyk [1987] reported that the deposition fluxes to nylon filter paper in
the units of ng/sec m2 are 9.97+2.60 for nitrate and 0.92+1.08 for sulfate and those to
Whatman 41 filter paper are 12.0+£5.74 for nitrate and 2.09+1.17 for sulfate. Their mean
fluxes of nitrate are greater than those in this study. In contrast, they found smailer fluxes of
sulfate. The different materials and configurations used in both studies may be important
factors for the differences. Vandenberg and Knoerr [1985] have found a wide range of
deposition rates to various surrogate surfaces and Davidson et al. [1985] have shown the
effect of collector geometry and material on deposition rate.

4.3. Conclusions

The high concentrations of blanks, imperfect agreement between simultaneous
exposures and the small number of samples limit amount of data interpretation that can be
conducted. The study still shows some consistent results which illustrate differences between
dry deposition at Emerald Lake and in the Los Angeles area. A key difference is the much
smaller deposition of nitrate at Emerald Lake than in LA. The deposition of sulfate, in
contrast, appears to be only slightly smaller at Emerald Lake than in LA area. It is also of
interest to compare nitrate and sulfate fluxes at the two sites: nitrate exceeds sulfate by a
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g’r‘npgsdlgfs 2 2 2 2 7 7
date 217-219 | 221223 | 223-225| 225-227| 259-266 | 266-273
nitrate 1.67 2.01 2.36 2.71 2.69 0.93
sulfate] 2.69 5.01 6.06 6.06 4,72
A. Teflon plate
sl I 2 2 2 7 7
date 217-219 | 221-223 223-225 | 225227 | 259-266 | 266—273
nitrate| 11.76 4.55 8.73 4.19 4.91 2.46
sulfate| 12.02 | 3.22 24.40 9.29 5.83 1.93
B. Nylasorb filter paper
fi’r‘np;f;;';s 2 2 2 2 7 7
date 217-219 | 221223 | 223-225 | 225-227 | 259-266 | 2g6-273
nitric acid| 10.09 2.55 6.37 1.47 2.22 1.54

All values are given in units of ng/sec m?

C. Flux of nitric acid gas

2

Table 4.3 Summary of fluxes to Teflon plates and nylasorb filter paper.
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significant margin in LA, but is actually slightly smaller than sulfate at Emerald Lake. These
differences will be explored further when airborne concentration data are available.
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Chapter 5
Summary

Aerodynamic surrogate surfaces employing Teflon plates and nylasorb filter paper were
used to measure dry deposition in three sets of field experiments. The first set involved
sampling at Claremont during the Southern California Air Quality Study (SCAQS) in June and
July 1988. The second set involved sampling at the same location during an extension of
SCAQS in August and September 1988. Finally, the third set included sampling at Emerald
Lake in Sequoia National Park. Three species of vegetation (Waxleaf Privet, Canary Island
Pine, and Japanese Privet) were also used to assess dry deposition during the first set of field
experiments.

For the first field program, measurable dry deposition fluxes have been obtained for
nitrate, sulfate, lead, and calcium. The Teflon plates yielded satisfactory results for sampling
periods as short as four hours. The vegetation sampling yielded satisfactory resuits for
periods as short as four days, although it is likely that good results can be obtained for even
shorter periods such as 1 - 2 days.

The fluxes of all four contaminants on the Teflon plates are highly variable. Values (in
ng/sec m?) cover the following ranges: nitrate 7 - 213, sulfate 2 - 64, lead 0.035 - 0.46, and
calcium 1.2 - 20.7. Results for the nylasorb filter paper and vegetation are roughly
comparable. In general, deposition on the Canary Island Pine shows the greatest values,
exceeding those on the Teflon plates and nylasorb filter paper by factors of 2 -3. Fluxes onto
the Japanese Privet are only slightly lower than those onto Canary Island Pine, while fluxes
onto the Waxleaf Privet are nearly the same as those on the Teflon plates and filter paper.
These values are for experiments at the Biological Station; a smaller number of additional
experiments with similar results using only Teflon plates were conducted at the SCAQS
Claremont A Site at the Claremont Colleges.

One of the interesting findings in this study is the effect of exposure time on the observed
deposition fluxes. Generally, short-term exposures yield greater deposition fluxes for both
deposition to the Teflon plates and to vegetation. Resuspension of deposited particles is
probably responsible for this phenomenon. Based on the assumed mechanism of
resuspension from deposited particles, it is found that the resuspension rates of all four
species from any surface are in the order of 1076 sec1.
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Only limited data are available from the second and third sets of field experiments. The
results are generally consistent with the June - July SCAQS data, although nitrate fluxes are
considerably smaller at Emerald Lake compared with Claremont. Sulfate fluxes at Emerald
Lake are only slightly smaller than in Claremont.

In the future work, the following are recommended to evaluate use of the aerodynamic
surface for routine monitoring :

e To develop some measures to protect the aerodynamic surface from
contamination by rain, birds, and insects.

* To use with different kinds of surface material to study the deposition of other
species like nitric acid and sulfur dioxide.

» To explore the mechanisms responsible for the effect of exposure times. This will
probably involve both wind tunnel studies and field work.

* To compare the deposition to Teflon plates with deposition to other kinds of
vegetation in more detailed studies.

Finally, it should be noted that final conclusions from this study require the use of
airborme concentration data so that deposition velocities can be computed. At the time of
preparation of this report, such data were not available. We expect that a considerable
amount of additional information will be obtained from this study when the airborne
concentration data from other groups are used. This will result in preparation of additional
manuscripts for publication in Conference Proceedings or Journals, copies of which will be
forwarded to The California Air Resources Board.
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Appendix A

Air Flow Patterns Around the Airfoil

The air flow past an airfoil is basically a three-dimensional, compressible flow. But in
general, ambient windspeeds are less than 15 m/sec, so that the Mach number of the air flow
is less than 0.05. Therefore, we can treat the air flow as incompressible [Schlichting, 1979].
For simplicity, we treat the problem as two dimensional flow and assume that the flow is in
steady state.

L. Prandil [1904] has proven that the flow around a solid body can be divided into two
regions. One is a very thin layer in the neighborhood of the body where the influence of
viscosity dominates. The other region is outside the thin layer where the frictional effect can
be neglected. The thin region next to the surface is called the boundary layer and it contains
a strong velocity gradient. Owing to the negligible frictional effect, air behaves like a perfect
fluid in the other region where there is potential flow. Thus, to understand the air flow pattern
around an airfoil, we may compute the velocity distribution in the potential flow region and in
the boundary layer separately. From these, the boundary layer thickness, which is the
distance from the surface where the airflow attains 99% of the potential velocity, can be
determined.

The governing equations, in vector form, for air flow past an airfoil are the continuity
equation :

QE:—V(pV)
ot

and the Navier-Stokes equation :

DV
—=-VP+V.
th P+V-.t

where p is the density of air, V is the velocity vector, P is pressure, 1 is shear stress which is a
tensor and % is the substantial derivative which is equal to %+ V V. For two-dimensional and

incompressible flow, the continuity equation is simplified to :
V-v=0

in vector form. In scalar form of Cartesian coordinates, the continuity equation becomes :
du ov

_+_=O

dx ody

where u and v are the x- and y- component of velocity vector V respectively.
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Because of the nonlinear term in the substantial derivative, it is impossible to get an
analytical solution except for some special cases. Fortunately, according to Prandtl’'s concept,
these equations can be simplified for potential flow and boundary layer flow. Then the
simplified equations are solved analytically or numerically.

A.1 Potential Fiow Around the Alrfoll

For potential flow, instead of solving the continuity equation and the Navier-Stokes
equation for the velocity distribution, we solve for velocity potential ¢ which is defined as :
V=-Vo

Substituting the definition of velocity potential into the continuity equation, we obtain a Laplace
equation for ¢ :
V2p=0

A very important property of the Laplacian operator V2 is linearity. That is, the solution of a
linear combination of any variable which is governed by the Laplacian operator is just the
linear combination of solutions of each variable. Thus a complicated flow pattern can be
expressed as the sum of elementary flows like uniform flow, point source or sink, and so on.
For example, the flow around a circular cylinder can be exactly expressed as the sum of
uniform flow and dipole flow. This is the principle used to solve for potential flow around an
airfoil. The procedure is called the panel method.

The panel method [Chow, 1979] is a powerful method used to solve for the potential flow
around complex objects. It has been successfully applied not only to flow problems involving
two- and three-dimensional bodies of complex geometry, but also to the problems concerning
internal flows and nonuniform, unsteady flows [Hess, 1975]. In this method the surface is
divided into a finite number of small areas called panels, each of which is a source distributed
by an undetermined uniform density. The distributed sources are used to deflect the
oncoming stream so that it will flow around the body. The requirement that the oncoming flow
be tangent to every panel at a particular location gives a set of equations. These equations
are used to compute the source densities on the panels.

For flow past a two-dimensional body as shown in Figure A.1, a finite number of points
are selected on the surface. They are designated as the control points in the panel method.
Through control points, lines tangent to the surface are drawn. The intersections of
neighboring tangent lines are called the boundary points. Panels are defined by the line
segments between a pair of neighboring boundary points. Another way to define panels is to
select boundary points, instead of control points, on the surface. Panels are stifl the line
segments between a pair of neighboring boundary points. The control point is then defined as
the central point of each panel. These two different ways of defining of panels give the same
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result and approach the real potential flow when the number of panels is large. It is the latter
method used here. Therefore, the velocity potential of air flow around an airfoil is :

¢(x‘,y,~)=le+F21§EJ‘o In rudsj

where ¢(x;,y) is the velocity potential at point (x;,y), i.e. the control point of panel i, U is the
velocity of uniform flow which is the wind speed in our case, m is the number of panels, kj is
the source strength per unit length of panel j, S; is the length of panel j, and rii is the distance
from the control point (x;,y;) to any arbitrary point on panel j.

In order to have flow around an airfoil, the normal velocity at any control point must be
zero. That is, we only have tangential flow at the surface. With reference to Figure A.2, the
resulting equation is :

mn ,
J=1
where I=n when i=j; otherwise
L= (%2 qn ryas.
Y 0 a"i yo g
and Xj = kj/ 2nU is the dimensionless source strength per unit length of panel j, where 6, and

n; are defined in Figure A.2. Totally, there are m equations with m unknowns if I;'s are given
since U and 6 are known after specifying the panels.

With reference to Figure A.2, the integral is evaluated and after some manipulation the

result for 1.- is
2

245,
%sm(e (-))In[1+( 5] - cos (8- 0)[ tan~(L— f — tan- 1(2)]

']

where

8= VO X0y Y
A =~(x;=X)Cos8;— (y;—- Y)sin6;
B=(-X)?+0;-Y)

and (x;.y) are the coordinates of control point of panel i and (X.Y)) are the coordinates of the
first boundary point counted counterclockwise from panel j.

The number of panels selected for air flow around the airfoil is 396. Therefore we have
to solve 396 equations simuitaneously in order to find the dimensionless source strength per
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boundary points

Figure A.1 Specification of panels, boundary points and
control points on surface.

(Xi,Yi) ni
panel j

control points
(Xj+1Yj+1)

(Xi+1,Yis1)

X

Figure A.2 Evaluation of integral Ij
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unit length, AJ The Gauss-Jordan method (or augmented matrix method) is used here to
solve these equations. Then the potential velocity at control point i is

ul' m .
=1

where u; is velocity at control point i and I'ij is the contribution to the tangential velocity at
control point i by panel j. I'i]=0 when i=j; otherwise

e Loos(o.— 8ain( 1 §7+245; 0 o -l T LA
1"—‘5005( i~ j)n[ +( B ) —-sin(6;- j)[ta’l (T)]—m’l (E)]

1]
where Sj, A, B and E are defined as above.

The program, which is rewritten in Pascal, for computing potential flow around an airfoil is
listed in Appendix B. In order to check its validity, it has been run for flow around a cylinder
and the results are compared with the known solution for this shape. It is found that both are
the same up to the fifth digit. A second method of checking the validity of the program is to
calculate the sum of source strengths. Owing to the conservation of mass, the sum should be
zero theoretically. The calculated sum is -4.46E-9 for the airfoil which is rounded off by the
computer. Theretfore, the program is good enough to be used to compute potential velocities
of air flow around the airfoil.

The dimensionless potential velocities, defined as the ratio of potential velocity to
oncoming velocity or wind speed, are shown in Figure A.3. They are plotted versus distance
from the center of the airfoil. Thus, negative x-values are in front of the center and positive
x-values are behind the center of the airfoil. The velocity distribution is symmetrical about the
line x = 0 since airfoil is symmetrical to its center. Note that the stagnation point with velocity
of zero is not at the exact front of the airfoil, but rather 0.148 cm from the front. This is
because the airfoil is not symmetrical with respect to the x-axis.

The Teflon plate which is put onto the airfoil is a circle with diameter of 13 cm. But the
region that we collect samples from is a circle with diameter of 12.1 cm. The dimensionless
velocity above this area is almost constant with a value of about 1.1. The potential velocities
which are obtained by muitiplying the dimensionless potential velocities by wind speed are
used to compute the boundary-layer thickness and the velocity distribution in the boundary
layer.
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Dimensionless velocity, wU

T T T T T T T
-20 -10 0 10 20
Distance from center of airfoil, cm

Figure A.3 Dimensionless potential velocity
distribution around the airfoil.

A.2 Boundary Layer Flow Around the Airfoli

For two-dimensional and incompressible flow at steady state, the Navier-Stokes equation is
simplified to [Schlichting, 1979] :

ou £ ou,_ dP 9,0
p(“§+"$) dx+—(u—ay a';)

in Cartesian coordinates. This equation coupled with the continuity equation determines the
velocity distribution in the boundary layer. Note that the x-axis is the distance from the
stagnation point along the surface. It is not the same as the x-axis that is generally used in
Cartesian coordinates. The difference is shown in Figure A.4 where the y-axis is also defined.
The x-axis is actually defined along the surface but it is drawn slightly above the surface in
Figure A.4 in order to show it clearly. This expression is good only when the curvature of
surface is much greater than the thickness of boundary layer.
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stagnation point

Figure A.4 Comparison between Cartensian coordinates (X,Y)

and coundary layer coordinates (x,y). The boundary

layer coordinates follow the contour of the airfoil.

There have been many efforts to solve the boundary layer flow for various situations. For
example, Blasius used the similarity method to transform the partial differential equation of
boundary layer flow over flat plate to an ordinary differential equation. Then he used a series
expansion to solve the ordinary differential equation. Evans [1968] modified the method
proposed by Merk [1959] which includes a Mangler transformation to transform the differential
equation for general laminar boundary iayer flow. Evans also used a series expansion to

solve the differential equation. In addition to the differential form of the boundary layer

equation, von Karman developed an integral form for boundary layer flow. This equation is
valid for both laminar and turbulent flow, and in Cartesian coordinates it is :

d 8 dugy ¢8
paj‘o (up — wudy + p-ax—jo (ug—wdy =14

where & is the boundary layer thickness, u, is the potential velocity which is obtained by the
panel method and 1, is the shear stress at the internal boundary. Note that the velocity at the
edge boundary of the boundary layer is equal to 0.99 of the potential velocity defined
previously. Then an approximate boundary layer thickness is obtained by assuming a
reasonable velocity distribution, e.g. a second or third degree polynomial velocity distribution.

The method wused here was developed by Patankar and Spalding
[1966,1967,1970,1977]. This method can be used for laminar and turbulent flow. Some key
features of the method are :
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1. Entrainment rate {Head,1958], the rate of fluid transferred across a boundary, is
used to determine the boundaries of the region to be considered. Note that the
thickness of the boundary layer grows in the downstream direction, that is, the
amount of fluid in the boundary layer increases along the surface.

2.x ~ o coordinates are used instead of Cartesian coordinates. o is the
dimensionless stream function and is defined as

Vv
VeV

()

where v is the stream function which is defined as dy=pudy, and y; and y; are
the stream functions at internal and external boundaries, respectively. Because
of the increasing boundary layer thickness in downstream direction, the grid
spacing which is good upstream is excessively fine and wasteful downstream.
Similarly, the spacing chosen for downstream is too big for upstream locations
and the accuracy is poor. Instead of using geometrical distance, the fraction of
fluid in the boundary layer, which is the definition of w, is used. Thus there are
always the same number of grid points for the region of interest in the x ~ ®
coordinate system.

3. The method is not self-starting, and we need initial conditions which give the
boundary layer thickness and velocity distribution to begin the computation.

The initial conditions are obtained here by using the von Karman integral method.
Several ways of approximation can be used with slightly different results at the beginning of
the computation. The final results are virtually identical, however, showing a lack of sensitivity
to initial conditions. Based on an assumed cubic velocity distribution at the beginning, the
following equations are used to compute the initial conditions :

[t

5,

=24 WJATD

pei;=0.625 pud;

6~ )~ 50=0

) )

_Mia Yy Y3

where

A;

14y

Udx

and A; = 2.11 for air flow around the airfoil. U is the oncoming velocity of fluid or wind speed
in our case, u; is the initial potential velocity, §; is the initial boundary layer thickness, pei; is the
initial amount of air in the boundary layer and v is kinematic viscosity of air. Note that the
boundary layer thickness is not zero at the stagnation point.
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U++ D++ i+1 U+

. //, Y

U-- D-- i-1 U--
Xu Xd
(A) (B)
Figure A.5 The control volume (A) and the assumed

velocity profile (B) used for derivation
of micro-integral equation.

The boundary layer equation is transformed in the x ~ @ coordinate system to be

Xt (a+bo >—-—( ) +d

This equation is integrated over the control volume as shown in Figure A.5 with the
assumption of a local linear profile of velocity. After some manipulation and rearrangement,
the resulting equation is

u=Au  +Bu_ +C
where
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A=A/D; B=B/D; C=C/D;

A'=2T,-L, - 025(P+6)Q,;

B =2T '+L —-025(P+G)Q;

C' =025PGuQ +u,,Q, +u_)+2S,

D=2T, +T)+L, —~L_+0.75(P+G)Q-2S;

P=Wg-ylxy—x); G=—(yg—vpb;

L, =(Wg-v¥pla+bo,), L_=(yg—vypla+bw);

T, =M /O = T_=WUp SO -y

T, =05[T, +[05L, | +|T, —10.5L,[1);  T_ =0.5[T_+|0.5L_|+|T_—|0.5L_|[J;

Q=w,-0_; Q=0,-0 Q=0-0_;
—y
++ - — 3
S, = ..(‘ﬂ_) e'___z ), S;=0;

and subscript ++ is at grid point (i+1), -- is at (i—1), + is at the midpoint of (i+1) and i, - is at the
midpoint of i and (i—1), and the subscript for grid point i is omitted for convenience.

Thus, the velocity at each grid point is a linear combination of velocities at surrounding
points. The coefficients are determined by velocities and y values at the previous step. But
the equation is implicit since all the velocities at the current step are unknown. Because of the
no slip condition on the surface, the assumed local linear profile of velocity is not good for the
grid point next to the surface. Some other measures are taken which are included in
procedure wi (a subroutine in the program; see Appendix C). The set of finite difference
equations can be solved by matrix-inversion techniques like the one used for solving potential
velocity. But another simpler successive-substitution method called the tri-diagonal matrix
algorithm (TDMA) is used for this special case.

All the equations which have to be solved for obtaining velocity can be rewritten as

U2 - A2U3 = Cz + B2u1
'BsUz + U3 - AaU4 = Ca

BpoUna+ Upa-ApoUny =Cp,

BnUp2+ Upg = Cp.y + ApqUy
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where n is the number of grid points cross the boundary layer. Note that on the left hand side
the coefficients are nonzero only along the diagonal and the two adjacent lines on either side,
and on the right hand side all terms are known. u, is the velocity at the internal boundary
which is on the surface and is equal to zero under the no-slip assumption. u, is the velocity at
the external boundary, i.e., u, or 0.99 of potential velocity. By algebraic substitution, the
equations are converted into :
U= oty + B

where a;=AJ/(1-Bo; ;) andB;=(BB, ,+Cp/(1-Ba, ;) witho,=A4, andB,=(Bu, +C,).
With known boundary conditions at ® = 0 and @ = 1, the velocity at every grid point is
computed by the above equation.

From the definitions of stream function, dy=pudy, and @ which is (y -y)/(vg - v)), we
have pudy=(yg—ypdo. Therefore :

(1] 1 d
y—(wg—\w)fo ou ®

Knowing the velocity distribution, we can compute the thickness of the boundary layer which is
they value at 0 = 1.

Entrainment rate is expressed mathematically as :
oM N
I
where m; and my are entrainment rates at internal and external boundaries, respectively. At
the internal boundary which is a solid surface, there is no fluid flow across the surface.
Therefore, the entrainment rate is zero at the internal boundary and the rate of increasing fluid
flow in the boundary layer is equivalent to the entrainment rate at the external boundary. At
the external boundary the velocity gradient in the cross-stream direction is negligible and the
boundary layer equation is reduced to :
du
Z=d
dx
Substituting this result back into the boundary layer equation and combining with the definition
of entrainment and the expression for y, we obtain the result :
_2ueﬁ_
mE = G-—_
n—-1 yn—»

The program which is also written in Pascal for computating the boundary thickness and
velocity distribution is listed in Appendix C. The computation procedures and the associated
procedures (or subroutines) in the program for each step are summarized in Figure A.6. After
specifying the problem and the properties of air, data which are computed by the panel
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BEGIN Name of
Subroutine

statement of problem

v

properties of fluid

v

input data readdata;
transform toordinates blc;
specify+omega omega,;
initial ctnditions initialcondition;
pressur:gradient pressgrad;
£ a!
effective density density;
effective +viscosity efftr;
entrainmtnt rate entr; wf;

v

current x, pei and uo

v

velocity distribution | coeffu; profile;
y and r values . yandr; wf;
g NO X > Xend
YES

Figure A.6 Procedures for computing boundary layer thickness
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method are input from the file. The x-axis values (which are defined as the distance from the
stagnation point along the surface) and the pressure gradients are only computed at the
points where potential velocities are calculated. The grid points are chosen to be uniformly
distributed so that the interval of o is bigger for grids near the external boundary because of
the faster flow rate. After the initial conditons are computed, the velocity distribution and y
values at each control point are calculated one by one until X > X, 4. The effective viscosity
for turbulent flow is calculated by using Prandtl’s mixing length theory. This program can also
be used for three-dimensional axisymmetric boundary layer flow. Air flow around the airfoil is
treated as two-dimensionai flow; thus the radius is set to unity. The program is checked by
comparison of computed values and those in the literature for flow over flat plates and around
circular cylinders. The comparisons are in good agreement. The velocity distributions in the
boundary layer at x values of about 6, 10, 16 and 22 are plotted in Figure A.7

0.6
1 &= X=5.977
0519 - X=10.000
1 & X=15.969
0.4+ - X=22.034

distance from surface, cm

T T T 1 T
200 300 400 500 600

velocity, cm/sec

.s . l
0 100

Figure A.7 Velocity distribution in the boundary
layer around the airfoil.

The boundary layer thickness along the surface is plotted in Figure A.8 for wind speeds
of 50, 100 and 500 cnvsec. The wind speed is assumed to be at the height of the airfoil which
is about 2 meters above ground. The thickness of the boundary layer is almost constant in
the region over the Teflon plate which ranges from X = 8.5 to X = 23.0 and it decreases with
increasing wind speeds. It is about 1.7 cm over the Teflon plate for a wind speed of 50
cmy/sec and is around 1.2 cm for a wind speed of 100 cm/sec; and at 500 cm/sec, it reduces to
less than 0.5 cm.
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Boundary layer thickness, cm

0 r T T T '
0 10 20 30

Distance from stagnant point, cm

Figure A.8 Boundary layer thickness around
the airfoil for different wind speeds.
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