Metal dry deposition rates along a
coastal transect in southern California

ABSTRACT

While recent studies indicate atmospheric depo-
sition is a significant source of metals to the Santa
Monica Bay and coastal river systems of the Los
Angeles area, the spatial extent of the atmospheric
source along the entire southern California coast has
not been measured in thirty years. This study pro-
vides measurements of dry atmospheric deposition of
chromium, copper, lead, nickel and zinc at eight sites
located along the coast between Santa Barbara and
San Diego, and compares these data to historic
measurements from the 1970’s. Median dry deposi-
tion fluxes across sites ranged between 0.23 to 3.6
(chromium), 0.21 to 5.4 (nickel), 0.52 to 14 (lead),
0.89 to 29 (copper), and 4.8 to 160 (zinc) pg/m2/day.
Differences in metal dry deposition flux rates
observed between sites were dominated by proximity
to urban areas and/or other nearby sources, with the
highest metal fluxes observed near the Los Angeles
Harbor and San Diego Bay sites. Compared with
data from the 1970’s, lead fluxes were typically one
to two orders of magnitude lower in the present
study (2006), indicating atmospheric sources of these
metals have decreased over the past three decades in
southern California. Chromium fluxes were also
lower in 2006 compared with the 1970’s, although to
a lesser extent than for lead. In contrast, copper and
zinc fluxes were typically within the same order of
magnitude between the two time periods, with some
higher measurements observed in 2006 compared
with the 1970’s at the LAH and SDB sites. This
result indicates atmospheric sources of copper and
zinc have not decreased over the past three decades
in southern California, and have increased near our
harbor/urban sites. Differences in sampling condi-
tions (e.g., Santa Ana winds) and measurement tech-
niques may also explain, in part, the differences
observed in metal flux rates for these time periods.
However, these limitations were most important for
those metals with the smallest difference in flux rates
measured in the 1970’s vs. 2006 (e.g., chromium).

Lisa D. Sabin and Kenneth C. Schiff

INTRODUCTION

Atmospheric deposition represents a significant
fraction of the total pollutant load to many contami-
nated waterbodies, relative to other sources (Duce ef al.
1991, Lin et al. 1993, Scudlark ef al. 1994, Wu et al.
1994, Baker et al. 1997, Scudlark and Church 1997).
In southern California, the atmosphere has been
shown to be a significant contributor to metal pollu-
tion in the Santa Monica Bay and coastal river sys-
tems of Los Angeles, primarily through deposition
onto the land surface during dry periods, and subse-
quent removal by stormwater runoff during rain
events (Lu et al. 2003; Sabin et al. 2005, 2006a).

Dry deposition flux rates of metals vary primari-
ly as a function of both sources (e.g., proximity to
urban areas, or other nearby sources) and meteoro-
logical conditions (e.g., wind speeds). In Los
Angeles, the highest metal deposition rates have
been observed within 100 m of a large freeway, a
major source of particle-bound pollutant metals,
while urban background deposition rates have been
observed within approximately 450 m of the freeway
(Sabin et al. 2006b). In addition, substantially lower
flux rates (compared with urban background rates in
Los Angeles) have been observed at a non-urban
coastal site upwind of Los Angeles (Sabin et al. 2006a).

No measurements of the dry deposition gradient
of metals along the entire southern California coast
have been made in 30 years. During the mid-1970’s,
atmospheric deposition studies, conducted at a num-
ber of sites along the coast between Santa Barbara
and San Diego, provided data on the extent of the
urban influence during that time. These historical
data demonstrated coastal Los Angeles was a hotspot
for dry deposition of a number of constituents (e.g.,
DDT, PCB, metals), compared with areas along the
coast to the north and south of greater Los Angeles
(Young et al. 1976, Young and Jan 1977). However,
during the past 30 years, there have been changes in
atmospheric pollution sources, including decreases
for some pollutants (e.g., lead) and increases for oth-
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ers (e.g., copper and zinc). There has also been con-
siderable population growth along the coast, includ-
ing an expansion of urban areas of Los Angeles and
San Diego, as well as increased urbanization of areas
that were predominantly non-urban/agricultural in
the 1970’s. Thus, substantial differences would be
expected between dry deposition flux rates along the
southern California coast measured during the 1970’s
and those measured in 2006, and it is likely that the
direction of the change may vary depending on the
metal and the location.

The goal of this study was to gain a better under-
standing of the dry deposition rates of metals, the
spatial extent of the urban footprint along the coast
of southern California, and how these have changed
over the past 30 years. To accomplish this goal, the
following objectives were defined: (1) measure the
dry deposition flux gradient of five pollutant metals
(chromium, copper, lead, nickel and zinc) along a
north-south coastal transect of southern California;
and (2) compare these measurements with historic
metal dry deposition flux rates from the 1970’s.

METHODS
General Approach

Measurements of metal dry deposition fluxes
were made weekly on a north-south transect along
the coast of southern California between Santa
Barbara and San Diego over a four-month period
during summer and fall 2006 (Table 1). Each site
was sampled at least 10 times. All samples were
collected for 48 hours during periods with no meas-
urable precipitation.

Sampling sites

There were a total of eight sampling sites along
the southern California coast, including sites at Santa
Barbara (SB), Oxnard (OX), Malibu (MA), Santa
Monica Bay (SMB), Los Angeles Harbor (LAH),
Upper Newport Bay (UNB), Oceanside (OC) and
San Diego Bay (SDB; Figure 1). All sites were
located within approximately 1 km of the coast with
the exception of UNB (located approximately 8 km
inland) and LAH (located approximately 3 km
inland). Sampling was conducted on a weekly to

Table 1. Inventory of samples collected at each site by sampling week.

Site
Sampling Week Santa Barbara Oxnard Malibu Santa Monica Los Upper Oceanside San Diego
Bay Angeles Newport Bay Bay
Harbor
27-Jun-06 2
05-Jul-06 1 1 1 2
11-Jul-06 1 1 2
18-Jul-06 1 1 1 1 1 1 1
26-Jul-06 1 1 1 1
02-Aug-06 1 1
08-Aug-06 1 1 1 1 1 1 1
16-Aug-06 1 1 1 1
22-Aug-06 1 1 1 1 1 1 1 1
30-Aug-06 1 1 1
06-Sep-06 1 2 1 1
12-Sep-06 1 1 1 1
19-Sep-06 1 1 1 1 1 1 1 1
26-Sep-06 1 1 1 1 1 1 1 1
03-Oct-06 1 1 1 1 1 1 1
17-Oct-06 1 2
23-Oct-06 3
01-Nov-06 1
Number of Samples Collected
at Each Site 10 10 10 11 12 11 10 12
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Figure 1. Eight sampling sites along the southern California coast.

biweekly basis between June 2006 and October 2006  Instrumentation

at all sites except LAH, where sampling was con-
ducted between August 2006 and November 2006.

Specific site selection criteria incorporated the
recommendations of the National Atmospheric
Deposition Program (NADP 2001). These criteria
included: locations generally representative of the
region, with minimal impact of local point or area
sources; areas a minimum distance of 100 m from
major line sources; and all objects or structures
located a distance of at least twice their height from
the sampling equipment. These recommendations
were followed to the extent possible in populated
urban areas.

Dry deposition flux measurements were made
using a 33-cm diameter circular polyvinyl chloride
(PVC) plate with a sharp leading edge (<10 degree
angle), covered with a Mylar® sheet coated with uni-
form 10-pm layer of Apiezon L grease. This instru-
ment passively collects particles on a PVC plate as
they fall from the air. The deposition plate was
mounted on a tripod at a height of approximately 2 m.
This surrogate surface has been used successfully in a
number of recent studies of atmospheric deposition in
Los Angeles (Sabin et al. 2005, Lim et al. 2006).

Measurements of meteorological conditions were
not collected at the sites during sampling events;
however, data from nearby weather stations were
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accessed through the National Climatic Data Center
(NCDC http://www.ncdc.noaa.gov/oa/ncdc.html).
These data provided 24-hour average wind speed,
wind direction, and precipitation amounts for each
sampling date. However, the 24-hour meteorological
data were for the time period from midnight to mid-
night each day, while sampling times generally start-
ed in the morning around 11:00 a.m. and finished

48 hours later. Thus the meteorological data did not
correspond exactly to the time of the dry deposition
measurements, but provided a general description of
the wind conditions at the time of sampling.

Sample Preparation and Chemical Analysis

Prior to sampling, Mylar was cut into 33-cm
diameter circles and cleaned by wiping with
methanol-soaked wipes, then immersed in 10% nitric
acid followed by methanol for 10 minutes each. The
Mylar sheets were then rinsed with distilled water
and allowed to air dry. Dry Mylar sheets were coat-
ed with a thin layer of Apiezon L grease, which was
liquefied by heating and then painted onto the Mylar
film to obtain a thin, uniform 10-pum layer. The
Mylar sheets were then mounted onto the deposition
plates one day prior to sampling, and the deposition
plates were stored in airtight plastic containers for
transport to the field.

After sampling, the Mylar sheets were removed
from the deposition plates in the field, folded
(greased side inward), and placed inside a clean
glass jar. In the lab, each Mylar sheet was divided
into ten smaller pieces. The smaller pieces were
then returned to respective original sample jars,
rinsed three successive times with 15 ml of n-hexane
to dissolve the Apiezon grease, then rinsed with 5%
Optima Grade nitric acid. The acid and hexane rins-
es were subsequently combined, the hexane was
evaporated in a 50°C water bath, and the remaining
acidified sample was then heated to 65°C under soni-
cation for a minimum of 24 hours.

All acid-digested samples were analyzed for
26 metals per EPA Method 200.8 using inductively
coupled plasma-mass spectroscopy (ICP-MS).
Results reported here are for chromium, copper, lead,
nickel and zinc, which are the primary metals associ-
ated with water quality issues in southern California.
Method detection limits were 0.05 ng for lead,
0.1 ng for chromium, nickel and zinc, and 0.4 ng for
copper. These limits correspond to minimum
detectable deposition fluxes of 0.004 pg/m?/day for
lead, 0.009 ng/m?/day for chromium, nickel and
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zinc, and 0.003 pg/m?/day for copper. Laboratory
blanks, analyzed with each batch of 15 samples,
were consistently nondetectable. Matrix spike
recoveries ranged from 93 to 107% for all five met-
als. Duplicate matrix spikes indicated the precision
of the laboratory analysis method, with relative per-
cent differences (RPD) of 1% or less for all five metals.

Each week of sampling, a blank deposition plate
was prepared along with the sample deposition plates
and taken into the field in an airtight plastic contain-
er. These field blanks were analyzed along with the
samples collected each week. Field blanks contained
detectable levels of metals, and all samples were cor-
rected for their respective field blank. To assess the
precision of the deposition plates, duplicate deposi-
tion plate samples were collected during approxi-
mately 10% of sample events. These field duplicates
indicated the average RPD’s between collocated dep-
osition plates were 33% (chromium), 10% (copper),
25% (nickel), 23% (lead), and 18% (zinc).

Data Analysis

Metal dry deposition fluxes were first compared
among sites along the north-south transect. Because
the data were not normally distributed, the non-para-
metric Kruskal-Wallis One Way Analysis of Variance
on Ranks (ANOVA on ranks) and the Dunn’s
Method for pairwise multiple comparisons were used
to test for significant differences in flux rates
between sites. Differences between sites were also
evaluated by comparing the medians and ranges of
flux rates between sites.

Median dry deposition fluxes of metals at each
site were next compared with historical data, esti-
mated from figures published by Young and Jan
(1977) from data collected at similar sites along the
coast in 1975. A different surrogate surface was
used by Young and Jan (1977); however, few data
exist on metal dry deposition flux rates from that
period. The site locations in the Young and Jan
(1977) study were located on a north-south transect
along the southern California coast; most of these
sites were located near the sites used in the present
study, allowing a unique opportunity to compare dry
deposition flux rates in southern California across a
30 year time span. Each of the sites in the Young
and Jan (1977) study were matched to a site with
approximately the same geographic location for the
purpose of the present study using corresponding site
identification numbers. For the Young and Jan
(1977) data, site identification numbers were: Site 1



- Carpenteria, Site 2 - Port Hueneme, Site 3 - Zuma
Beach, Site 4 - Santa Monica, Site 5 - Long Beach,
Site 6 - Newport Beach, Site 7 - San Clemente
Beach, and Site 8 - Encinitas. For the data from the
present study, site identification numbers were:
Site 1 - SB, Site 2 - OX, Site 3 - MA, Site 4 - SMB,
Site 5 - LAH, Site 6 - UNB, Site 7 - OC, and Site 8 -
SDB. In the present study, Site 8 (SDB) is located
substantially to the south and in an area with an
expected higher impact from nearby urban areas as
well as the activities in the bay than the 1975 Site 8
(Encinitas). The data from Young and Jan (1977)
were measured under desert wind (Santa Ana) condi-
tions. No data for nickel fluxes were available from
the Young and Jan (1977) study.

REsuLTS
Meteorological Conditions

Average wind direction was typically from the
west or southwest on most sampling days. A few
days had average wind directions from the east or
southeast, but these did not dominate any given sam-
pling event. Average 24-hour wind speeds were
highest near the SMB site (6.0 to 10 m/s), followed
by the SDB site (4.8 to 8.0 m/s). OC had the lowest
24-hour average wind speeds (2.0 to 5.1 m/s). All
other sites had similar 24-hour average wind speed
ranging between 3 and 7 m/s. There were no obvi-
ous relationships observed between wind speeds and
direction and deposition flux rates. In addition, from
the data available, none of the sampling events were
dominated by strong Santa Ana wind conditions.
However, because each sample was collected over a
three-day period, there were a small number of sam-
ple events for which moderate Santa Ana winds were
a factor on one of the three sampling days.

Dry Deposition Flux Rates

Median fluxes in pg/m2/day across sites ranged
between 0.23 and 3.6 (chromium), 0.21 and 5.4
(nickel), 0.52 and 14 (lead), 0.89 and 29 (copper),
and 4.8 and 160 (zinc; Figure 2). For all metals, flux
rates were significantly different between sites
(ANOVA on ranks, p <0.001). The highest median
fluxes were observed at LAH for chromium, lead,
nickel, and zinc. For copper, the highest median flux
was observed at SDB, although the median flux at
LAH was within the same order of magnitude.
Typically, the median fluxes for all metals at LAH
were one to two orders of magnitude higher than the

median fluxes at the other sites (with the exception
of copper, as noted previously). The lowest median
fluxes for all metals were observed at OX. For cop-
per, lead and zinc, all other sites had median fluxes
that were at least one order of magnitude higher than
the median flux at OX.

Within-site dry deposition flux rates for all met-
als were within a factor of nine; most within-site dry
deposition flux rates were within a factor of five or
less for MA, SMB, LAH, UNB, and OC (Figure 2).
The greater variability observed at SB and OX was
due to a single high flux measurement during one
sampling event for chromium, copper, and zinc. In
these cases, the highest flux values were an order of
magnitude higher than the next highest flux value at
the site. At SDB, variability was within a factor of
nine for chromium and lead, but was higher (up to
two orders of magnitude higher) for copper, nickel
and zinc.

Comparisons with historical data

Chromium fluxes ranged from 1 to 16 pg/m2/day
in 1975, compared with median fluxes of 0.22 to
3.6 ug/m?/day in 2006 (Figure 3). Chromium fluxes
were higher at all sites in 1975 compared with 2006.
OX (Site 2) had the highest flux in 1975 that was
two orders of magnitude greater than the median flux
measured at this site in 2006. The largest single
chromium flux measured in 2006 of 4.3 ug/m?/day,
measured at LAH (Site 5) was an order of magnitude
lower than the largest flux measured in 1975 (Figure 3).

Copper fluxes were similar between the two time
periods, ranging from 1 to 38 pg/m?/day in 1975,
compared with median fluxes of 0.89 to 30 pg/m2/day
in 2006 (Figure 3). Copper fluxes were generally
higher in 1975, although the differences between
fluxes measured in 1975 and those measured in 2006
were typically within the same order of magnitude.
Exceptions were OX (Site 2), SMB (Site 4) and OC
(Site 7), with 2006 fluxes higher by one to two
orders of magnitude than those measured in 1975;
and SDB (Site 8), higher by one order of magnitude
in 2006 than in 1975. The single highest copper
measurement in 2006 (53 ug/m2/day), measured at
SDB, was higher than the highest 1975 measure-
ment, but within the same order of magnitude.

Lead fluxes ranged from 20 to 330 pg/m?/day in
1975 compared with median fluxes of 0.5 to
14 pg/m2/day in 2006 (Figure 3). For all sites, lead
fluxes were one to two orders of magnitude lower in
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Figure 2. Metal dry deposition flux (ug/m2/day) at eight sites on a north-south transect along the southern California
coast. Box plots represent medians and interquartile ranges. Error bars indicate the 10th and 90th percentiles.
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Figure 3. Comparison of 1975 and 2006 metals dry deposition flux (ug/m2/day). Error bars indicate the 25th and

75th percentiles.

2006 than those measured in 1975. During the 2006
study, only one site (Site 5 - LAH) had lead fluxes
greater than 3 pg/m2/day, while all sites during the
1975 study had lead fluxes at least one order of mag-
nitude higher than this. The four southern sites
(from LAH to Encinitas) in 1975 had lead fluxes
greater than 100 pg/m2/day. The single highest lead
flux in 2006 (23 pg/m?/day), measured at LAH, was
approximately the same as the lowest flux measured
in 1975.

Zinc fluxes in 1975 ranged from 20 to
100 pg/m2/day compared with median fluxes of
4.8 to 160 pg/m2/day in 2006 (Figure 3). At most
sites, zinc fluxes were higher in 1975, however, dif-
ferences were typically within the same order of
magnitude. An exception was LAH (Site 5), in
which the zinc flux in 2006 was an order of magni-

tude higher than in 1975. Zinc fluxes at SDB (Site 8)
were also higher in 2006 than in 1975, although the
difference was less than one order of magnitude.

DiscussioN

In southern California, variability in metal dry
deposition flux rates along the coast was directly
linked to proximity to urban areas. Dry deposition
hotspots were observed near LAH and SDB, both
highly urbanized areas. Areas to the north and south
of Los Angeles, and to the north of San Diego, had
reduced metal flux rates by comparison. LAH was
located downwind of the harbor within a highly
urbanized area, representing a mix of influences
from harbor activities and nearby urban sources.
SDB was located downwind of the military port,
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within an industrialized portion of the bay. Sites at
SB, OX, MA, SMB and OC were all located within
one km of the coast where urbanization was less
dense. Therefore, not only were these sites less
affected by influences associated with localized
urban air, they also reflected cleaner offshore air
masses upwind of the southern California coast during
the typical southwest wind conditions that dominated
the sampling period.

The median dry deposition fluxes for all metals
measured at LAH were comparable to measurements
in other studies in Los Angeles and Chicago (Table 2).
Except for copper, dry deposition flux rates for all
sites in the present study were typically one order of
magnitude lower than those measured near the Great
Lakes at sites other than Chicago, possibly because
under the sampling conditions in the present study,
coastal sites were predominantly upwind of major
sources or located in less dense urban areas. In the
case of copper, both LAH and SDB had similar flux
rates compared with Chicago and other sites near the
Great Lakes.

Within-site variability of flux rates differed
according to metal and site, but was typically less

than one order of magnitude in most cases. This
study was designed to reduce variability within a site
by concentrating the sampling during the summer
months (June-September) to avoid periods of rainfall
and unusual meteorological conditions (e.g., Santa
Ana winds, which are more prominent during the
fall). These conditions were avoided because they
result in substantially reduced (in the case of rainfall)
and increased (in the case of Santa Ana winds) dry
deposition flux rates compared with the more typical
chronic conditions that dominate throughout the
majority of the year in southern California (Lu et al.
2003, Sabin et al. 2006). In cases for which within-
site variability was greater than one order of magni-
tude, a single high measurement value was typically
the cause. For example, the final sampling event at
SB had the highest dry deposition flux rates
observed at this site for all metals (except lead) by
one order of magnitude. During this event, the wind
condition on one of the sampling days was some-
what different from previous sampling events at this
site. The higher wind speeds and potential urban
influence due to a change in the dominant wind
direction may explain the higher deposition flux
rates for all metals observed during this event com-

Table 2. Comparison of metal dry deposition flux rates (ug/m2/day).

Chromium Copper Lead Zinc
Lim et al. , 2006
Urban Sites in Los Angeles and Orange County, CA USA
Los Angeles River -1 6.0 21 15 130
Los Angeles River -2 23 30 31 160
Los Angeles River -3 9.0 16 32 110
Ballona Creek 2.7 18 20 7
Dominguez Channel 3.3 12 11 74
Santa Ana River 4.3 30 10 180
Yietal ,2001
Chicago, IL USA 57 63 38 120
South Haven, Ml USA 07 31 23 51
Sleeping Bear Dunes, Ml USA 16 79 35 68
This Study
SB 0.34 2.0 1.3 14
OoX 0.23 0.9 0.5 5
MA 0.29 1.9 1.0 12
SMB 0.39 3.9 1.0 16
LAH 3.60 224 14 160
UNB 0.64 5.1 1.8 22
oc 0.48 4.2 1.4 40
SDB 0.99 29.1 3.3 63
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pared with other events at this site. However, a more
in-depth analysis of the influence of meteorological
variables on dry deposition flux rates was not possi-
ble because of the limited meteorological data avail-
able for each sample event.

Differences observed between the dry deposition
flux rates of metals measured in the 1970’s by Young
and Jan (1977) and the present study can be primari-
ly attributed to three factors. First, sources of metals
have changed across southern California since the
1970’s, and the magnitude and direction (increase or
decrease) of these changes varied depending on the
metal. That lead fluxes were one to two orders of
magnitude higher at all sites in 1975 indicates atmos-
pheric sources of lead were lower in 2006. This was
not surprising since atmospheric sources of lead have
been dramatically reduced since the 1970’s because
of the removal of lead from automobile fuel in
California in 1992 (ARB 1992). Today, the major
source of atmospheric lead in California is due to
resuspension of lead from historic emissions that
have accumulated over many years in road dust and
soil particles of urban areas (Lankey et al. 1998).
Each year, some portion of the lead in road dust and
soils is removed through stormwater runoff, thereby
gradually reducing the quantity available for the next
resuspension and deposition cycle.

In contrast with lead, zinc fluxes were higher in
2006 at the urban-influenced LAH site than 1975
measurements, indicating atmospheric sources of
zinc have increased since the 1970’s. This is likely
given that automobiles are a large source of airborne
zinc in urban areas (Watson et al. 2000, Councell et
al. 2004) and the number of vehicle miles traveled in
the Los Angeles region nearly doubled in the past
two decades (Crane and Ong 2004). A similar result
for copper, with higher flux rates in 2006 observed at
LAH and SDB, may also be explained by increased
urban sources; in the case of SDB, increased activi-
ties at the naval ship yard may be a significant
source of higher flux rates. However, as previously
discussed, it is important to note SDB was not well
matched geographically to the 1975 Encinitas site,
the southern-most site during the 1975 study. Thus,
the higher copper fluxes for SDB in the 2006 study
may also be due, at least in part, to the difference in
site location and proximity to nearby sources.

The second major reason for the differences
observed between the 1975 data and the present
study is the differences in the wind conditions during
the two studies. The data in 1975 were all collected

under desert wind conditions (Santa Ana winds).
These conditions are known to increase dry deposi-
tion flux rates. Both model estimates and measure-
ment data in Los Angeles have found metal dry dep-
osition flux rates may increase during Santa Ana
wind conditions by as much as factors of two to
eight, depending on the metal (Lu et al. 2003, Sabin
et al. 2005). This difference in wind conditions dur-
ing sampling provides further evidence of the
increase in zinc sources since the 1970’s, because if
sources were the same, lower zinc fluxes would be
expected in the current study under the non-Santa
Ana wind conditions. Santa Ana wind conditions
may also explain, in part, the lower chromium flux
rates in the present study relative to the 1970’s
because the major source of chromium has remained
the same over the last three decades. The effect of
Santa Ana wind conditions was less important for
lead because the magnitude of the difference in flux
rates between time periods was larger than the effect
of wind condition alone.

The third reason for differences between the
1975 data and the present study, and an important
limitation of this comparison, is the differences in
the sampling methods and analysis techniques.

There have been improvements in dry deposition
measurement techniques since the 1970’s (Lim et al.
2006). In particular, the deposition plates used in the
present study have been compared favorably with the
more traditional method of calculating deposition
rates, which involved making air concentration
measurements and using an assumed deposition
velocity to calculate dry deposition flux rates (Lim
et al. 2006). However, no method comparison has
been done for the surrogate surfaces used by Young
and Jan (1977) and the deposition plates used in the
present study. This factor is most important for
those metals (e.g., chromium) with the smallest dif-
ference between fluxes measured in the 1970’s and
those of the current study.
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