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Abstract

Daily air concentrations and dry deposition fluxes of seven metal species were mon-
itored at five sites in Central Taiwan for five or six days each month from September
2009 to August 2010. Annual average concentrations at the five sites were in the range
of 2.8 to 3.6 ng m~3 for As, 25 to 82ng m~2 for Mn, 1900 to 2800 ng m~3 for Fe, 69 to
109ng m~° for Zn, 18 to 33 ng m~° for Cr, 60 to 110 ng m~° for Cu, and 25 to 40 ng m™°
for Pb. Annual average dry deposition fluxes were on the order of 3, 20, 400, 50,
25, 50 and 50 pg m™2 day‘1 for As, Mn, Fe, Zn, Cr, Cu and Pb, respectively. Annual
average dry deposition velocities (V) for the seven metal species ranged from 0.18
to 2.22cms™ at these locations. Small seasonal and geographical variations, e.g.,
from a few percent to a factor of 2 for different species and/or at different locations,
were found for measured concentrations, fluxes and V. Measured fluxes and air con-
centrations had moderate to good correlations for several species at several sites, but
had weak or no correlations for other species or at other sites, the latter cases were
believed to have large uncertainties in flux measurements using surrogate surfaces.
Sensitivity tests were conducted for particle /4 using a size-segregated particle dry
deposition model, assuming various combinations of three lognormal size distributions
representing fine particles (PM, 5), coarse particles (PM, 5_44) and super size particles
(PMyo.), respectively. It was found that measured dry deposition fluxes can be repro-
duced reasonably well using the size-segregated particle dry deposition model if the
mass fractions of metal species in PM, 5, PM, 5_45 and PM,,,. were known. Significant
correlations between modeled and measured daily fluxes were found for those cases
that were believed to have small uncertainties in flux measurements.

1 Introduction

Air pollutants can be harmful to human health by the following pathways: (1) they may
be absorbed into human lung tissues during breathing, and (2) they can dry and wet
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deposit into various terrestrial and aquatic ecosystems and cause subsequent health
effects when the products from these ecosystems are consumed by humans. Quanti-
fying the amount of dry and wet deposition is critical since these deposition processes
determine pollutant species’ lifetime in air and their input to various ecosystems. Due
to the expensive cost and technical difficulties in the direct measurements of dry de-
position, the inferential method has been commonly used to estimate dry deposition,
especially at multiple locations or at regional to global scales. Several recent studies
suggested that uncertainties in dry deposition estimates are on the order of a factor of
2 on annual basis for several commonly studied sulfur and nitrogen species and ozone
(Flechard et al., 2011; Schwede et al., 2011). The uncertainties could be larger for
particle species than for gaseous species due to the strong dependence of particle dry
deposition velocity (V/4) on particle size (Petroff and Zhang, 2010).

Many trace metals are toxic to humans and ecosystems and their input to surface
waters and terrestrial environment need to be quantified (Rojas et al., 1993; Pirrone
et al., 1995; Odabasi et al., 2002; Lu et al., 2003; Kocgak et al., 2005; Sabin et al.,
2006; Tasdemir et al., 2006; de P. Pereira et al., 2007; Sakata et al., 2006, 2008; Al-
Momani et al., 2008). Field studies measuring metal dry deposition are limited and
generated from these studies differ from each other significantly (Migon et al., 1997;
Sakata and Marumoto, 2004; Tasdemir and Kural, 2005; Wu et al., 2006; Yi et al.,
2001, 2006; Fang et al., 2004, 2007a,b). The differences in measured V/; were likely
caused by different meteorological conditions, different particle size distributions, and
measurement uncertainties. The majority of existing dry deposition measurements for
trace metals made use of surrogate surfaces which might not represent natural surface
conditions.

The main purpose of the present study is to summarize the measured dry deposition
fluxes and deposition velocities of seven metal species (As, Mn, Fe, Zn, Cr, Cu, Pb)
collected at five sites in Central Taiwan and to investigate if the measured deposition
flux and velocities can be reproduced by a commonly used dry deposition model of
Zhang et al. (2001). It is expected that the comparison between measurements and
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model estimations can shed some light on the possible uncertainties in both measure-
ments and modeling approaches. Brief discussion of the geographical and seasonal
patterns of measured air concentration is also presented since dry deposition fluxes
are closely linked to the air concentrations.

2 Measurements
2.1 Brief description of field experiments

Daily air concentrations and fluxes for seven metal species (As, Mn, Fe, Zn, Cr, Cu
and Pb) were collected at five sampling sites in Central Taiwan for five or six days in
each month during one year period (September 2009 to August 2010). The locations
of the five sampling sites are shown in Fig. 1. Although the five sites are all located
in a small region (within several hundred square kilometers) in Central Taiwan, each
site has its own characteristics and local emission sources. Briefly, Site | (Bei-shi) is
a coastal suburban site with fossil fuel combustion and transportation as major emis-
sion sources; Site Il (Chang-hua) is an urban center site with transportation, chemical
plant and fossil fuel combustion as major emission sources; Site Ill (He-mei) is a res-
idential site with emissions from transportation, fossil fuel combustion, heating and
waste incineration; Site IV (Quan-xing) is an industrial site with emissions from steel
industry, electronic industry, plastic industry, chemical industry, basic metal manufac-
turing, machinery manufacturing, petroleum and coal products; and Site V (Gao-mei) is
a wetland site (mostly agricultural land) with emissions from a nearby Taichung thermal
power plant and fossil fuel combustion.

Total suspended particulate matter (TSP) was collected using PS-1 instruments
(GPS1 Polyurethane Foam (PUF) Sampler, General Metal Work). The maximum size
of collected particles was ~ 100 um. Dry deposition fluxes were collected using a sur-
rogate surface made of polyvinyl chloride. More information on the instrument, the
chemical analysis procedure and data quality control is provided in the document of
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Supporting Information. Some descriptions can also be found in Fang et al. (2007a,b).

2.2 Air concentrations

Annual average concentrations at the five sites were in the range of 2.8 to 3.6 ng m~°

for As, 25 to 82ng m~2 for Mn, 1900 to 2800 ng m~2 for Fe, 69 to 109ng m~ for Zn,
18 to 33ng m~2 for Cr, 60 to 110ng m~2 for Cu, and 25 to 40ng m~2 for Pb (Table
1). Geographical variations in the annual average concentrations were smallest for
As (< 30 %), in the range of 45-80 % for Fe, Zn, Cr, Cu and Pb, and largest for Mn
(a factor of 3). Site V had the lowest annual concentrations for all the metal species
monitored. This is because the site was a wetland site and thus both anthropogenic
sources and crustal sources were lowest among all the sites. Site IV had the highest
annual concentrations for most metal species (except Cr) due to the heavily industrial-
ized areas. Concentrations of As, Fe, Zn, Cr at the urban center (Site Il) were similar
(within a range of 10 %) to those at the industrial center (Site IV), but the other three
metals species (Mn, Cu and Pb) were 30 % smaller than those at Site IV.

It is known that metal smelting is one main source for Fe, Mn and Pb; coal combus-
tion is one main source for Cr; vehicle exhaust is one main source for Cr, Pb, Cu, Zn
and Fe; incinerator is one main source for Zn; soils and re-suspended are also main
sources for Fe and Mn (Chao and Wong, 2002; Loska and Wiechuta, 2003; Funasaka
et al., 2003; Singh et al., 2005; Akhlaghi and Kompany-Zareh, 2005; Kim et al., 2006;
Napier et al., 2008; Wu et al., 2010). The geographical differences for different metal
species discussed above were certainly caused by their different (anthropogenic and
natural) sources. For example, the Mn concentrations were much higher at the indus-
trial site than at the rest of the sites, while the Cr concentrations were basically the
same at the urban center and the industrial sites.

Seasonal variations of the averaged concentrations were generally consistent from
site to site, but different for different metal species (Fig. 2). Most metal species at the
majority of the sites had lowest concentrations in summer; Mn, Fe and Zn had highest
concentrations in winter, Cr had highest concentrations in spring; and Pb had highest
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concentrations in fall. Seasonal variations for some species during several seasons
were small (within a few ten percent) due to the small changes in meteorological con-
ditions in this region (Table S1). Information on anthropogenic emission inventory and
size-distribution (or fine and coarse fractions) of each metal specie are needed in or-
der to identify the causes of different seasonal patterns. Concentrations for the seven
species obtained in the present study were on similar order of magnitude to several
studies conducted in other parts of the world, noting that the differences in concentra-
tions among the existing studies could be more than one order of magnitude (Odabasi
et al., 2002 and references therein).

2.3 Dry deposition fluxes

Average dry deposition fluxes were on the order of 3, 20, 400, 50, 25, 50 and
50 ug m2 day'1 for As, Mn, Fe, Zn, Cr, Cu and Pb, respectively, at the five sites. The
geographical variations in fluxes were within 30 % for As, Mn, Fe, Zn and Cr but were
up to 50 % for Cu and Pb. These flux variations were smaller than those for concentra-
tions discussed above. One major reason causing the reduced geographical variation
in fluxes compared to those in concentrations was that the highest deposition velocities
were observed at Site V which had the lowest concentrations (more discussion below).
Annual fluxes obtained in the present study were well in the range of previous studies
around the world, e.g., 6 to 135ug m~2 day'1 for Mn, 240 to 12090 ug m™2 day‘1 for
Fe, 9 to 1910 g m™2 day‘1 for Zn, 1 to 53 ug m™2 day‘1 for Cr, 3 to 190 ug m~? day‘1
for Cu, and 5 to 220 ug m~2 day'1 for Pb (Tasdemir and Kural, 2005 and references
therein).

Seasonal variations of the fluxes (Fig. S1) had patterns similar to those of concentra-
tions for most cases, but some differences were also found. For example, significantly
higher fluxes in the fall were found for Cu at Sites Il to V, but not in the concentrations.
For most metal species (except Cu and Pb), seasonal variations of fluxes were smaller
than those of concentrations at Sites | to |V, but the opposite was found at Site V. Again,
this was caused by the much higher deposition velocities found at Site V compared to

32852

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
11, 32847-32875, 2011

Measurement and
modeling of metal
dry deposition

L. Zhang et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

the other sites.
2.4 Dry deposition velocities

Daily dry deposition velocities (V) were obtained from the ratio of measured daily
fluxes and concentrations and were then averaged into annual (Table 1) and seasonal
(Fig. S2) values. Annual average l/; at the five sites ranged from 0.97 to 1.08 cm s~
for As, 0.37 to 0.98cm s for Mn, 0.18 to 0.26cm s for Fe, 0.56 to 0.85cm s~ for
Zn, 0.93 to 1.60cms™ for Cr, 0.78 to 0.88cms™ " for Cu, and 1.88 to 2.22cms™ for
Pb. While V, for a few metal species only changed slightly from site to site, V4 for other
species changed significantly (e.g., a factor of 2). Since all five sites were located within
a few hundred square kilometres, meteorological conditions only differed slightly from
site to site (Table S1). This explains the small differences in V4 from site to site for a few
metal species (e.g., As, Fe, Cu). The very large difference in /5 from site to site for
a few species (e.g., Mn, Cr) should thus be caused by their different size distributions
at different sites considering the strong dependence of /4 on particle size distribution
(more discussion in Sect. 3).

Seasonal variations of I/y were small (e.g., 10 % or less) for many species and at most
sites. This again can be explained by the small seasonal differences in meteorological
conditions since all the sites were located in a tropical region. However, seasonal
variations as large as a factor of 2 were found for Cu at Site Il and for Pb at Sites
I, Il and V. Size distributions of particles should be the major causes as explained
above. Flux measurement uncertainties for these two species were also suspected to
be larger than for other species as discussed in Sect. 2.5. It is also noticed that V
values of Fe were much smaller than those of Pb in this study. This was consistent
with one of our earlier studies (Fang et al., 2007a), but contrary to a few other of our
earlier studies (Fang et al., 2004, 2007b), all of which were conducted using the same
instruments but at different locations in Taiwan. Different size distributions at different
locations (especially the mass fraction of particles larger than 10 um as discussed in
Sect. 3) was suspected to be the major causes of the large differences in the I/ of Fe.
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The annual average V; for the seven metal species obtained in the present study
(0.18 to 2.22¢cm 3_1) were in the range of previous field studies on trace metals. For
example, Yi et al. (2001) obtained V,; ranged from 0.2 to 12cm s~ for various crustal
and anthropogenic elements; Odabasi et al. (2002) obtained V4 of 1.0-6.2 for various
metal species (including all species studied here except As). On the other hand, Tas-
demir and Kural (2005) obtained /y of 2.3to 11.1cm s~ for 13 trace elements and their
values were all higher than values presented in this study. Apparently, large differences
existed in /4 from different studies and were most probably caused by a combination
of different particle size distribution, different meteorological conditions and measure-
ment uncertainties. It should be noted here that /5 to the natural surface could differ
significantly from those to the surrogate surfaces used in these studies.

2.5 Correlation between measured fluxes and concentrations

The dry deposition fluxes of a pollutant strongly depend on its air concentrations. Thus,
theoretically, measured fluxes and concentrations should be correlated significantly
(e.g., Yietal., 2006). However, due to the measurement uncertainties, especially in the
flux measurements using surrogate surfaces, the correlation between measured fluxes
and concentrations might not be satisfactory. Figure 3 shows the flux-concentration
regression equations for Mn at the five sites as an example and the same informa-
tion for the other six metal species are shown in Fig. S3. The square of correlation
coefficient (R?) ranged from 0.34 to 0.58 for Mn at Sites Il to V, suggesting that the
fluxes and concentrations were moderately correlated. This provides some confidence
on the measured fluxes using surrogate surfaces. However, the correlation between
fluxes and concentrations for Mn at Site | was extremely low, which might imply large
measurement uncertainties in fluxes at this site.

Looking at the other six species, almost no correlation between fluxes and concen-
trations was found for Cu at all the sites; low to moderate correlations were found for
As, Cr and Pb at most sites; and moderate to good correlations were found for Fe
and Zn at most sites. While variations in meteorological conditions and particle size
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distributions caused variations in deposition velocities which in turn led to the low cor-
relation between measured fluxes and concentrations, measurement uncertainties in
concentrations and especially in surrogate-surface fluxes should have played a major
role. This assumption seems to be confirmed when compared with the much improved
correlations between modeled fluxes and measured concentrations discussed below.

3 Model estimates
3.1 Brief review of size distributions of metal species

Due to the strong dependence of the dry deposition velocity (V) on particle size, knowl-
edge of particle size distribution (PSD) is extremely important in particle dry deposition
studies. Measurements of PSD were limited for many metal species. A detailed re-
view of PSD of Pb-containing atmospheric particles was recently conducted by Cho
et al. (2011). PSD for several other metals were briefly reviewed here so the informa-
tion can be used for modeling their dry deposition and for other air pollution studies.
PSD data collected at three background sites in UK showed three types of PSD: (1)
A major mode at ~ 0.5 pm and additional minor modes at 1.2 and 6.0 um or at 3.5 and
20 um, depending on locations, for Cd, Sn, Pb and Se; (2) multiple modes throughout
the size range and more evenly distributed mass for Ni, Zn, Cu, Co, Mn and Hg; (3)
a large mode at ~ 3—4 um for Fe, Sr, and Ba (Allen et al., 2001). The same study also
showed that particles larger than 10 um could contribute 10-20 % to the total mass for
several species considered in the present study (e.g., Mn, Fe, Zn, Cu). PSD measured
in a residential area (Kyoto, Japan) showed a typical bimodal distribution with S, Zn
and Pb found predominantly in fine particles (peaked at 0.5—1 um), Si, Ca, Fe and Ti
found predominantly in coarse particles (peaked at ~5um), and K, V, Cr, Mn, Ni, Cu
and Br evenly distributed in both fine and coarse fractions (peaked at 0.5-1 and 5 um)
(Kasahara et al., 1996). Both unimodal (either in fine or coarse particles) and bimodal
(one fine and one coarse) PSD were found in an urban environment (Briiggemann
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et al., 2009).

Size-fractionated data were conducted in several studies, although PSD profiles
were not generated (e.g., Monarca et al., 1997; Singh et al., 2002; Tursic et al., 2006;
Wang et al., 2006; Yi et al., 2006; Karanasiou et al., 2007). A few studies investi-
gated mass fractions of the commonly defined size ranges (e.g., PM, ¢, PM, 5, PM;()
(Zota et al., 2009; Makkonen et al., 2010). These studies suggested that fine particles
dominated the total mass in some cases (species or locations) while coarse particles
dominated the total mass in other cases. One study investigated the fraction of PM,,
in TSP (de Pereira et al., 2007) and showed that particles larger than 10 um could
contribute a few ten percent to TSP mass at some locations.

Mass median diameter (MMD) from the data collected at an urban site in Japan
(Tokyo) were in the range of 0.92 to 1.4 uym for Cd, 1.0—1.5um for Pb, 1.2 to 2.0 um for
Zn, 2.9 to 3.9um for Cu and 2.5 to 4.1 um for Mn (Sakata and Marumoto, 2004). In
another study conducted in an urban environment (at a roadside) the MMD data was
Pb (0.91) < Cd(1.14) < V(1.38) < Ni(1.54) < Cu(2.04) < Mn(2.61) < Cr(2.91) < Fe(3.82)
(Samara and Voutsa, 2005). Knowledge related to the size distributions discussed
above was used below for estimating V; for the seven metal species.

3.2 Modeled dry deposition velocities

Literature review presented in Sect. 3.1 suggested that most metal species have more
than one mode in their size distributions. For the seven species considered in the
present study, fine and coarse particles are both important to the total mass. Particles
larger than > 10 um could also contribute a few percent to 20 % of the total mass.

To model V/; as accurately as possible, a full size distribution is needed as suggested
in several previous studies (Holsen and Noll, 1992; Paode et al., 1998; Sofuoglu et al.,
1998). In the present study, three log-normal size distributions representing fine mode
(PM, 5) (referred to size 1 in Table 2), coarse mode (PM, 5_44) (referred to size 2) and
large mode (PM,, ) (referred to size 3), respectively, are first assumed. The geometric
mass median diameter and geometric standard deviation chosen are 0.45 um and 2.0,
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respectively, for size 1, 4.5um and 1.6 for size 2, and 20 um and 1.6 for size 3 (see
their size distributions in Fig. S4). Size-segregated l/ is calculated using the model
of Zhang et al. (2001) with modifications on the handling of seasonal-dependent input
parameters (Zhang et al., 2003) (see Sl for a brief description of the model). The size-
segregated |/ is then averaged into bulk Iy based on the size distributions for each
of the size 1, size 2 and size 3. Different combinations of these three modes, which
could represent different metal species’ size distributions, are then designed to see how
sensitive the bulk V; is to the size distributions (size 4 to size 10 listed in Table 2). Daily
meteorological data (wind speed, relative humidity, and temperature) were obtained
from nearby meteorological stations and were used in /4 calculations.

Modeled annual average V/; at the five sites ranged from 0.09 to 0.19cm s~ for
size 1, from 0.20 to 0.22cm s~ for size 2, and from 3.75 to 4.58cm s~ for size 3.
Different meteorological conditions and underlying surface types among the five sites
caused a factor of 2 difference in the modeled V/; of size 1, but only caused a small
difference (e.g., ~ 20 % or less) in those of size 3 and almost no differences in those of
size 2. While V; of size 2 were slightly higher (by 10 % to a factor of 2) than those of
size 1, V4 of size 3 were more than one order of magnitude higher than those of size 1
and size 2.

Due to the small V4 values for both size 1 and size 2, V/4 for various combinations of
size 1 and size 2 (e.g., Sizes 46 in Tables 2 and 3) were all smaller than 0.22cm s
at all the sites. Assuming 10 % of total mass were from particles larger than 10 um
(PMyo.) (e.g., size 7 and size 8), the bulk V4 for TSP could then be increased to 0.46 to
0.64cms™ at all the sites. And if the mass fraction of PM,,, is larger than 20 %, the
bulk V4 for TSP could be higher than 1 cm s~ (size 9 and size 10). Apparently, a small
percentage of PM,,, mass contributed significantly to the bulk V4 for TSP. A field study
measuring metal dry fluxes using surrogate surfaces also suggested the important role
of large particles contributing to the total fluxes (Zufall et al., 1998).

Due to the unavailability of the size distributions for metals measured in the present
study, some assumptions were needed to calculate their I/;. Based on the sensitivity
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tests presented in Table 3 and the review of size distributions presented in Sect. 3.1,
size distributions as a combination of size 1, size 2 and size 3 were proposed for the
several metals species (Table 2). It is noted that V4 for a few species (Mn, Fe, Zn, and
Cr) at Site V differ significantly from the other four sites; thus different size distributions
for theses species at Site V were used (Table 2).

Modeled daily V4 generally did not have any correlations with measured daily V for
most species and at most sites (figure not presented). This apparently should be due
to the large uncertainties in the modeled V,; due to various assumptions, large uncer-
tainties in measured fluxes using surrogate surface, and some extent of uncertainties
in measured concentrations, the latter two variables were used for obtaining measured
V4. However, annual average l; for all the species (except Pb) agreed very well with
measured V5 (e.g., only 10 % differences in many cases as shown in Fig. 4). For Pb,
modeled V; were 30-50 % smaller then the measured values. If considering all the
species together, modeled and measured annual /4 values had a very good correla-
tion (the last panel in Fig. 4).

While the assumed size distributions for most species can be easily justified based
on previous measurements as reviewed in Sect. 3.1., we do not have much confidence
for two species (Fe and Pb). As discussed in Sect. 3.1, the geometric mass median
diameter (MMD) was largest for Fe and smallest for Pb; however, the measured V in
the present study had smallest values for Fe and largest values for Pb. For Fe, modeled
V4 can be made very close to the measured V4 (as shown in Fig. 4) if the mass fraction
of PM,,, is limited to a very small percentage (e.g., 2 % or less) while assuming a large
fraction of PM, 5_4q (€.9., 80 % in Table 2) in order to satisfy the measured very large
MMD values. However, it is difficult to obtain modeled V5 as high as measured V for
Pb (as shown in Fig. 4) despite an assumption of 30 % mass fraction in PM,q,.

There were several possibilities causing the large differences in modeled and mea-
sured V/ for Pb: (1) measured V4 was overestimated using surrogate surface; (2) the
MMD assumed for PM, 5 fraction for Pb was too large (noting that V/; increases with de-
crease in particle size for very small particles); (3) the modeled V4 was underestimated
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using daily averaged meteorological data (noting that daytime wind speed could be
much higher then the daily average wind speed and that /5 for small particles are more
sensitive to wind speed). These factors can be identified in future studies with more
accurate data of mass size fraction and meteorological variables.

3.3 Modeled fluxes and comparison with measurements

To support discussions presented in Sect. 2.5 above, correlations between modeled
flux and measured concentrations were conducted (see one example shown in Fig. 5).
As expected, modeled fluxes had good correlations with measured concentrations at all
sites; the square of correlation coefficient was higher than 0.8 at two sites. Comparing
values shown in Fig. 5 with those shown in Fig. 3, the correlations between modeled
flux and measured concentrations were much better than those between measured
fluxes and concentrations at four sites; the only exception is at Site IV for which the
correlation actually declined. In general, modeled fluxes correlate reasonably well with
measured concentration for all the species (figure not present).

Modeled and measured annual average fluxes and correlations between daily values
of modeled and measured fluxes are presented in Table 4. Correlation coefficient (R),
F value (a test for statistical significance of the regression, obtained by dividing the
explained variance by the unexplained variance) and the significance of the correlation
P(F) (the probability that the two group variables are not correlated) are shown in
Table 4. If F is smaller than 4.0 or P(F) is larger than 0.1, the correlation will be
considered insignificant. Only pairs satisfying both F >4.0 and P < 0.1 are shown in
the table.

Due to the very close I/4 values from model estimations and measurements as dis-
cussed in Sect. 3.2, modelled and measured annual average dry deposition fluxes
were also very close, e.g., within 20 % at most cases for all metal species except Pb.
Model estimated Pb fluxes were around 30 % lower than the measured fluxes.

Nearly 70 % of all the cases showed significant correlations between modelled and
measured fluxes as shown in Table 4. This is surprising considering that there was
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little correlation between modelled and measured V, values as discussed in Sect. 3.2.
One reason for the significant correlation between modeled and measured fluxes could
be because they both depended on measured concentrations. For example, Fe and
Zn were two species whose measured fluxes correlated well with measured concen-
trations as discussed in Sect. 2.4. These two species were also found to have good
correlations between modeled and measured fluxes (Table 4). Another example is Mn,
which had much better correlation between measured fluxes and concentrations at
Sites Il to V than at Site | (Fig. 3); in comparison, correlations between modeled and
measured fluxes at Sites Il to V were also significant, but correlation was not found
at Site I. Table 4 also shows that the worst performance was for Cu and As, which is
consistent with the low correlations between measured fluxes and measured concen-
trations (Fig. S3). It is noticed that cases with (slightly) better correlations between
measured fluxes and concentration do not always have better correlations between
modeled and measured fluxes, and vice versa (compare species As at Site | with those
at Sites Il and Ill). The might be caused by uncertainties in modeled V (and thus
fluxes).

4 Conclusions

Measurements of daily air concentrations and dry deposition fluxes of seven metal
species conducted at five sites in Central Taiwan during one year period and dry depo-
sition velocities generated from these measurements were summarized in this study.
Annual average concentrations were found to be the lowest in summer for all the seven
species and at all the locations; however, the seasonal variations were generally small,
e.g., mostly within a few ten percent. Highest concentrations appeared in different
seasons for different species, but generally consistent from site to site due to the fact
that the five sites are all within a small region of several hundred square kilometres.
Annual average dry deposition fluxes were on the order of 3, 20, 400, 50, 25, 50 and
50 ug m2 day'1 for As, Mn, Fe, Zn, Cr, Cu and Pb, respectively. Seasonal variations in
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deposition fluxes were mostly determined by those of air concentrations and to a less
extent by those of deposition velocities. Geographical variations in deposition fluxes
were smaller than those in air concentrations because the wetland site that had lowest
air concentrations happened to have largest deposition velocities. The moderate to
good correlations between measured fluxes and air concentrations for several species
provided some confidence in the measured fluxes using surrogate surfaces; however,
large uncertainties for several species at several sites might exist as seen from the lack
of correlation between measured fluxes and concentrations.

Annual dry deposition velocities for the seven metal species ranged from 0.18 to
2.22cms”'. These measured deposition velocities can be mainly reproduced using
a size-segregated particle dry preposition model with assumed particle size distribu-
tions. However, modeled and measured daily deposition velocities had weak correla-
tions despite their good agreement in annual average values. Sensitivity tests suggest
that, for the several metal species considered in the present study, mass fraction of
particles larger than 10 um played a dominant role in the total deposition fluxes due to
the much higher (e.g., by a factor of 20) deposition velocities of these large particles
compared to those of fine (PM, 5) and coarse (PM, 5_4,) particles. To estimate accu-
rately the dry deposition fluxes of trace metals using inferential method, knowledge of
the mass faction of PM, 5, PM, 5_;o and particles larger than 10 um is required, if no
detailed size distribution is available.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/32847/2011/
acpd-11-32847-2011-supplement.pdf.
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Table 1. Annual average (+standard deviation) of measured concentration (ngm™), dry de- 5
. -2 -1 . . -1 .
position (ugm~day™') and dry deposition velocity (cms™") for seven metal species (As, Mn, ./ g
Fe, Zn, Cr, Cu and Pb) in total suspended particulates at five sites during September 2009 to &
@
August 2010. | Aostect  Introduction.
Concentration (ngm’a) Flux(ugm’zday") Deposition velocity(cms") ! !
Site | Site Il Site Il Site IV Site V Site | Site Il Site Il Site IV Site V Site | Site Il Site Il Site IV Site V D
As 32+074 32+062 28+043 36+052 28+034 27+063 26+050 29+048 34+059 26+048 105+029 097+020 1.23+023 1.13+025 1.08+0.17 a
Mn 36+8.4 55+13.2 60£15.3 82+18.4 25+75 23+45 2251 20+5.8 26+6.1 20+6.1 0.76+0.17 0.46+0.08 0.40+0.10 0.37+0.05 0.98+0.24 (@)
Fe 2548960 2722669 2408+657 2764648 1898+571 419184 420+90 423+86 436+109 412+120 0.22+0.11 0.18+0.03 0.22+0.08 0.19+0.05 0.26+0.04 C
Zn 104+31 90+21 9425 109+26 69+20 49+10 50+12 50+13 51+16 49+15 0.58+0.14 065+009 0.63+0.12 0.56+0.17 0.85+0.14 (2}
Cr 24+6.9 33x7.2 245182 32+6.9 18+59 25+6.4 25+6.4 25+6.9 27+6.1 24+83 1.32+048 0.93+0.32 1.35+059 1.01£0.29 1.60+0.59 (£
Cu 9027 71+£20 79+22 110+£53 6117 57+16 47+19 52422 66+18 44+17 081+035 084+04 082+036 0.78+0.34 0.88+0.35 o
Pb 34£13 29+13 32x14 3911 2511 55+13 45+15 51+18 61+17 4417 2.08+0.80 207+1.1 207+1.10 1.88+0.56 2.22+1.09 > ! !
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Table 2. Different combinations of size 1, size 2 and size 3 (in percentage) for V, sensitivity
tests (size 4 to size 10) and for V; and F calculations of seven metal species. size 1, size 2
and size 3 are three single lognormal size distribution representing PM, 5, PM, 5_;o and PM,q,,
respectively, as shown in Fig. S4.

Size4 Sizeb5 Size6 Size7 Size8 Size9 Size 10

Size 1 80 50 20 80 50 40 30
Size 2 20 50 80 10 40 40 40
Size 3 0 0 0 10 10 20 30
For dry deposition calculation at all sites
As Mn Fe Zn Cr Cu Pb
Size 1 40 50 20 50 30 45 40
Size 2 40 40 80 40 50 40 30
Size 3 20 10 0 10 20 15 30
For dry deposition calculation at Site V only
Mn Fe Zn Cr
Size 1 40 20 45 20
Size 2 40 78 40 50
Size 3 20 2 15 30
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Table 3. Modeled deposition velocities (mean and standard deviation, cms™") for 10 particle

size distributions listed in Table 2 at the five sites.

Size1 Size2 Size3 Size4 Size5 Size6 Size7 Size8 Size9 Size 10
Site | Mean 0.12 0.20 3.75 0.14 0.16 0.18 0.49 0.51 0.88 1.24
Stdv 0.04 0.01 0.34 0.04 0.03 0.02 0.07 0.06 0.09 0.12
Site |l Mean 0.14 0.20 3.96 0.15 0.17 0.19 0.53 0.55 0.93 1.31
Stdv 0.05 0.02 0.56 0.05 0.04 0.02 0.10 0.09 0.14 0.19
Site Il Mean 0.19 0.22 4.58 0.20 0.21 0.22 0.64 0.64 1.08 1.52
Stdv 0.07 0.03 0.93 0.06 0.05 0.04 0.15 0.14 0.23 0.31
Site IV Mean 0.19 0.21 4.31 0.19 0.20 0.21 0.60 0.61 1.02 1.44
Stdv 0.08 0.02 0.88 0.07 0.05 0.04 0.15 0.14 0.22 0.30
SiteV  Mean 0.09 0.20 3.82 0.11 0.14 0.17 0.46 0.49 0.85 1.21
Stdv 0.04 0.02 0.44 0.04 0.04 0.04 0.11 0.11 0.19 0.27
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Table 4. Measured and modeled annual dry deposition fluxes (ug m~2 day'1) and the regres-

sion analysis between modeled and measured values.

As Mn Fe Zn Cr Cu Pb
Site | Measured 2.7 23.0 419 49.4 25.2 57.0 54.9
Modeled 24 16.0 398 457 17.8 53.9 35.9
R-correlation  0.31 0.55 0.35 0.33
F-value 6.4 25.4 8.5 7.5
P(F) 0.014 4.6E-6 0.005 0.008
Site I Measured 2.6 21.6 420 50.4 25.3 47.2 454
Modeled 2.5 25.7 439 41.8 26.5 45.1 32.6
R-correlation 0.46 0.60 0.55 0.47
F-value 15.7 34.2 25.7 17.0
P(F) 0.0002 2.2E-7 4.2E-6 0.0001
Site Il Measured 2.9 20.3 423 50.3 24.8 52.4 50.5
Modeled 2.6 32.8 442 515 21.7 58.1 417
R-correlation 0.39 0.25 0.53 0.32 0.43
F-value 10.9 4.0 23.5 6.8 13.3
P(F) 0.0017 0.05 9.1E-6  0.011 0.0005
Site IV Measured 3.4 26.1 436 51.0 26.9 65.5 61.2
Modeled 3.1 42.7 494 57.0 28.2 76.9 48.1
R-correlation 0.52 0.39 0.39 0.27
F-value 22.5 10.6 10.8 4.7
P(F) 1.3E-5 0.0018 0.0017 0.034
SiteV  Measured 2.6 20.0 412 49.1 24.0 43.8 44.4
Modeled 2.1 18.6 405 40.8 19.8 36.1 26.7
R-correlation  0.30 0.64 0.75 0.79 0.48 0.54
F-value 5.9 43.2 79.4 103 18.4 24.8
P(F) 0.018 1.3E-8 1.2E-12 1.E-14 6.6E-5 5.5E-6
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Fig. 2. Seasonal average concentration (ngm™) of As, Mn, Fe, Zn, Cr, Cu and Pb measured
at the five sites.

Concentration (ng m-3) Concentration (ng m-3) Concentration (ng m3)

Concentration (ng m3)

1

0

4000

Fe
3000 -
2000 -
1000 -
0l

100

@ Spring W Summer OFall O Winter

il

Site | Site Il Site 1l Site IV site V.

Site | Site Il Site Il Site IV/ site V'

30

20

10

50

40

30

20

ilil

Site 1 Site Il Site 111 Site IV site V

il

site | site Il site 11l site IV site V

80
60

40

I

20

140

120 4
100 4
80 1
60 4
40 4
204

140

120 4
100 4
80
60
40 4
20

32872

Site |

Site Il

Mn

Site Il

Site IV

il

site V.

Site |

Site Il

Zn

Site 1l

Site IV

site V'

Site |

Site Il

Cu

site 1Nl

Site IV

site V.

| Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

ACPD
11, 32847-32875, 2011

Measurement and
modeling of metal
dry deposition

L. Zhang et al.

(&)
()


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

U
25 @
| + [m] X X g ACPD
, @,
| & e 11, 32847-32875, 2011
1 S
©
20 1 A 5 oKX 2 Measurement and
| - modeling of metal
] dry deposition
g 5
o~ (@]
t o154 2 L. Zhang et al.
o i @,
3 o
;/ | =)
- - I
frey b QO
> | O Site 1 1
= ) @
k=) i O Site 2 ! !
2 " A Site3 —
B o
1 Site 5 8
5 n ﬁA y=0.08x +13.2; R =0.04 — Linear (Site 1) 7]
y=018x+49; R =046 — Linear (Site 2) =
1 A
1 y=0.40x +4.0; R®=050 — Linear (Site 5)
) | | | | | - =l EEn
Measured daily concentration (ng m) §
(2}
(2}
Fig. 3. Cor_relat_lon between measured daily flux (ugm™ day™ ') and concentration (hgm™) for  ©
?
B

32873


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

uH da
I c
= T
g | eE
a o £
© o
QO | [T
< 5 5=
e} n 9
Al © O
[Sp) o O
= = E

Discussion Paper |

dry deposition
L. Zhang et al.

Discussion Paper |

Discussion Paper | Discussion Paper

Site 1l

Site IV

Pb
0 25
.1)

Cu
2.

Cr
15

Fe Zn
e Mn +Fe XxXZn
10

05
Measured deposition velocity (cm s

o As
xCr aCu —=Pb

Mn

25

Measured

Site |

Site 111

Pb

Cu

Mn  Fe Zn

As

25

(3-8 wd) Andojen uonisods@

(;-5 wo) Audojan uomsodag

(3-8 wd) Andojen uonisods@

Fig. 4. Annual average of measured and modeled deposition velocity (cms™') of As, Mn, Fe,

Zn, Cr, Cu and Pb at the five sites and the scatter plot of these values.

m
©

32874


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

@)
il (2]
] E 2 ACPD
23
507 S 11,32847-32875, 2011
] o
i ©
] y X & Measurement and
40 - X - modeling of metal
T x X . dry deposition
< 1 =
N 1 X 8 L. Zhang et al
.E 1 x 2 : g :
3 x ;
3 30 g.
;/ | -]
i e
> ®
g8  Abstact inoducton
S 20 1 O Site2 —
[«3)
(5] B .
T i | o e
(72}
j b swes  Tabes  Figues
10 - y=0.27x+1.4; R®=0.82 — Linear (Site 1) g.
1 y=0.30x + 4.5, R*=0.51 — Linear (Site 3) o
| y=0300+55; R =040 — Lear St 4 : [
1 y=048x+0.9; R°=0.85 — Linear (Site 5)
0 - [Bask | [Toese
° : . . . > - .~ FuiSomen/Ess
Measured daily concentration (ng m) §
()]
- . . — — . (2]
Fig. 5. Correlation between modeled daily flux (ugm~2day™') and measured daily concentra- S g
tion (ng m'3) for Mn at the five sites. T g
?
B

32875


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/32847/2011/acpd-11-32847-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

