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ABSTRACT

This investigates the concentrations of Mn, Zn, Cr, Cu, and Pb ambient air in total suspended particulates
(TSPs) and dry deposition. The ratios of the calculated to measured dry deposition fluxes of ambient-air
Mn, Zn, Cr, Cu and Pb at five characteristic sampling sites from 2009 to 2010 were determined using
two dry deposition models. Experimental results demonstrate that the mean concentrations of metallic
elements in TSPs and dry deposition were highest at the Quan-xing (industrial) sampling site, which is
surrounded by various industrial factories and is in a severely polluted area. The mean seasonal concen-
trations of metallic elements in TSPs were highest in the winter and fall at all five sites. The analytical
concentrations of metallic elements in fall and winter at these five sites were elevated in low winds. The
Baklanov model yielded more accurate predictions concerning the dry deposition of metallic elements in
ambient air when the sizes of the deposited particles were <5.6 pwm, and the Noll and Fang model yielded
better predictions when the sizes of the particles were >5.6 pm.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Atmospheric particulate pollution has imposed a great burden
on the terrestrial environment both regionally and globally [1].
Atmospheric deposition refers to the transfer of atmospheric pol-
lutants to terrestrial and aquatic surfaces [2,3]. Heavy metals in
the atmosphere, water, and soil are a great concern owing to their
hazardous effect on human health [4].

Heavy metals are present in the atmosphere in increasing con-
centrations because of both anthropogenic and natural emissions
[5]. Anthropogenic emissions are estimated to be three times
greater than natural emissions [6]. Indeed, human activities (such
as transportation and industrial production) discharge significant
amounts of potentially toxic metals. Such elements become dis-
tributed in soil, air, surface dust and water. The metals accumulate
because they are not easily degraded or decomposed in these envi-
ronments [7,8].

Natural emissions are produced as crustal minerals undergo var-
ious processes, such as volcanism, erosion and the actions of surface
winds, forest fires and oceans [9,10]. The largest anthropogenic
source of Pb, Cu and As is traffic. Zn and Cr are industrial contam-
inants [11]. The aging and wear of heavy-duty vehicles release Zn
from tires and Cu from brake linings [12]. However, metallurgical
processes produce the greatest emissions of As, Cu and Zn [9,13].
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The major source of the metallic element Cr is the combustion of
coal [14,15].

Exposure to individual metallic elements can detrimentally
affects humans in various ways. For example, prolonged exposure
to Zn can cause arteriosclerosis, hypertension and heart disease,
while Cr is carcinogenic and can lead to nasal septum perforation,
asthma. Copper can cause nasal septum perforation, pulmonary
granuloma, pulmonary interstitial fibrosis and lung cancer, while
exposure to Pb can cause poisoning and anemia [16].

This investigates seasonal concentrations of metallic elements
Mn, Zn, Cr, Cu and Pb in dry deposits and total suspended partic-
ulates (TSPs) at five characteristic sampling sites. It also identifies
the size of particles for which the predictions made using various
dry deposition models concerning the concentrations of Mn, Zn, Cr,
Cu, and Pb in ambient air are the most accurate.

2. Method
2.1. Sampling program

Fig. 1 displays the five characteristic sampling sites. All samples
were obtained in sampling period of 1380-1400 min. The sampling
sites are similar to those in another [17].

The major sources of Mn, Zn, Cr, Cu, and Pb at the Bei-shi (sub-
urban/coastal) sampling site were the Taichung Thermal Power
Plant (TTPP) and a coastal industrial zone, both of which are located
around 11 km southwest of the sampling site. The Taichung Science
Park is southeast of this sampling site, and downtown is around
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Fig. 1. Geographical location at five characteristic sampling sites in central Taiwan.

8km away from this site. The major sources for the Chang-hua
(downtown) sampling site were automobile emissions southeast
of the site. A chemical plant is located around 15 km southwest of
the site. Nearby sources of Mn, Zn, Cr, Cu, and Pb for the He-mei
(residential) sampling site were transportation, agriculture, heat-
ing, and waste incineration. The major sources for the Quan-xing
(industrial) sampling site were steel manufacturing, electronics
factories, a plastics factory, chemical factories, basic metal manu-
facturing, and machinery manufacturing. Finally, the major sources
for the Gao-mei (wetland) sampling site were the TTPP, located
around 15km to the south. A factory that burned coal and an
expressway were also close to this sampling site.

2.2. Sampling program

2.2.1. PS-1sampler

The PS-1 is a complete air sampling system, which is designed
to collect suspended airborne particles (GMW High-Volume Air
Sampler; Graseby-Andersen, country). The maximum size of the
particles sampled in this investigation was around 100 pm. The
flow rate through the sample was 200 L/min. A quartz filter with a
diameter of 10.2 cm filtered the suspended particles. All filters were
first conditioned for 24 h in an electric chamber at a humidity of
35+ 5%and a temperature of 25 + 5 °C prior to on and off weighing.
Filters always transported and stored in a sealed CD box. The sam-
pling device and procedures are similar to those used elsewhere
another investigation [17].

2.2.2. Dry deposition plate

A DDP had a smooth horizontal, surrogate surface that provided
a lower-bound estimate of the dry deposition flux. The DDP com-
prised of a plate with a smooth surface that was made of polyvinyl
chloride (PVC) and was 21.5 cm long, 8.0 cm wide and 0.8 cm thick.
The DDP also had a sharp, leading edge that pointed into the pre-
vailing wind. The overhead projection films that were placed on
the top surface of dry deposition plate (DDP) were used to collect
the dry deposited pollutants. All of these overhead projection films
were maintained at a relative humidity of 50% at 25°C for more
than 48 h. Before sampling, all of these films were weighed to a
precision of 0.0001 g [17].

2.3. Chemical analysis

Samples were placed in an oven (25°C) for 12 h before they
were weighed. One quarter of each filter was cut away before the

digestion process. The filters were then cut into thin pieces and
placed in a Teflon cup. Next, 3 mL of hydrochloric acid (HCl) and
9mL of nitrate (HNO3) were mixed together and then poured into
this cup. The samples were then heated at 50 °C on a hotplate for
2 h. After digestion on the hotplate, the samples were filtered. Fol-
lowing filtration, the sample solution was added to 0.2% HNOs3
to a yield a solution with final volume of 100mL [35]. The sam-
ples were stored at 4°C in a refrigerator for inductively coupled
plasma-atomic emission spectrometer (ICP-AES) analysis. Concen-
trations of Mn, Zn, Cr, Cu, and Pb were determined. To analyze
the metallic elements, ICP-AES analysis was carried out using a
PerkinElmer Optima 2100 Plasma Emission Spectrometer. A 30s
delay and an argon gas plasma flow rate of 15 L/min were utilized.
The nebulizer flow rate was set to 0.65 L/min, and the sample flow
rate was set to 1.5 mL/min.

2.4. Quality control

Blank test background contamination was determined using
operational blanks (unexposed projection film and a quartz filter)
that were processed with the field samples. The field blanks were
exposed in the field when the sampling box was opened to remove
and replace the filters. Background contamination by metallic ele-
ments was accounted for by subtracting the field blank values from
the concentrations. Field blank values were extremely low — gener-
ally below or close to the method detection limits. Therefore, in this
investigation, background contamination was insignificant and so
disregarded. The blank test results were 0.30, 0.32, 0.20, 0.19 and
0.22 g for Mn, Zn, Cr, Cu, and Pb, respectively.

2.5. Dry deposition models

Atmospheric particles with aerodynamic diameters <10 pm
(PMjg) have recently been closely investigated as they are eas-
ily inhaled and deposited in the respiratory system [18]. Relevant
investigations have established that PMy¢ affects the incidence and
severity of respiratory diseases [19,20]. Additionally, coarse parti-
cles may be more strongly related to respiratory health effects while
the fine fraction tends to be more strongly associated with cardio-
vascular disease and mortality [21]. Therefore, V4 was calculated
using 3 wm, 3-5.6 wm and 10 wm particles, using two dry deposi-
tion models, for all of the metallic elements in this investigation.
The results in this investigation are then compared with measured
dry deposition fluxes of all metals at the five characteristic sampling
sites.

The two dry deposition models are as follows.

2.5.1. Baklanov and Sorensen’s model

Baklanov and Sorensen [22] developed deposition models for
computing long-range deposition. They defined dry deposition
velocity as the inverse of a sum of resistances r,, 1, and rc in three
sequential layers [23,24]. The model has the following form for
gaseous pollutants.

Vg=(ra+nm+ rc)717

wherer, is the aerodynamic resistance; r, represents the resistance
to penetration across the atmospheric laminar sublayer, and r¢ is
the resistance associated with direct pollutant-surface interaction.

Baklanov and Sorensen [22] suggested that the transfer resis-
tance, r¢, is negligible for particles, since when it encounters a
surface, a particle is considered to be deposited. For particles, Sein-
field suggested using the term rar,vg rather than re.
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Table 1

Meteorological conditions and metallic elements (Mn, Zn, Cr, Cu and Pb) in total suspended particulates (TSP) and dry deposition at five characteristic sampling sites during

year 2009-2010.

Bei-shi (suburban/coastal) Chang-hua (downtown)

He-mei (residential)

Quan-xing (industrial) Gao-mei (wetland)

(N=60) (N=60) (N=60) (N=60) (N=60)
TSP Flux TSP Flux TSP Flux TSP Flux TSP Flux
(ng/m?) (ng/m?min)  (ng/m?) (ng/m?min)  (ng/m?) (ng/m?min)  (ng/m?) (ng/m?min)  (ng/m?) (ng/m? min)
Spring
Mn 39.0+£565  17.6+345  55.0+13.6 145+3.15  627+154  148+391  83.7+173  192+3.84  282+736 158+4.12
Zn 1034224  345+526  933+17.3 3534698  96.8+220 367+9.68  107+214  446+180  77.8+21.0 3574956
cr 272462 17.74+472  393+555 1954622 282474 1924517  369+7.5 19.6+3.83  215+£6.01 17.1+4.76
Cu 84.7+286  38.0+452  70.6+195 303+3.59  769+256  33.6+430  105+282  444+107  643+163 249+26
Pb 307+16.6  353+533  27.8+533 28.1+425  324+655 313+517  405+109  414+926  257+57  24.5+4.46
Temp (°C)  20.6 208 208 207 21.0
RH (%) 84 75 78 81 80
WS (m/s) 1.7 1.6 24 32 25
PWD SE SSE SE SE SEE
Summer
Mn 329+481  146+211  5042+132  133+331  538+173 1274372 67.8+192  154+399 21.4+863 11.9+433
Zn 915+11.0  29.6+420  76.0+202 303+£7.68  822+276  303+£10.1  950+21.1 2744481  604+252 30.1+12.0
cr 19.74£507 1554361  32.1+431 1574395  215+6.75  155+4.62  287+6.15 163+236  162+6.02 14.6+541
Cu 80.44+264 327+655  64.6+164 260+521 7194191  29.0+625  101+219  41.1+6.86  504+17.8 23.3+520
Pb 273+676  297+354 2384527 236+2.82 265463 263+3.57 3324608  33.9+491  21.1+£522 21.9+329
Temp (°C) 27.4 27.8 275 27.1 27.6
RH (%) 81 75 79 83 80
WS (m/s) 25 24 2.6 238 2.4
PWD sw sw sw Sw sw
Fall
Mn 343+115 1564379  53.87+112  145+3.13  60.1+£166  140+453  79.7+184  183+449  23.0+7.43 1244322
Zn 1064468 3744987  90.4+232 3544872  89.9+283  340+7.84  111£319 3374496 63.6+198 31.4+100
Cr 254+748 1714433  27.4+7.08 165+248  21.9+737  165+4.05 292+483  208+577 174+558 153+6.16
Cu 1055+20.7 49.8+135  69.3+22.9 446+£200 88.0+17.8  494+230 1174893 51.8+180  628+150 4224140
Pb 427+123 4644978 3454225 41.8+152  38.0+248  465+17.7  457+13.1  47.8+155  30.0+17.0 452+12.7
Temp (°C)  27.9 29.0 288 285 27.9
RH (%) 71 71 73 75 76
WS (m/s) 1.9 1.7 2.1 25 2.0
PWD sw sw S SE SE
Winter
Mn 39.6+8.7 164+£231 624241305 1784321  64.1+962  149+387 956+594 1954341  275+387 16.0+3.67
Zn 115+29.8 35.7+52 102+13.8 39.1+755  107+10.6  39.1+£3.59  1243+17.8 36.7+471  747+437 39.1+6.93
Cr 218+6.66  17.1+433  33.1+£6.42 18.6+3.61  225+10.1  18.0+4.81 3294602 179+3.18  189+496 19.5+521
Cu 88.7+245  498+135  805+17.1 300+£671  78.7+231  334+£755  117+£435  446+117  682+£165 292+7.69
Pb 34.9+6.7 464+9.78  292+5.89 32.5+£397  30.8+6.04  36.1+499  372+876  47.4+921  221+9.00 30.6+4.93
Temp (°C)  20.1 21.1 212 212 212
RH (%) 72 69 72 75 74
WS (m/s) 1.4 13 1.7 2.1 1.8
PWD SE SE SE SE SE
Average
Mn 363+844  160+3.13  553+132 15.0+3.55  60.1+153  14.1+4.02  81.9+184  18.1+4.2 248+75  13.9+422
Zn 104+30.9  343+7.05  90.2+209 3504822  93.7+246  349+868  109+255 354+11.4  688+203 34.1+104
cr 235+692  175+441  329+7.18 17.6+4.41  235+824  172+477 31.8+6.88  18.7+£426  183+589 16.7+£5.74
Cu 90.0+£269  39.6+108  71.1+196 328+13.1  789+218  364+149  110+525  455+12.8  60.7+17 304+11.8
Pb 339+125 381489 28.8+12.7 315+10.6  31.9+1404 351+123  392+109 425+11.7 251+108 30.8+11.9
Temp (°C)  24.0 247 245 24.4 244
RH (%) 77 72 75 78 77
WS (m/s) 1.9 1.8 22 26 22
PWD S S SE SE SE

The above formula for the dry deposition velocity of
particles includes a term that is determined by the sedimenta-
tion/gravitational settling of particles:

Vg = (Fa+ 1y + rapg) " + vg,

where vg is the gravitational settling velocity.

Aerodynamic resistance, r,, depends on meteorological param-
eters such as wind speed, atmospheric stability and surface
roughness) as follows.

_ [In(Zs/Z,) — Y]
e T

where Zs is the height of first reference level and L is the
Monin-Obuhkov length.

Surface layer resistance, r,, depends on the parameters of diffu-
sion across a laminar sublayer. Therefore, it depends on molecular
rather than turbulent properties. Therefore, the surface layer resis-
tance for particles differs from that for gases. According to Zannetti
[27], the surface layer resistance for particles can be expressed as a
function of the Schmidt number, S¢ =v/D, and the Stokes number,
St:

-1
rp = (S-2/3 1 107°3/5t) "y

The airflow around a falling particle with a diameter of under
approximately 3.5 wm can be regarded as laminar. However, for
larger particles, Stokes law does not hold; additionally, an itera-
tive procedure must be used to solve the equation for the terminal



G.-C. Fang et al. / Journal of Hazardous Materials 203-204 (2012) 158-168 161

Table 2
Metallic elements concentrations study in TSP for different cities during 2000-2010.

Year City Character Metal (ng/m3) Reference

Mn Zn Cr Cu Pb

TSP

2000 Tokyo(Japan) Urban - 298.7 6.1 30.2 124.7 Var et al. [30]

2001 Ho Chi Minh (Vietnam) Urban - 203 8.6 1.3 146 Hien et al. [31]

2002 Taejon (Korea) Industrial 50.3 240 25.1 - 243 Kim et al. [33]

2003 Taichung (Taiwan) Urban - 3953 293 198.6 573.6 Fang et al. [32]

2004 Delhi (India) Urban - - 104 - 380 Khillare et al. [34]

2005 Beijing (China) Urban 374 1214 29 178 690 Okuda et al. [28]

2006 Beijing (China) Urban 296 1087 23 157 693 Okuda et al. [28]

2007 Hong Kong (China) Urban 39.5 50.8 13.9 139 55 Lee and co-workers [29]

2010 Bei-shi (Taiwan) Suburban/coastal 36.3 104 235 90 339 This study

2010 Chang-hua (Taiwan) Downtown 55.3 90.2 329 71.1 28.8 This study

2010 He-mei (Taiwan) Residential 60.1 93.7 235 78.9 319 This study

2010 Quan-xing (Taiwan) Industrial 81.9 109 31.8 110 39.2 This study

2010 Gao-mei (Taiwan) Wetland 24.8 68.8 18.3 60.7 25.1 This study

settling velocity in the turbulent regime, and this was developed
by Ndslund and Thaning [25]:

Dwp
. = W - wp)f(V)-Be,
V) = 2.

12

i w - wp)h) ',

Vo= ((u - up)+@ - vp)

24 N 0.413
Re[1 + 0.173(Re)***7] * (1 +16300(Re) %)’

where V denotes the relative velocity of the particles; u, v, w, up, vp
and wy, are the components of the velocities of the air and parti-
cles; B is the buoyancy effect parameter, B=(pp — p)/pp; Cq4 is the
drag coefficient in the static state; and Re is the Reynolds number,
Re=2Vr/v.

2.5.2. Noll and Fang’s model
Noll and Fang’s dry deposition model yields the following depo-
sition velocities of atmospheric particles [26].

Vg = Vst + 1.12U%* x exp —30.36
Dy

where Vj is particle settling velocity (cm/s), U" denotes (cm/s), and
Dy denotes particle diameter (pm).

Two meteorological parameters that affect atmospheric tur-
bulence are frictional velocity U™ and surface roughness Zy. The
relationship between these parameters under near-natural atmo-
spheric stability conditions is

(U (Zz-d)
U_(7> Xln[ Zo }
where U denotes the measured average wind speed at height Z
(m/s); Z denotes measured height above ground (m); k is von Kar-

mon’s constant (0.4); d denotes displacement (m); and Z, denotes
surface roughness height (m).

3. Results and discussion

Table 1 presents the meteorological conditions and Mn, Zn, Cr,
Cu, and Pb concentrations in TSPs and dry deposition at the five
characteristic sampling sites in 2009-2010.

The meteorological parameters were measured using a Watch
Dog Model 525 (Spectrum Technologies, Inc., Taichung County,
Taiwan). The sampling heights at which the wind speeds

were measured at Quan-xing (industrial), Gao-mei (wetland),
He-mei (residential), Chang-hua (downtown) and Bei-shi (subur-
ban/coastal) sampling sites were 12m, 12m, 7m, 7m and 12m,
respectively.

Spring lasts from February to April; summer lasts from May
to July; fall lasts from August to October, and winter lasts from
November to January.

The mean of the four seasonal concentrations of each of the
metallic elements Mn, Zn, Cr, Cu and Pb in TSPs (ng/m3) and dry
deposits (ng/m2 min) was highest at the Quan-xing (industrial)
sampling site. In TSPs (ng/m?3), it was lowest at the Gao-mei (wet-
land) sampling site. The average concentrations of Cr, Cu and Pb in
dry deposits (ng/m?2 min) in the spring were lowest at the Gao-mei
(wetland) sampling site. However, the concentrations of Mn and
Zn in the spring were lowest at the Bei-shi (suburban/coastal) and
Chang-hua (downtown) sampling sites.

The average concentrations of Mn, Cr, Cu and Pb in dry deposits
(ng/m2 min) in the summer were lowest at the Gao-mei (wetland)
sampling site. However, that of Zn was lowest at the Quan-xing
(industrial) sampling site.

The average concentrations of Mn, Zn, Cr, Cu and Pb in dry
deposits (ng/m? min) in the fall were lowest at the Gao-mei (wet-
land) sampling site. Those of Mn, Cu and Pb in the winter were
lowest at the Gao-mei (wetland) sampling site, while those of Zn
and Cr were lowest at the Bei-shi (suburban/coastal) sampling site.

The results reveal that the seasonal concentrations of dry
deposited metallic elements were highest in industrial areas and
zones with heavy traffic. The main sources for the Gao-mei (wet-
land) sampling site were the Taichung thermal power plant (TTPP)
and the combustion of fossil fuel. Additionally, it may be subject
to an far source from which pollution is transported over a long
distance when a northwesterly wind blows from mainland China.
For the Quan-xing (industrial) sampling site, the nearby sources
were the steel industry, electronic industry, plastic industry, chem-
ical industry, metal manufacturing, machinery manufacturing, and
petroleum and coal production. Finally, the main sources for the
Bei-shi (suburban/coastal) and Chang-hua (downtown) sampling
sites were the nearby science park, fossil fuel combustion and trans-
portation.

The seasonal variations in the concentrations of the metallic pol-
lutants were affected not only by nearby sources of pollution but
also by the distance to these sources. Air emissions from industrial
activities may even affect residential areas at remote distances from
industrial sectors [39]. Generally speaking, a low mixed layer will
make the suspended particulate concentrations spread uneasily
and a weak rainfall usually will not be enough to easily remove
suspended particulate concentrations from the atmosphere. PMq
particles were slightly increased in the winter season of Taiwan
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Fig. 2. Measured flux ratios for Mn, Zn, Cr, Cu, and Pb at the Bei-shi (suburban/coastal) sampling site using different dry deposition models for particle sizes 3 wm, 5.6 um,

and 10 wm.

[38]. Additionally, seasonal differences in the metal concentrations
may be due to differences in wind directions with some winds
passing through industry or traffic areas [39]. Thus, the geology,
sampling height and meteorological conditions — especially in the
autumn and fall strongly affected the seasonal variations in the con-
centrations of metallic pollutants. Seasonally, concentrations were
found to be lowest during the monsoon season (July-September)
[37]. Moreover, the average wind speed was lowest in the autumn
and winter seasons of this study. This fact may have been chiefly
responsible for the high average concentrations of the metallic

elements in these seasons. In addition, previous study also indi-
cated that the doubled concentrations in winter were likely caused
by coal combustion (Pb) and biomass burning (K), but also by a
lower mixing layer height [36]. Therefore, all the above factors were
also responsible for the high metallic elements concentrations in
the winter season of this study.

Table 2 presents the concentrations of metallic elements in TSPs
in different cities from 1000 to 2010). The highest average con-
centration of Mn in TSP was found in Quan-xing (Taiwan, average
81.9 ng/m3) and the lowest was found in Gao-mei (Taiwan, average
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Fig. 3. Measured flux ratios for Mn, Zn, Cr, Cu and Pb at the Chang-hua (downtown) sampling site with different dry deposition models for particle sizes 3 wm, 5.6 wm, and

10 pm.

24.8 ng/m3). The highest concentration of Zn in TSP was found in
Beijing (China, average 1214 ng/m?3) [28] and the lowest was found
in Hong-Kong (China, average 50.8 ng/m3) [29]. The highest aver-
age concentration of Cr in TSP was found in Delhi (India, average
104 ng/m?3)[34] and the lowest was found in Ho Chi Minh (Vietnam,
average 8.6 ng/m3)[31]. The highest concentration of Cu was found
in Taichung (Taiwan, average 198.6 ng/m?3)[32] and the lowest was
found in Ho Chi Minh (Vietnam, average 1.3 ng/m3) [31]. The high-
est concentration of Pb in TSP was found in Beijing (China, average

693 ng/m3) [28] and the lowest was found in Gao-mei (Taiwan,
average 25.1 ng/m3).

Fig. 2 plots the measured flux ratios for Mn, Zn, Cr, Cu, and Pb
at the Bei-shi (suburban/coastal) sampling site using various dry
deposition models for particles of size 3 pm, 5.6 wum, and 10 pm.
According to the Baklanov model, the average measured Mn flux
ratios for particles of size 3 wm, 5.6 wm, and 10 pwm were 2.45, 6.39,
and 10.3, respectively. The average measured Zn flux ratios for par-
ticles of size 3 wm, 5.6 wm, and 10 wm were 3.21, 8.38 and 13.4,
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Fig. 4. Measured flux ratios for Mn, Zn, Cr, Cu, and Pb at the He-mei (residential) sampling site by the different dry deposition models for various particle sizes 3 um, 5.6 um,
and 10 pm.

Those of Cu were 0.04, 0.30, and 2.23, respectively. Finally, those of
Pb were 0.02, 0.12, and 0.85, respectively.

Fig. 3 plots measured flux ratios of Mn, Zn, Cr, Cu and Pb at the
Chang-hua (downtown) sampling site obtained using different dry
deposition models for particles of size 3 wm, 5.6 wm, and 10 wm.
According to the Baklanov model, the average measured Mn flux
ratios for particles of size 3 wm, 5.6 wm, and 10 wm were 3.93, 10.3,
and 16.5, respectively. Those of Zn were 2.74,7.15,and 11.5, respec-
tively. Those of Cr were 2.09, 5.44, and 8.73, respectively. Those of

respectively. The average measured flux ratios of Cr for particles of
size 3 wm, 5.6 pmand 10 wm were 1.45,3.79 and 6.08, respectively.
Those of Cu were 2.51, 6.56, and 10.5, respectively. Finally, those
of Pb measured flux ratios for 3 wm, 5.6 wm, and 10 wm were 0.96,
2.51, and 4.03, respectively.

According to the Noll and Fang model, the average measured Mn
flux ratios for particles of size 3 wm, 5.6 wm, and 10 wm were 0.04,
0.29, and 2.17, respectively. Those of Zn were 0.05, 0.39, and 2.85,
respectively. Those of Cr were 0.02, 0.17, and 1.29, respectively.
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Fig. 5. Measured flux ratios for Mn, Zn, Cr, Cu, and Pb at the Quan-xing (industrial) sampling site by different dry deposition models at particle sizes of 3 wm, 5.6 um, and

10 pm.

Cu were 2.47, 6.45, and 10.3, respectively. Finally, those of Pb were
0.99, 2.61, and 4.18, respectively.

According to the Noll and Fang model, the average measured Mn
flux ratios for particles of size 3 wm, 5.6 wm, and 10 wm were 0.06,
0.47, and 3.49, respectively. Those of Zn were 0.05, 0.33, and 2.43,
respectively. Those of Cr were 0.04, 0.29, and 2.19, respectively.
Those of Cu were 0.04, 0.30 and 2.23, respectively. Finally, those of
Pb were 0.02, 0.12, and 0.89, respectively.

Fig. 4 plots the measured flux ratios of Mn, Zn, Cr, Cu, and Pb at
the He-mei (residential) sampling site obtained using the different

dry deposition models for particles of size 3 um, 5.6 pum, and 10 pm.
The average measured Mn flux ratios obtained using the Baklanov
model were 4.61,12.0,and 19.3, respectively. Those of Zn were 2.85,
7.43, and 11.9, respectively. Those of Cr were 1.48, 3.84, and 6.17,
respectively. Those of Cu were 2.45, 6.40, and 10.3, respectively.
Finally, those of Pb were 1, 2.61, and 4.19, respectively.

Based on the Noll and Fang model, the average measured Mn
flux ratios for particles of size 3 pum, 5.6 wm, and 10 wm were 0.07,
0.56, and 4.09, respectively. Those of Zn were 0.05, 0.34, and 2.53,
respectively. Those of Cr were 0.02, 0.18, and 1.31, respectively.
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Fig. 6. Measured flux ratios for Mn, Zn, Cr, Cu and Pb at the Gao-mei (wetland) sampling site by different dry deposition models for particle sizes 3 pum, 5.6 wm, and 10 pm.

Those of Cu were 0.04, 0.29, and 2.18, respectively. Finally, those of
Pb were 0.02, 0.12, and 0.89, respectively.

Fig. 5 plots the measured flux ratios of Mn, Zn, Cr, Cu, and Pb
at the Quan-xing (industrial) sampling site obtained using differ-
ent dry deposition models for particles of size 3 um, 5.6 wm, and
10 pum. Based on the Baklanov model, average measured Mn flux
ratios were 4.82, 12.6, and 20.2, respectively. Those of Zn were 3.41,
8.90 and 14.3, respectively. Those of Cr were 1.86, 4.85, and 7.78,
respectively. Those of Cu were 2.66, 6.93, and 11.1, respectively.
Finally, those of Pb were 1.01, 2.63 and 4.22, respectively.

According to the Noll and Fang model, the average measured Mn
flux ratios for particles of size 3 wm, 5.6 wm, and 10 wm were 0.08,
0.58, and 4.28, respectively. Those of Zn were 0.06, 0.41, and 3.03,
respectively. Those of Cr were 0.03, 0.22, and 1.65, respectively.
Those of Cu were 0.04, 0.32, and 2.36, respectively. Finally, those of
Pb were 0.02, 0.12, and 0.89, respectively.

Fig. 6 plots the measured flux ratios of Mn, Zn, Cr, Cu and Pb at
the Gao-mei (wetland) sampling site obtained using different dry
deposition models for particles of size 3 wm, 5.6 wm, and 10 wm.
Based on the Baklanov model, the average measured Mn flux ratios
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for particles of size 3 wm, 5.6 um, and 10 wm were 1.90, 4.96, and
7.95, respectively. Those of Zn were 2.11, 5.52, and 8.85, respec-
tively. Those of Cr were 1.20, 3.13, and 5.02, respectively. Those of
Cuwere 2.27,5.93, and 9.51, respectively. Finally, those of Pb were
0.91, 2.36 and 3.78, respectively.

According to the Noll and Fang model, the average measured
Mn flux ratios for particles of size 3 wm, 5.6 wm, and 10 um were
0.03, 0.23, and 1.69, respectively. Those of Zn measured were 0.03,
0.26, and 1.88, respectively. Those of Cr were 0.02, 0.14, and 1.06,
respectively. Those of Cu were 0.04, 0.27, and 2.02, respectively.
Finally, those of Pb were 0.02, 0.11, and 0.81, respectively.

Analytical results reveal that the Noll and Fang model yielded
better predictions for the dry deposition of Mn, Zn, Cr, Cu and Pb in
ambient air when the particle size exceeded 5.6 pm, whereas the
Baklanov model yielded better predictions for dry deposition when
the particle size was less than 5.6 pm.

4. Conclusions

The results of this investigation support the following conclu-
sions. Average seasonal concentrations of Mn, Zn, Cr, Cu, and Pb
in TSPs and dry deposits were highest in the fall and winter and
lowest in the summer at all five characteristic sampling sites. In
addition, the average concentrations of Mn, Zn, Cr, Cu, and Pb in
TSPs were highest at the Quan-xing (industrial) site, and lowest
concentrations at the Gao-mei (wetland) site. However, the aver-
age concentrations of dry deposited Mn, Zn, Cr, Cu and Pb were
highest at the Quan-xing (industrial) site, because the Quan-xing
(industrial) site is in an industrial area in which many industrial
processes take place. Furthermore, for 3 wm particles, the Baklanov
model overestimated the dry deposition of Mn, Zn, Cr, and Cu from
ambient air at the five characteristic sampling sites. For 10 pm par-
ticles, the Noll and Fang model overestimated the dry deposition
of Mn, Zn, Cr, and Cu from ambient air at the five characteristic
sampling sites. Finally, the Baklanov model underestimated the
dry deposition of Pb in 3 um particles from ambient air at the five
characteristic sampling sites. However, the Noll and Fang model
underestimated the dry deposition of Pb in 10 pm particles from
ambient air at the five characteristic sampling sites.
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