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• A field experiment was performed to
measure the dry deposition flux and ve-
locity of particulate matter on leaf sur-
faces.

• A significant relationship was observed
between the ambient concentration
and the dry deposition flux of PM.

• The long-range transport of sulfate was
observed during the winter monsoon.

• The experimental results were consis-
tent with results obtained using the i-
Tree model.
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I-tree model
Many studies have estimated particulatematter (PM) removal by urban trees using dry depositionmodels; how-
ever, few studies have quantified the accuracy of their results. Thus, this study investigated the dry deposition of
PM and its associated soluble ions in five broadleaved species in three districts of Taichung, central Taiwan,
through field experiments. The total suspended particulate (TSP) dry deposition flux on leaf surfaces varied
with sampling time, site, and tree species. By contrast, single-factor effects were observed for PM10 and PM2.5.
The average dry deposition velocities of TSPs, PM10, and PM2.5 were 0.63, 0.062, and 0.028 cm s−1, respectively.
Moreover, the dry deposition velocities of sulfate and nitrate were estimated to be 0.186 and 0.194 cm s−1, re-
spectively. A significant relationship was observed between the ambient concentration and the dry deposition
flux for all size fractions of PM. By contrast, weak and negative correlations were found between particle depo-
sition velocity and wind speed. The measured PM2.5 dry deposition velocity was approximately equal to the
dry deposition velocity obtainedwith the i-Treemodel (0.03 cm s−1), which indicated the promising application
potential of i-Tree in Taiwan. Compound and rough leaves, such as leaves of the Taiwan golden-rain tree,
intercepted a high amount of PM2.5, whereas the pongam tree, which has thin leaves andwax surfaces, exhibited
the lowest TSP interception. Species difference mostly occurred in the dry deposition flux of nitrate rather than
sulfate; however, the interception of sulfate by trees revealed the possibility of the long-range transport of air
pollutants. The results of this study elucidate the dry deposition of PM and its associated soluble ions in real-
world situations.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

With air pollution becoming an increasingly serious problem, the
adverse effects of atmospheric particulate matter (PM) on human
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health have attracted increasing research attention. PM is defined as
particles with a diameter of less than 100 μm (i.e., total suspended par-
ticulates [TSPs]). PM is mainly monitored as PM10 (PM with a diameter
smaller than 10 μm) and PM2.5 (PM with a diameter smaller than
2.5 μm). Over the past two decades, increased research attention has fo-
cused on PM2.5 because of its high persistence in the atmosphere. PM2.5

can penetrate deep into the lungs and is a considerable threat to human
health because it contains toxic heavy metals (Chen et al., 2015a; Li
et al., 2014; Wang et al., 2018; Zheng et al., 2016) and polycyclic aro-
matic hydrocarbons (Bandowe et al., 2014; Kong et al., 2018;
Mohammed et al., 2016; Sosa et al., 2017; Xie et al., 2017). Taiwan,
which is located in southeast China, suffers from air pollution due to
coal burning and industrial emissions in China during the winter mon-
soon (Lin et al., 2007; Chen et al., 2015b; Hsu et al., 2016). In addition,
many cities with high population density in western Taiwan have air
pollution levels above the World Health Organization limits during
late autumn and early spring. Local pollutant emissions in Taiwan orig-
inate from heavy traffic, power plants, steel factories, and other indus-
tries (Ho et al., 2003; Chen et al., 2016).

Depending on rainfall events, PM is removed from the atmosphere
through dry or wet deposition processes (Beckett et al., 1998). During
days without rain, trees in urban forests can purify air by intercepting
PM with their leaves and branches due to the large surface area of
their leaves and branches. Thus, studies on PM dry deposition onto
leaf surfaces are extremely important, which can help to verify the abil-
ity of air purification by different tree species. The dry deposition of PM
is influenced by its chemical properties, its surface characteristics, and
the meteorological conditions. Performing direct accurate measure-
ments of the dry deposition velocity of PM is difficult due to its small
size (Long et al., 2001; Litschke and Kuttler, 2008). Cai et al. (2017)
reviewed more than 150 studies published between 1960 and 2016
and concluded that the average deposition flux of PM on leaves is
1.71 ± 0.05 g m−2 wk−1 (approximately 10.18 mg m−2 h−1). PM was
extracted from leaves by using the dry method (Chen et al., 2016; Liu
et al., 2012; Prajapati and Tripathi, 2008) or wet method (Beckett
et al., 2000a; Prusty et al., 2005; Wang et al., 2013; Xu et al., 2018).
The dry method is easy and quick and involves manually brushing the
leaf; however, this method cannot be used to distinguish different
sizes of the deposited PM. By contrast, in the wet method, water is
used towash the leaf and quantify different size fractions of PM through
filtration. Numerous studies have quantitatively analyzed the particles
deposited onto leaves; however, few studies have examined deposition
flux. Most relevant studies have collected leaf samples at given times to
investigate PM deposition for different tree species (Beckett et al.,
2000b; Dzierżanowski et al., 2011; Popek et al., 2013; Sæbø et al.,
2012; Sgrigna et al., 2015; Song et al., 2015), canopy layers (Hofman
et al., 2014), distances from the road (Freer-Smith et al., 1997; Mori
et al., 2015; Sgrigna et al., 2015), and leaf layers (surface or wax)
(Dzierżanowski et al., 2011; Mori et al., 2015; Popek et al., 2013;
Sgrigna et al., 2015). Few studies have conducted field measurements
to estimate the dry deposition velocity of PM on leaves. These studies
relied on the long-term estimation of the deposition flux of PM and
the representative ambient concentration data. Because the aforemen-
tioned information has rarely been obtained through field measure-
ments, the estimation of PM interception by urban trees can mostly
rely on a limited set of parameters in deposition models.

Improving air quality is one of several ecosystem services that trees
provide. The i-Tree Eco dry deposition model (simply referred to as i-
Tree), which has been developed by incorporating tree parameters,
the dry deposition speed of PM, environmental conditions, and eco-
nomic benefits, is widely used to evaluate themonetary benefits of eco-
system services, including PM interception by urban forests (Nowak
et al., 2013). Many studies have investigated PM10 and PM2.5 removal
by urban trees and their economic benefits using i-Tree model
(Bottalico et al., 2016; Nowak et al., 2013; Selmi et al., 2016; Tallis
et al., 2011). The PM dry deposition velocities in i-Tree were obtained
from studies that used NaCl or KNO3 for particle exposure and observed
the deposition flux on leaves under different wind speed conditions.
However, the characteristics of simulated particles may be different
from those of real atmospheric PM. Furthermore, the i-Tree model
only includes the PM2.5 dry deposition velocity data (obtained through
wind tunnel experiments) of fewer than 20 tree species under different
wind speeds (Hirabayashi et al., 2015). However, Taiwan has different
climate zones, which results in considerable biodiversity. Thus, the re-
sults of i-Tree are insufficiently generalizable to other types of leaves,
and the simulation results may differ from the ground reality.

This study aimed to determine the variability in the dry deposition
flux and velocity of PM and its associated soluble ions for different
tree species, sites, and months. We conducted a field experiment with
five indigenous tree species common in Taiwan to understand the dry
deposition of PM onto leaves in the real world. The obtained results
were comparedwith the parameters in the i-Treemodel.We also exam-
ined the correlations 1) between the dry deposition flux and the PM
concentration and 2) between the dry deposition velocity andmeteoro-
logical factors (such as the wind speed, relative humidity, and tempera-
ture). The field study investigated the following hypotheses: (1) the dry
deposition flux of PM and its associated soluble ions on leaves varies ac-
cording to the sampling time, site, and tree species; (2) the dry deposi-
tion velocities of PM10 and PM2.5 in i-Tree are inapplicable in field
situations; (3) the dry deposition flux of PM on leaves is positively cor-
relatedwith the ambient concentration of PM; and (4) significant corre-
lations exist between meteorological factors and the dry deposition
velocity of PM.

2. Materials and methods

2.1. Study area and monitoring stations

This study was conducted in Taichung, a city located in the central
part of Taiwan (24°6′N, 120°40′E). Taichung is the second most popu-
lous city in Taiwan. It has a population of approximately 2.81 million
people and covers an area of 2214 km2. The world's third largest ther-
mal power plant is located in Taichung. This power plant is widely con-
sidered to be a major contributor to air pollution in Taichung. We
selected the most densely populated area of Taichung as the study
area. This area covers only 10% of Taichung but accounts for approxi-
mately 70% of its population (approximately 9000 people per km2)
(Fig. 1). Due to the high population density in Taichung, road traffic is
also a major source of air pollutants. In the study area, we selected
three sampling sites close to the air quality and TSPmonitoring stations,
which were, from north to south: Nantun, Dali, and Wufeng. The air
quality monitoring stations automatically provide hourly data on the
ambient concentration of PM10, PM2.5, and meteorological factors,
such as the temperature, relative humidity, precipitation, and wind
speed. TSP monitoring stations provide daily manual monitoring data
regarding the ambient TSP concentration twice a month and regarding
the nitrate and sulfate concentration once a season (Fig. 1).

2.2. Plant material and sampling

We selected five broadleaved indigenous tree species that are com-
mon in Taiwan: the chinaberry tree (Melia azedarach), the Taiwan
golden-rain tree (Koelreuteria elegans), the camphor tree
(Cinnamomum camphora), bishop wood (Bischofia javanica), and the
pongam tree (Millettia pinnata). M. azedarach and K. elegans are
semideciduous tree species with leaves that fall from December to Feb-
ruary, whereas the other three tree species are evergreen species. Ex-
cluding C. camphora, which has single leaves, all the other
aforementioned tree species have compound leaves. Three trees were
used as a triplicate for each species (Fig. 1). For each replication, healthy
leaves were picked out randomly from its tree at a height of 3–5 m. To
better represent the PM interception of one tree, we collected 3–4



Fig. 1. Locations of the study sites, monitoring stations, and sampling trees in Taichung.
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times the leaf area per sample collected in previous studies
(Dzierżanowski et al., 2011; Sgrigna et al., 2015). The leaf area per sam-
ple ranged between 1000 and 1500 cm2 in this study (approximately
20–30 leaflets of bishop wood and the pongam tree, 80–120 leaves of
the camphor tree, and 150–220 leaflets of the chinaberry tree and
Taiwan golden-rain tree). To represent monthly changes, leaf samples
were collected on the following dates: September 26, October 31, and
December 7, 2016, as well as January 6, February 1, March 5, March
31, May 1, May 29, June 29, July 26, and August 21, 2017. The sampling
dates were adjusted due to rainfall events. Samples were collected al-
most once a month and represented 12 months of dry deposition
from September 2016 to August 2017. In summary, 540 leaf samples
were tested from three sampling sites, five tree species, three replicates,
and 12 sampling times. Leaf sampleswere placed in plastic bags to avoid
contamination, transported immediately to the laboratory, and stored
at 4 °C until analysis.

2.3. Washing and filtering procedure

Particles were washed down from leaves using deionized water.
Each leaf sample was placed into a 1.5-L plastic box, and 100 mL of de-
ionized water was added to the box. After manually shaking the box for
5min, thewaterwasfiltered into a beaker using a 100-μmstainless steel
sieve to remove particles larger than 100 μm. Afterward, 1 mL of the fil-
tered water was passed through a 0.45-μm syringe filter (hydrophilic
polyethersulfone, No. 4485, Pall Corporation, East Hills, NY, USA) into
a clean tube before further extraction. The filtered water was then sub-
jected to ion analysis. The aforementioned washing and filtering proce-
dure was repeated four times into the same beaker; however, the
manual shaking timewas adjusted to 15 s. The first washing procedure,
which involved using only 100 mL of deionized water, aimed to avoid
the effect of dilution. Therefore, a long manual shaking time was re-
quired in the first washing step to ensure that all of the soluble ions
on the leaf surfaces were dissolved in water. Approximately 60%–70%
of particles were washed out from the leaves into the beaker in the
first step. Four additional washing steps were performed to remove all
of the residual particles between the leaves. We conducted preliminary
tests to confirm that more than 90% of different particle size fractions
could be collected using the aforementioned method in the study
area; however, if a large amount of PM is intercepted by tree leaves in
other regions, additional washing procedures may be required. The
final volume of filtered water that contained particles smaller than
100 μm was almost 500 mL. The aforementioned water was filtered
again by using a 47-mmmagnetic filter funnel (No. 4242, Pall Corpora-
tion, East Hills, NY, USA) connected to a vacuum pump (V-500, Büchi
Labortechnik AG, Flawil, Switzerland) and passed through three
preweighed filters, namely a nylon filter (pores: 10 μm; Startech,
Changhua County, Taiwan), cellulose filter (pores: 2.5 μm; type 42,
Whatman Corporation, Piscataway, NJ, USA), and mixed cellulose ester
filter (pores: 0.45 μm; GN-6, Pall Corporation, East Hills, NY, USA). The
aforementioned preweighed filters were first filtered using deionized
water, dried at 60 °C for 1 h, and then weighed. The aforementioned
procedure was performed several times to obtain stable filters and
their preweighed values for further PM filtration. Changes in relative
humidity affect weighing accuracy; therefore, the laboratory humidity
was stabilized (35%–40%) to minimize the effect of humidity on the
weighing process. In the PM filtration stage, a few filters were filtered
only through deionizedwater as blanks to ensure the stability of the en-
vironment. After the PM filtration procedure, three types of filters were
dried under the aforementioned condition and reweighed. Thus, three
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particle size fractions on the filters were collected. The deposition
amounts of TSPs, PM10, and PM2.5 on the leaves could be estimated by
subtracting the preweight from the postweight. Specifically, in this
study, TSP, PM10, and PM2.5 are defined as particles with diameters of
0.45–100, 0.45–10, and 0.45–2.5 μm, respectively. All the filters were
weighed in a microbalance with a precision of ±0.01 mg (AP125WD,
Shimadzu Corporation, Kyoto, Japan) under stable ambient humidity.
Subsequently, a static eliminator (QUICK440A, Farnell Corporation,
London, UK) was used to avoid disturbance. In our sampling period,
TSPs and their associated ions were continually measured, whereas
PM10 and PM2.5 were only measured during the last two deposition
months (July and August 2017).

2.4. Analysis of soluble ions

The preparedwater samples were analyzed through ion chromatog-
raphy (IC; DX-120, Dionex, Sunnyvale, CA, USA) for nitrate (NO3

−) and
sulfate (SO4

2−) ions. The IC apparatus comprised a column (AS9-HC,
Dionex), guard column (AG-24A, Dionex), suppressor (ASRS-300,
Dionex), conductivity detector, and gradient pump. An eluent (9 mM
Na2CO3) was used for anion detection. The limits of detection were
less than 0.1 mg L−1, and the detection method was linear
(R2 > 0.999) for both NO3

− and SO4
2− detection with standard reference

materials (Merck, Darmstadt, Germany).

2.5. Monitoring data from stations

The air pollutant monitoring data andmeteorological conditions ob-
tained from both types of monitoring stations in the dry deposition pe-
riods are summarized in Table S1. According to Fang et al. (2003), PM10

contributes more than 50% of the mass of TSPs; thus, a strong relation-
ship exists between PM10 and TSPs. Because the monitoring periods of
TSPs in this study were not widely distributed and the TSP monitoring
stations were further away from the sampled trees than the PM10 mon-
itoring stations were, we converted the hourly PM10 monitoring data
into TSPdata instead of using TSPmonitoringdata directly.We analyzed
the TSP and PM10 monitoring data of the past 3 years for each site, and
good linear correlationswere observed between the TSP and PM10mon-
itoring data (R2 > 0.70 for the three sites). Thus, linear regression could
be performed to convert the hourly PM10 monitoring data into hourly
TSP data. The average concentrations of TSPs, the associated sulfate,
and the associated nitrate for all the sites during the sampling period
were 59.18, 4.00, and 3.79 μgm−3, respectively. The average concentra-
tions of PM10 and PM2.5 at the three selected sites during the analysis
period (July and August) were 31.05 and 14.69 μg m−3, respectively.
The PM and ion concentration data from each monitoring station were
used to calculate the dry deposition velocities. Moreover, meteorologi-
cal datawere used to determine the relationships of thewind speed, rel-
ative humidity, and temperature with the dry deposition velocities
of PM.

2.6. Estimation of dry deposition velocity

The dry deposition velocity of PM and its associated ions on leaves is
estimated using Eq. (1).

F ¼ Vd � C ð1Þ

where F is the dry deposition flux of PM (μg cm−2 s−1), Vd is the dry de-
position velocity of PM (cm s−1), and C is the ambient concentration of
PM (μg cm−3).

After the washing and filtering procedure, the amount of PM
intercepted by tree leaves was quantified. To estimate the dry deposi-
tion flux of PM and its associated ions on leaves, information regarding
the deposition area and deposition timewas required. The leaf area was
obtained from scanned images of leaves by using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). Furthermore, the
dry deposition period was confirmed using the hourly rainfall data ob-
tained from the air quality monitoring stations. The precipitation
threshold at which all particles were considered to be washed out
from the leaves was assumed to be the product of 0.2 (mm) and the
leaf area index (LAI) of the sampled trees. This threshold was obtained
with reference to previous studies that have indicated that the water
storage capacity is 0.2 mm per unit leaf area (Nowak et al., 2013;
Wang et al., 2008). The threshold was also used in i-Tree model. In gen-
eral, the LAI of street trees does not exceed 5 (Armson et al., 2013;
Gonzalez-Sosa et al., 2017). The canopy of all the different species of
sampled trees was not particularly dense. Thus, if the precipitation in
the study area was higher than 1 mm (the product of 0.2 and 5), then
the dry deposition of PM would be completed and new dry deposition
would begin after the end of the precipitation. In this study, the dry de-
position period in the sampling months ranged from 83 h (April 2017,
Nantun) to 437 h (January 2017, Dali). The dry deposition flux could
be calculated using all of the aforementioned information. The dry de-
position velocity of PM and its associated soluble ions could be deter-
mined by dividing the dry deposition flux by the mean ambient
concentration data obtained from the monitoring stations.

2.7. Statistical analysis

To test whether the dry deposition flux and velocity of PM and its as-
sociated soluble ions varied among tree species, study sites, and sam-
pling times, a three-way analysis of variance (ANOVA) with
replication (5 species × 3 sites × 12 times) was performed, followed
by an application of theHolm–Sidakmethod. In Fisher's least significant
difference (LSD) test, the type I error rate (α) increases with increasing
pairwise comparisons. Therefore, theHolm–Sidakmethod is superior to
Fisher's LSD test for reducing theα error. Furthermore, the Holm–Sidak
method is less conservative than other post hoc methods, such as the
Bonferroni test. The raw flux and velocity data were converted to a log-
arithmic scale because the log-normal data were normally distributed.
Spearman’ correlation analysis was used to evaluate the relationships
between 1) dry deposition fluxes and concentrations and between
2) dry deposition velocities and meteorological factors. The Spearman
correlation coefficient is denoted by “rho” in this study. All statistical
analyses were performed using SPSS version 20 (IBM Corporation,
Amonk, NY, USA; released 2011) and SigmaPlot 13.0 (Systat Software
Inc., San Jose, CA, USA).

3. Results

3.1. Dry deposition flux

3.1.1. TSPs
The significant effects were observed for all single- and multiple-

factor interactions among the sampling time, site, and species for TSP
flux (Fig. 2A). At Nantun, C. camphora and B. javanica had a significantly
higher TSP dry deposition flux (p < 0.001 and p < 0.05, respectively)
than the other tree species did. At Dali, K. elegans had a significantly
higher TSP dry deposition flux (p < 0.05) than B. javanica and
M. azedarach did. At Wufeng, B. javanica and K. elegans exhibited a
higher TSP dry deposition flux than the other species did. Considerable
differences in the TSP dry deposition fluxwere observed among the tree
species atWufeng than at the other two sites.Moreover, the TSP dry de-
position fluxes for C. camphora and M. azedarachwere higher than that
forM. pinnata (p< 0.001 for all differences atWufeng) (Fig. 2B). During
most months of the sampling period, the TSP dry deposition flux was
higher at Wufeng than at the other sites and was lower for M. pinnata
than for the other tree species. The major peak for TSPs occurred in
February 2017 for most of the sites and species. Significant differences
were observed among the tree species in each month except June and



Fig. 2. Three-way ANOVA of the dry deposition fluxes of TSPs, NO3
−, and SO4

2− on leaves: (A) summary table of the statistics and (B) plots for the significant two-way interaction effects
(note: source data of TSPs [μgm−2 h−1] and their associated ions [ngm−2 h−1]; ∗∗∗, significant at the 0.001 level; ∗∗, significant at the 0.01 level; ∗, significant at the 0.05 level; and ns, not
significant).
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July 2017 (Fig. 2B). The average TSP dry deposition flux for all the sam-
pling sites, species, and times was 1.31 mg m−2 h−1.
3.1.2. Nitrate and sulfate
Except for the three-factor interaction for sulfate, significant effects

were observed for all single- and multiple-factor interactions among
the sampling time, site, and species for nitrate and sulfate fluxes
(Fig. 2A). The nitrate depositions on K. elegans andM. pinnatawere sig-
nificantly lower than those on the other tree species at all the sites;
however, the sulfate depositions on C. camphora and M. pinnata were
significantly lower than those on the other tree species only atWufeng.
A significant higher sulfate deposition was noted on B. javanica at Dali
(Fig. 2B). During the sampling period, significant species differences
were noted in the dry deposition flux of nitrate in most of the sampling
months (except February, April, and December). The nitrate deposition
on C. camphorawas usually high, and those on K. elegans andM. pinnata
were usually low. In contrast, no significant differences in sulfate depo-
sition were observed among the tree species from December to April
(includingMarch due to the greater variance); however, the sulfate de-
position on B. javanicawasmostly higher, and those on C. camphora and
M. pinnata were mostly lower during the other months. Moreover, the
nitrate flux at the three sites generally exhibited no difference over
the samplingmonths. By contrast, the sulfate flux at Nantunwas higher
than that at the other two sites over half the sampling period. Further-
more, the results indicated different monthly trends of dry deposition
flux for nitrate and sulfate. The major peak for sulfate occurred in De-
cember 2016 for different sites and species, whereas the dry deposition
flux of nitrate fluctuated from winter to summer (Fig. 2B). The average
nitrate and sulfate dry deposition fluxes for all the sampling sites, spe-
cies, and times were 0.025 and 0.028 mg m−2 h−1, respectively.
3.1.3. PM10 and PM2.5

The results of the dry deposition flux indicated the absences of two-
and three-way interaction effects among the sampling times, sites, and
species for PM10 and PM2.5 (Fig. 3A). The dry deposition fluxes of PM10

and PM2.5 were higher in July than in August (p < 0.001). The PM10

fluxes at Nantun and Dali were significantly higher than that atWufeng
(p < 0.05). Moreover, the PM2.5 flux exhibited significant differences
among the sampled tree species. The PM2.5 flux for K. eleganswas signif-
icantly higher than that for C. camphora (p<0.01) (Fig. 3B). The average
PM10 and PM2.5 dry deposition fluxes for all the sampling sites, species,
and times were 0.070 and 0.015 mg m−2 h−1, respectively.
3.2. Dry deposition velocity

The dry deposition velocity of different particle sizes was calculated
using concentrationmonitoring data, and the same concentration value
was applied for all tree species at each site and time. Therefore, the dif-
ferences in the dry deposition velocities of different species were the
same as the differences in the dry deposition fluxes in Fig. 2. The inter-
action between time and site was significant only for TSPs (Fig. 4A), and
the dry deposition velocity of the TSPs was significantly higher at
Wufeng than at the other sites in most of the sampling months. The
dry deposition velocity of PM10 was higher at Nantun than at Wufeng
(p = 0.025). Furthermore, the dry deposition velocities of PM10 and
PM2.5 were higher in July than in August (p = 0.011) (Fig. 4B). The av-
erage dry deposition velocities of TSPs, PM10, and PM2.5 for all the sites,
species, and times were estimated to be 0.63, 0.062, and 0.028 cm s−1,
respectively. We also calculated the dry deposition velocity of ions
from Eq. (1) by using the mean of the seasonal concentration data ob-
tained from TSP monitoring stations. The average dry deposition veloc-
ities of nitrate and sulfate were 0.194 and 0.186 cm s−1, respectively.
3.3. Leaf particle loading trend

We evaluated the dry deposition of PM on leaves at different times
by dividing the dry deposition amount at each time segment (μg m−2)
by the ambient concentration (μg m−3). This ratio is equal to the prod-
uct of the dry deposition velocity (m h−1) and dry deposition time (h).
This calculated value, namely the dry deposition distance, can exclude
the influence of different PM concentrations in each deposition period
and indicate the variation in the dry deposition of PMon leaves over dif-
ferent deposition times. The average dry deposition distance of TSPs in-
creasedwith an increase in the deposition time for the average results of
all the tree species. No abnormal values were observed under different
rainfall intensities. The fitted regressionmodel between the dry deposi-
tion distance and the deposition period among all the tree species was
linear (y = 27.286x – 992.277; R2 = 0.656, p < 0.001) (Fig. 5).

3.4. Correlation analysis

3.4.1. Relationship between dry deposition fluxes and ambient
concentrations

The results indicated that the dry deposition flux was significantly
correlated with the ambient concentration for all particle sizes. TSPs ex-
hibited a stronger andmore significant correlation between the flux and
the ambient concentration (rho = 0.374, p < 0.001) than PM10 and
PM2.5 did. PM10 and PM2.5 exhibited weak but significant correlations
between the flux and the ambient concentration (rho = 0.269 [p =
0.005] and 0.209 [p = 0.024], respectively) (Fig. 6).

3.4.2. Relationship between dry deposition velocity and meteorological
factors

The dry deposition velocity of TSPs was negatively correlated with
temperature, relatively humidity, and wind speed; however, significant
results were obtained only for temperature and relative humidity
(rho = −0.194 [p < 0.001] and − 0.116 [p < 0.01], respectively). By
contrast, the dry deposition velocities of PM10 and PM2.5 had a signifi-
cantly positive correlation with relative humidity (rho = 0.286
[p<0.01] and 0.336 [p<0.01], respectively) but a significantly negative
correlation with wind speed (rho = −0.189 [p < 0.05] and − 0.324
[p < 0.01], respectively) (Table 1).

4. Discussion

4.1. Spatial and temporal variations in the dry deposition flux of PM

The significant three-way interaction effect for TSPs revealed that
the tree species had different PM interception abilities at different
sites and times (Fig. 2A). For example, M. azedarach had higher PM in-
terception abilities thanM. pinnata at all sampling times except for Feb-
ruary and March. Moreover,M. azedarach had a significantly higher PM
interception ability thanM. pinnata only at Wufeng (Fig. 2B). This phe-
nomenon could be attributable to the difference in the same species
among different sites and times. The leaves of M. azedarach began to
fall in January and regrow after April, and less defoliation occurred at
Wufeng than that at the other sites. Differences in tree architectures
and aerodynamic characteristics may lead to different PM interception
levels by leaves (Beckett et al., 2000a), and a sparse canopy may ad-
versely affect PM interception. Furthermore, the difference of microcli-
matic conditions among these sites could also influenced the PM
interception by different species. Thus, complicated results may be ob-
tained, and estimations at different sites and times may be required
when determining the ability of different tree species to intercept
TSPs in field situations. In addition, all the interaction effects exhibited
nonsignificant results for PM10 and PM2.5 (Fig. 3A), which indicated
that the deposition results of these PM were less variable than those
of TSPs. The PM10 and PM2.5 deposition fluxes were higher in July than
in August (Fig. 3B). This result was observed for different sites and



Fig. 3. Three-way ANOVA of the dry deposition fluxes of PM10 and PM2.5 on leaves: (A) summary table of the statistics and (B) plots for the significant main effects (note: source data of
PM10 and PM2.5 [μg m−2 h−1]; ∗∗∗ significant at the 0.001 level; ∗∗ significant at the 0.01 level; ∗ significant at the 0.05 level; ns, not significant; and thin vertical bars represent standard
deviation).
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tree species (nomultiple-factor interactions). Thus, a high PM pollution
based on a large amount of PM interception was observed in July for all
the tree species, as indicated in Table S1. The obtained results have ap-
plications in the environmental monitoring of PM by using street trees
as bioaccumulators. Furthermore, the TSP dry deposition flux on leaves
for different sites and species was higher from winter to early spring
than during the other months of the sampling period (Fig. 2B). The pe-
riod fromwinter to early springwas also the air pollution season in Tai-
chung. Poor vertical mixing and pollutant dispersion as well as low
wind speed and rainfall occurred during this period, which resulted in
an increase in PM concentration (Yang, 2002).

Unlike the deposition of small particles (PM10 and finer particles),
TSP deposition on street trees may be easily affected by fugitive road
dust; thus, the long-term determination of TSP deposition for multiple
experimental sites is essential. In, addition, epicuticular wax on leaves
aids the capture of small particles (Weerakkody et al., 2018) but not
large particles (i.e., dust) (Liu et al., 2012). The same results were ob-
tained for M. pinnata, which has thin leaves and a waxy surface.
M. pinnata exhibited the lowest TSP interception among the tree spe-
cies. Except for M. pinnata, most of the tree species exhibited close TSP
deposition fluxes at different sampling times (Fig. 2B). This finding
agrees with that of Xu et al. (2018), who tested the PM deposition on
leaves for 17 plant species in Beijing, China. Most of the broadleaved
species in Xu et al. (2018) exhibited similar levels of TSP interception.
Moreover, we selected the months of July and August for the analysis
to avoid the influence of defoliation on PM10 and PM2.5 depositions.
No significant differences in PM10 deposition were observed among
the species; however, a significantly higher PM2.5 deposition was



Fig. 4. Three-way ANOVA of the dry deposition velocity of TSPs, PM10, and PM2.5 on leaves: (A) summary table of the statistics and (B) plots for significant two-way interaction effects on
TSPs and themain effects on PM10 and PM2.5 (note: source data of TSPs, PM10, and PM2.5 [μm s−1]; ∗∗∗, significant at the 0.001 level; ∗∗, significant at the 0.01 level; ∗, significant at the 0.05
level; ns, not significant; and thin vertical bars represent standard deviation).
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observed for K. elegans than for C. camphora (Fig. 3B). Thisfinding agrees
with that of Chen et al. (2017), who reported that the differences in PM
interception among tree speciesmostly occur with respect to small par-
ticles due to the variation in leafmicrostructures. Studies have indicated
that hairy leaves can accumulate a higher amount of PM than smooth
leaves can (Leonard et al., 2016; Sæbø et al., 2012). The leaves of
K. elegans, which were pinnately compound leaves with rough surfaces,
could intercept a relatively high amount of PM2.5. By contrast, the leaves
of C. camphora were smooth and hairless. Moreover, the petiole of
Fig. 5. Linear relationship between the dry deposition distance of TSPs and the dry
deposition period (note: each dot represents the mean value of five tree species;
different colors represent different precipitation levels before the beginning of dry
deposition; [n = 108]).
C. camphora was longer than that of the other species. Consequently,
C. camphora was shaken easily by winds, which may cause the resus-
pension of PM.

The average TSP deposition flux from this study (1.31 mgm−2 h−1)
was approximately 7.8 times lower than the integrated result in Cai
et al. (2017). This discrepancy was due to most of the data in Cai et al.
(2017) being obtained from countries with high air pollution, such as
China and India (e.g., Liu et al., 2012; Prusty et al., 2005; Wang et al.,
2013). Another reason for the aforementioned discrepancy is that the
type of deposited PM was unclear in the study of Cai et al. Without un-
dergoing an initialfiltration through a 100 μmsieve, the particles depos-
ited on leaves were often classified as “dust” rather than suspended PM
(e.g., Prajapati and Tripathi, 2008; Wang et al., 2013). The inclusion of
particles larger than 100 μm, which originate from plant debris, leaf
hair, or soil dust, will result in the overestimation of the dry deposition
of PM. Our TSP deposition results were similar to those of studies con-
ducted in countries with relatively low air pollution (e.g., Beckett
et al., 2000a) or close particle size fractions (e.g., Xu et al., 2018). How-
ever, our PM10 and PM2.5 results (with the averages of 0.070 and
0.015 mg m−2 h−1, respectively) were considerably lower than those
of other studies. For example, the PM10 and PM2.5 deposition amounts
estimated in this study were approximately 5 and 12 times lower than
those estimated by Chen et al. (2016), respectively, and approximately
140 and 640 times lower than those estimated by Xu et al. (2018), re-
spectively. This phenomenon was primarily explained by the relatively
low PM concentration in our study area.
4.2. Spatial and temporal variations in the dry deposition flux of soluble ions

Significant two- or three-factor interactions were found for nitrate,
whereas only two-factor interactions were found for sulfate (Fig. 2A).



Fig. 6. Spearman correlation between thedry depositionfluxand the ambient concentration for TSPs (n=540), PM10 (n=90), and PM2.5 (n=90) (note:flux [μgm−2 h−1]; concentration
[μg m−3]).
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These findings indicate that the results for sulfate were more consistent
than were those for nitrate. For example, the changes in sulfate deposi-
tion at each sampling site differed depending on the time (Fig. 2B);
however, the same changes were observed in the sulfate deposition re-
sults for all the tree species (significant for site and time). This finding
indicates that all the species effectively intercepted particulate sulfate,
and these species can be used as tools to monitor monthly air quality
at different sites. Moreover, the amount of sulfate deposition on
B. javanica was significantly higher than that on most of the other spe-
cies in all the sampling months except for the period between Decem-
ber 2016 and April 2017. This result was observed at all the sampling
sites (significant for species and time; Fig. 2B). Moreover, the amount
of sulfate deposition on B. javanica was significantly greater than that
on most of the other species at different sites, particularly at Dali. This
result was observed throughout the sampling period (significant for
species and site). The aforementioned results indicate that B. javanica
is an effective species for intercepting particulate sulfate. K. elegans
and M. pinnata exhibited lower amounts of particulate nitrate deposi-
tion than the other species at different sites and times, which suggests
that K. elegans andM. pinnata do not effectively intercept particulate ni-
trate (Fig. 2B).

A major peak was observed in the dry deposition flux of sulfate for
different sites and species in December, which was earlier than the
peak of the TSP flux (February and March) (Fig. 2B). This result indi-
cated that the composition of TSPs varied considerably. Sulfate and ni-
trate are considered derivatives of gaseous pollutants (SO2 and NOx)
and major components of PM, particularly fine PM (PM2.5) (Horváth,
2003; Tsai et al., 2012). However, the concentration of SO2 was not par-
ticularly high at the three selected sites over the entire study period;
thus, the increasing sulfate concentration possibly originated from di-
rect emissions. Coal burning contributed a larger amount of sulfate
than did nitrate (Ma et al., 2017). Moreover, the burning of large
amounts of coal for heat in China increases sulfate emissions, which
may be transported to Taiwan through the winter monsoon. This find-
ing agrees with that of Chang et al. (2000), who found that most of
the sulfate dry deposition associated with long-range transport oc-
curred during the northeasterly monsoon (from December to January).
Table 1
Spearman correlation analysis results for the calculated dry deposition velocity of PM and met

Temp. RH WS TSP Vd

Temp. 1 Temp.
RH 0.125** 1 RH
WS 0.583*** −0.028 1 WS
TSP Vd −0.194*** −0.116** −0.033 1 PM10 Vd

PM2.5 Vd

(Note: Temp., temperature; RH, relative humidity; WS, wind speed; TSP, total suspended parti
level; and ∗∗∗, significant at the 0.001 level.)
The dry deposition flux of nitrate had several peaks in this study
(Fig. 2B). Moreover, the atmospheric nitrate was attributed to vehicle
emissions (Han et al., 2007), which suggested that the nitrate flux was
mostly related to the local traffic. Compared with the results for sulfate
deposition, the trees species exhibited greater variations in the nitrate
deposition (Fig. 2B). This phenomenon could be related to the different
emission types of sulfate,which originates from industrial emissionsde-
posited from the upper atmosphere. By contrast, nitrate deposition orig-
inates from road emissions and thus can be easily influenced by
different traffic or microclimatic conditions.

4.3. Dry deposition velocity of PM and ions

Wufeng exhibited a significantly higher TSP deposition velocity
(Fig. 4B) and deposition flux (Fig. 2B) than the other sites during most
months of the sampling period, which indicated that the relatively
higher TSP flux atWufeng was caused by the quickly deposition of par-
ticles. The TSP deposition velocity exhibited the same variation pattern
at the three sites throughout the year (Fig. 4B); thus, the monthly
changes in the meteorological conditions of the entire study area prob-
ably contributed to the differences in the results for different months.
Chen et al. (2012) found that the dry deposition velocity of TSPs in the
urban forest landscape was 1.44 cm s−1 in Guangzhou, China. This
value is approximately 2.3-times larger than our result. The average
wind speed in the aforementioned location (1 m s−1) was similar to
that in the study area; however, Chen et al. and this study used different
methods to measure TSP deposition. Compared with deposition
collecting plates made from polyvinyl chloride (PVC), tree leaves
swing more freely and even turn upside down, which may lead to
strong particle resuspension. To accurately understand PM purification
by leaf interception, leaf collection and PM extraction are essential.
We collected deposited TSPs from different types of leaves in three dis-
tricts over a period of 1 year to determine the real deposition velocity.
The average TSP deposition velocity was estimated to be 0.63 cm s−1.
Because the TSP dry deposition velocity was mainly influenced by grav-
ity, the TSP dry deposition velocity was more stable than the PM2.5 dry
deposition velocity. Thus, the TSP dry deposition velocity is valuable
eorological factors.

Temp. RH WS PM10 Vd PM2.5 Vd

1
0.600*** 1
−0.086 −0.714*** 1
0.025 0.286** −0.189* 1
0.170 0.336** −0.324** 0.412*** 1

culate; Vd, dry deposition velocity; ∗, significant at the 0.05 level; ∗∗, significant at the 0.01
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for calculating the TSP interception by a large urban forest area by using
concentration monitoring data.

The variations in the dry deposition velocities of PM10 and PM2.5 at
different sites and times exhibited similar patterns to the variations in
the results for the deposition flux (Figs. 3B and 4B). This finding indi-
cated that the PM concentrations were similar at different sites and
times [according to Eq. (1)]. Thus, the changes in deposition velocity in-
fluenced the deposition flux. However, the mean PM10 dry deposition
velocity is used as a fixed parameter in i-Tree, meaning that all spatial
and temporal differences of dry deposition flux could be explained by
the monitored ambient concentrations. The average dry deposition ve-
locity of PM10 in i-Tree is 0.64 cm s−1 (Lovett, 1994), which is close to
our average TSP deposition but more than 10 times larger than our av-
erage PM10 deposition (0.062 cm s−1). This finding reveals that i-Tree
overestimates the PM10 interception by urban forests. Moreover, this
finding verifies hypothesis 2. The average PM2.5 dry deposition velocity
in i-Tree is 0.03 cm s−1 (under a wind speed of 1 m s−1; Hirabayashi
et al., 2015). This value is surprisingly consistent with the average
PM2.5 dry deposition velocity obtained in this study (0.028 cm s−1).
This finding suggests that i-Tree can be used for determining the PM2.5

interception by tree leaves at the scale of the study area. However, the
water-soluble components of PM2.5 may be reduced by the washing
and filtering procedure. Thus, the similar PM2.5 dry deposition values
in i-Tree and the present study mainly refer to the insoluble compo-
nents of PM2.5. Furthermore, the estimated dry deposition velocities of
nitrate and sulfate were similar in this study (0.194 and 0.186 cm s−1,
respectively). Because of the limitations of our washingmethod, nitrate
and sulfate ions could not be distinguished from the deposited PM, and
theywere extracted fromall size of particles. Thus, the deposition veloc-
ities of both the ions were higher than those of PM10 and PM2.5. The de-
termined ion deposition velocity in this study was lower than that in
studies using the gradient method (Takahashi and Wakamatsu, 2004)
or knife-edge surrogate surfaces for particulate ion collection (Odabasi
and Bagiroz, 2002; Shahin et al., 1999) but close to that in studies
using deposition models (Luo et al., 2016; Morales et al., 1998; Zeller
et al., 1997). Notably, the models in the aforementioned studies do not
consider coarse particles (dp > 2.5 μm) (Tasdemir and Günez, 2006);
however, in our experiment, we considered ions of all particle sizes.
The similar deposition velocities of nitrate and sulfate may suggest the
existence of overestimation in these models. Therefore, additional
field experiments must be conducted in the future to estimate the dry
deposition velocities of PM and its associated soluble ions for ensuring
the accuracy of dry deposition models applied in urban areas under dif-
ferent meteorological conditions.

4.4. Leaf particle loading effect

Understanding the limit of leaf particle loading is extremely impor-
tant, and this parameter helps researchers to accurately estimate the
amount of PM interception by urban forests over long periods of dry de-
position. The amount of deposited PM particles increases under a high
concentration and deposition velocity of PM but decreases due to PM re-
suspension (Wang et al., 2015); thus, PM deposition is a dynamic
balancing process. Consequently, the PM retention capabilities of tree
leaves may differ in different studies due to differences in tree species,
PM ambient concentrations, and meteorological conditions. In this
study, no visible decrease in TSP dry deposition distance was observed,
which proved that no threshold of particle loading occurred during the
dry deposition period (from 83 to 437 h) (Fig. 5). This finding agrees
with those of previous studies, which have reported that the amount of
dust retained by tree foliage increases with time for 20 days following a
rain event (Qiu et al., 2009) and reaches a saturated state in 18–21 days
(Zhou et al., 2020) or 24 days (Liu et al., 2012). Unfortunately, the dry de-
position times of TSPs in our study were insufficiently long to determine
the leaf loading threshold. Moreover, the deposition periods of PM10

and PM2.5 were not widely distributed. The maximum TSP retention
amount on leaves was observed at 437 h of dry deposition. The average
TSP retention for all the specieswas 1.4 gm−2, which is close to the result
obtained by Liu et al. (2013), who determined a deposition saturation
threshold of approximately 1.1 g m−2 for commercial or traffic areas.

Studies have indicated that less than 50% of PM is washed off by rain-
fall (Luo et al., 2019; Przybysz et al., 2014; Schaubroeck et al., 2014;Wang
et al., 2006;Wang et al., 2015) and that rainfall duration and intensity af-
fect the wash-off effect (Xu et al., 2017). In addition, PM2.5 deposition is
not necessarily washed off by rainfall (Xie et al., 2019). This phenomenon
can be explained that small particles may be stuck due to the leaf micro-
structures. Thus, more residue of small particles on leaves after rainfall
would appear than larger particles do (Wang et al., 2015). We divided
the precipitation that occurred prior to dry deposition into different clas-
ses to examine the wash-off effect. No obvious increase of dry deposition
distance was noted during low precipitation (black dot) in our study
(Fig. 5), which indicated that a small amount of PM residue was left on
the leaves or that the rainfall conditions did not affect the residue. The
wash-off effect of PM from leaf surfaces after rainfall events significantly
affected the initial dry deposition; thus, the residue of PM on leaves
after rainfall overestimates the PM interception by trees. According to
Xu et al. (2020), less than 10% of studies on leaf–PM interaction have fo-
cused on the wash-off effect. Therefore, future studies should conduct
field experiments on the PM removal efficiency of rainfall to accurately
calculate the total PM interception of urban forests.

4.5. Correlation analysis

By using Eq. (1), the dry deposition flux for leaves can be related to
ambient concentration. This correlation is important for determining
whether urban forests can retain a high PM interception ability during
the air pollution season. However, (1) the applicability of the monitoring
concentration; (2) the resuspension effect or residues on the leaf surface;
and (3) other influencing factors, such as small-scale explosive events,
lead to uncertainties infield experiments. In addition, if the deposition ve-
locity remains unstable, the correlations can beweak (Mohan, 2016). Our
results indicated that significant and positive correlations existed be-
tween the dry deposition flux and the ambient concentration for all the
particles (Fig. 6), which suggests that urban forest can intercept PM on
leaf surfaces when the air becomes polluted. Thus, hypothesis 3 is con-
firmed. The modest correlation between the aforementioned factors re-
vealed that the deposition velocity was unstable over the sampling
period. Fang et al. (2007) also found a low correlation between the afore-
mentioned factors (R2=0.01, 0.11, and 0.26 forfine, coarse, and TSPs, re-
spectively) for the particles collected by PVC plates in Taichung.

The variation in the dry deposition velocity of PM can be attributed
to the differences in meteorological conditions, particularly wind
speed, which is a driving force that accelerates PM transport (Chen
et al., 2012). A higher wind speed corresponds to a higher dry deposi-
tion velocity of small particles below a certain threshold. This result
was obtained in wind tunnel experiments. The deposition velocity of
PM2.5 in i-Tree increases with wind speed for wind speeds below
10 m s−1 (Hirabayashi et al., 2015). Chen et al. (2016) indicated that
the interception of PM2.5 by trees is significantly correlated with wind
speed (r= 0.531, p < 0.01); however, our results revealed that the de-
position velocities of PM10 and PM2.5 had a significant negative correla-
tion with the wind speed (Table 1). This discrepancy was obtained
probably because of the differences in the wind speed between the
study of Chen et al. and the present study (the wind speed in the
study of Chen et al. was below 6 m s−1). In Taichung, the wind speed
was low and stable during the sampling period (average values of
1.21 ± 0.28 m s−1 for TSPs monitoring period and 1.51 ± 0.24 m s−1

for PM10 and PM2.5 monitoring period). Thus, strong correlations were
not observed between wind speeds and PM deposition velocities in
this study. In addition, the wind speed data from monitoring stations
may not be applicable to areas near trees. A high wind speed not only
brings particles from the emission source to nearby trees but also causes
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a strong resuspension effect. Moreover, the complex structure of trees
can affect PM dispersion by reducing the wind speed or increasing the
turbulence. Thus, the interaction amongwind flows, trees, and particles
can be highly complex. Consequently, the influence of meteorological
conditions on PM dry deposition follows no universal law (Cai et al.,
2017). Significant positive and modest correlations only occurred be-
tween relative humidity and small particles in this study. This phenom-
enon may be related to the hygroscopicity of particles, which enhances
particle deposition (Hillamo et al., 1993).

5. Conclusion

This study, which analyzed results from field experiments, con-
firmed that the PM accumulation varied according to sampling time,
site, and tree species. We selected five broadleaved tree species that
are commonly found in Taiwan and have various leaf morphologies to
examine the interception of PM and its associated ions. A significant re-
lationship was observed between the ambient concentration and the
dry deposition flux for all size fractions of PM. In addition, the temporal
variations in the dry deposition of PM and its associated ions on differ-
ent tree species exhibited similar trends, which suggests that tree leaves
can be used as tools to monitor monthly air quality. The sulfate deposi-
tion on leaves indicated the possibility of the long-range transport of air
pollutants. Overall, K. elegans exhibited higher PM2.5 interception than
C. camphora did, whereasM. pinnata exhibited the lowest TSP intercep-
tion. Moreover, B. javanicawas confirmed to intercept greater amounts
of sulfate than the other species. This information is valuable when con-
sidering the air purification effect of planting trees. We determined that
the dry deposition velocities of PMon leaf surfaceswere 0.63, 0.062, and
0.028 cm s−1 for TSP, PM10, and PM2.5, respectively. Moreover, the dry
deposition velocities of nitrate and sulfate were calculated to be 0.194
and 0.186 cm s−1, respectively. The aforementioned parameters are
valuable because they are established by weighing the dry deposition
flux; thus, we can easily calculate the amount of PM or ion interception
by urban forests directly through the concentration data obtained from
monitoring stations in the future.

Three of the four research hypotheses were verified. However, the
wind speed exhibitednegative correlationswith the PMdeposition veloc-
ities, which contradicted the results from the wind tunnel experiments.
Moreover, the dry deposition velocity of PM2.5 in the i-Tree model was
surprisingly very close to the field results, which suggests that we can ac-
curately estimate the PM2.5 removal by urban forests through the i-Tree
model by using concentration monitoring data. However, the accuracy
of estimating PM10 removalwith the i-Treemodelmust still be confirmed.
Further field studies should be conducted on the dry deposition flux and
velocity of PM on leaves to ensure the accuracy of the i-Tree model. The
threshold of leaf particle loading and the wash-off effect of rainfall or
wind on PM should also be investigated in the future to avoid the overes-
timation of PM interception by urban forests.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.141788.
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