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Abstract

Background: Rapid economic development in China has resulted in an increase in severe air pollution in city
groups such as the Beijing–Tianjin–Hebei Metropolitan Region. PM2.5 (fine particles with an aerodynamic equivalent
diameter of 2.5 μm or less) is one of the most important pollutants. The deposition process is an important way of
removing particles from the air. To evaluate the effect of an urban forest on atmospheric particle removal, a
concentration gradient method was used to measure the deposition velocities of water-soluble inorganics in PM2.5

in two national forest parks in Beijing, China. The following eight water-soluble inorganic ions in PM2.5 were
investigated: sodium, ammonium, potassium, magnesium, calcium, chloride, nitrate, and sulfate.

Methods: Samples were taken from two sites in Beijing from the 7th to the 15th May, 2013. The concentrations of
water-soluble inorganic ions were analyzed with ion chromatography. We used the concentration gradient
technique to estimate the deposition flux and velocity. To determine the relationships between leaf traits and
particle accumulation, typical leaf samples from each selected species were studied using scanning electron
microscopy.

Results: The total deposition flux and total deposition velocity during the daytime were higher than those at night.
Sulfate showed the biggest deposition flux and velocity at both study sites, whereas the other ions showed
different trends at each site. Result from higher proportion of coniferous to broadleaved trees, the total deposition
flux of the eight ions measured in Jiufeng National Forest Park was greater than that in Olympic Forest Park.

Conclusions: The deposition velocity was affected by meteorological conditions such as wind speed, temperature,
and humidity. The deposition velocity was also influenced by tree species. The surface of plants is an important
factor influencing particle deposition. The results of this study may help in assessing the effects of forestry systems
on particle removal and provide evidence for urban air pollution control and afforestation of urban areas.
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Background
Rapid economic development in China has resulted in
an increase in severe air pollution in city groups such as
the Beijing–Tianjin–Hebei Metropolitan Region. PM2.5

pollution in the megacity, Beijing, China, is one of the
environmental problems and is associated with haze and
low visibility. In 2015, the annual average concentration
of PM2.5 was 80.6 μg·m− 3, with concentrations greater

than 500 μg·m− 3 at times. Therefore, PM2.5 has received
wide attention and the government has acted to control
serious air pollution. The deposition process is an im-
portant way of removing particles from the air. Numer-
ous studies have demonstrated that plants can purify air
by absorbing atmospheric particles (Zhou et al. 2002).
McDonald et al. (2007) found that planting trees in
one-quarter of an urban area in cities in the UK, reduced
PM10 concentrations by 2% to 10%. Nowak et al. (2006)
concluded that urban plants removed ~ 215,000 tons of
PM10 per year across the USA in 2006.* Correspondence: lunxiaoxiu@bjfu.edu.cn
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PM2.5 consists of a wide variety of components, including
the water-soluble fraction, elemental carbon (EC), organic
carbon (OC), and heavy metals, which are distributed
across a wide range of particle sizes and therefore have a
different deposition velocity in the forest system. The
water-soluble fraction is an important component of PM2.5,
and can directly influence the acidity, hygroscopicity, and
cloud nucleation capability of aerosols (Novakov and
Penner 1993). Considerable researches have been carried
out on the water-soluble fraction of PM2.5 in Europe, the
USA and in Asia, particularly in Beijing. However, these
researches had focused on the concentrations, size distribu-
tion characteristics, source analysis, seasonal and diurnal
variations in PM2.5 (Yao et al. 2002; Zhang et al. 2011;
Li et al. 2013). The deposition of water-soluble inor-
ganic ions has been rarely studied in Beijing (Cai et al.
2011), especially under the high PM2.5 concentrations
observed in recent years.
Deposition flux and velocity are major indices of the

deposition characteristics which can be affected by many
factors. Some studies have found that the deposition vel-
ocity is affected by time interval, season, and terrain type
(Feliciano et al. 2001; Matsuda et al. 2005). Zhang et al.
(2004) studied the dry deposition above different under-
lying surfaces and showed that there was little difference
between different types of particles, but there was some
distinction between different gaseous pollutants. Park et
al. (2002) measured the deposition velocity of nitrogen,
and Jitto et al. (2007) measured the velocity of sulfur de-
position. These studies each investigated only one or
two species. Cai et al. (2011) sampled and analyzed dry
deposition of water-soluble inorganic ions in the Beijing
urban area in 2001–2005. This research showed that the
monthly variation in the dry deposition of each ion was
different. The lowest value of the deposition velocity of
each ion occurred mainly in autumn. In 2014, Mkoma et
al. (2014) conducted a detailed study on the atmospheric
particle dry deposition of major ions in the South Atlan-
tic. They found that particle dry deposition was a very
important mechanism representing air-to-sea fluxes of
major species.
As previously mentioned, some researches were con-

ducted on the deposition velocities of gaseous species
and particles, but there were limited data relating to
PM2.5 and its components. In Beijing, the PM2.5

concentration is much higher than that in most other
regions in the world, of which water-soluble inorganic
ions occupied 20%–80% of total amount of PM2.5. The
“Million Hectares Afforestation Strategy” has been
carried out in Beijing, and more of these projects are
proposed. However, it is unclear whether the under-
lying surface of urban forests and urban green spaces
influence PM2.5 deposition. An investigation into the
actual deposition velocity of PM2.5 and its main

components is necessary to evaluate the impact of
plants on PM2.5 removal, and obtain accurate model
calculation results. In this study, we measured the de-
position flux and velocity of water-soluble inorganic
ions above a forestry system in Beijing, China, to de-
termine the deposition characteristics of water-soluble
inorganic ions.

Methods
Ethics statement
This study did not involve any endangered or protected
species.

Sample collection and site description
The dry deposition of water-soluble inorganic ions in
PM2.5 from the 7th to the 15th May, 2013 was investi-
gated. Samples were taken from two sites shown in Fig. 1.
The first study site, Olympic Forest Park (OFP), is man-
aged by the Beijing Olympic Forest Park Development
and Management Co., Ltd. It is located in a decidu-
ous forest in the Olympic Forest Park in Haidian
District of Beijing (116°24′15″E, 40°2′2″N). The sec-
ond study site, Jiufeng National Forest Park (JNFP),
is managed by the Forestry Committee of Beijing
Forestry University and is used for teaching and research
by the university. It is located in Haidian District of Beijing
(116°6′34″E, 40°4′22″N). The information of two forests
is showed in Table 1.
At the OFP site, we established three sampling points

on a monitoring tower surrounded by Populus tomen-
tosa, a winter-deciduous tree species. The vertical
heights of the sampling points were 9 m (approximately
the middle of the tree canopy), 12 m (the upper edge of

Fig. 1 The location of the two sampling sites (the map was created
using CorelCRAW X4)
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the tree canopy), and 15 m (about 3 m above the tree
canopy). The JNFP monitoring site was similarly posi-
tioned with sampling points at heights of 9, 12, and
15 m. The monitoring tower was surrounded by Platy-
cladus orientalis, an evergreen species, and Pinus mas-
soniana (Masson pine). All sampling points were
equipped with automatic meteorological station (in-
cluded Temperature, Humidity, wind speed). The sample
filters were replaced at 06:00, 10:00, 14:00, 18:00, and
22:00 every day, at the same time in both sites. The time
period from 06:00–18:00 was considered as daytime,
others as nighttime.

Materials and instruments
We obtained PM2.5 samples using aerosol samplers
coupled with a size-selective inlet. When the air was
drawn through the collection medium (TH-150A,
Tianhong, Wuhan, China), PM2.5 were collected. The
flow rate was set to 100 L·min− 1. Based on a prior com-
parison of several sample filters, we selected micro-quartz
fiber filters (MK360, Munktell & Filtrak Gmbh, Sweden)
with a diameter of 90 mm due to their low background
inorganic ions, high temperature resistance, and large spe-
cific surface area. These filters also maintain stable flow at
100 L·min− 1 during the sampling period. The filters were
weighed before and after particle collection by elec-
tronic balance (BT125D, Sartorius, German). The me-
teorological instruments (U30-NBC, ONSET, Cape Cod,
Massachusetts, USA) were set on the same height with
each sampler, and meteorological data were recorded
automatically.

Sample storage and measurement
Before and after sampling, the filters were stored at
constant temperature and humidity conditions for at
least 24 h. After sampling, the specimens were kept in a
clean sealed polypropylene box at − 4°C until required.
We extracted the ions twice with 25 mL deionized water,
for 15 min each time, and stored the extraction solution
in a sealed Erlenmeyer flask. The extraction solution was
then stored in a stock bottle below − 4°C. Erlenmeyer
flask and stock bottle are glassware.
The concentrations of water-soluble inorganic ions

were analyzed with ion chromatography (IC, ICS-3000,
Dionex, Sunnyvale, California, USA). Cation column and

anion column are CS12A and AS22 respectively. The
following eight ions were determined: sodium (Na+), am-
monium (NH4

+), potassium (K+), magnesium (Mg2+),
calcium (Ca2+), chloride (Cl−), nitrate (NO3

−), and
sulfate (SO4

2−).

Sample collection from leaves
To determine the amount of water-soluble compo-
nents in the particles adsorbed on the leaves, five cat-
ions (Na+, NH4

+, K+, Mg2+, Ca2+) and three anions
(Cl−, NO3

−, SO4
2−), were collected and analyzed from

20 plant species showed in Table 2.
The collected blades were placed in a constant volume

(25 mL) of deionized water and shaken. Following filtra-
tion using a 0.22 μm pore diameter filter, the solution
was placed in a clean plastic storage bottle and stored in
a refrigerator. Before analysis, the solution was defrosted
at ambient temperature and the concentrations of the
water-soluble inorganic ions were then assessed using
ion chromatography.

Scanning electron microscopy of leaves
To determine the relationships between leaf traits and
particle accumulation, typical leaf samples from each
selected species were studied using scanning electron

Table 1 The information of OFP and JNFP

Area (ha) Spatial density
of trees (ha− 1)

Vegetation
coverage

OFP 680 600–750 95.60%

JNFP 832 750–900 96.40%

Table 2 Plant names for leaf analyses

NO. Latin name

1 Ailanthus altissima

2 Robinia pseudoacacia

3 Kerria japonica .

4 Pyrus betulifolia

5 Sophora japonica

6 Juglans regia

7 Catalpa speciose

8 Rhus typhina

9 Populus canadensis

10 Weigela florida

11 Salix babylonica

12 Morus alba

13 Crataegus pinnatifida

14 Quercus variabilis

15 Fraxinus mandshurica

16 Philadelphus pekinensis

17 Kolkwitzia amabilis

18 Ulmus pumila

19 Gleditsia sinensis

20 Prunus persica
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microscopy (SEM) (S-3400 N II, Hitachi Japan Co.,
Ltd., Tokyo, Japan). Leaf samples were collected at
the same time from the same plants as the samples
used in the water-soluble inorganics in particle from
the leaves mentioned above. Samples were stored in
paper bags and dried in a dryer at 60 °C for 48 h.
Micrographs were taken at two different magnifica-
tions (× 500 SE, × 2.50 k SE).

Quality control
We adopted the following quality control approaches to
ensure the accuracy of our data during the study:

1) To prevent contamination, the size-selective inlet,
tweezers and bottles used for sample collection
were ultrasonically cleaned with deionized water
before sampling.

2) The balance was used under constant temperature
and humidity conditions. Three blank filter films
were weighed, and each filter film was weighed ten
times, and then the average weight was calculated.
Before weighing the sampling filter films each time,
the three blank filter films were weighed to confirm
the balance was stable. When the change in weight
of these three blank filter films was less than
0.5 mg, the balance was considered stable.

3) To ensure that all the ions were completely
extracted into water, we first ultrasonically
extracted the water-soluble inorganic ions three
times with 25 mL deionized water, for 15 min each
time. No ions were detected in the third extraction
solution. Therefore, the ions were extracted twice
with 25 mL deionized water, for 15 min each time.

4) The standard sample for ion chromatography analysis
was measured continuously for 6 days, and all
calculated standard deviations were lower than 5% with
the exception of SO4

2−, which showed a standard
deviation of 5.03%. For the standard curves, the
correlation coefficient for Na+ and NH4

+ was 0.9993
and 0.9991, respectively, and all others were higher
than 0.9995. The detection limits (S/N= 3) for chloride,
nitrate, sulfate, sodium, ammonium, potassium,
magnesium, and calcium ions were 0.03, 0.06, 0.05,
0.01, 0.01, 0.02, 0.01, and 0.01 mg·L− 1, respectively.

Calculation of water-soluble inorganic ion fluxes and
velocity
Previously published data on exact deposition flux and
velocity in China are rare. We used the concentration
gradient technique to estimate the deposition flux
(Businger 1986; Erisman and Draaijers 1995; Wyers and
Duyzer 1997). The flux was derived from measurements
of air concentrations at several heights and from meteoro-
logical variables (Erisman and Draaijers 1995).

The following equation was used to estimate the flux
(F, μg·m− 2·s− 1):

F ¼ −u�c� ð1Þ

where u* (m·s− 1) is friction velocity, which was mea-
sured by the three-dimensional ultrasonic wind speed
and direction meter (Gill, HS); and c* (μg·m− 3) was
calculated using Eq. (2):

c� ¼ kΔc

ln
Z2−d
Z1−d

� �
−Ψh

Z2−d
L

� �
þ Ψ h

Z1−d
L

� � ð2Þ

where Z1 and Z2 represent the heights of 9 and 12 m;
Ψh is the integrated stability correction function in at-
mospheric deposition in relation to acidification and
eutrophication, following Erisman and Draaijers (1995);
Δc is the concentration difference in ions at 12 and 9 m,
and L (m) is the Monin–Obukhov length, which can also
be measured by the instrument, d (m) is displacement
height, and k is the Von Karman constant (0.41). Daytime
Ψh,d was calculated with Eqs (3) and (4), and Eq. (5) was
applied for night conditions (Ψh,n).

Ψh;d
Z−d
L

� �
¼ 2 ln

1þ x
2

� �

þ ln
1þ x2

2

� �
−2 arctan xð Þ þ π

2
ð3Þ

x ¼ 1−16
Z−dð Þ
L

� �0:25
ð4Þ

Ψh;n
Z−d
L

� �
¼ −5:2

Z−d
L

� �
ð5Þ

From Eqs (1, 2), the flux (F) is expressed in Eq. (6) as
follows:

F ¼ −ku�Δc

ln
Z2−d
Z1−d

� �
−Ψh

Z2−d
L

� �
þ Ψh

Z1−d
L

� � ð6Þ

The dry deposition velocity was calculated using Eq. (7):

Vd ¼ −
F
C

ð7Þ

Where Vd (cm·s− 1) is the dry deposition velocity, and c
(μg·m− 3) is the concentration of ions at the height of 15 m.
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Fig. 2 Concentrations of PM2.5 and water-soluble inorganic ions at different vertical heights in Olympic Forest Park and Jiufeng National Forest Park

Table 3 Deposition flux of water-soluble inorganic ions during the daytime and night at the Olympic Forest Park and Jiufeng
National Forest Park

Ions Olympic Forest Park F (μg·m−2·s−1) Jiufeng National Forest Park F (μg·m−2·s− 1)

Daytime (n = 27) Nighttime (n = 18) Daytime (n = 27) Nighttime (n = 18)

Na+ − 0.0214 ± 0.0157 − 0.0016 ± 0.0097 −0.0228 ± 0.0110 − 0.0174 ± 0.0095

NH4
+ − 0.0010 ± 0.0370 0.0063 ± 0.0213 −0.0947 ± 0.0735 −0.0221 ± 0.0107

K+ −0.1690 ± 0.2373 0.0115 ± 0.0596 −0.0526 ± 0.0286 −0.0124 ± 0.0097

Mg2+ −0.0170 ± 0.0103 −0.0063 ± 0.0200 −0.0130 ± 0.0120 −0.0084 ± 0.0053

Ca2+ −0.1276 ± 0.0481 −0.0554 ± 0.0438 −0.0766 ± 0.0512 −0.0458 ± 0.0208

Cl− −0.0665 ± 0.1329 0.0215 ± 0.0494 −0.0584 ± 0.0210 −0.0152 ± 0.0084

NO3
− −0.2984 ± 0.3114 −0.1785 ± 0.1089 −0.7168 ± 0.5892 −0.2010 ± 0.1613

SO4
2− − 7.2279 ± 5.0425 − 2.2624 ± 2.4174 −9.0948 ± 7.1419 − 2.0206 ± 1.4805

The ranges (± values) correspond to standard deviations
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Results and discussion
Deposition flux of water-soluble inorganic ions
Based on the concentrations of ions in PM2.5 and the
meteorological data, the deposition flux and velocity of
eight water-soluble inorganic ions in PM2.5 were calcu-
lated. When there was a downward deposition flux of
ions (toward the ground), the value was expressed as
“−”. For example, the deposition flux of sulfate was
0.5022 − (− 15.0805) μg·m− 2·s− 1, which indicated that
the deposition flux range was 0.5022 (upward flux) to
15.0805 (downward flux).
The deposition flux of water-soluble inorganic ions

at both sites was calculated. Eight ions (Na+, NH4
+,

K+, Mg2+, Ca2+ Cl−, NO3
−, SO4

2−) were measured,
and their deposition fluxes were determined to be
0.0078− (− 0.0429), 0.0450− (− 0.2540), 0.0936− (− 0.3642),
0.0006− (− 0.1020), − 0.0002− (− 0.1920), 0.0942− (− 0.2985),
0.1103− (− 1.5090), and 0.5022− (− 15.0805) μg·m−2·s−1,
respectively. Due to the adsorption of PM2.5 by the
forest, in most cases the concentrations of ions at 15 m
were higher than those at 9 m. Figure 2 also shows this

trend, but in a few cases, the ion concentrations decreased
with increased height, which may have been due to the
effect of instantaneous meteorological conditions. In
general, the total deposition flux of the eight ions
measured at the JNFP site was greater than that at
OFP. This may have been due to differences in tree
species and spatial density of trees, as mentioned in
the Methods section. At JNFP, the sampling site was
surrounded by P. orientalis and P. massoniana. At OFP,
the surrounding plants were mainly Populus tomentosa.
Trees with a complex leaf structure have a high capacity
for adsorbing PM2.5. The leaf structure of P. orientalis
and P. massoniana is more complex than that of P.
tomentosa. This was demonstrated by the leaf SEM
results. The SEM results showed that P. orientalis
and P. massoniana in JNFP had more deep folds and
villi than P. tomentosa in OFP which retained more
particles. The spatial density of trees in JNFP was
600–750 ha− 1, and was 750–900 ha− 1 in OFP. The
higher tree density provided more leaf area, and absorbed
more particles.
The total deposition flux of all ions in JNFP during the

night was lower than that in OFP. The OFP is located in an
urban area; thus, the concentrations of ions were higher.
The concentrations of particle are known to influence the
deposition flux. Table 3 shows the average deposition flux
of all water-soluble inorganic ions during the daytime and
night at the two sampling sites. It can be seen that the
deposition flux was higher during the daytime than at night.
In both the JNFP and OFP, sulfate showed the largest
deposition flux compared with the other ions. The highest
deposition flux of sulfate was found in the JNFP. In
addition to sulfate, ammonium, sodium and nitrate ions
also showed a higher deposition flux in JNFP than in OFP.
In contrast, potassium, magnesium, calcium and chloride
ions showed a higher deposition flux in OFP than in JNFP.
As we seen from Table 4, time had significant effect

on every ions deposition, and site had significant effect

Table 4 Significance and correlation between deposition flux
with time and site

Ions deposition
flux

Time Site

Sig. Pearson Correlation Sig. Pearson Correlation

F

Na+ 0.001 −0.573a 0.065

NH4
+ 0.001 −0.578a 0.906

K+ 0.002 −0.454a 0.001 0.413a

Mg2+ 0.009 −0.437a 0.001 0.437a

Ca2+ 0.000 −0.651a 0.113

Cl− 0.001 −0.556a 0.176

NO3
− 0.023 −0.418b 0.330

SO4
2− 0.000 −0.595a 0.026 0.278b

a: Correlation is significant at the 0.01 level (2-tailed). b: Correlation is
significant at the 0.05 level (2-tailed)

Table 5 Deposition velocities of water-soluble inorganic ions during the daytime and night at the Olympic Forest Park and Jiufeng
National Forest Park

Ions Olympic Forest Park Vd (cm·s− 1) Jiufeng National Forest Park Vd (cm·s− 1)

Daytime (n = 27) Nighttime (n = 18) Vd (day)/Vd (night) Daytime (n = 27) Nighttime (n = 18) Vd (day)/Vd (night)

Na+ 0.38 ± 0.40 0.14 ± 0.30 2.68 1.11 ± 0.31 0.61 ± 0.20 1.81

NH4
+ −0.13 ± 0.30 −0.01 ± 0.09 13.00 0.67 ± 0.32 0.25 ± 0.12 2.65

K+ 0.59 ± 0.69 0.04 ± 0.42 14.65 1.34 ± 0.48 0.51 ± 0.35 2.64

Mg2+ 0.45 ± 0.24 0.19 ± 0.20 2.35 1.23 ± 0.29 0.79 ± 0.38 1.56

Ca2+ 1.14 ± 0.33 0.40 ± 0.32 2.83 1.31 ± 0.95 0.80 ± 0.52 1.63

Cl− 0.05 ± 0.16 −0.12 ± 0.86 −0.40 0.66 ± 0.22 0.27 ± 0.13 2.48

NO3
− 0.29 ± 0.12 0.15 ± 0.11 1.92 0.45 ± 0.41 0.24 ± 0.18 1.92

SO4
2− 1.21 ± 0.24 0.33 ± 0.42 3.71 1.89 ± 0.58 0.84 ± 0.17 2.25

The ranges (± values) correspond to standard deviations
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on 3 ions (K+, Mg2+, SO4
2−). It shows that time was an

important factor affecting the deposition flux, while the
site had less impact.

Deposition velocity of water-soluble inorganic ions
As shown in Table 5, the deposition velocities of all ions
measured in the JNFP were higher than those in the
OFP and the deposition velocities were higher during
the daytime than at night. Matsuda et al. (2010) showed
the same trend in a deciduous forest at the eastern foot
of Mt. Asama (36°240′N, 138°350′E, 1380 m above sea
level), Nagano Prefecture, central Japan, where the dom-
inant canopy tree species was birch (Betula ermanii).
They found that the deposition velocity of sulfate was
0.9 ± 1.0 cm·s− 1 during the daytime and 0.3 ± 0.3 cm·s− 1

at night. P. orientalis and P. massoniana, which were the
main tree species at the JNFP sampling site, are both
evergreen species. In the OFP, the main tree species at
the sampling site was P. tomentosa, which is a
winter-deciduous tree species. Cheng et al. (2004)
showed that coniferous forest have a stronger capacity
for capturing PM2.5. The results of our study support
this finding.
We also measured meteorological parameters during

the study period (Fig. 3) including wind speed, humidity,
and temperature.
Same with deposition flux, time had significant effect on

deposition velocity, but sampling site had little effect. It
can be seen from Table 6, time had significant effect on 5
ions Vd (Na+, K+, Cl−, NO3

−, SO4
2−). It means that there

was difference between daytime and nighttime deposition
velocities. Only deposition velocities of Na+ and NO3

− had
significant correlation with sampling site. It can be seen
that, the difference of impact of two forest systems on
water-soluble ions deposition was insignificant.
Table 7 shows the meteorological conditions in the

OFP and JNFP. The wind speed and temperature were
higher during the daytime than at night in both the OFP
and JNFP, whereas humidity showed the opposite trend.
We analyzed the relationship between the deposition
velocity and meteorological conditions. The results indi-
cated that deposition velocity was positively correlated
with wind speed and relative humidity. Higher wind
speed can contribute to particle deposition, and higher

Fig. 3 Meteorological conditions in the (a) Olympic Forest Park and (b) Jiufeng National Forest Park

Table 6 Significance and correlation between deposition
velocity with time and site

Ions deposition
velocity

Time Site

Sig. Pearson Correlation Sig. Pearson Correlation

Vd

Na+ 0.021 0.393b 0.036 0.302b

NH4
+ 0.053 0.087

K+ 0.003 0.538a 0.749

Mg2+ 0.518 0.510

Ca2+ 0.883 0.770

Cl− 0.008 0.482a 0.351

NO3
− 0.001 0.571a 0.049 0.262b

SO4
2− 0.001 0.575a 0.556

a: Correlation is significant at the 0.01 level (2-tailed). b: Correlation is
significant at the 0.05 level (2-tailed)
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humidity may enhance deposition. The higher wind
speed will increase the air turbulence, and the higher hu-
midity will make the ultra-fine particles larger by absorb
the water. These will enhance the deposition of particles.
Recent studies have shown that the deposition velocity
of aerosol particles is strongly affected by aerodynamic
conditions (Slinn 1982; Wesely et al. 1985; Ruijgrok et
al. 1997). The friction velocity can be influenced by the
crown canopy of different tree species. Therefore, the
deposition velocity may be influenced by sub-layer sur-
face roughness (Matsuda et al. 2005). We also found that
the particle deposition velocity was affected by friction
velocity (Fig. 4).
Similar to deposition flux, the deposition velocity of

sulfate ions was highest. The deposition velocities of am-
monium, chloride and nitrate ions were lower. Since
there have been few studies on the dry deposition of
water-soluble inorganic ions in PM2.5 in China, our re-
sults were compared with other researches in Asia. Endo
et al. (2011) reported that the deposition velocity ranges
of sulfate, nitrate and ammonium were 0.1–2.4, 0.2–2.9,
and 0.1–2.3 cm·s− 1, respectively. The deposition veloci-
ties of sulfate, nitrate and ammonium in our study were
within these ranges. Table 8 showed the results of this

work and other studies for reference treeless green
spaces. Overall, the deposition velocities in our research
is almost equal to Xing et al. (2018). Compared with the
result of Chu et al. (2008), the velocities of nitrate ions
were slightly lower, and velocities of sulfate ions were
slightly higher. Whereas velocities of other ions were
much lower. The differences may be due to different
underlying surface and sampling periods. Xing et al.
(2018) investigated in Jiaozhou Bay during a year. The
sampling site (36°03′19.46″N, 120°20′25.11″E) was
located on the roof of a ~ 15 m high building at the In-
stitute of Oceanology, Chinese Academy of Sciences,
where the shortest distance to the nearest shoreline is
only 20 m. Additionally, no obvious barriers are located
nearby. And Chu et al. (2008) investigated in August,
September and October. The sampling position was
set on the roof of a building (25 m) in the campus of
Hungkuang University which is on the top of Da Du
Mountain. The mountain is 500 m high. This sam-
pling position was near highway and Taiwan Straits
for about 100 m and 10 km, respectively.

Effect of leaf surface on deposition
The surface of plants is an important factor influencing
particle deposition. Due to the large canopy surface area
of leaves, stems and branches and the air turbulence cre-
ated by their structure, trees have a greater ability to
capture particles than smaller vegetation (Tallis et al.

Table 7 Meteorological conditions, friction velocity and Monin–Obukhov length in the Olympic Forest Park and Jiufeng National
Forest Park

Olympic Forest Park Jiufeng National Forest Park

Daytime (n = 27) Nighttime (n = 18) Daytime (n = 27) Nighttime (n = 18)

Temperature (°C) 21.38 ± 3.75 19.93 ± 3.20 20.85 ± 3.45 18.54 ± 4.03

Humidity (%) 53.79 ± 11.93 57.48 ± 12.32 58.43 ± 11.98 63.51 ± 17.17

wind speed (m·s− 1) 1.06 ± 0.64 0.79 ± 0.49 1.28 ± 0.73 0.96 ± 0.51

u* (m·s− 1) 0.36 ± 0.27 0.21 ± 0.09 0.42 ± 0.22 0.30 ± 0.13

L (m) −17.13 ± 9.6 28.04 ± 14.52 −16.13 ± 8.77 22.64 ± 7.75

Fig. 4 Relationship between friction velocity and deposition velocity
of water-soluble inorganic ions at the Olympic Forest Park and
Jiufeng National Forest Park

Table 8 Dry deposition velocities of water-soluble inorganic
ions compared with treeless green spaces

Ions Vd (cm·s− 1)

Current study Xing et al. (2018)
(1-year)

Chu et al. (2008)
(3-month)

Daytime
(n = 27)

Nighttime
(n = 18)

(n = 12) (n = 32)

Na+ 0.38 ± 0.40 0.14 ± 0.30 4.42

NH4
+ −0.13 ± 0.30 −0.01 ± 0.09 0.17 ± 0.11 1.65

K+ 0.59 ± 0.69 0.04 ± 0.42 10.29

Cl− 0.05 ± 0.16 − 0.12 ± 0.86 7.53

NO3
− 0.29 ± 0.12 0.15 ± 0.11 0.35 ± 0.20 0.64

SO4
2− 1.21 ± 0.24 0.33 ± 0.42 1.12
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2011; Sun et al. 2014; Mo et al. 2015). Different leaf
characteristics (such as wrinkles, roughness, pubescence,
mucus and the wettability of leaves) can also result in a
different capacity to retain particles. In addition, leaf
structure, canopy shape, density of branches and leaves
can also influence the ability of a plant to capture parti-
cles. Research has shown that a rough leaf blade can re-
tain particles more easily. The main tree species in the
JNFP, P. orientalis, is associated with greater deposition
due to the scale patterns and grooves on its leaves. In
contrast, the leaf shape of P. tomentosa is ovoid and the
leaf surface is smooth; therefore the capacity of these
trees in the OFP to retain particles was weaker than

those in the JNFP. This supports the finding of Mitchell
et al. (2010) who found that surface morphology appears
to be a dominant factor in particle deposition on the leaf
surface, and that ridged and hairy leaves exhibit greatest
deposition velocities. In terms of canopy shape, P. orien-
talis also showed greater deposition capacity because of
its wide circular canopy shape compared with the con-
ical canopy of P. tomentosa. Trees can capture airborne
particles, especially fine particles (diameter ≤ 2.5 μm),
due to their large leaf area index (LAI; the ratio of total
one-sided leaf area to the projected area of the canopy
on the ground), which corresponds to available depos-
ition surfaces (Freiman et al. 2006). During the sampling
period, the leaf area index of trees in the JNFP and OFP
was 3.8 and 1.8, respectively. Deposition is stronger if a
higher proportion of coniferous to broadleaved trees is
present (Tallis et al. 2011). P. massoniana is a coniferous
species and P. tomentosa is a broadleaved tree species.
Yang et al. (2015) ranked common urban tree species on
the basis of their ability to control PM2.5 pollution. The
results showed that conifer species demonstrated high
PM2.5 removal efficiency (Yang et al. 2015), which was in
agreement with field observations (Beckett et al. 2000;
Sæbø et al. 2012). We also found that the JNFP site with
P. orientalis and P. massoniana as the main tree species
had a higher deposition flux and velocity than the OFP
site with P. tomentosa and Sophora japonica as the main
tree species.
We applied the method reported by Dzierżanowski et

al. (2011) to collect particles on the leaf surface, and
then measured the concentration of water-soluble ions

Fig. 5 Percentage of water-soluble inorganic ions in particles on leaf
surfaces (a) in the Olympic Forest Park and (b) in the Jiufeng
National Forest Park

Fig. 6 SEM images of upper-side leaves of four species at 500×. a Sophora japonica, b Populus Canadensis, c Crataegus pinnatifida, d
Fraxinus mandshurica
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in the particles. The particles obtained using this method
contained not only fine particles, but also included parti-
cles with a diameter > 2.5 μm. Figure 5 shows the
percentages of the eight different ions. It is clear that ni-
trate, calcium, and sulfate ions had the highest concen-
trations. The high nitrate concentration in the particles
on the leaf surface may be from coarse particles. During
the process of adsorption and desorption, a considerable
amount of nitrate is transferred from fine particles to
coarse particles. In their researches on the size distribu-
tion of water-soluble inorganic ions conducted in
Fukang, China, Miao et al. (2014) reported that all ions
except potassium showed higher concentrations in
coarse particles than in fine particles, especially nitrate,
with a concentration in coarse particles twice that in fine
particles. This phenomenon appeared only in the spring
ploughing period, which was the same as our observa-
tion period.
We investigated the surface of 20 species of plant

leaves using SEM. The corresponding size microstruc-
ture of the PM2.5 on leaf surfaces was clearly observed.
Four species of plants which are representative and typ-
ical were evaluated in this study. The upper surface of the
four plants was magnified 500 times (Fig. 6). Figure 6 also
shows that the particles were adsorbed on the leaves of all
the studied plants. The surface microstructure, roughness
and degree of wrinkle of the different plant leaves were
dissimilar. Of these, the upper surface of Populus cana-
densis leaves was smooth with only slightly raised lines.
Fraxinus mandshurica leaves had deep folds, with a high
density of deep trenches. Wrinkling of the upper leaves in

the other plants was moderate. Of these, the leaves of
Crataegus pinnatifida had large folds on the upper surface
accompanied by obvious fine folds. From the SEM images
of the leaf surfaces of the studied plants, a distinct gully
near the vein was observed.
On the basis of Fig. 6, the upper surface of the plant

blade was enlarged further, and we observed the leaf sur-
face morphology when magnified 2500 times. Figure 7
clearly shows the PM2.5 adsorbed on the leaf surface,
and the microscopic structure of the leaves. The micro-
structure of leaves and the adsorption of particles were
as follows: The amount of PM2.5 adsorbed on the leaves
was greater than that of PM10 and larger particles. PM2.5

was observed on the smooth area, the shallow and deep
folds and the villi. PM1 was observed on the villi, and
less PM1 was observed in other areas. More large parti-
cles were buried in the leaf folds, and many small parti-
cles were observed in the vicinity of large particles.

Conclusion
In this study, we investigated the deposition flux and
velocity of atmospheric particles in the OFP and JNFP in
Beijing, China, using a concentration gradient method.
By calculating the deposition flux and velocity of eight
water-soluble inorganic ions (sodium, ammonium, potas-
sium, magnesium, calcium, chloride, nitrate, and sulfate)
in PM2.5 during different time periods, the deposition
characteristics of these ions above the forestry system
were determined. In general, the total deposition flux of
the eight ions measured in the JNFP was greater than that
in the OFP. This can be explained by the difference in tree

Fig. 7 SEM images of upper-side leaves of four species at 2.50 k×. a Sophora japonica, b Populus Canadensis, c Crataegus pinnatifida, d
Fraxinus mandshurica
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species at the sampling sites, and the different meteoro-
logical conditions. The total deposition flux during the
daytime was higher than that at night. Sulfate showed the
largest deposition flux in both the JNFP and OFP, whereas
other ions showed different characteristics at these two
sampling sites. Similar to deposition flux, the deposition
velocities of all eight ions were higher in the JNFP than in
the OFP and were higher in the daytime than at night. We
also demonstrated that deposition velocity was affected by
friction velocity, tree species and meteorological condi-
tions (wind speed, temperature, and humidity).
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