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ABSTRACT: Trees and urban forests remove particulate matter (PM) from the air
through the deposition of particles on the leaf surface, thus helping to improve air
quality and reduce respiratory problems in urban areas. Leaf deposited PM, in turn, is
either resuspended back into the atmosphere, washed off during rain events or
transported to the ground with litterfall. The net amount of PM removed depends on
crown and leaf characteristics, air pollution concentration, and weather conditions,
such as wind speed and precipitation. Many existing deposition models, such as i-
Tree Eco, calculate PM2.5 removal using a uniform deposition velocity function and
resuspension rate for all tree species, which vary based on leaf area and wind speed.
However, model results are seldom validated with experimental data. In this study,
we compared i-Tree Eco calculations of PM2.5 deposition with fluxes determined by
eddy covariance assessments (canopy scale) and particulate matter accumulated on
leaves derived from measurements of vacuum/filtration technique as well as scanning
electron microscopy combined with energy-dispersive X-ray spectroscopy (leaf scale). These investigations were carried out at the
Capodimonte Royal Forest in Naples. Modeled and measured fluxes showed good overall agreement, demonstrating that net
deposition mostly happened in the first part of the day when atmospheric PM concentration is higher, followed by high resuspension
rates in the second part of the day, corresponding with increased wind speeds. The sensitivity analysis of the model parameters
showed that a better representation of PM deposition fluxes could be achieved with adjusted deposition velocities. It is also likely
that the standard assumption of a complete removal of particulate matter, after precipitation events that exceed the water storage
capacity of the canopy (Ps), should be reconsidered to better account for specific leaf traits. These results represent the first
validation of i-Tree Eco PM removal with experimental data and are a starting point for improving the model parametrization and the
estimate of particulate matter removed by urban trees.
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■ INTRODUCTION

Improving air quality is a priority in many urban areas because
pollution concentration often exceeds thresholds established
by national or international legislation.1 One of the most
dangerous pollutants is fine particulate matter (PM2.5) because
tiny particles can be inhaled and affect the respiratory system.2

The concentration of these particles is affected by the balance
between the pollutant emission, formation, and atmospheric
conditions, and pollutant removal by wet and dry deposition to
various surfaces. The main sources of airborne particulate
matter are not only human activities (industries, households,
and vehicles) but also natural ones such as wind-blown desert
dust particles or sea spray aerosols.3

For dry deposition, vegetation represents one of the most
effective sinks.4 To decrease the concentration of airborne
particles, nature-based solutions, including an increased
abundance of trees, due to their high leaf exposure surface

(LAI), has been suggested as a sustainable approach for air
pollution mitigation.5,6 However, vegetation properties as well
as climatic conditions affect the efficiency of particle removal
because PM is not only deposited on the vegetation surfaces
but is also washed off during rain events (or transported to the
ground with litterfall) and resuspended into the atmosphere.7

The net amount of PM removed thus depends on crown and
leaf characteristics, air pollution concentration, and weather
conditions, such as wind speed and precipitation.8−10
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Consequently, relatively complex models are needed to
evaluate the overall removal, which can help decision makers
to optimize vegetation management and planting programs.
The i-Tree model7 together with Computational Fluid
Dynamics (CFD) simulations11,12 are the most common
models to estimate PM removal from urban vegetation. These
models are based on relatively coarse assumptions with only
little consideration of leaf traits. For example, the i-Tree Eco
model, which is the most commonly used urban forest model
to evaluate a number of ecosystem services of urban trees,13

uses common deposition velocity procedures and resuspension
rates for all tree species based on total leaf area and wind
speed.7

However, the ability of tree species to capture and retain PM
on leaf surfaces varies according to foliar traits14 such as
epicuticular waxes,15 trichome density,16 and surface rough-
ness.17 In addition, conifers are generally more efficient at
capturing PM2.5 than broadleaved species18 due to their
needle-like leaves which are smaller and more effectively
arranged, resulting in a larger leaf area exposure (LAD).19,20

Due to these uncertainty factors,13 a first sensitivity study on
the i-Tree Eco assumptions was recently carried out, suggesting
the distinguishing of deposition velocities for conifers and
broadleaves.21

Evaluation of model estimates with PM deposition data at
canopy or leaf level is relatively seldom described in the
literature. A good correlation was found between simulated
PM10 deposition on tree crowns, using a CFD pollutant
dispersion model (ENVI-met), and PM quantified on leaves,
with Saturation Isothermal Remanent Magnetization
(SIRM).22 Eddy covariance (EC) measurements have also
been used to evaluate PM deposition models.23,24

In general, various approaches exist to assess different
properties of leaf deposited PM, many of them based on
detailed leaf assessment such as vacuum/filtration (VF)
technique,25−28 atomic absorption spectroscopy (AAS),29,30

inductively coupled plasma atomic emission spectroscopy
(ICP-OES),31 mass spectrometry (ICP-MS),31,32 X-ray fluo-
rescence (XRF),32 scanning electron microscopy coupled with
energy dispersive X-ray spectroscopy (SEM/EDX),14,20,33 or a
combination of methods to obtain complementary information
about particle size, morphology, and composition.31,32 These
methods require leaf sampling in the field and can thus only be
carried out in relatively low temporal resolution (days to
weeks), which is unsuitable to detect the impact of diurnal
patterns and related effects of wind speed and PM
concentration on deposition and resuspension.
In contrast, the EC technique provides direct measurements

of the net surface-atmosphere exchange of gases and
particles.23,34,35 EC can operate at high temporal resolution,
thus it is effective to understand flux temporal dynamics. From
a spatial point of view, EC requires a homogeneous area that is
difficult to meet within the urban context: these areas are
typically characterized by different surface roughness36,37 and
limited forested area, with the consequence that results can
have a lower resolution and cannot be generalized.38,39 A single
measurement point can integrate an area ranging from
hundreds of square meters up to a few square kilometers,
resulting in a level of uncertainty that spans from 6% in natural
areas40 to about 12% in urban areas.39 The combination of
measurements at leaf and ecosystem scales enables evaluation
on different temporal and spatial resolution, but it has rarely
been used to assess PM net exchanges.

In this study, we compared the net PM deposition flux
calculated by the i-Tree Eco model with EC assessments within
and above a Mediterranean urban forest located in the city of
Naples (Italy) to evaluate the dry deposition trend over the
day (canopy scale). We then used PM loads on the leaf surface
measured by SEM/EDX and VF to validate the accumulation
range estimated by the model (leaf scale). Furthermore, a
sensitivity analysis was performed to assess the effect of
different parameters on the accuracy of model evaluations
using a specific deposition velocity for broadleaf trees.
The study aims to provide the first comprehensive and

consistent evaluation of model assumptions for PM2.5 removal
to properly quantify the contribution of urban trees in
removing airborne particulate matter relative to different
environmental boundary conditions. Finally, we discussed the
pros and cons of the applied techniques and depict model
deficits, also suggesting specific future improvements.

■ METHODS
Study Area. The study area is the Real Bosco di

Capodimonte, a Mediterranean urban forest located within
the city of Naples, Italy (40.8725° N, 14.2533° E; area =
117.27 km2, population = 944148). Particulate matter
pollution is particularly relevant in Italian cities where
concentrations are higher than European standards, and the
main PM sources are combustion and agriculture.1 In our
study area, the average PM2.5 from 2015 to 2019 was 16.2 μg
m−3 and the main sources of particulate matter are traffic,
heating, and Saharan dusts (PM10) (Agenzia Regionale per la
Protezione Ambientale della Regione Campania, http://www.
arpacampania.it). The forest is dominated by Quercus ilex L.
with a few large trees of Pinus pinea L. and some open areas of
meadows mainly composed of Trifolium L. and Medicago L.
The climate is typically Mediterranean, characterized by
prolonged dry summer periods and mild winters, with a
mean annual temperature of 16.3° and precipitation of 855
mm.41 At the end of June 2017, a leaf area index (LAI) of 5
was measured using two different LAI 2000 Canopy Analyzers
(Li-Cor) in 5 representative areas of the forest, measuring
above and below the tree canopy, respectively.

SEM/EDX and Vacuum Filtration Measurements.
Wind speed and precipitation data from January to February
first, 2017 (day-of-year − DOY- 1−32) were measured at a 10
min resolution with a weather station located in the forest
(Osservatorio Meteorologico Universita ̀ degli Studi di Napoli
Federico II , http://www.meteo.unina. i t/bosco-di-
capodimonte). PM2.5 concentrations in the same days were
collected with a hourly resolution by the regional Environ-
mental Agency ARPA Campania in two surrounding urban
areas outside the park boundaries: the Astronomical
Observatory (NA01:40.863643° N, 14.255496° E, about 400
m southwest) and the National Museum (NA06:40.853679°
N, 14.250484° E, about 1.3 Km south).
The sampling of Q. ilex leaves, the dominant species in the

park, was carried out on February 1, 2017 at seven different
locations inside the forest that were located along the two main
wind directions within an area of less than 5 ha. Only previous
year leaves were selected (approximated 8 months old). The
scanning electron microscope was a Phenom ProX (Phenom-
World, The Netherlands) coupled with an X-ray analyzer and a
charge-reduction sample holder suited for nonmetalized
biological materials. Two leaves were selected from each
replicate branch per tree, for a total of 28 leaves (4 per tree)
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used for SEM/EDX analysis, and a piece of each leaf of about 1
× 1.5 cm2 was fixed with the adaxial surface facing upward to
the head of the carbon-based stub (PELCO Tabs, Ted Pella,
Inc.).
The size and number of particles size on leaf surfaces were

determined by 10 random SEM images for each sample, while
EDX allowed us to obtain the elemental composition. With a
combination of these data, as described in Baldacchini et al.
2019,33 the PM2.5 mass per unit leaf area (μg cm−2) was
obtained.
For vacuum filtration, ten leaves from each replicate branch

per sampling location were selected. Leaf samples were
carefully shaken in a flask with 250 mL of deionized water
for 5 min and then scanned to measure the leaf surface using
ImageJ. The wash water was prefiltered through a 100-μm pore
sieve and then dragged, by a vacuum pump, through cellulose
filters with a pore size of 10−15 μm measuring the size fraction
between 10 and 100 μm, then through filters with a pore size
of 2−4 μm measuring the size fraction 2−10 μm, and finally,
through nitrocellulose membranes for 0.2 μm measuring the
size fraction 0.2−2 μm.
All filters were dried in a moisture-controlled oven for 40

min at 70 °C and placed into the balance room for 30 min for
equilibriation of the humidity level, and then mass was
measured at the precision of ×10−5 g before (T1) and after
(T2) filtration. The applied filter treatment for vacuum
filtration measurements of leaf deposited PM upon washing25

was further tested in terms of reproducibility and standardized
based on comparisons with other techniques.28,31,42 The
measured mass of PM deposited on the leaves, per each size
fraction, was then estimated per unit of leaf area and divided by
the total two-sided leaf area washed (μg cm−2). Only the PM
load on the filters with the smaller pore size was used to
estimate PM2.5 load. For additional information on the
methodology, see Baldacchini et al. (2019)33 and Ristorini et
al. (2020).31

Eddy Covariance Assessments. In the summer of the
same year from June 13 to September 6 (DOY 164−249), an
eddy covariance flux tower conducted measurements at the
site. The 26 m height tower was about 4 m higher than the
mean tree height.34 The tower was equipped with a 3-D sonic
anemometer (Windmaster Pro, Gill, UK) to measure wind
speed and direction. Several fast-response analyzers including
an Optical Particle Counter (OPC Multichannel Monitor, FAI
Instruments, IT) measured particle sizes from 0.28 to 10 μm at
a frequency of 4 Hz and logged data to a CR6 datalogger
(Campbell Scientific, USA). Rain was measured with a
precipitation sensor (RG100, Environmental Measurements
Ltd., UK).
With the EC technique, turbulent fluxes which transport

trace gases and other masses are calculated based on
measurements of wind speed and compound concentrations.43

The basic equation of the flux calculation is

F w ss = ′ ′ (1)

where the vertical flux (FS) results from the covariance among
variations around the average vertical wind speed w′ and the
concentration of a scalar of interest s’ over an average period
(usually half an hour). A quality control of data was applied
discarding fluxes with a quality grade above 3 (0 = best quality
data; 9 = worse quality data)35 and with a friction velocity
below 0.2 m s−1 as suggested for the site by Guidolotti et al.
(2017).34 For more detailed information about EC assess-

ments, see Guidolotti et al. (2017)34 and Pallozzi et al.
(2020).35

Model Description and Simulation Setup. The PM2.5
deposition flux on the Q. ilex canopy was calculated according
to the method used in the i-Tree Eco model44

f Vd C LAIt t= × × (2)

R A f
rr

( )
100t t t

t
1= + ×− (3)

A A f R( )t t t t1= + −− (4)

F f Rt t t= − (5)

where ft is the PM2.5 flux at time t (g m−2 s−1), Vdt is the
deposition velocity at time t (m s−1), C is the PM2.5 air
concentration (g m−3), LAI is the leaf-area index, Rt is the
PM2.5 flux resuspended in the atmosphere at time t (g m−2

s−1), At is PM2.5 mass accumulated on leaves at time t (g m−2)
depending on previous hour deposition as well as precipitation
(At‑1), rrt denotes a “resuspension class”, which is the relative
amount of deposited PM2.5 that is resuspended at a specific
wind speed at time t (%), and Ft is the net PM2.5 removal at
time t after considering resuspension. The accumulated PM2.5
on leaves (At) refers to square meters of tree cover and
therefore has been rescaled by the LAI to compare it with leaf
measurements.
Deposition velocities (vdt) and resuspension classes (rrt)

both depend on wind speed and are defined based on the i-
Tree Eco model standards.7,44 When precipitation events are
higher than the maximum water storage of the canopy (Ps in
mm), which is calculated according to the potential leaf water
storage plws (0.2 mm) and LAI (Ps = plws * LAI), all PM2.5
accumulated on leaves is assumed to be washed off and At, Rt,
and Ft are set to 0.44

Additional simulations have been carried out using the
deposition velocities suggested recently by Pace and Grote
(2020)21 for broadleaved trees (vds)

vds w0.1094t = × ′ (6)

where w′ (m s−1) is the wind speed at time t.
The sensitivity of the model parametrization was carried out

considering a factor of 2 and 3 for the potential leaf water
storage, deposition velocity, resuspension classes, and the leaf
washing after rainfall events that exceed the maximum water
storage of the canopy (Table 1). Furthermore, the combined

effect of parameters (combo) with factors 2 and 3 was
evaluated. The impact of the parameter variations to
deposition and cumulative flux was assessed using a multiple
comparison of means (Turkey’s HSD test).
Model simulations were performed during two different

periods in 2017: DOY 1−32 for the comparison of simulated
accumulated deposition with leaf measurements of PM

Table 1. Model Parameter Modification to Assess the
Deposition Flux Sensitivity

Parameter Standard Factor 2 Factor 3

Potential leaf storage 0.2 0.4 0.6
Deposition velocity 0.1094 0.2188 0.3282
Resuspension classes 1.00 0.5 0.33
Leaf washing 100% 50% 33%
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accumulated on leaves33 (using hourly wind speed, precip-
itation, and PM2.5 measured at local weather stations as
previously described) and DOY 164−249 for the comparison
of deposition flux with EC assessments35 (using half-hour wind
speed, precipitation, and PM2.5 measured at the tower).

■ RESULTS

PM Concentrations, Wind Speed, and Precipitation.
The two periods analyzed showed differences in wind speed,
precipitation, and PM2.5 concentrations (Figure 1). In
particular, the wind speed recorded from the eddy covariance
station (DOY 164−249) is slightly greater due to the height of
the tower (26 m) compared to the measurements in winter
(DOY 1−32) from the local weather station (≈15 m).
Precipitation is considerably lower, and intense rainfall events
are much less pronounced during the summer (DOY 164−
249) compared to January (DOY 1−32), which is typical of
the Mediterranean climate. The particulate matter concen-
tration is also higher during the winter (DOY 1−32) due to
residential heating as well as fireworks on the first day of the
year. The meteorological data obtained by the two measure-
ment systems (EC tower and the local weather station) have
been compared to demonstrate that both could be used to
simulate the deposition regime during the period of DOY
164−249 (SI Figure S1−3). For this time period, PM2.5
concentrations are in the same order of magnitude at both
places and precipitation events are almost the same. Wind
speed data have a similar trend and magnitude, with larger
outliers obtained with EC measurements, likely due to the
greater height of the tower in comparison with the weather
station.
Model vs PM2.5 Leaf Accumulation. Both the VF and the

SEM/EDX methodologies resulted in similar estimates of
average PM2.5 mass per unit leaf area (Table 2). The modeled
accumulated PM2.5 mass is from 6 to around 20 times lower,

based on the i-Tree Eco parametrization (0.4 μg cm−2), and
from about 2.2 to 7.2 times lower with the broadleaf specific
deposition velocity (1.1 μg cm−2), in comparison to the range
of values indicated by the two measurement methods (min =
2.4; max = 7.9 μg cm−2) (Figure 2).
The SEM/EDX analysis was not able to distinguish

coagulated particles from PM10 by automated image grain
analysis, and thus the total PM2.5 load value might be
underestimated. However, results show a similar average
PM2.5 mass with respect to VF (Table 2), where coagulated
particles are expected to be disaggregated, confirming the
reliability of the methodology for PM accumulation on leaves.
A period of 30 days was considered to evaluate the model

deposition calculations up to the leaf sampling date. However,
the model’s ability to represent deposition is evaluated for the
last week of January only, since according to the model’s
internal assumptions, a high-precipitation event on January
23rd completely washed off PM from leaves (Figure 2).

Model vs Eddy Covariance Diurnal Fluxes. The EC in
summer (DOY 164−249) indicates an average diurnal flux that
is characterized by a small deposition of PM2.5 in the first part
of the day until 10 a.m., followed by a high resuspension
(release of particles back into the atmosphere) likely caused by
the increase in wind speed and a decrease in airborne particle
concentration that results in a negative net flux deposition
(Figure 3). The higher PM concentration in the morning is
related to both increased vehicular traffic during these hours
along with an accumulation of pollutants during the night,

Figure 1.Wind speed, precipitation, and PM2.5 concentration throughout the two measurement campaigns. Particulate matter data are reported for
the period DOY 1−32 up to the leaf sampling day (February 1st).

Table 2. PM2.5 Mass Per Unit Leaf Area Measured by SEM/
EDX and Vacuum Filtration (VF) on February 1, 2017

PM2.5 (μg cm‑2) MIN MEAN MAX

SEM/EDX 2.4 ± 0.4 4.7 ± 1.0 7.9 ± 1.0
VF 3.0 ± 1.0 4.6 ± 0.8 6.4 ± 0.2
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which results from more stable atmospheric conditions and
reduced turbulent exchange.35

The modeled flux with the i-Tree Eco parametrization shows
the same range of particle deposition as determined by the EC
flux, but results are less sensitive to wind speed and particulate
matter variations. The maximum deposition rate using the i-
Tree Eco parametrization is calculated for midday, when wind
speed is highest, which is a bit later than indicated by the
measurements. The characteristic of the model to simulate a
positive net flux for PM during high wind speed periods
despite simultaneously occurring high resuspension rates has

already been shown by Pace and Grote 202021, at least as long
occasional precipitation events are reducing the accumulated
PM load.
Overall, the high resuspension is better reflected by the

specific broadleaf-parametrization than the standard one,
resulting in an overall better fit to the trend measured with EC.
In comparison to that of summer (DOY 164−249), the

simulated daily average particle deposition in winter (DOY 1−
32) is much larger, predominantly due to higher pollution
concentrations. During winter, resuspension processes are not
dominant during any time of the day. This pattern is different

Figure 2. Modeled cumulative PM2.5 (At) calculated according to the i-Tree Eco standard parametrization (i-Tree) and broadleaf specific
deposition velocity (Broadleaf), compared with leaf measurements of the PM2.5 load by SEM/EDX and vacuum filtration (VF), on leaves collected
on February 1, 2017 (min = 2.4; max = 7.9 μg cm−2). Precipitation events above the maximum water storage of the canopy (Ps) wash off leaves and
set the cumulative flux to 0.

Figure 3. Top left: Hourly average net flux throughout the day (DOY 1−32) modeled using the i-Tree Eco standard parametrization (i-Tree) and
the specific parametrization for broadleaved species (Broadleaf). Bottom left: Hourly average wind speed (ws) and particulate matter concentration
(PM2.5) throughout the day during the same period. Top right: Half-hourly average net flux (DOY 164−249) measured by the eddy covariance
(EC) and simulated fluxes using either the i-Tree Eco standard parametrization (i-Tree) or the specific parametrization for broadleaved species
(Broadleaf). Bottom right: Half-hourly average wind speed (ws) and particulate matter concentration (PM2.5) throughout the day during the same
period.
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in the summer period, where lower pollutant concentration
and higher wind speed lead to high (measurements) or
moderate (simulations) net resuspension fluxes during midday
or early afternoon, respectively. The differences between
simulation results and measurements may indicate either a
still too small sensitivity of resuspension to wind speed or,
more likely, an underestimation of the canopy particle storage
(Figure 2), which limits the potential resuspension of
particles.7,21

Sensitivity Analysis to Model Parametrization. By
increasing the deposition velocity (vds) by at least a factor of 2,
the PM2.5 accumulation estimated by the model falls within the
range measured by SEM/EDX and VF (Figure 4). Model

simulations are less sensitive to the variation of other
parameters such as plws (potential leaf water storage), rr
(resuspension rate), and washing (leaf washing). However, the
combined effect of all parameters (combo) results in a better
fit to the average of leaf measurements than vds changes alone.
In particular, the higher maximum water storage of the canopy
(Ps) which depends on plws, the reduced leaf washing after
rainfall events (washing), and a lower resuspension rate (rr)
allow a larger deposition of PM2.5 on leaves. The multiple

comparison of means (Tukey HSD) shows significant
differences with the “standard” simulation only for the
“washing” and “combo” run (SI Table S1).
The high sensitivity of the model to deposition velocity,

compared to the other parameters, is also apparent from the
comparison of the modeled PM2.5 net flux with the EC
assessment (Figure 5). In particular, an increase by a factor of

2 better matches the deposition peaks in the first part of the
day as well as the high resuspension rates during the afternoon.
Since the sensitivity of net pollution removal to changes of
parameters other than vds is very small, the combined effect of
all the parameters (combo) is very similar to the effect on vds
changes with a slight delay in the negative flux trend due to the
lower resuspension rates (rr). The multiple comparison of
means (Tukey HSD) shows significant differences with the
“standard” simulation only in compariosn with the change in
“vds” by a factor of 3 (SI Table S2).

■ DISCUSSION
It is known that PM removal from urban trees depends on the
morphological properties of the vegetation, the seasonal
changes in leaf development,45 and environmental parameters
including PM concentration, wind speed, and precipitation

Figure 4. Sensitivity analysis of the modeled PM2.5 accumulation on
leaves (DOY 1−32) to the deposition velocity (vds), potential leaf
water storage (plws), resuspension classes (rr), leaf washing
(washing), and combining the different parametrization (combo).
The dashed line indicates the leaf PM2.5 load range measured with
SEM/EDX and VF collected on February 1, 2017 (min = 2.4; max =
7.9 μg cm−2).

Figure 5. Sensitivity analysis of the modeled PM2.5 net flux to the
deposition velocity (vds), potential leaf water storage (plws),
resuspension classes (rr), leaf washing (washing), and combining
the different parametrization (combo) compared with the eddy
covariance flux (DOY 164−249).
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rate.46,47 The Mediterranean climate is characterized by long
periods of summer drought when PM accumulated on the
leaves is not washed off by rain but may be exposed to wind
resuspension.48 Here, we show that periods of high
resuspension occur, generating a negative net flux, especially
in the second part of the day (Figure 3). This pattern was
particularly evident when analyzing EC measurements in the
summer period (DOY 164−249; Figure 3), compared to the
modeled net flux in the winter period (DOY 1−32; Figure 3),
where the trend follows the development of wind speed with a
higher deposition at mid-day hours. Another EC study of PM
deposition on a Q. ilex L. forest in Rome, mainly carried out in
summer, also showed the same trend of a high resuspension in
the middle of the day.23 These results have been also
confirmed from modeling simulations by Nowak et al.
(2013)7 and Pace and Grote (2020),21 showing an increase
in particle resuspension with increased wind speed. A different
seasonal pattern in winter is also visible from the EC
assessments carried out in February 2018 at the same site by
Pallozzi et al. (2020)35 where, on the contrary, the deposition
mainly occurs in the central hours of the day. Performing a
model simulation for the same period and location, we
obtained a net flux in the same range as determined in the
above-mentioned study35 (SI Figure S4). In particular, model-
and EC results are similar during the deposition phase at
midday. However, simulations diverge from measurements for
the early and late hours of the day, where the model tends to
calculate deposition while net resuspension has been measured
with the EC method.
A modeling concept that considers the most important in-

and out-flows in mechanistic dependency on wind speed could
represent the range of the net removal flux (between −0.1 and
+0.1 μg m−2 s−1) and pattern of the measurements, although
the high resuspension rates could only be simulated when
velocity parameters were considerably larger than originally
considered (Figure 3). This finding is, however, to be treated
with caution. Since the measured outflow of particles (leading
to a negative net removal rate) is considerably high, it can be
hypothesized that particles may not only originate from
previous leaf deposition but also from other sources (e.g., soil),
as the footprint defined by EC is relatively heterogeneous
(forest, meadow, building).34,35 Regarding our EC station,
Pallozzi et al. (2020)35 estimated that on average up to the
80% of the footprint was within the park boundaries at both
day and night time.
Only a few studies have investigated the role of urban

landscapes on EC fluxes. A specific split footprint approach was
implemented for PM by Ja ̈rvi et al. (2009)49 in a
heterogeneous area of Helsinki, revealing a smaller impact of
vegetated areas than of unvegetated ones on PM fluxes.
However, a reliable evaluation of the effect of vegetated and
nonvegetated areas on fluxes requires the presence of an EC
tower network.37,50 Furthermore, it should be noted that
compared to gas exchange, which includes a larger data set of
net flux measurements, the high-quality control applied for
particles discarded about 60% of the half-hour data, resulting in
a less robust data set35 that did not allow for the comparison of
modeled data with the cumulated EC flux data.
Overall, the model calculation, using a specific vd for

broadleaf trees based on wind speed (eq 6), performed better
compared to the i-Tree Eco parametrization, which uses a
specific vd for different wind speed classes.7 The latter is
considerably less sensitive to wind speed, resulting in a smaller

deposition flux that is almost offset by resuspension. In effect,
the i-Tree parametrization leads to a slightly declining net
deposition flux after midday which is not in accordance with
measurements (Figure 3). The current parametrization could
be improved by increasing the vd (Figures 4, 5). In fact, a
higher vd is also supported from other model approaches and
experimental measurements. For example, PM2.5 deposition
simulations for the city of Leicester (UK), assessed with a
Computational Fluid Dynamics model, used a vd of 0.64 cm
s−1 which is about 3-fold the value implemented in i-Tree.11

Sun et al. (2014)51 also measured an average vd above a
deciduous forest in spring of about 1 cm s−1 during the day. An
improvement in model parametrization is thus required, in
particular with regard to the deposition velocity (SI Figure S5),
which allows not only a better estimation of leaf accumulation
(Figure 4) but also a better agreement with the net deposition
flux (Figure 5).
Another model uncertainty is related to the amount of PM

removed by precipitation. Xu et al. (2017)10 found that PM
wash-off rates increase with cumulative precipitation up to a
maximum amount of 12.5 mm of rain, removing 51 to 70% of
PM accumulated on leaves, with a small amount of PM still
retained on the leaf surface. Washing rate varies with
precipitation regime and leaf retention properties.52 PM
removal is stronger with low intensity rainfall at smooth leaf
surfaces, while rough leaf surfaces release more PM under
short-duration, high-intensity events.53 Smooth and waxy
surfaces cannot hold as many particles per unit leaf area as
leaves with rough surfaces.54 Furthermore, leaves with
trichomes and wax accumulations at the surface are known
to strongly hold on to PM, often keeping a certain percentage
of particles, particularly smaller particles, regardless of
precipitation intensity.47,55,56

In our study, several precipitations events occurred before
the leaf sampling (DOY 1−32, Figure 1) and based on the
current parametrization in i-Tree Eco (standard) the last event
on January 23rd, which was above the maximum canopy water
storage (1 mm), washed off all particulate matter from leaves
(At = 0) (Figure 2). We therefore hypothesize that the
underestimation of PM accumulation by the model, compared
with VF and SEM/EDX measurements (Figure 2), may
partially result from not considering older particles that are
tightly bound to leaves or particles that were on the leaves
prior to DOY 1.
The “combo” run in the sensitivity analysis of the model

parametrization (Figure 4) showed that by increasing the water
storage of the canopy (PS), reducing the percentage of leaf
washing after rainfall events above the threshold, as well as
reducing the resuspension rate, tree leaves accumulate more
PM2.5 and attain values closer to the range measured by leaf
analysis. The quantity of particles on the leaves that is
transported to the ground by rainfall is important for the
estimation of the total amount of PM removed by trees. If we
compare the results of the “standard” parametrization, where
all the amount of PM accumulated on leaves is washed off by
rain events above Ps, with the “combo” run considering a
factor 3 where only 33% of PM is removed (Figure 4), the
difference in overall PM removal is relatively small (standard =
0.16 g m−2 − combo = 0.21 g m−2). The reason for this
minimal difference is that although in the case of standard
parametrization 100% of PM is removed in one event, the
amount of PM accumulated on the leaves is much lower
compared to the “combo” simulation.
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Both model parametrizations underestimate the PM that
accumulates on the leaves compared to the techniques carried
out at leaf level (Figure 2). The VF and SEM/EDX showed a
good agreement in the measurement of fine PM load (about 5
μg cm−2 on average, in both cases; Table 2), a value that is in
accordance with other experiments on broadleaves (about 5 μg
cm−218,26,27,57). In another study that also used the VF
technique, a similar amount of PM2.5 (on average over four
sites that represented a rural-urban gradient 4.2 ± 0.8 μg
cm−2) was found by VF on leaves of Q. ilex in January, but
highest values were recorded in August especially in some sites
(on average 13.4 ± 1.9 μg cm−2).28 These results show that
site and weather conditions are important for determining the
actual accumulation of PM and that measurements during a
specific time-period are not representative for the whole year.
However, they may still be of use for the evaluation of model
processes as long as driving forces such as weather conditions
are correctly considered.
The fraction of particles that accumulates on the leaf surface

depends on species-specific properties and increases with the
abundance of trichomes,16,18,58 epicuticular waxes,15,25,26 and
surface roughness.17 An accumulation index has been recently
developed considering a number of leaf properties analyzed
with a microscope, which will help to rank the various species
and to optimize those planting programs aimed at maximizing
PM removal.14 Q. ilex is a common urban tree in
Mediterranean cities,59,60 and it is an evergreen species with
a higher LAI than most other broadleaves, which makes it
particularly suitable for the accumulation of particulate matter
on leaves28,61 and less subject to seasonal variation related to
leaf development.45 Thanks to the presence of trichomes and
specific leaf area, it was recently classified as one of the most
effective particle accumulators of urban plant species.16

Furthermore, the presence of epicuticular waxes on Q. ilex
leaves and a good retention capacity enhance the accumulation
of fine particles and the adsorption of lipophilic organic
pollutants.28,61

All these factors may partially justify the underestimation
observed in the model calculation of leaf deposited PM
amount (Figure 2). Specific leaf morphological traits may hold
PM much tighter,45,61 demanding more water for washing10

and decreasing the amount of PM which may resuspend.62 A
tight adherence of particles may result from a larger amount of
leaf-encapsulated particle.45 This is not included in the present
model but deserves more interest in future model develop-
ment.
Although this investigation does not provide an overview

about different species responses, it is likely from the current
study and literature that a species-specific parametrization
could improve the accuracy of model estimates. For example,
distinguishing specific deposition velocities for conifers and
broadleaves,21 considering the influence of various foliage traits
on resuspension rates12,63 and leaf washing,53 could help
improve model estimates. Also, the i-Tree Eco model uses a big-
leaf approach for PM2.5 estimates and the calculation of PM
removal might be improved using a multilayered canopy
distribution,64 which could allow for a distinction of leaves
exposed to specific wind speeds and intercepted precipitation.
In fact, rainfall and wind intensities vary within the tree
canopy, with upper-canopy layers more exposed to rain
washing and resuspension of particles by wind in comparison
to lower canopy layers.

While several studies across the world focus on improving
the estimates of PM removal by urban vegetation, we provide
here, for the first time, a comparison of simulated PM2.5
deposition using the methodology implemented in i-Tree Eco,
the most commonly used model in urban forestry,13 with
different field measurement techniques of canopies (EC) and
leaves (VF and SEM/EDX).
In general, the simulations were able to adequately represent

the PM deposition on an urban forest, indicated by similar
magnitudes and dynamics as obtained with measurements at
different scales (leaf, canopy, forest). However, our sensitivity
analysis indicated that the current parametrization of i-Tree Eco
is suboptimal for the specific case investigated here. In
particular, incorporating the impact of leaf traits that determine
parameters of particulate matter accumulation and resuspen-
sion, which directly affect the deposition velocity and the leaf
washing process, would likely improve model estimates of PM
removal by local urban forests.
In addition, longer-term studies with more frequent

determination of PM2.5 accumulation would be beneficial to
determine potential accumulation limits or a dependence of
resuspension from PM storages on leaves. Since the
importance of leaf properties is highlighted in the literature,
future research should expand the investigation of species-
specific leaf impacts on PM vd, wash off, and resuspension
rates to aid in model parametrization.
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Gawronśki, S. W. Deposition of Particulate Matter of Different Size
Fractions on Leaf Surfaces and in Waxes of Urban Forest Species. Int.
J. Phytorem. 2011, 13 (10), 1037−1046.
(26) Sæbø, A.; Popek, R.; Nawrot, B.; Hanslin, H. M.; Gawronska,
H.; Gawronski, S. W. Plant Species Differences in Particulate Matter
Accumulation on Leaf Surfaces. Sci. Total Environ. 2012, 427−428,
347−354.
(27) Mo, L.; Ma, Z.; Xu, Y.; Sun, F.; Lun, X.; Liu, X.; Chen, J.; Yu, X.
Assessing the Capacity of Plant Species to Accumulate Particulate
Matter in Beijing, China. PLoS One 2015, 10 (10), e0140664−18.
(28) Sgrigna, G.; Sæbø, A.; Gawronski, S.; Popek, R.; Calfapietra, C.
Particulate Matter Deposition on Quercus Ilex Leaves in an Industrial
City of Central Italy. Environ. Pollut. 2015, 197, 187−194.
(29) De Nicola, F.; Maisto, G.; Prati, M. V.; Alfani, A. Leaf
Accumulation of Trace Elements and Polycyclic Aromatic Hydro-
carbons (PAHs) in Quercus Ilex L. Environ. Pollut. 2008, 153 (2),
376−383.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.0c07679
Environ. Sci. Technol. 2021, 55, 6613−6622

6621

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+J.+Nowak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlo+Calfapietra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5040-4343
http://orcid.org/0000-0001-5040-4343
https://pubs.acs.org/doi/10.1021/acs.est.0c07679?ref=pdf
https://doi.org/10.2800/822355?ref=pdf
https://doi.org/10.2800/55574?ref=pdf
https://doi.org/10.1126/science.aam9724
https://doi.org/10.2134/jeq2015.11.0567
https://doi.org/10.2134/jeq2015.11.0567
https://doi.org/10.2134/jeq2015.11.0567
https://doi.org/10.1016/j.ufug.2018.09.012
https://doi.org/10.1016/j.ufug.2018.09.012
https://doi.org/10.1016/j.envpol.2013.03.050
https://doi.org/10.1016/j.envpol.2013.03.050
https://doi.org/10.1016/j.envpol.2013.03.050
https://doi.org/10.1046/j.1365-2486.2000.00376.x
https://doi.org/10.1046/j.1365-2486.2000.00376.x
https://doi.org/10.1023/B:WATE.0000026521.99552.fd
https://doi.org/10.1023/B:WATE.0000026521.99552.fd
https://doi.org/10.1023/B:WATE.0000026521.99552.fd
https://doi.org/10.1023/B:WATE.0000026521.99552.fd
https://doi.org/10.1016/j.scitotenv.2017.07.141
https://doi.org/10.1016/j.scitotenv.2017.07.141
https://doi.org/10.1016/j.atmosenv.2016.09.033
https://doi.org/10.1016/j.atmosenv.2016.09.033
https://doi.org/10.1016/j.atmosenv.2016.09.033
https://doi.org/10.1016/j.ufug.2018.03.003
https://doi.org/10.1016/j.ufug.2018.03.003
https://doi.org/10.1016/j.ufug.2018.03.003
https://doi.org/10.1016/j.ufug.2019.126366
https://doi.org/10.1016/j.ufug.2019.126366
https://doi.org/10.1016/j.ufug.2019.126366
https://doi.org/10.1016/j.scitotenv.2020.137310
https://doi.org/10.1016/j.scitotenv.2020.137310
https://doi.org/10.1016/j.scitotenv.2020.137310
https://doi.org/10.1016/j.scitotenv.2015.06.014
https://doi.org/10.1016/j.scitotenv.2015.06.014
https://doi.org/10.1016/j.atmosenv.2019.01.015
https://doi.org/10.1016/j.atmosenv.2019.01.015
https://doi.org/10.1016/j.atmosenv.2019.01.015
https://doi.org/10.1016/j.atmosenv.2019.01.015
https://doi.org/10.1016/j.scitotenv.2018.10.182
https://doi.org/10.1016/j.scitotenv.2018.10.182
https://doi.org/10.1016/j.scitotenv.2018.10.182
https://doi.org/10.1038/s41598-017-03360-1
https://doi.org/10.1038/s41598-017-03360-1
https://doi.org/10.1038/s41598-017-03360-1
https://doi.org/10.1016/j.envpol.2013.05.015
https://doi.org/10.1016/j.envpol.2013.05.015
https://doi.org/10.1016/j.envpol.2013.05.015
https://doi.org/10.1016/j.scitotenv.2018.04.106
https://doi.org/10.1016/j.scitotenv.2018.04.106
https://doi.org/10.1016/j.scitotenv.2018.04.106
https://doi.org/10.3389/ffgc.2020.00026
https://doi.org/10.3389/ffgc.2020.00026
https://doi.org/10.3389/ffgc.2020.00026
https://doi.org/10.1016/j.envint.2014.05.007
https://doi.org/10.1016/j.envint.2014.05.007
https://doi.org/10.1016/j.envint.2014.05.007
https://doi.org/10.1016/j.envpol.2016.08.086
https://doi.org/10.1016/j.envpol.2016.08.086
https://doi.org/10.1016/j.scitotenv.2019.05.109
https://doi.org/10.1016/j.scitotenv.2019.05.109
https://doi.org/10.1016/j.scitotenv.2019.05.109
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1016/j.scitotenv.2012.03.084
https://doi.org/10.1016/j.scitotenv.2012.03.084
https://doi.org/10.1371/journal.pone.0140664
https://doi.org/10.1371/journal.pone.0140664
https://doi.org/10.1016/j.envpol.2014.11.030
https://doi.org/10.1016/j.envpol.2014.11.030
https://doi.org/10.1016/j.envpol.2007.08.008
https://doi.org/10.1016/j.envpol.2007.08.008
https://doi.org/10.1016/j.envpol.2007.08.008
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.0c07679?rel=cite-as&ref=PDF&jav=VoR


(30) Sawidis, T.; Breuste, J.; Mitrovic, M.; Pavlovic, P.; Tsigaridas,
K. Trees as Bioindicator of Heavy Metal Pollution in Three European
Cities. Environ. Pollut. 2011, 159 (12), 3560−3570.
(31) Ristorini, M.; Baldacchini, C.; Massimi, L.; Sgrigna, G.;
Calfapietra, C. Innovative Characterization of Particulate Matter
Deposited on Urban Vegetation Leaves through the Application of a
Chemical Fractionation Procedure. Int. J. Environ. Res. Public Health
2020, 17 (16), 5717−19.
(32) Castanheiro, A.; Hofman, J.; Nuyts, G.; Joosen, S.; Spassov, S.;
Blust, R.; Lenaerts, S.; De Wael, K.; Samson, R. Leaf Accumulation of
Atmospheric Dust: Biomagnetic, Morphological and Elemental
Evaluation Using SEM, ED-XRF and HR-ICP-MS. Atmos. Environ.
2020, 221, 117082.
(33) Baldacchini, C.; Sgrigna, G.; Clarke, W.; Tallis, M.; Calfapietra,
C. An Ultra-Spatially Resolved Method to Quali-Quantitative
Monitor Particulate Matter in Urban Environment. Environ. Sci.
Pollut. Res. 2019, 26 (18), 18719−18729.
(34) Guidolotti, G.; Calfapietra, C.; Pallozzi, E.; De Simoni, G.;
Esposito, R.; Mattioni, M.; Nicolini, G.; Matteucci, G.; Brugnoli, E.
Promoting the Potential of Flux-Measuring Stations in Urban Parks:
An Innovative Case Study in Naples, Italy. Agric. For. Meteorol. 2017,
233, 153−162.
(35) Pallozzi, E.; Guidolotti, G.; Mattioni, M.; Calfapietra, C.
Particulate Matter Concentrations and Fluxes within an Urban Park in
Naples. Environ. Pollut. 2020, 266, 115134.
(36) Christen, A. Atmospheric Measurement Techniques to
Quantify Greenhouse Gas Emissions from Cities. Urban Clim.
2014, 10 (P2), 241−260.
(37) Ward, H. C.; Kotthaus, S.; Grimmond, C. S. B.; Bjorkegren, A.;
Wilkinson, M.; Morrison, W. T. J.; Evans, J. G.; Morison, J. I. L.;
Iamarino, M. Effects of Urban Density on Carbon Dioxide Exchanges:
Observations of Dense Urban, Suburban and Woodland Areas of
Southern England. Environ. Pollut. 2015, 198, 186−200.
(38) Rannik, U.; Aubinet, M.; Kurbanmuradov, O.; Sabelfeld, K. K.;
Markkanen, T.; Vesala, T. Footprint Analysis for Measurements over
a Heterogeneous Forest. Boundary-Layer Meteorol. 2000, 97 (1),
137−166.
(39) Järvi, L.; Rannik, U.; Kokkonen, T. V.; Kurppa, M.; Karppinen,
A.; Kouznetsov, R. D.; Rantala, P.; Vesala, T.; Wood, C. R.
Uncertainty of Eddy Covariance Flux Measurements over an Urban
Area Based on Two Towers. Atmos. Meas. Tech. 2018, 11 (10), 5421−
5438.
(40) Hollinger, D. Y.; Aber, J.; Dail, B.; Davidson, E. A.; Goltz, S.
M.; Hughes, H.; Leclerc, M. Y.; Lee, J. T.; Richardson, A. D.;
Rodrigues, C.; Scott, N. A.; Achuatavarier, D.; Walsh, J. Spatial and
Temporal Variability in Forest-Atmosphere CO2 Exchange. Glob.
Chang. Biol. 2004, 10 (10), 1689−1706.
(41) La Valva, V.; Guarino, C.; De Natale, A.; Cuozzo, V.; Menale,
B. La Flora Del Parco Di Capodimonte Di Napoli. Delpinoa 1992, 33,
143−177.
(42) Sgrigna, G.; Baldacchini, C.; Esposito, R.; Calandrelli, R.;
Tiwary, A.; Calfapietra, C. Characterization of Leaf-Level Particulate
Matter for an Industrial City Using Electron Microscopy and X-Ray
Microanalysis. Sci. Total Environ. 2016, 548−549, 91−99.
(43) Baldocchi, D. D. Assessing the Eddy Covariance Technique for
Evaluating Carbon Dioxide Exchange Rates of Ecosystems: Past,
Present and Future. Glob. Chang. Biol. 2003, 9 (4), 479−492.
(44) Hirabayashi, S.; Kroll, C. N.; Nowak, D. J. i-Tree Eco Dry
Deposition Model Descriptions. Syracuse, NY, United States, 2015.
(45) Hofman, J.; Wuyts, K.; Van Wittenberghe, S.; Samson, R. On
the Temporal Variation of Leaf Magnetic Parameters: Seasonal
Accumulation of Leaf-Deposited and Leaf-Encapsulated Particles of a
Roadside Tree Crown. Sci. Total Environ. 2014, 493, 766−772.
(46) Wang, H.; Shi, H.; Wang, Y. Effects of Weather, Time, and
Pollution Level on the Amount of Particulate Matter Deposited on
Leaves of Ligustrum Lucidum. Sci. World J. 2015, 2015, 9−11.
(47) Popek, R.; Haynes, A.; Przybysz, A.; Robinson, S. A. How
Much Doesweather Matter? Effects of Rain and Wind on PM

Accumulation by Four Species of Australian Native Trees. Atmosphere
(Basel). 2019, 10 (10), 1−14. DOI: 10.3390/atmos10100633.
(48) Ould-Dada, Z.; Baghini, N. M. Resuspension of Small Particles
from Tree Surfaces. Atmos. Environ. 2001, 35 (22), 3799−3809.
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