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ABSTRACT: Exposure to airborne particulate pollution is associated with premature mortality and a range of inflammatory
illnesses, linked to toxic components within the particulate matter (PM) assemblage. The effectiveness of trees in reducing urban
PM10 concentrations is intensely debated. Modeling studies indicate PM10 reductions from as low as 1% to as high as ∼60%.
Empirical data, especially at the local scale, are rare. Here, we use conventional PM10 monitoring along with novel, inexpensive
magnetic measurements of television screen swabs to measure changes in PM10 concentrations inside a row of roadside houses,
after temporarily installing a curbside line of young birch trees. Independently, the two approaches identify >50% reductions in
measured PM levels inside those houses screened by the temporary tree line. Electron microscopy analyses show that leaf-
captured PM is concentrated in agglomerations around leaf hairs and within the leaf microtopography. Iron-rich, ultrafine,
spherical particles, probably combustion-derived, are abundant, form a particular hazard to health, and likely contribute much of
the measured magnetic remanences. Leaf magnetic measurements show that PM capture occurs on both the road-proximal and
-distal sides of the trees. The efficacy of roadside trees for mitigation of PM health hazard might be seriously underestimated in
some current atmospheric models.

■ INTRODUCTION

Human exposure to urban airborne particulate matter (PM) is
associated with a range of damaging health impacts, encompass-
ing cardiovascular, respiratory, and neurological damage,1,2 with
no known “safe” level.3,4 Depending on its sources, urban PM can
consist of a complex mixture of phases, compositions, and sizes.
Particles less than 10 μm in aerodynamic diameter (PM10) can
enter the airways and upper lung area, particles of <2.5 μm
(PM2.5) can reach the alveolar region, and ultrafine particles
(<0.1 μm) enter the blood circulation system.5 Whereas short-
term (<1-h) exposure to peak PM10 concentrations has been
associated particularly with cardiovascular and respiratory
effects,6,7 longer-term, cumulative exposure to relatively small
increases (<10 μg m−3) in ambient PM10 and PM2.5

concentrations also impacts adversely on human health.8 Active
reduction of ambient, rather than peak, PM10 concentrations has
been shown to result in marked improvements in health and life-
expectancy outcomes.9 Although the mass of much ambient PM
might consist of compounds of low or negligible toxicity

(whereas metals and particulate-bound polyaromatic hydro-
carbons, for example, might specifically contribute to the
pathological response), legislative limits for ambient PM10 and
PM2.5 concentrations continue to be revised downward.

10 Urban
dwellers spend the majority of their time (∼60−90%) indoors,11

where PM can derive from both indoor and outdoor sources.12 In
the urban environment, traffic can generate large proportions of
indoor PM, as evidenced by the fact that indoor PM peaks have
been found to closely follow the daily cycles of rush-hour traffic
peaks.13 Whereas PM emissions from industrial sources have
declined in some areas,14 vehicle-derived PM has increased,
because of greater numbers of vehicles and journeys and
increasing proportions of diesel vehicles.15 Primary vehicle-
derived PM is emitted directly from vehicle combustion16 and
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abrasion processes, especially brake wear.17 Vehicle movements
can also cause PM to be resuspended from the road surface.
Secondary PM forms in the atmosphere through chemical
reactions and condensation.
Although it is well-known that urban trees can reduce ambient

outdoor PM concentrations by capturing particles on their
aerodynamically rough leaf surfaces,18−20 the efficacy of urban
trees for PM reduction is intensely debated. City- and street-scale
modeling studies suggest reductions in PM10 of as little as <1%
and as much as ∼60%, respectively.21,22 Modeling also suggests
that dense tree crowns can worsen in-canyon PM concentrations,
by reducing dispersion and atmospheric mixing.23−26 Measure-
ments of PM10 reduction by trees remain sparse,18 especially in
urban areas and at the local scale. Critical in terms of PM
reduction are the velocities of particle deposition onto tree
leaves. Reported values vary by 3 orders of magnitude, from
∼0.01 to 10 cm s−1,27 depending not only on particle
characteristics and meteorology but on tree species, leaf
architecture, and surface properties.28,29 Mitchell et al.,28 for
example, reported (magnetic) PM10 deposition velocities of ∼5
cm s−1 for birch, a species that also displays low emission
potentials for volatile organic compounds (VOCs).23 Careful
selection, planting, and maintenance of tree species with such
high deposition velocities and low VOC emissions might
potentially offer an efficient and cost-effective means of removing
PM from the atmosphere and improving human health outcomes
worldwide. Improvement of air quality is particularly important
in street canyons, abundant within city environments, where
lowered wind speeds, in-canyon air recirculation, and high traffic
emissions can result in frequent exceedances of PM10 stand-
ards.12

Here, we examine the impact of trees on indoor air quality at
the local scale, by temporarily installing a line of young trees
(silver birch) outside a row of terraced houses adjacent to a
heavily trafficked urban road, in Lancaster, northwest England.
Indoor PM concentrations were measured over a ∼2-week
period, using a combination of novel magnetic measurements of
TV screen wipes in all of the houses, and PMmonitoring inside a
“control” house and a second house, inside the artificial tree line.
Leaf PM capture sites and PM size, shape, and composition were
examined by scanning electron microscopy (SEM). Our results
demonstrate the effectiveness of carefully selected tree lines in
substantially reducing indoor PM10 concentrations, through
particle capture and agglomeration on tree leaves, and the value
of fast, inexpensive magnetic measurements in quantifying spatial
differences in PM, particularly iron-rich, ultrafine, combustion-
derived PM.

■ EXPERIMENTAL METHODS
Indoor PM concentrations were measured for a row of eight
terraced houses, adjacent to a heavily trafficked (∼12000 vehicles
per day, ∼80% cars), uphill section of road, in the city of
Lancaster, northwest England (Figure 1). All of the houses are of
similar age, have double-glazed windows and central heating with
external flues, and are occupied by nonsmokers.
Prior to the experiment, indoor PM concentrations were

monitored in the ground-floor, road-adjacent rooms of two
houses (house 25, May 9−11, 2013, and house 31, Mar 27−Apr
18 and May 9−11, 2013) using two intercalibrated Grimm dust
monitors (model 1.106, Labortechnik Ltd., Ainring, Germany).
These monitors are designed for real-time counting,30 as time-
weighted averages every 10 min, of volumetric particle
concentrations, with particle size discrimination into 15 size

ranges, from >0.3 to 20 μm. House 25 is occupied by a family of
four; the front room is a formal dining room. In house 31, the
front room is a study bedroom of a multiple-occupancy student
house. No cooking, smoking, fires, or any other major indoor PM
sources existed in either of the monitored rooms, nor were there
any changes in the normal use or activity levels within the two
monitored, closed rooms before and after tree installation.
Thirty young birch trees were then installed at the curbside

outside four of the houses (Figure 1, houses 31, 33, 35, and 37)
for a period of 13 days (May 11−23, 2013). Indoor PM
concentrations were monitored, post-tree installation, in house
25 (non-tree-lined, NTL) and house 31 (tree-lined, TL).
Meteorological data (temperature, wind speed, direction, rain,

and humidity) were obtained for the duration of the experiment
from the Hazelrigg Weather Station, Lancaster University [see
Figure S1, Supporting Information (SI)]. Traffic flow data were
kindly provided by Lancaster City Council, for the period Apr
23−29, 2013 (Figure S2, SI).
A novel, fast, and inexpensive method was used to measure the

integrated record of indoor PM deposition within each of the
eight houses, by measuring the saturation isothermal remanent
magnetization, in an applied dc field of 0.3 T (SIRM0.3T) of a
moist paper swab taken from the screen of the household’s
television or an installed computer monitor (see SI for
instrumentation details). All screens [plasma or light-emitting
diode (LED)] displayed insignificant levels of surface charge,
whether switched on or off. Both one week before and again at
the start of the 13-day experimental period, each available TV or
monitor screen was cleaned, and at the end of the monitoring
interval, a constant screen area was swabbed (using a wooden
sampling frame) with a readily available “wet wipe”. The
magnetic remanence of the screen swabs was corrected by
subtraction of the wet wipe “blank”. Similar magnetic remanence
measurements were made of samples of the birch leaves (five
leaves/sample) from the road-proximal and -distal sides of the
tree line. The leaf SIRMs (in units of A m2) were normalized for
the adaxial (upper) surface area (m2) of the young leaves, which
ranged from ∼7 to 16 cm2.

Figure 1. (a) Terraced row of houses, numbered (house 37 is only partly
visible at the right-hand side), and (b) temporary installation of roadside
birch trees.
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SEM analyses were performed of clean (pre-experiment) birch
leaves and of eight birch leaves at the end of their roadside
exposure, using a Leo Gemini 1530 field-emission-gun- (FEG-)
SEM instrument (Cambridge, U.K.) equipped with an Oxford
Instruments energy-dispersive X-ray (EDX) detector, with high-
resolution capability down to ∼200 nm and reproducible
accuracy to approximately ±3%. Leaf disks were cut on a clean
surface and mounted on a carbon double-sided tape fixed on a
support stub; degassed (for 1 h at 0.7 bar); coated with a 10-nm
Pt/Pd film; and imaged at 5, 10, or 15 kV. SEM-energy-dispersive
X-ray analysis (EDXA) was used to identify the elemental
compositions of a range of particles of different sizes and
morphologies. To reduce detection levels below the typical limit
(∼1000 ppm by weight), we allowed for a long counting time
(∼2 min). To avoid Al/Cu signal overlap from the support stub
and sample, a clean glass disk was fixed between the carbon tape
and the stub.

■ RESULTS AND DISCUSSION

Differences in indoor PM10 concentrations in the two monitored
houses can, of course, reflect not only the impact of the tree line
but also any differences in indoor or outdoor PM sources, indoor
activity levels, air exchange rates, meteorological conditions,
and/or reduced data scatter as the total data count increased.
However, both before and during the experiment, measured

peaks in indoor PM concentrations in houses 25 and 31 occurred
rather synchronously and at regular intervals during each
weekday, namely, at ∼7:30−9:30 a.m., 12:00−2:00 p.m., 3:00−
4:00 p.m., and 4:30−7:30 p.m. (Figure 2), that is, associated with
peak traffic flows (Figure S2, SI). Exceptions to this pattern were
evident on Friday, Mar 29, 2013 (a public holiday in the U.K.),
when these peaks were absent (Figure S3, SI), and during
weekends, when the first PM10 peak occurred later, from ∼9:00
or 9:30 a.m., and peak times varied throughout the weekend
(Figure 2). The synchroneity of indoor PM peaks in the two

Figure 2. PM10 concentrations inside TL house 31 during the periods (a) Apr 11−16, 2013 (pre-tree-line installation), and (b)May 16−21, 2013 (post-
tree-line installation). The weekend PM10 peaks (light shading) are lower and start later in the morning than the weekday patterns. Note the reductions
in PM10 after installation of the tree line.

Figure 3. PM10 concentrations inside NTL house 25, pre- and post-tree installation (on May 11, 2013). Weekend PM10 data are shaded.
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houses and the absence/reduction of peaks during the public
holiday indicate that ambient, traffic-derived PM is the major
contributor to the indoor PM concentrations in the monitored
rooms.
In both monitored houses, indoor PM10 values varied from <1

to >50 μg m−3 but concentrated within the 1−10 μg m−3 range
(Figures 2 and 3). Construction work at NTL house 27,
involving replacement of mortar, might have been responsible for
episodic “spikes” in indoor PM concentrations (>50 μg m−3) in
NTL house 25 (Figure 3).
TL house 31 displays substantial reductions in indoor PM10

values in the post-tree installation interval (Figure 2). In contrast,
for NTL house 25, little change in PM10 values is evident from
the pre- to post-tree installation period (Figure 3). Noting that
each data point represents a measurement of indoor PM at 10-

min intervals and that we seek to quantify the changes in ambient
PM during the experiment, we use density distribution plots to
map the PM1, PM2.5, and PM10 data sets (Figure 4). It is clear
that, post-tree installation, each PM size fraction declines in
concentration inside TL house 31, both in absolute terms and in
relation toNTL house 25. For example, pre-installation,∼70% of
the TL house 31 data comprise PM10 concentrations ranging
from 0.5 to 5.8 μg m−3, compared with a markedly reduced range
of 0.5−2 μg m−3 after tree installation. This PM10 reduction in
TL house 31 has no comparable counterpart in NTL house 25;
the house 25/house 31 PM ratio rises, post-tree installation, for
each PM size fraction (Figure 4a−f).
Although PM monitoring was possible for only two of the

houses, fast, inexpensive, and sensitive magnetic analysis of the
TV screen wipes provides quantified information on the

Figure 4. Two-dimensional contour plots of indoor PM concentrations in TL house 31 and PM ratio for NTL house 25/TL house 31: (a,c,e) pre- and
(b,d,f) post-installation of tree line. The color coding represents the likelihood of a PM value falling within a particular concentration (with a probability
scale ranging from 0 to 1).
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integrated PM deposition for all of the houses. Prior to the
experiment, no systematic difference was evident in the TV wipe
SIRM0.3T values available from house 23 to house 39 (Figure 5a).
At the end of the experiment (Figure 5b), for each of the TL

houses, the SIRM0.3T values for the front-room TV screen swabs
are lower than those from the NTL houses by between 52% and
64% (average 60%). These results are remarkably consistent with
the Grimm PM data, which independently identify >50%

Figure 5. SIRM0.3T values for TV/monitor screen wipes, showing the concentrations of deposited magnetic particles, for (a) the pre-experimental
period, with no trees installed, and (b) the post-experimental period, for non-tree-lined houses and tree-lined houses (marked with *). 25M identifies the
SIRM0.3T value for the occupants’ own TV, located in a middle room; 25F is for a computer screen placed in the front room.

Figure 6. (a−d) Scanning electron micrographs of the adaxial surface of the exposed birch leaves contaminated with PM. (e,f) EDXA spectra of
deposited particles shown in micrographs c and d.
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reductions in indoor PM10, PM2.5, and PM1 concentrations,
following installation of the tree line (Figure 4). Although the
absolute SIRM0.3T values differ substantially between the NTL
and TL houses, the ranges in the sets of measured values are
similar (∼1.5 × 10−8 and ∼1.25 × 10−8 A, respectively).
Two screen swabs were obtained from NTL house 25; the

SIRM0.3T value from the household’s own television (located in a
middle ground-floor room) was 50% lower than that from a
computer monitor placed in the front (road-proximal) room
(Figure 5b).
The magnetic particle loadings on the birch tree leaves

increased substantially after their exposure at the roadside. The
SIRM0.3T values of the road-proximal leaves fell in the range of
(5−14)× 10−6 A (average 7.6× 10−6 A, 83% higher than the pre-
exposed leaf SIRM0.3T value of 4.1× 10−6 A), and for the
pavement-side leaves, SIRM0.3T = (4.4 to 12) × 10−6 A (average
7.0 × 10−6 A, 71% higher).
Scanning electron micrographs (Figure 6a,b) show the typical

rough, hairy morphology of the adaxial leaf surfaces of the
selected silver birch species (Betula utilis Doorenbos), which are
hypostomatic (i.e., stomata are present only on the underside of
the leaves). After their roadside exposure, the leaves displayed
deposited PM, occurring as distinct clusters and agglomerations
(∼103 particles, Figure 6c), particularly in proximity to leaf hairs
(Figure 6b) and trapped inside the microindentations (height ×
width ≈ 4 × 3 μm) of the rough leaf surface (Figure 6d).
The leaf-deposited PM comprised particles with a wide range

of diameters up to∼30 μm, but based on SEM image analysis, the
majority (>60%) were submicrometer in diameter (Figure 6c,d).
Individual submicrometer particles (<100 nm) often occurred as
aggregates forming larger agglomerates of particles (Figure 6e,f).
From EDXA, major PM elemental contributions included (>1 wt
%) C > O > Fe > Ti > Si > Ca > Al > Na > K > Cl >Mg (Figure 6
e,f; also see Figure S4, SI). Many of the coarser particles (∼1−10
μm) were irregular in shape and size (Figure 6d), their
composition dominated by the major elements (Ca, Na, Al, Si,
Cl), suggesting some possible contribution from natural sources
such as soil dust. In contrast, many of the finer particles (<200
nm) exhibited spherical or semispherical morphologies, with
smooth surfaces (Figure 6d), and were particularly rich in Fe
(10−55 wt %). Such Fe-rich particles are abundant and typical of
condensation droplets released from high-temperature combus-
tion processes.31 They are likely to contribute much of the
measured magnetic remanence of the TV swabs and the tree
leaves. Higher concentrations of magnetic particles have been
reported for PM collected from gasoline engine exhausts than
from diesels.32 Nanoscale magnetite particles (<30 nm) appear
strongly associated with exhaust emissions, whereas larger
magnetites (≳1 μm) are associated with abrasion of metallic
vehicle components, including particles from disk brakes.33,34

The high Fe content (up to ∼55 wt %) of many particles,
especially the combustion-derived nanoparticles, might repre-
sent a particular potential hazard to health. Such particles are
likely to be biologically active, given their large surface area;
enrichment in transition metals; and reported association with
particle-bound organic species, including known carcinogens
such as benzo[a]pyrene.35 A strong correlation has been
reported for urban dusts between sample magnetic content
and mutagenicity.36 Iron-rich, magnetically detectable particles
might cause oxidative stress by direct generation of reactive
oxygen species (ROS) not only in lung cells37 but also in the
brain.38 Oxidative brain damage is a characteristic of most types

of neurodegenerative disease, including Alzheimer’s and
Parkinson’s disease.38,39

Whereas particle deposition rates depend on a range of factors
(e.g., wind speed, surface orientation, particle diameter), the
influence of leaf surface properties on particle deposition,
capture, and agglomeration have so far been underparametrized
in atmospheric modeling of urban PM. The efficacy of PM
capture by a single line of young trees was demonstrated here by,
first, two independent approaches, conventional PM monitoring
and magnetic measurement of screen swabs, both indicating
>50% reduction in measured indoor PM concentrations; second,
SEM analysis indicating the effective agglomeration of PM
(especially submicrometer PM) around leaf hairs and within
regions of negative surface relief; and, third, magnetic remanence
measurements of the tree leaves identifying similar levels of
magnetic PM capture by the road-proximal and -distal leaves.
All of these data are consistent with the efficient interception

and capture of vehicle-derived PM by the tree line, rather than
(and/or as well as) any airflow perturbation and physical
screening effects and “fumigation” of the roadway. A value of 0.64
cm s−1 is frequently used for the deposition velocity of PM10 on
leaf surfaces in atmospheric modeling studies,27,40 even in that of
Pugh et al.,22 where 60% PM removal was reported (for a green
wall, in a street canyon with low wind speed and long particle
residence time). Because 0.64 cm s−1 appears to be an order of
magnitude too low, given published data28 and the reduction in
indoor PM10 concentrations observed here, Pugh et al.’s model
could be run with less extreme vegetation, wind, and/or
residence time constraints and still predict ∼60% PM removal.
Interception and capture of PM by our selected species, silver
birch, appears to be enhanced by both interfingering of leaf hairs
into the airflow and agglomeration of PM into aggregates
composed of large numbers (>1000) of particles.
In terms of urban greening, the data indicate the potential

effectiveness of the edge effect for PM reduction. Rather than
increasing total urban tree cover per se, single roadside tree lines
of a selected, high-deposition-velocity, PM-tolerant species
appear to be optimal, preferably managed so as to prevent
development of a dense canopy crown and facilitate atmospheric
dispersion of PM. Whether PM deposition on leaves continues
cumulatively through the in-leaf season41 or equilibrates with
ambient atmospheric PM concentrations28 appears to depend on
tree species, leaf changes through the growing season, and rainfall
events. Rainfall can wash deposited PM off leaves and into
drainage courses and/or the soil.18,29,42,43 Even after leaf fall, the
bark and branches of roadside trees intercept PM.44,45 Manage-
ment and disposal of PM-contaminated leaf fall should be
considered within any urban greening strategy.

■ ASSOCIATED CONTENT
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Time-series meteorological data (wind speed, temperature, and
rain) from Hazelrigg Weather Station, Lancaster, U.K., together
with indoor PM10 data; PM10 concentrations vs time during a
U.K. national holiday (Good Friday); time-series of traffic counts
(as hourly number of vehicles) vs indoor PM10; and a
compilation of SEM-EDXA data collected from SEM-analyzed
birch leaves. This material is available free of charge via the
Internet at http://pubs.acs.org.
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