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h i g h l i g h t s
� Studied impact of a two-row tree shelterbelt on dust plumes off a gravel road during windy conditions.
� Shelterbelt did not reduce the aerial concentration of PM10 particles.
� Reasonable agreement of measured and simulated transects of mean wind speed.
� Disagreement between measured and modelled dust plumes.
� Higher fidelity treatment of one or more aspects of the problem needed.
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a b s t r a c t

The impact of a roadside shelterbelt on the downwind concentration of road dust raised by a passing
vehicle was investigated experimentally, and by numerical modelling. With or without the shelterbelt,
the gravel dust plume, as measured some 60 m or more downwind from the road, was dominated by
small particles (most frequent diameter z 6 mm) whose gravitational settling velocity was negligible
compared to the turbulent velocity scale (i.e. friction velocity). The time-averaged concentration of these
small particles was not lower in the lee of the shelterbelt than in a nearby, unsheltered area downwind of
the road. Standard formulae for spheres in an airstream negotiating obstacles suggest such fine particles
may pass through the shelterbelt on the bleed flow with little likelihood of interception and entrapment,
because their small inertial time constant mandates that they accelerate with the wind, deviating around
foliage. Numerical simulations of the experiment are consistent in some respects with what was
observed, and suggest that the shelterbelt may increase the fraction of fine particles remaining airborne
one minute after their injection at the road.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Dust raised from unpaved rural roads represents a nuisance and
potentially a pulmonary health risk for those regularly inhaling a
fine fraction liable to enter and remain in their lungs. Factors
affecting the amount of dust raised off an unpaved road include
vehicle type, weight and speed, and the condition and composition
of the road surface. Spraying rural roads with water, oil or other
dust suppressants (e.g. Gillies et al., 1999) is a common intervention
to control dust, but it would be useful to establish more definitively
the potential effectiveness of roadside vegetation in scrubbing dust
from the airstream, and/or enhancing the rate of plume dilution
and deposition. Earlier studies have quantified the dust emission
).

013 Published by Elsevier Ltd. All
factor (mass per vehicle kilometre travelled, kg VKT�1) under
normal or controlled traffic conditions, by using artificial tracer
techniques or by adopting an atmospheric dispersion model that
allows a relation to be obtained between a measured dust con-
centration and an (implied) emission rate (Claiborn et al., 1995;
Kantamaneni et al., 1996). Other work has used the integrated
horizontal flux (IHF) method to investigate the downwind fate of a
road dust cloud. Working over an open desert surface (roughness
length z0 ¼ 0.005 m) Etyemezian et al. (2004) determined that the
loss of PM10 particles (diameter d � 10 mm) between the unpaved
road and a point 100 m downwind was less than 9.5%, while in
contrast Veranth et al. (2003) found that over 85% of PM10 dust
particles had vanished from the airstream over a comparable fetch
of much rougher surface (specifically an artificial “urban canopy,”
composed of shipping containers).

A slow rate of loss of PM10 aerosols from an airstream on open
ground might be expected, given the small terminal velocity wg of
rights reserved.

mailto:jaydee.uu@ualberta.ca
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.atmosenv.2013.07.015&domain=pdf
www.sciencedirect.com/science/journal/13522310
http://www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2013.07.015
http://dx.doi.org/10.1016/j.atmosenv.2013.07.015
http://dx.doi.org/10.1016/j.atmosenv.2013.07.015


Table 1
Particle terminal velocity wg, particle inertial time constant s h g�1wg, and
normalized impaction conductance gp/U versus particle diameter d. Impaction
conductance is given for two values of the air speed U around foliage. Assumptions:
air pressure 93 kPa and temperature 25 �C; characteristic dimension of foliage
de ¼ 0.05 m; kinematic viscosity of air n ¼ 1.55 � 10�5 m2 s�1; dust particle density
rp ¼ 1522 kg m�3 (Note: in LS simulations the Stokes number Stwas evaluated with
U given by the instantaneous particle speed).

d, mm wg, m s�1 s, s gp/U, U ¼ 1 m s�1 gp/U, U ¼ 5 m s�1

1 4.9e-5 5.0e-6 6.3e-8 1.6e-6
2 1.97e-4 2.0e-5 1.1e-6 2.3e-5
6 0.0018 1.8e-4 8.0e-5 1.9e-3
10 0.0049 5.0e-4 6.0e-4 0.012
20 0.020 2.0e-3 8.3e-3 0.11
50 0.12 1.2e-2 0.15 0.58
100 0.49 5.0e-2 0.51 0.86
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PM10 particles (Table 1 gives theoretical values of wg), but the
character of the downwind surface and its vegetation must play a
role by virtue of their control over the near ground profiles of mean
wind speed and turbulence, potentially multiplying the opportu-
nities for particles to come in close contact with and deposit onto
surfaces (the ground, or foliage), and delaying the rate of advection
of dust downwind. Pardyjak et al. (2008) have developed a model
to compute the fate of a particulate plume rising from a road and
encountering a uniform canopy of vegetation. The present paper
focuses on the efficacy of shelterbelts, i.e. narrow roadside belts of
trees, which have been considered a possible means of abating the
problem of nuisance road dust (Steffens et al., 2012). We shall
describe an experiment and related numerical modelling that,
taken together, suggest shelterbelts (of the type and in the
configuration studied) may not substantially ameliorate the prob-
lem of wind-borne road dust in the PM10 category.

2. Experiment

Dust samplers and cup anemometers were arranged on
(geographic) eastewest transects perpendicular to a long, straight,
rural gravel road, parallel to which and 60 m downwind (eastward)
ran a two-row shelterbelt (see Figs. 1 and 2). “Shelter” transects ran
through (or above) and downwind of the shelterbelt, while
“reference” transects 100 m away traversed an open (nominally
unsheltered) area at the south end of the shelterbelt. The objective
was to measure and interpret differences between the dust distri-
butions in the open and in the lee of the shelterbelt. To this end
during suitable meteorological conditions d a strong westerly
wind, a dry road d dust was raised by making repeated passes of a
3/4 ton truck, driven at about 80 km h�1 and in as consistent a
manner as could be managed. The interval between consecutive
passes (SeN, NeS, SeN.) was two minutes, and each experiment
consisted of twenty such passes over 40 min. Five experiments
were executed on five different days, but here the discussion is
restricted to two experiments performed during strong winds and
(consequently) weak thermal stratification1 (see Table 2).

The shelterbelt, located at (a constant) longitude �103.99237�

and spanning latitude range 50.58810�e50.59335� (i.e. 583 m
oriented northesouth geographic), consisted of a row of green ash
(Fraxinus pennsylvanica Marsh.) on the western side and a row of
Scots pine (Pinus sylvestris L.). The overall cross-section of the
shelterbelt was W z 4.7 m, and the mean height H z 10 m. In the
1 In this respect (and several others) the present work differs from that of
Steffens et al. (2012), whose focus was the fate of sub-micron particles raised by
ambient traffic on a paved urban motorway during a period of very light winds
(mean wind speed u ¼ 0:57 m s�1 at z ¼ 3 m).
discussion to follow the origin of the eastewest (i.e. x or x/H) co-
ordinate is taken to lie at the centre of the shelterbelt such that the
road is centred at x ¼ �60 m (x/H ¼ �6), and the northesouth
coordinate y runs parallel to the road with its origin y ¼ 0 at the
south end of the shelterbelt. Upwind of the shelterbelt stretched a
crop of peas whose continuity was interrupted by the road with
shallow ditches on either side, while downwind of the shelterbelt
(x> 0) stood a crop of flax. Both upwind and downwind, the canopy
height was hc z 0.4 m. The reference transects were located at
y ¼ �25 m (y/H ¼ �2.5), that is, 25 m south of the south end of the
shelterbelt, and they bisected a cut break (of about 50mwidth) that
spanned from the south end of the shelterbelt to an abandoned
farmyard (still farther south, and not represented on Fig. 1) growing
scrub and short trees of irregular height. This small separation
(2.5H) between the south end of the shelterbelt and the reference
transects implies that with increasing downwind distance x/H the
broadening wakes of the shelterbelt and the farmyard scrub must
have impinged on (and modified) the airstream carrying dust
plumes downwind along the reference transect. Measured mean
wind speeds (shown later, Fig. 3) confirm this disturbance.

The transects were instrumented (see Fig. 1) at three eastewest
locations x/H ¼ (0.75,5,10) and two heights z/H ¼ (0.2,1.2). Rotorod-
type spore counters (viz. 2 mm square-section rods, rotating at
2400 RPM on a 2 cm radius) provided size-discriminated 40 min
mean concentrations ckðx; y; zÞ, where k labels particle diameter bins
of width 1 mm and spanning 1 mm � d � 100 mm; a size-dependent
collection efficiency was assumed in converting from the Rotorod
particle count, performed automatically using Image Pro software
(Media Cybernetics, Inc., Rockville, Maryland), to the implied aerial
concentration. Co-located Casella Microdust Pro sensors (Model
176000A, Casella CEL, Buffalo,NewYork) provided40min time series
of size-aggregated dust mass concentration c(x,y,z,t) spanning 20
vehicle passes, and from those twenty realizations it was possible to
approximate for each Casella sensor an ensemble mean concentra-
tion transient hci. Individual correction factors for the Casella in-
struments were assigned on the basis of an intercomparisonwith all
instruments exposed close together during test passes of the vehicle.

Table 2 gives themicrometeorological conditions during the two
experiments discussed here. A three-dimensional sonic anemom-
eter at height zs ¼ 2 m and standing at x/H ¼ �3 on the reference
transect provided the mean wind vector uihðu; v;wÞ, the mean
kinematic sensible heat flux density vector u0iT

0 and all components
of the Reynolds stress tensor u0iu

0
j. From that information the friction

velocity (u*) and Obukhov length (L) were computed as

u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0w02 þ v0w024

q
; (1)

L ¼ �u3�T0
gkvw0T 0

; (2)

where kv ¼ 0.4 is the von Karman constant, g is gravitational ac-
celeration and T0 is the mean Kelvin temperature. Roughness
length was inferred by best-fitting the Paulson (1970) mean wind
profile, using the MonineObukhov universal functions recom-
mended by Dyer and Bradley (1982), to the mean wind speed,
friction velocity and heat flux density provided by the sonic
anemometer. The reference wind speed Ur ¼ uð12 mÞ cited in
Table 2 was computed by extrapolation using the resulting mean
wind profile.

3. Numerical simulations

A preliminary analysis of the experiments established that
such data as it had been possible to gather would not suffice to



Fig. 1. Schematic of the site, giving alongwind coordinates (x/H, where H ¼ 10 m is the height of the shelterbelt) of the road (x/H ¼ �6), sonic anemometer (circular symbol at x/
H ¼ �3), shelterbelt (x/H ¼ 0) and dust samplers (x/H ¼ 3/4,5,10). The windbreak continued towards the north (top of diagram), the road continued north and south. The shelter
transect and the reference transect were separated by distance Dy/H ¼ 10. (Not drawn to scale.)

Y. Mao et al. / Atmospheric Environment 79 (2013) 590e598592
determine unambiguously the impact of the shelterbelt on dust
clouds. To complement the field data we carried out comparative
numerical simulations of the motion of dust clouds in undisturbed
winds, and in a synthetic shelter flow that has been matched
(approximately) to the conditions of the experiment. The numerical
simulations idealize the problem, however they should capture at
least qualitatively the twofold impact of the shelterbelt d its
disturbance of the flow field carrying the passing dust clouds, and
its potential role as a particle filter. Comparable simulations,
treating the interaction of a plume of glass beads with a belt of
maize, have been described by Bouvet et al. (2007).

Dust particle trajectories were computed using a Lagrangian
stochastic (LS) model, adopting the “settling sticky fluid element”
paradigm as described by Wilson (2000). A gravitational settling
velocity wg appropriate to dust particles of given size was super-
posed on a velocity series that otherwise (and but for a suitable
Fig. 2. View of the shelterbelt looking towards the WNW, roughly along the line of the
reference (“unsheltered”) transect. The origin y/H ¼ 0 of the northesouth axis is at the
south (left) end of the shelterbelt, and the reference transect lies along y/H ¼ �2.5.
reduction of the particle velocity autocorrelation time scale) would
have been appropriate to a fluid element, and trajectories were
terminated with probability P upon contact with the ground (z¼ z0,
P¼ 1) or with shelterbelt foliage (P computed as function of particle
diameter, wind speed etc.; further details below). For simulations of
dust dispersion along the reference transect the horizontal in-
homogeneity alluded to above (see also Fig. 3) was neglected, and
velocity statistics needed to drive the LS model were provided by
adopting MonineObukhov profiles for height extrapolation of
statistics determined by the sonic anemometer. For simulations of
trajectories around and through the shelterbelt, two-dimensional
fields of the required velocity statistics were obtained by solving
Reynolds-averaged momentum equations with second-order tur-
bulence closure, using the methods described by Wilson (1985,
2004).
3.1. Disturbed wind and turbulence field

The mean streamwise momentum equation appropriate to the
problem is

u
vu
vx

þw
vu
vz

¼ � 1
r0

vp
vx

� vu02

vx
� vu0w0

vz
� Su (3)

where p is the mean pressure disturbance induced by the shelter-
belt, r0 is the mean air density, u02 is the variance of the streamwise
velocity and u0w0 is the kinematic vertical flux of streamwise mo-
mentum (Reynolds stress). The final term on the right hand side of
Table 2
Summary of meteorological conditions for the near-neutral experiments. Friction
velocity u*, meanwind speed z¼ 3 upwind of the road at z¼ 12m, Obukhov length L,
mean wind direction b (270� for a west wind) and standard deviation sb of wind
direction during the experiment.

Date u*, m s�1 Ur, m s�1 L, m z0, m b, deg sb, deg

27/7/11 0.73 10.09 �184 0.0325 225 15.9
23/8/11 0.65 9.09 �106 0.0275 283 14.1
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Fig. 3. Observed and simulated transects of relative mean wind speed u=u0 (upper
panel) and a simulated transect of the normalized vertical velocity variance s2w=s

2
w0

(lower panel) along z/H ¼ 0.2 (z ¼ 2 m) through a shelterbelt, u0 being the upstream
(undisturbed) mean wind speed and s2w0 the upstream vertical velocity variance at
2 m. Symbols give the observations at Indian Head, and lines are from a numerical
solution of the Reynolds-averaged NaviereStokes equations (H/z0 ¼ 330, kr ¼ 2.5;
further details in text). The open circles on the upper panel register the relative mean
wind speeds observed on the reference transect along y/H ¼ �2.5, and as they decrease
with increasing distance downwind, they show that this was not sufficiently far iso-
lated from the influence of the shelterbelt. (Wind speeds on the reference transect not
available on 23 Aug.)
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Eq. (3) represents the rate of loss of streamwise momentum to the
shelterbelt, and it was parameterized as

Su ¼ kru
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þw2

q
dðx�0Þsðz�HÞzkru u dðx�0Þsðz�HÞ;jj (4)

where kr is a (dimensionless) resistance coefficient. The interpre-
tation of Eq. (4) is that a drag vector, proportional to krðu2 þw2Þ
and projected onto the x-axis by the factor u=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þw2

p
, is localized

to x ¼ 0, z � H by the product of the delta function d(x � 0) (with
units m�1) and a dimensionless unit step function s(z � H). In other
words, for the purpose of computing thewind field the Indian Head
shelterbelt was treated as an infinitely thin porous barrier located
at x ¼ 0 (the middle of the actual shelterbelt). Please note that
although by virtue of Eq. (4) the finite alongstream width of the
shelterbelt was neglected for the purpose of the wind calculation,
when computing dust particle trajectories in that wind field the
shelterbelt was properly represented by a belt of (uniform) vege-
tation spanning x ¼ 0 � 2.35 m.

The Indian Head shelter flow was simulated numerically by
solving Eq. (3) and coupled equations (notably the corresponding
vertical momentum equation, the continuity equation, and
parameterized Reynolds-stress equations) using the second-order
closure of Launder et al. (1975). Full details of the numerical pro-
cedure are provided by Wilson (1985). The computational domain
covered �20 � x/H � 120, z/H � 47. At the inflow boundary the
usual semi-logarithmic mean wind profile (Eq. (11)) was imposed;
consistent with this, and because the “host (i.e. upwind) flow”

could legitimately be approximated as a constant stress layer, the
inflow profile of the turbulent kinetic energy dissipation rate (e)
was specified by Eq. (13), and all components of the Reynolds stress
tensor were specified as being height-independent (in particular,
the normalized velocity standard deviations su/u* ¼ 1.7, sv/u* ¼ sw/
u* ¼ 1.3); these choices constitute the algebraic solution of the
coupled equations for horizontally-homogeneous, neutrally-strat-
ified and steady-state winds. Resolution along the streamwise co-
ordinate was uniformly Dx/H ¼ 1, while the vertical resolution was
held at Dz/H ¼ 0.1 for z/H � 2, and progressively coarsened aloft
(again, it is crucial to be clear that it is the field of wind statistics
whose spatial resolution is referred to here: when computing dust
particle paths, much finer steps were used. Much higher compu-
tational resolution of the flow field could easily have been achieved.
However for this work it was not necessary to achieve grid-
independence in the flow calculation, because in effect all that
was wanted was a best fit of the model to our very limited obser-
vations of mean wind speed. Wilson, 1985, showed that a stream-
wise resolution of Dx/H ¼ 1 provides what is, for our purposes in
this paper, an adequately detailed simulation of the mean wind
transect for normal flow through a windbreak). The RANS (Rey-
nolds-averaged NaviereStokes) solution requires only two inputs,
namely the ratio H/z0 and the resistance coefficient kr. The obser-
vations fix H/z0, and we have taken H/z0 ¼ 330. The resistance co-
efficient was treated as a tuneable parameter, and optimized by
requiring that the numerical solution should best reproduce the
observed three point transect of mean wind speed through the
shelterbelt at z/H¼ 0.2. (As shown byWilson,1985, fractional mean
wind reduction near a windbreak is essentially determined by kr.)

Fig. 3 gives the computed fields of meanwind speed and vertical
velocity variance along the shelter transect at height z ¼ 2 m, for
the case that kr ¼ 2.5 (the optimal value). Regarding mean wind
speed, plotted as a relative wind speed (i.e. normalized on the value
upwind in the approaching flow), by virtue of the freedom to assign
kr the model transect agrees well with that observed, which
furthermore, and as is only to be expected, was consistent across
these two near-neutral observation periods. The open circles on the
upper panel of Fig. 3 give the transect of meanwind speed observed
on Jul. 27 along the reference transect (corresponding observations
for Aug. 23 are unavailable). The observed decay inwind speedwith
increasing x/H confirms what Fig. (2) suggests, namely that this
transect was not sufficiently far isolated from the spreadingwake of
the shelterbelt to permit its being regarded as a transect charac-
terizing unsheltered (undisturbed) roadside winds.

The lower panel of Fig. 3 indicates that the model generates the
expected “quiet zone” of reduced turbulent kinetic energy in the
near wake of the shelterbelt, and the zone of increased turbulence
further downwind that is a consequence of the adverse pressure
gradient and of the accentuated wind shear accompanying a jet of
displaced air accelerating over the top of the shelterbelt. Observa-
tions are not available to compare with the computed velocity
variance, but earlier studies indicate that the model replicates
observed patterns fairly well (e.g. Bourdin and Wilson, 2008).

3.2. Further particulars of trajectory calculations

The methodology for the trajectory calculations is as given by
Wilson et al. (2010), and only details specific to the present problem
will be given. The LS model is driven by the griddedmeanwind and
turbulence fields provided by the RANS model (for the shelter
transect), or by (gridded) MonineObukhov profiles (for the refer-
ence transect). It is assumed that symmetry prevails in the cross-
wind (y) direction, so that the ability of the LS model to discrimi-
nate gradients along y is not called into action.

The friction velocity and roughness length were fixed at
u* ¼ 0.7 m s�1, z0 ¼ 0.03 m, values closely representing the actual
conditions of the experiment (see Table 2) and which correspond to
a value of Ur ¼ 10.5 m s�1 for the reference wind speed (i.e. wind
speed at z¼ 12 m, far away from the shelterbelt). To account for the
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initial mixing of dust in the vehicle wake, particles were released at
t ¼ 0 at uniformly distributed random points within a “volume”
surrounding the centre of the road, the choice�6.15� x/H��5.85,
z0/H � z/H � 0.15 providing best agreement between the observed
concentration field and that reconstructed by the LS model. The
gravitational settling velocity wg was computed for each particle
size class by adopting Stokes’ law

wg ¼ 1
18n

gd2
rp
r
; (5)

where n is the kinematic viscosity of air, r is air density and rp is the
dust particle density, taken as rp ¼ 1500 kg m�3. Table 1 gives
indicative values.

Dust entrapment by foliage was parameterized as follows. Mass
conservation can be expressed

dc
dt

¼ �agpc; (6)

where d/dt is the particle-following derivative, a[m�1] the foliage
area density and gp[m s�1] the impaction conductance. Now
supposing that a particle travels a streamwise distance Dx at speed
U within the shelterbelt, the fractional change in dust concentra-
tion is

Dc
c

¼ �aDx
gp
U

; (7)

which provides the probability of absorption. The ratio gp/U of the
impaction conductance to the air speed around foliage was evalu-
ated for each particle size following Raupach et al. (2001) as

gp
U

¼
�

St
0:8þ St

�2

; (8)

where the Stokes number

St ¼ 1
9n

d2U
de

rp
r

(9)

involves the instantaneous wind speed and a characteristic foliage
dimension de, which we prescribed as de ¼ 0.05 m. Table 1 gives
indicative values of gp/U for several particle diameters.

The foliage area density awithin a shelterbelt of (narrow) width
Wmay be estimated (Wilson,1985) from the approximation krz 1/
2cdaW, where kr is the apparent (effective) resistance coefficient
and cd is the foliage drag coefficient. For the Indian Head shelterbelt
W z 5 m and from the optimal RANS simulation of the flow
kr z 2.5, so that cda w 1 m2 m�3. The foliage drag coefficient is not
known (Peltola et al., 1997, cite cd ¼ 0.29 for Scots pine). For the
present calculations we prescribed a ¼ 2 m2 m�3, a choice that
affects (only) the entrapment probability.

The time step for the computations was Dt ¼ 0.1s, where s is the
velocity autocorrelation time scale along the trajectory. The latter
was specified as

s ¼ 2s2wðzÞ
C0eðzÞ

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2wg=sw

p (10)

where the s2w is the vertical velocity variance, e is the turbulent
kinetic energy dissipation rate and C0 is a (nominally, universal)
dimensionless constant evaluated here as C0 ¼ 4.3 (see Wilson
et al., 2009). For the reference (unsheltered) flow, velocity
statistics were (a gridded representation of) those of a neutral
surface layer, viz.

u ¼ u�
kv

ln
z
z0

; (11)

su;v;w ¼ ð2;2;1:25Þu�; (12)

e ¼ u3�
kvz

; (13)

while for the shelter flow computed non-uniform fields were
provided by the RANS calculation.

The trajectory simulations were effectively two-dimensional in
that the cross-wind (y) location of particles played no role. Suppose
one wishes to determine the theoretical value for the mean con-
centration at a locationwith coordinates xD,zD (‘D’ for Detector) due
to a continuous line source (kg m�1 s�1) having the same aggregate
mean rate of emission per unit of distance along the road as
occurred during the experiment. To that end one may introduce an
infinitely long narrow strip of the yez plane, with depth Dz and
centred on height xD,zD. One releases NP particles sequentially (and
independently) from the road (or in this case from randomly cho-
sen points near the road). Each time a given particle crosses this
strip it can be considered to reside within the (hypothetical) cross-
section dzdx (dx 	 dz) for a time equal to dx=jUj, where U is the
alongwind velocity with which the plane is crossed (dx can be
viewed as being infinitesimal). Let TR designate the mean residence
time within dzdx, averaged over all particles. Then

c
Q

h
s m�2

i
h

TR
dzdx

(14)

is a normalized mean concentration (that is, ratio of mean con-
centration to source strength Q) due to this equivalent line source,
where the units of c are kg m�3, and those of Q are kg m�1 s�1. In
practice, rather than forming TR by summing increments dx=jUj and
ultimately dividing TR by dx, one simply increments a counter by
the amount 1=jUj each time a particle crosses the detector strip,
obviating need to introduce this imaginary thickness of the strip.
For the calculations reported, the vertical resolution dz ¼ 0.2 m.
Concentration transientswere computed by time-resolving particle
transits across the detector strip such that mean residence time
TR ¼ TRðtÞ, where t is time since a particle was released. Computed
transients shown here provided 0.1 s resolution, but have been
smoothed for display using a block average over�1 s. (As a point of
clarification, please note that actual, physical source strengths are
not needed in order to perform simulations, whose output is a
concentration per unit of release.)

4. Results and discussion

Fig. 4 gives the observed transects of 40 minmean concentration
provided by the Rotorod detectors, for two particle size classes.
Small particles dominate the observed dust clouds at these loca-
tions, and most notably dust concentrations in the lee of the shel-
terbelt hardly differ from those on the reference transect. Fig. 5, from
the Rotorod samplers on 27 July, shows that at all locations the dust
size distributionwas similar, and strongly peaked at about 6 mm. The
measurements do not establish whether this predominant particle
size in the observed plumes represents the emitted size distribution
from traffic on this road, for presumably (and as suggested by
computations) larger dust particles had deposited to a greater de-
gree from the flow before arriving at the samplers, the closest of
which (at x/H ¼ 0.75) lay almost 70 m downwind from the road.
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dust particle count and c the inferred mean concentration.)
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During the 40 min duration of an experiment any given sensor
was exposed to the road dust clouds only during the repeated
passings of the (twenty) individual clouds raised by the passing
vehicle. Fig. 6 gives the first 420 s of the time series of instanta-
neous concentration observed by the Casella monitors on 23 Aug.,
and Fig. 7 gives the corresponding ensemble-averaged transient,
formed by averaging all 20 realizations (c.f. Fig. 3 of Veranth et al.,
2003; Fig. 3 of Etyemezian et al., 2004). According to Fig. 7 the
“pulse area” or dosage, i.e. time integrated area under the ensemble
mean concentration curve, is of order 10 mg s m�3 trip�1. Peak
ref, 0.75
ref, 5
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shelt, 5
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Fig. 5. Observed probability density function for dust diameter (27 July, 2011).
values of concentration are of order 1 mg m�3. (In forming these
ensemble-averaged experimental concentration transients our
assignment of the “time zero” points, when the vehicle should have
been upwind of the transect, entailed an uncertainty that could
amount to�5 s. Furthermore occasionally, and at random, a passing
car raised a spurious cloud of dust. The impact of these complica-
tions must certainly have been to broaden the experimental con-
centration transients.)

At the location nearer to the road (x/H ¼ 0.75) Figs. 6 and 7
indicate a substantial overlap (on the time axis) of the dust
clouds in the open and in the lee of the shelterbelt, although in the
wake of the trees the (ensemble mean) dust cloud dwelled longer
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Fig. 7. Ensemble-averaged concentration transient, 23 August 2011.
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Fig. 9. Normalized mean concentration c=Q at z/H ¼ 0.2, averaged over the first 60 s
after release of the dust cloud, as computed by the LS model. Open symbols, undis-
turbed winds; solid symbols, disturbed winds (as calculated by the RANS wind model,
see Fig. 3).
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over the instrument location. Farther downwind at x/H¼ 10 there is
a clearer time-separation of the passing dust clouds on the refer-
ence transect and in the lee of the trees. Also apparent from Fig. 7 is
the fact that the averaging of 20 transient clouds does not suffice to
establish a smoothly varying ensemble mean transient. Many more
realizations are needed e even in the neutrally-stratified condi-
tions of these runs.

4.1. Simulation of the experiment

Fig. 8 gives the modelled concentration transients for 6 mm
particles. There is some disparity relative to the observations
(Fig. 7). Comparing first locations on the reference transect, at x/
H ¼ 0.75 observed and modelled dust clouds arrive at about the
same time (t z 5 s), but the observed cloud dwells considerably
longer over the detector. Farther downwind at x/H ¼ 10 the core of
the observed concentration transient appears approximately 10 s
later than does that of the computed transient, perhaps a reflection
of the fact that mean wind speed along the reference transect was
in reality, and as shown by Fig. 3, slower than in the upwind region
d a complication that would have retarded the arrival at x/H ¼ 10
of the dust plume, and which was not represented in the LS model.
The observed transient at x/H¼ 10 is furthermore some three times
wider than that of the simulation, i.e. the real world dust clouds
exhibit much wider alongwind spread. Turning now to the shelter
transect, at x/H ¼ 0.75 the arrival time of the model dust cloud is
perhaps a few seconds late, and the cloud dwells over the detector
for a much shorter interval than was observed. Only as regards the
passage of the dust cloud over a detector at x/H ¼ 10 downwind of
the shelterbelt do the observed and modelled transients more or
less coincide (however recall our earlier comment, see Section 4, as
to a probable spurious broadening of the experimental concentra-
tion transients).

Accepting that the simulations are not in quantitative agreement
with the observations as regards timing and duration of the con-
centration transients, we suggest that nevertheless it is not unrea-
sonable to use the model differentially, to give an indication of the
effect of the shelterbelt. Fig. 9 gives (computed) concentrations
averaged over the first 60 s after release, by which time all particles
on the reference transect (and the great majority on the shelter
transect) have been deposited, or have passed beyond x/H ¼ 15. The
computedmean concentration of 6 mmdust is larger in the lee of the
shelterbelt than at the same location in the reference (undisturbed)
winds. According to the calculation, then, and in contradiction of
what has sometimes been supposed (i.e. that a shelterbelt “filters”
the airstream), it would appear that a shelterbelt of the prescription
modelled does not reduce the time-averaged concentration of PM10
road dust in the near downwind region.

4.2. Dust emission rate

The emission rate of dust from a road can be expressed in two
unit systems. If the road is treated as an equivalent continuous line
source, thenwemay assign an effective source strengthQ having the
unit [kg s�1 m�1]; its numerical value must of course depend on the
nature of the road surface and how that surface is excited, i.e. traffic
volume, vehicle type and (perhaps) vehicle speed. An alternative
quantification is to regard each unit of length of the road, upon being
traversed by a single vehicle of a given type and at a given speed, as
emitting a fixed quantity of dust mass e in which case the source
strength (say, E) applies to a moving instantaneous point source (the
latter is sometimes named an “emission factor” and its units are
often cited in grams per vehicle kilometre traversed, g VKT�1).

Under steady-state traffic conditions the two quantifications can
be related as follows. Let N[m�1] denote the density of vehicles on
the road, and S[m s�1] their speed. The flux of vehicles along the
road is given by NS[s�1], and

Q ¼ ENS (15)

(where E has unit kg m�1). To allow for different vehicle types and
speeds, one may substitute a suitable summation for the right hand
side. In the context of emissions promoted by repeated passages of
a test vehicle, Gillies et al. (1999) relate Q to E by the formula

Q ¼ E
D
TL

(16)

where D/L is the ratio of the total vehicle-distance D covered
(during the duration T of the test) to the length L of the test section,
and equates to the number n of vehicle passes upwind of a transect
(for Indian Head, n ¼ 20 and T ¼ 40 � 60 s).

In experiments somewhat similar to ours Etyemezian et al.
(2004) estimated E by time-height integration of the horizontal
mass flux density measured on downwind towers,



Table 4
Computed fate of particles of several sizes, 60 s after their release from (near) the
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E �
Zx

D ðxÞdx ¼
ZN ZN

uðzÞhcðx; z; tÞidzdt (17)

road surface, in undisturbed flow and in the shelter flow. From LS simulations with
u* ¼ 0.7 m s�1, z0 ¼ 0.03 m (Ur ¼ 10.5 m s�1).

Undisturbed winds Shelter flow

6, mm 20, mm 50, mm 6, mm 20, mm 50, mm

%Airborne 38 35 22 39.3 37 12
%Depos. ground 62 65 78 60.3 43 59
%Depos. foliage e e e 0.4 20 29
0

0

z¼0 t¼0

where D0(x) is the deposition rate to ground. Etyemezian et al. used
individual realizations c(x,z,t) rather than the ensemble average hci
indicated above, but reported an “aggregate average over 116
passes” (of the vehicle). Their aggregate PM10 fluxes at distances 7,
50 and 100 m downwind from the road differed by less than 10%,
leading them to observe that deposition of PM10 particles over a
distance of up to 100 m from the unpaved road they studied was
“too small to measure”.

The present experiment differs from earlier work (Gillies et al.,
1999; Veranth et al., 2003; Etyemezian et al., 2004) in that the
downwind dust flux density ucwas determined only at two heights,
i.e. resolution did not permit to height-integrate the mass flux and
estimate the fluxoff the road and its downstreamdepletion.We can,
however, combine measurements of dust concentration at a single
point with the particle trajectory simulation to infer the dust
emission rate. The combination of a theoretical value ck=Qk½s m�2

for the concentration at a point P of particles (of size class k) and a
measured value ck½kg m�3
 from a Rotorod at P allow to infer the
size-specific emission rate Qk[kg s�1 m�1], i.e. the equivalent
strength of the road as a continuous line source. Taking for P the
location x/H ¼ 0.75 on the reference transect, and given that dust
clouds had cleared this location within about 30 s, the 1 min mean
values for ck=Qk were multiplied by 20/40 (20 passes occupying
40min). Table 3 gives the resulting apparent dust release rates, both
as effective line source strength Q and as an emission factor E.

No particular significance can be attached to these estimated
source strengths for the gravel road at Indian Head, nor should they
necessarily be expected to be similar to source strengths from other
roads, because the emission rate from unpaved roads is known to
depend on numerous (generally uncontrolled and unknown) fac-
tors, including vehicle speed, weight and number of wheels, and
the road surface silt content and moisture (Claiborn et al., 1995;
Veranth et al., 2003). Veranth et al. estimated the PM10 emission
factor for a gravel road in a Utah desert by height-integrating the
advective flux of dust immediately downwind of the road, and
obtained numbers in the range of about 1000e4000 g VKT�1.
Claiborn et al. (1995, Table 4) tabulated PM10 emission factors from
unpaved roads in Spokane, Washington under uncontrolled but
known traffic volumes, all but one of their estimates lying in the
range 75e300 g VKT�1. A comparable range of values was esti-
mated by Kantamaneni et al. (1996, Table 5).

4.3. Impact of shelterbelt on suspended particle fraction

Table 4 gives the disposition of particles of several sizes, as
computed by the trajectory model, one minute after their release
Table 3
Apparent equivalent line source strength [Qk, mg s�1 m�1] and emission factor [E,
g km�1] of the gravel road at Indian Head, as excited by the test vehicle, for dust of
various sizes (labelled k). These values were inferred as the ratio of the measured
40 min average concentration ck½kg m�3
 at x/H ¼ 0.75 on the reference transect to
the theoretical ratio ck=Qk½s m�2
 given by the LS model for that same location.

d, mm Q Jul: 27
k QAug: 23

k EJul. 27 EAug. 23

4 0.0075 0.011 0.9 1.4
5 0.55 0.48 66 58
6 0.80 0.75 85 90
7 0.55 0.47 66 57
8 0.32 0.28 38 34
9 0.21 0.21 26 25
10 0.10 0.11 13 14
20 0.033 0.06 4 7
near the road (note: recall that the Lagrangian stochastic model
represents the profiles of velocity statistics on a grid, with vertical
resolution 1 m. An LS model based on continuous profiles could be
expected to provide slightly different numbers). In the undisturbed
flow, 38% of 6 mm particles remain suspended one minute after
release, a fraction that on first sight seems surprisingly low relative
to the observation of Etyemezian et al. (2004) that loss of PM10
between the road and a tower 100 m downwind was less than 9%
(“at a downwind distance of 100 m, the removal of particles with
aerodynamic diameter of 9.9 mm or less is not measurable”). Pre-
sumably the difference relates to the differing downwind surfaces
of the present experiment and the desert surface of the Etyemezian
et al. study.

However that may be, the goal of the present work was spe-
cifically to establish the effect of a shelterbelt on road dust
dispersion. Table 4 indicates that, rather than exerting a helpful
control over the finest and most predominant particles, the shel-
terbelt marginally increases the fraction of 6 mm particles remain-
ing airborne after oneminute. The absence of a decrease in airborne
fraction can be explained by the small impaction conductance of
6 mm particles, but explaining an actual increase is not so simple.
That increase has to be the result of a decreased fraction deposited
on ground, which in turn implies a reduction in the 1 min averaged
particle vertical velocity. Perhaps this reflects the influence of the
mean updraft induced by the trees.

5. Conclusion

If shelterbelts are to be used to abate the problem of fine (PM10
class) road dust, it appears that their character and/or their location
will need to differ from that studied (a shelterbelt closer to the road
would be liable to intercept and entrap a greater flux of the large
particles that are susceptible to rapid gravitational settling, and
should prove a more effective counter-measure). However the
present finding, that a shelterbelt of the type (and in the location)
investigated does not reduce the time-average concentration of fine
road dust in the near downwind region, should be regarded as
tentative. The field measurements alone are not sufficiently
exhaustive and unambiguous to settle the matter, while the cal-
culations entail several idealizations, namely, neglect or over-
simplification of some aspects of the wind field (disturbance by the
minor topography of roadside ditches; canopy and roughness
sublayers; vehicle wake) and representation of the dusteshelter-
belt interaction as a case of spheres intersecting uniform foliage
having an arbitrary characteristic length scale of 0.05 m. In future
work it would be helpful to exposemanymore dust sensors, sample
many more plumes, isolate the reference (unsheltered) transects
adequately from any influence of the shelter, and characterise the
shelterbelt itself in muchmore detail. Another aspect needing to be
established is the possible role of resuspension into the airstream of
dust that had earlier been deposited onto foliage. The Indian Head
shelterbelt did not appear dusty, but upwind-downwind mea-
surements without road traffic would have clarified the question,
and should be an aspect of future work.
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