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Landscape patchiness creates aerodynamic transition zones that affect the exchange of 
nutrients and pollutants between the atmosphere and vegetation. Using an artificially-gen-
erated NaCl aerosol (mass-versus-particle-size distribution with aerodynamic mean par-
ticle diameter 1.6 µm; geometric standard deviation 1.9), we investigated the forest-edge 
effect on aerosol deposition within a model oak (Quercus robur) canopy in a wind tunnel 
with an emulated beach-to-forest transition. The deposition rate around the forest edge was 
2–3 times higher than to the beach and 50%–60% higher than to the interior of the forest. 
The deposition velocity at the edge was 0.06 cm s–1, which is 2–3 times higher than the 
beach-deposition velocity. Our results can help improve estimates of aerosol-borne inputs 
of nutrients or pollutants to forested landscapes that experience shifts in meteorologi-
cal regimes due to changes in climate and forestry practices, in particular with respect to 
deciduous species in coastal environments.

Introduction

Forest edges create aerodynamic transition zones 
that affect the exchange of mass and momentum 
between the atmosphere and vegetation (Wiman 
and Ågren 1985, Wiman and Lannefors 1985, 
Lindberg and Owens 1993, Draaijers et al. 1994, 
Ould-Dada 2002, Erisman et al. 2003, Wuyts 
et al. 2008a, 2008b). In particular, in a chang-
ing climate, coastal forests are likely to receive 
increasing amounts of deposits of marine aero-
sols and pollutants (cf. e.g., Gustafsson and 
Franzén 2000, Wiman et al. 2003) affecting 
nutrient turnover as well as posing risks.

Modelling and quantification of aerosol depo-
sition to forest walls are becoming increasingly 
important tasks in view of climatic changes (Solo-
mon et al. 2007) and shifts in land-use (Bodin and 
Wiman 2007). Methods to investigate edge effects 
on deposition processes in situ face limitations 
and difficulties, however. For instance, deposi-
tion patterns arising in complex terrain cannot be 
quantified by conventional micrometeorological 
methods (Hicks et al. 1989). Aerosol-deposition 
models require several types of input data on fac-
tors in operation along transects from aerodynam-
ically relatively smooth (such as coastal waters) to 
rough (coastal forests) surface structure character-
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istics. Wind-tunnel studies can help address these 
problems through providing controlled conditions 
with a focus on leaf-surface morphology and aer-
osol composition (Reinap et al. 2009, Fowler et 
al. 2009). In particular, wind-tunnel experiments 
by Wuyts et al. (2008a) support the existence of 
edge effects which affect deposition processes 
and provide information on the influence of edge 
structure. Previous studies (Lindberg and Owens 
1993, Ould-Dada 2002, Wuyts et al. 2008b) also 
revealed enhanced deposition at forest edges and 
pointed out the importance of meteorological fac-
tors as well as canopy-edge structural elements 
for deposition mechanisms around forest fringes.

The major objective of the present study was 
to assess whether the effect of edge on aerosol 
deposition within an oak canopy (“forest model”) 
downwind of a smooth surface (“beach model”) 
in a wind tunnel was observable and quantifiable. 
Oak was chosen because it is a common species 
in coastal environments in Europe (cf. e.g. Skjøth 
et al. 2008) and because deposition to edges 
in deciduous forests has been little explored in 
comparison with that in coniferous ones. In addi-
tion, most empirical studies of deposition around 
forest edges are based on throughfall techniques 
and do not clearly separate the contribution by 
aerosols from that by other processes that might 
be enhanced at edges (such as increased leaching 
from forest walls exposed to high wind speeds 
and solar irradiation, and increased gaseous depo-
sition). In our experiments, the focus was on 
the aerosol part of the edge effect. Our research 
questions also included whether aerosol-capture 
efficiencies differed between cultivated and field 
oaks. We used NaCl aerosol generated using 
a modified bubble-bursting technique, and also 
aimed to explore whether particle-size distribu-
tions could be generated that would help estab-
lish relationships between deposition and particle 
size. Our results provide quantitative estimates 
of deposition rates within the emulated beach-to-
forest transition. Deposition rates per unit ground 
surface area and per unit time and unit leaf sur-
face area are addressed.

Theory

Aerosol dry deposition is determined by sev-

eral factors, including particle size, wind speed, 
mechanical and thermal turbulence, canopy 
structure (including Leaf Area Index, LAI), leaf 
geometry and morphology (such as needle and 
leaf dimensions, leaf hairiness) and leaf-surface 
wetness (see e.g. Wiman and Ågren 1985, Reinap 
et al. 2009). Also, leaf-surface stickiness plays a 
role. At low stickiness of the collecting surface 
and at high wind speeds occurring more fre-
quently at forest edges than in forest interiors, 
particle re-suspension might be intense (Wu et 
al. 1992, Ould-Dada 2002). The effect of edge on 
particle deposition implies a phenomenon of tran-
sition from a relatively smooth surface to more 
complex and aerodynamically rough structures, 
and wind entering the forest at its edge induces a 
pressure gradient, the magnitude of which reflects 
turbulence and wind velocity (Wiman and Ågren 
1985). Enhanced deposition at a forest edge can, 
therefore, be related to a change in the surface 
roughness length (zo), zero plane displacement 
(d ) and friction velocity (u), and an increased 
turbulence. The roughness length is often found 
to increase linearly with stand height and canopy 
closure (Draaijers 1993).

The drag force on air volumes moving 
through the forest is highly dependent on leaf 
area density (leaf surface area per unit air 
volume in the forest) which can be integrated 
over the forest height to give leaf surface area 
per unit ground-surface area (i.e. LAI). In the 
turbulent boundary layer around the edge, and 
above the canopy, transfer of momentum and 
mass is determined by diffusivities associated 
with turbulent eddies (Monteith and Unsworth 
1990). Such “eddy diffusivities” are many orders 
of magnitude larger than molecular and particle 
diffusivities due to Brownian motion. The depth 
of the turbulent boundary layer is related to the 
fetch (the distance traversed by the wind towards 
the forest across a uniformly rough surface). 
Over smooth areas such as beaches particle-sink 
mechanisms in operation are weak due to the 
absence of aerosol capturing elements.

The vertical wind profile within a canopy, 
in the interior of a forest when equilibration 
has occurred, can be described by for example 
a hyperbolic (Cowan 1968) or exponential for-
mulation (cf. Wiman and Ågren 1985). How-
ever, the horizontal and vertical variations of 
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the wind speed profile around a forest wall has 
a more complicated formulation (Wiman and 
Ågren 1985) inasmuch the roughness transition 
begins to affect the airflow well upwind of the 
edge and does not allow for equilibrated profiles 
until well downwind of the edge. The horizontal 
extension of the entire region of flow adjust-
ment (from equilibrated profiles upwind of the 
edge to new, equilibrated, profiles downwind 
of it) is related to stand height and leaf area 
density, and is on the order of magnitude of five 
stand heights upwind and downwind (cf. Wiman 
and Ågren 1985). Edge effects are likely to be 
more pronounced for coniferous species than for 
deciduous ones (cf. Wuyts et al. 2008a) due to 
generally higher deposition velocities to conifer-
ous species. This is because needles have dimen-
sions small enough to make impaction a strong 
capture mechanism (Wiman and Ågren 1985). 
On the other hand, deciduous species with high 
trichome density and/or with sharp tips might 
well be equally efficient.

Although the basic principles that underpin 
edge deposition are beginning to be understood, 
many factors and processes remain to be fur-
ther investigated. Wind-tunnel-based studies can 
offer important information to that end. Our 
study is based on the hypothesis that the effects 
of edge on the deposition processes would mani-
fest themselves as increases in deposition rates 
both with respect to amounts deposited per unit 
ground surface area (as a result of the larger 
particle-collecting surface area that a canopy 
presents over a unit of ground surface area than 
does a flat plate) and with respect to amounts 
deposited per unit leaf area (as a result of the 

different particle-collecting characteristics that 
leaves would have in comparison with smooth 
plates, in addition to the different fluid dynamics 
around the edge vis-à-vis the smooth “beach”). 
In this contribution, we measure deposition rates 
with the primary objective of providing data on 
how they change across a transect from a smooth 
surface into an emulated ‘forest’.

Methods and basic run conditions

Experimental design

Wind tunnels of various types are common 
in studies of the aerodynamics of, and aero-
sol deposition to, various vegetative collector 
arrangements (e.g. Wiman 1981, Kinnersley et 
al. 1994, Ould-Dada 2002, Reinap et al. 2009). 
The tunnel employed in our experiments is of 
a closed-circuit type and is described in Reinap 
et al. (2009). For the experiments reported in 
our present paper, we arranged a solid tunnel 
floor upwind of the forest model, which con-
sisted of the leaf-arrangement support boxes. 
The distance between each of the rows in the 
forest aggregate was 0.23 m. The circular “beach 
plates” were placed upwind of the model forest, 
with the 1st, 2nd, and 3rd plates at 0.17 m, 
0.57 m, and 1.32 m, respectively, from the edge 
(Fig. 1). Hence, in order to emulate the beach 
(i.e. for measuring deposition to a flat surface), 
these three plates (radius = 4 cm, thickness = 
0.2 cm) were placed upwind on the tunnel floor 
at logarithmic distances counted from the forest 
edge. The plates were of the same type as the 

1 2 3 

Fig. 1. experimental arrangement, view from the top. the arrow indicates wind direction. the numbers above the 
plates indicate positions of the plates; number 3 indicates most upwind beach plate, thus with position closest to 
the aerosol source. the grey dashed line indicates position of the edge. We consider the edge to begin where the 
canopy begins; this varied between the runs by about 0.01 m.
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impactor plates, and thus smooth-surfaced and 
smooth-ended. For a pilot run only one square 
plate (6 ¥ 6 cm, thickness 0.2 cm, and smooth-
edged) emulating the beach was used and was 
placed at position 3.

Based on the considerations in the Theory 
section, our major hypothesis thus was that the 
effects of edge on deposition would be observ-
able in this wind-tunnel environment. That 
hypothesis was first tested in a slightly simpli-
fied setup, namely with what we in the following 
call a “pilot run”, and the result was sufficiently 
encouraging to suggest another nine runs. In 
designing our experiments we also hypothesized 
that (i) a difference with respect to aerosol-
capture efficiency would be observable between 
cultivated samples and field samples, (ii) run 
conditions with high aerosol concentrations in the 
wind tunnel would generate different deposition 
rates than would low-concentration conditions, 
and (iii) “high” conditions would generate a 
mass-versus-particle-size distribution sufficiently 
different from the distribution generated under 
“low” conditions to enable us to study the effect 
of size-distribution characteristics on deposition.

In designing the experiments, we aimed to 
produce a relatively large fraction of coarse 
particles so as to emulate a coastal environment. 
Thus, the aerosol was generated by a modified 

bubble-bursting process in a retort; for the exper-
iments addressed here, the retort was placed 
inside the tunnel. The retort contained a satu-
rated 36% (by volume) sea salt solution, whereof 
≥ 99.8% is NaCl. The equivalent Na+/Cl– ratio is 
thus essentially 1, and this ratio was preserved 
(Fig. 2) in the wind-tunnel aerosol which was 
iso-kinetically sampled with an Andersen cas-
cade impactor (Thermo Electron Corporation) 
operating with a flow rate of 28.3 l min–1 and 
with 50% cut-off diameters (µm) from 9 down 
to 0.43; for details see Reinap et al. (2009). We 
focus on two tracers: chloride and sodium. Chlo-
ride is suitable for canopy exposure studies (e.g. 
Hansen and Nielsen 1998, Reinap et al. 2009) 
although, in the field, problems with leaching 
can occur in particular from autumn leaves (e.g. 
Staelens et al. 2008). Sodium, although not inert 
at leaf surfaces and thus potentially posing prob-
lems in exposure-and-wash-off studies, is also 
of interest as a tracer if interpretations are made 
with some caution (cf. Reinap et al. 2010).

The flow rate of the air jet injected through 
a nozzle (outlet diameter 1 mm) onto the sur-
face of the sea-salt solution to “burst” it was 
controlled with a flowmeter (TSI 6330). Two 
flow rates were used, 16 l min–1 and 25 l min–1. 
Wind speed in the tunnel was controlled through 
an electronic wind-generator regulator, and was 
measured with an air velocity transducer (TSI 
Model 8455-300). Average temperature and rela-
tive humidity at exposure was 23 °C and 60%, 
respectively. Additional details on the instrumen-
tation employed in the wind tunnel are given in 
Reinap et al. (2009).

In our experiments, we used branches from 
laboratory-cultivated oaks and also oak-branches 
from the field. Oak seedlings (Quercus robur) 
were cultivated under controlled laboratory con-
ditions with 12 hours of daylight at 20 °C. Field 
oak branches were picked from a three-years 
old oak forest stand (about the same age as the 
cultivated oak seedlings). The age of the seed-
lings may influence morphological leaf properties 
(firmness, hairiness, size and shape; cf. e.g., Lee 
et al. 1999). Leaves from the cultivated seedlings 
subjected to aerosol exposure were about 24 
weeks old. However, some morphology charac-
teristics of the leaves from field oaks might be 
dependent on the age of the leaves themselves 

[Na+] = 1.007[Cl–] – 1.339,
r = 0.999  
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Fig. 2. relationships between cl– and na+ in the tunnel 
air, in terms of concentration (µequiv m–3) based on the 
impactor data. solid line indicates the ideal relationship. 
the regression equation is given together with the cor-
relation coefficient. error bars indicate ±15% concen-
tration values.
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and also on the age of the tree from which the 
leaves are collected (cf. Lee et al. 1999). Well-
leafed branches from cultivated and field oaks 
were washed for 10 minutes in a vessel contain-
ing 400 ml 18.2 MΩ cm–2 Milli-QTM water (pre-
exposure wash-off step). Branches were then 
left to dry in a clean-air environment, and then 
inserted into the wind tunnel with leaves arranged 
in five rows to build a model forest. The leaves of 
cultivated oaks were on the average (mean ± SD, 
n = 50) 9.0 ± 2.5 cm long and 5.0 ± 1.6 cm wide, 
while leaves from the field were on the average 
11 ± 1.5 cm long and 5.0 ± 0.9 cm wide. A t-test 
showed no statistically significant difference (p > 
0.05) between deposited amounts of substances 
from cultivated and field oak leaves. However, 
variation in size within the group of the cultivated 
oak leaves was greater, and they differed some-
what in shape (longer and more spiky tops) as 
compared with field oak leaves.

A commercially available system (Plugg-
Boxes) was employed to implement the arrange-
ment. On the average, over the ten separate 
runs, the total single-sided leaf areas of the leaf 
arrangement (Aleaf) were around 0.06 m2 per 
row, and 0.21 m2 per total model forest. There 
was no significant difference (t-test: p > 0.05) 
in leaf area per total model-forest aggregate 
between cultivated (0.22 ± 0.06 m2) and field 
oaks (0.20 ± 0.03 m2). Aleaf was determined from 
high-resolution photos of the leaves placed flat-
down on a sheet of paper, with a help of digital 
surface-area quantification based on GIS and the 
Matlab software. LAI was here defined as leaf 
area per box (PluggBoxes) area (0.036 m2) and 
ranged between 0.5 and 2 for cultivated oaks, 
with an average of 1.2 ± 0.4 (mean ± SD, n = 
30), and between 0.8 and 1.4 for field oaks, with 
an average of 1.1 ± 0.2 (mean ± SD, n = 20). For 
the entire forest aggregate, i.e., the five rows, 
the total leaf area above the total PluggBox area 
(0.18 m2) was 0.21 ± 0.05 m2; i.e., the Leaf Area 
Index of the aggregate was 1.15 ± 0.26 m2 m–2.

As stated above, it is of interest to investigate 
potential differences between cultivated oaks and 
oaks from the field vis-à-vis deposition patterns 
along the transition region, to explore run condi-
tions with low as well as high aerosol concentra-
tions in the tunnel, and also to explore whether 
the “low” and “high” concentration conditions 

would generate different particle-size distribu-
tions. The structural design of our experiments 
therefore was as follows: four runs (including 
the pilot run) were performed with high aerosol 
concentrations (“high”) and the model forest con-
sisting of leafed branches from cultivated oaks 
(“cultivated”); two runs were with low aerosol 
concentrations (“low”) and “cultivated”; two runs 
were with “high” and the model forest consisting 
of leafed branches from field oaks (“field”); two 
runs were with “low” and “field”. The “high” and 
“low” concentration conditions were arranged 
through varying the flow rate of the air jet in 
the aerosol generator. In each of these runs, the 
model forest and the “beach” plates were exposed 
to the aerosol flux for 4 hours and with the wind 
speed set to 2 m s–1 as measured 0.35 m upwind 
of the model forest. High/low aerosol-concentra-
tion conditions therefore correspond to high/low 
exposure conditions.

A tendency towards slightly higher coarse-to-
total ratios in the wind tunnel aerosol was found 
at low air-jet flow (16 l min–1). During the low-
concentration runs, the ratio coarse-to-total aero-
sol mass concentration (concentration of mass 
borne by coarse particles (> ca. 2 µm) relative 
to total mass concentration) was 0.33 for Cl– and 
Na+. At high exposure, the coarse-to-total ratio 
was 0.27 for both tracers. Log-normal curve fits 
showed that Dpg (the mean geometric particle 
size of the log-normal distribution) was on the 
average 1.5 µm and 1.8 µm, and σg (the geomet-
ric standard deviation of the distribution) 2.35 
and 2.05, for the “high” and “low” conditions, 
respectively. However, no significant difference 
(t-test) could be established either between the 
Dpg values of to the high and low exposure con-
ditions, or between the corresponding σg values. 
Therefore, in our further discussion we will 
focus on the particle size distribution averaged 
over all ten runs.

Exposure and wash-off principles

The pre-washed leaf arrangements (as described 
above) were inserted into the wind tunnel (cf. 
Fig. 1) and then exposed to the aerosol over the 
period of 4 hours which was found suitable after 
many previous tests run in order to optimize the 
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experimental design (cf. Reinap et al. 2009). 
The exposed branches were kept under slow, 
automated shaking in a vessel for 20 min, the 
vessel initially containing 400 ml 18.2 MΩ cm–2 
Milli-QTM water. After 5, 10 and 20 min, 30 ml 
of the solute was taken for the analysis; three 
sampling steps were thus used (see Reinap et 
al. 2009, and for in-depth descriptions Reinap 
et al. 2010). Each of the exposed “beach” plates 
and impactor plates was washed in 40 ml of 18.2 
MΩ cm–2 Milli-QTM water for 20 min under 
slow, automated shaking. The solutes were then 
analyzed for chloride Cl– and sodium Na+ with 
Ion Selective Electrodes (ISE Orion 9617 and 
ISE Orion 8611) connected to an ISE meter 
Orion 720 Aplus. Blank impactor backup filter 
(final impactor stage) analysis showed a slight 
background content for Cl– and Na+; these con-
tents (123 µg and 142 µg per filter, respectively) 
were corrected for in the final calculations of the 
size distributions.

Generated aerosol essentially contained the 
Na/Cl proportion inherent in the aerosol-gener-
ator solution (Fig. 2). The relationship between 
Cl– and Na+ in the wash-off solutes comes close 
to the equivalent Na+/Cl– ratio in the aerosol 
(Fig. 3). However, a deviation from the 1:1 ratio 
occurs, and is expected for the leaf wash-offs, 
because the leaves to some extent retain Na+ 
(Reinap et al. 2010). We also found that the 
analytical uncertainty for each impactor stage 
was less than 5%. The total aerosol concentra-
tion, calculated as the sum over the impactor 

stages, was associated with an error of less than 
15%, based on the square root of the sum of the 
squared errors per stage. The uncertainty in the 
washed-off amounts from leaves was calculated 
to be 5%. However, at lower concentrations 
(Fig. 3b), uncertainties increased towards 15%, 
so that the relationship between Cl– and Na+ in 
the wash-offs from the beach plates becomes 
less certain, albeit close to the equivalent Na+/
Cl– ratio in the aerosol. For details on our uncer-
tainty-estimation technique see Reinap et al. 
(2009, 2010). These uncertainty values can be 
used to estimate the overall uncertainty of data 
points representing averages of deposition rate; 
details of the procedures involved are given in 
the Results. Due to the above, we present the 
results on Cl– and Na+ separately.

Wind characteristics

The effects of wind speed on deposition rates 
and the leaves’ aerosol-collection efficiency are 
of concern. The two-dimensional wind-velocity 
profile just upwind (ca. 0.35 m) of the exposed 
leaf arrangement was determined through meas-
urements in the wind-tunnel space along vertical 
as well as horizontal coordinates, and was the 
average of three measurements for the setup used 
here with central tunnel-axis wind velocity set 
to 2 m s–1 (Fig. 4). Measurements were confined 
to the cross-section area extending a distance Δz 
from the tunnel floor and a distance Δy from the 

Fig. 3. relationships between cl– and na+ in the wash-offs from (a) oak leaves and (b)  “beach” plates, for all data.
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walls and upwards to the level of 14 cm above 
the tunnel floor; the remaining area was not 
accessible to measurements. For the wind-speed 
measurements, the sensor dimensions allowed 
for Δz ≈ 0.5 cm and Δy ≈ 1 cm. The approach-
ing wind profile was of a logarithmic type from 
the tunnel floor and upwards towards the central 
axis of the tunnel (Fig. 4b), declining towards the 
tunnel walls (Fig. 4a); for symmetry reasons it 
should do so also towards the tunnel ceiling.

Because of contamination risks, measure-
ments of wind profiles inside the “forest models” 
could not be carried out concomitantly with runs 
during which the “forests” were exposed to an 
aerosol flux. However, in test runs it was pos-
sible to measure wind profiles inside the canopy. 
For vertical wind profiles without and with a 
“forest model” present, the wind velocity was 5 
m s–1 at the tunnel central axis and at the posi-
tion for the iso-kinetic aerosol-sampling probe 
inlet (Fig. 5). The height of the “forest model” 
was about 0.12 m, its lower canopy level around 
0.065 m above the tunnel floor, and its LAI 
(single-sided) about 2.8.

Without a “forest model” the profile is 
approximately logarithmic up to z ≈ 0.15 m, 
but, as expected, adopts a more complicated 
shape inside the forest model (Fig. 5). This pro-
file shape, with a velocity increase (a “bulge“) 

below the lower canopy limit and the ground 
(the “trunk space”), is not uncommon in field 
situations (cf. e.g., Gardiner 1994). In the “trunk 
region”, there is thus a counter-gradient momen-
tum flux presenting a resistance to downward 
particle movement. This means that deposition 
rather occurs in the canopy than to the tunnel 
floor.

A common approach is to interpret the rela-
tion between the mean wind profile and turbu-
lence as a set of eddies with extensions given by 
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a so-called mixing length, Lmix (cf. e.g., Monteith 
and Unsworth 1990). One can then define the 
turbulent eddy diffusivity K(z) as (cf. Wiman and 
Ågren 1985)

 K(z) = [Lmix(z)]2[du(z)/dz]S(z) (1)

where u(z) is the mean wind profile, and S(z) is 
a function that describes effects of air stability 
conditions; S(z) = 1 under neutral conditions, 
which were at hand in our experiments.

Above (or outside) the forest, Lmix is given 
by Lmix(z) = k(z – d ), where k is von Karman’s 
constant (= 0.41) and d is the zero plane dis-
placement.

Following Wiman and Ågren (1985) and 
Wiman (1985), Lmix inside the forest can be writ-
ten as

  (2)

where LAI2 is the double-sided leaf area index, 
zc is the canopy height, and q is a factor relating 
to the orientation of the leaves in the airflow. For 
our purposes here, the value of q is not critical 
and can be set to 2.

The term du(z)/dz can be estimated from the 
data (see Fig. 6) in various ways, the simplest 
of which is to calculate (uj + 1 – uj)/(zj + 1 – zj) for 
the various strata j in the within-canopy data 

sequence. Above the forest, K(z) = ku*(z – d ), and 
with the common assumption that d ≈ 0.7zc and 
u* can be estimated from the data. The turbulent 
eddy diffusivity (pertaining to what is shown in 
Fig. 5) can then be calculated (see solid line in 
Fig. 6). Among other things, the K profile in Fig. 
6 highlights the counter-gradient momentum flux 
in the “trunk region”.

The mixing length is also related to velocity 
fluctuations u´ and w´, and in the isotropic case 
one can write u´ = w´ = Lmix(z)[du(z)/dz]. Equa-
tion 3 can then be used to represent turbulence 
also in terms of turbulent intensity I(z) (see doted 
line in Fig 6):

 I(z) = (u´w´)0.5/ū (3)

with ū being the mean wind speed at the tunnel 
axis. The occurrence of a maximum in turbu-
lence intensity within the forest model suggests, 
again, that significant parts of the deposition are 
at the canopy level. The intensity profile is in 
a reasonable agreement with profiles obtained 
for “forest models” in much larger wind tunnels 
(see e.g. Meroney 1968, Kinnersley et al. 1994) 
wherein turbulence similar to that occurring in 
real forests was generated (cf. Raupach and 
Thom 1981, Finnigan and Shaw 2000).

Size distributions

The particle size distribution of sodium and chlo-
ride was averaged over all ten runs, and concen-
tration per ∆ln interval was normalized to total 
chloride and sodium concentrations versus parti-
cle diameter. The respective distributions overlap 
perfectly (Fig. 7). A log-normal distribution was, 
therefore, fitted to all the data (chloride plus 
sodium). Calculations for modelled data reported 
here were based on the formula for a log-normal 
distribution by adjusting the geometric stand-
ard deviation and geometric mean particle size 
according to different particle size modes. Calcu-
lations of the coarse-particle (diameter > 2 µm) 
to total mass ratio show that the distribution of 
the aerosol-borne mass of chloride and sodium 
is fine-particle oriented. On average, 70% of the 
chloride as well as sodium mass is carried by fine 
particles (diameter < 2 µm).
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”mini-forest” in terms of eddy diffusivity (solid line) and 
turbulent intensity (dashed line), calculated from the 
data in Fig. 5.
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Results

Introductory observations

An overview of the run conditions and results is 
given in the Appendix. Our overarching hypoth-
esis addressed the extent to which deposition pat-
terns along the beach-forest edge-forest interior 
would be observable and quantifiable; we return 
to that in the next section. First, however, we 
found that our hypothesis that a difference with 
respect to aerosol capture-efficiencies of culti-
vated and field samples was not confirmed. This 
result was obtained after estimating uncertainties 
in each individual respective “forest” data value 
from first differentiating, for each value contribut-
ing to the data point i, the relationship

 Di = Mleaf,i/(Ag,iτi),

where Di is the deposition rate, Mleaf,i is the amount 
washed from the leaves in a certain row, Ag,i is the 
ground surface area beneath the leaves (in our 
study, the PluggBox area) or the leaf surface area, 
and τi is the exposure duration. Evaluating the 
partial errors gives a resulting uncertainty dDi/
Di around ±5%. Then, with for instance three 
data values (D1, D2, D3) constituting a “forest” 
data point for the deposition rate D (for exam-

ple, the three runs with cultivated samples under 
high concentrations), an overall estimate can be 
obtained from

 dD/D = [(dD1/D1)
2 + (dD2/D2)

2 + (dD3/D3)
2]0.5.

This results in an uncertainty per “forest” data 
point around ±10%. For the beach plates analo-
gous considerations can be made; however, since 
low or very low concentrations were at hand in 
this case in the solute subject to ISE analysis, each 
“beach” data value is associated with an uncer-
tainty around ±25%.

Next, the hypothesis that high aerosol con-
centrations would generate different deposi-
tion rates than would low concentrations was 
explored. Regression analysis of our data indi-
cated that the beach-plate and model-forest dep-
osition rates of chloride increased linearly with 
the aerosol concentration (beach-plate deposition 
r = 0.81 and model-forest deposition r = 0.87, p 
< 0.01), within the concentration range studied.

We also hypothesised that mass-versus-par-
ticle-size distributions generated under “high” 
and “low” conditions would differ sufficiently to 
enable us to study the effect of size-distribution 
characteristics on deposition. As already stated 
(see “Size distributions”), that hypothesis was 
not confirmed.

Fig. 7. Distributions of average aerosol particle mass-concentration versus aerodynamic particle size for all runs for 
chloride and sodium. the mean geometric particle size is on average 1.55 µm, and the geometric standard devia-
tion is approximately 1.85. the correlation coefficient (r ) for the modelled versus measured data is 0.99. the upper 
end limit of particle diameter was set to 16 µm (a reasonable limiting size; cf. e.g., Foltescu et al. 2005) and the 
lower limit to 0.06 µm (a reasonable limiting size for natural aerosol particles).
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Deposition rates

For the wind speed of 2 m s–1, there was a clear 
longitudinal deposition pattern along the beach-
forest edge-forest interior (Figs. 8 and 9).

Since the deposition rates were non-normally 
distributed, to test the significance of the differ-
ences we used a Mann-Whitney test. The depo-
sition rate per ground area to the first row was 
significantly higher than to the remaining rows 
(Mann-Whtiney: Z = 2.69, p = 0.0071 for Cl-; 
Z = 3.02, p = 0.0025 for Na+; in both cases for 
nedge = 10, ninterior = 40), the enhancement factor 
was between 1.5 (Cl–) and 1.6 (Na+ ). There was 
a tendency (although not statistically significant) 
towards the increase also at the downwind edge. 
The deposition rate per ground area to the first 
row was significantly higher than to the beach 
plates (Mann-Whtiney: Z = 4.18, p < 0.0001 for 
Cl–; Z = 4.64, p < 0.0001 for Na+; in both cases 
for nedge = 10, nbeach = 28), the enhancement factor 
being between 2.4 (Cl–) and 3.2 (Na+).

Deposition rates in relation to leaf (rather than 
ground) surface area add some information on 
the leaves’ efficiencies in capturing particles (and 
thus VL, deposition velocity per unit leaf area; cf. 
Wiman and Ågren 1985) which is not obvious in 
the previous deposition-rate concept. We found 
that the deposition rates in relation to leaf surface 
area follow a pattern similar to that related to 
deposition per ground surface area (Fig. 9).

The deposition rate per collector (leaf) area 
to the first row was significantly higher than 
to the remaining rows (Mann-Whtiney: Z = 
2.55, p = 0.011 for Cl–; Z = 3.23, p = 0.0013 for 
Na+; in both cases for nedge = 10, ninterior = 40), 
the enhancement factor being between 1.5 (Cl–) 
and 1.7 (Na+). In this case, the tendency for the 
Cl– increase also at the downwind edge is not 
reflected in the Na+ data. The deposition rate per 
collector area to the first row was significantly 
higher than to the beach plates (Mann-Whtiney: 
Z = 3.88, p = 0.0001 for Cl–; Z = 4.62, p < 0.0001 
for Na+; in both cases for nedge = 10, nbeach = 28), 
the enhancement factor being between 2.2 (Cl–) 
and 2.9 (Na+).

Discussion

Introductory observations

The forest-wall effect should only be noticeable 
over a distance of about five times the canopy 
height downwind of the edge (cf. Wiman and 
Ågren 1985, Erisman et al. 2003). We have a 
model forest that is on the average 0.12 m high, 
0.25 m wide and 1.22 m long. The estimated 
fetch distance ranges up to 0.75 m upwind of the 
forest edge (cf. Monteith and Unsworth 1990). 
Our results demonstrate the effects of edge on 
the deposition. The increase in deposition rates 
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Fig. 8. average deposition rates (D) of the ten runs, in 
terms of deposited amounts per unit time and ground 
surface area, for cl– and na+ as a function of dis-
tance upwind from the model forest edge, towards the 
edge, farther downwind into the forest interior, and then 
towards the forest end edge. in the figure, wind direc-
tion is from right to left. Data points at positions upwind 
of the edge pertain to “beach” plates. reference posi-
tion 0 is given in Fig. 1. error bars are 95% confidence 
intervals.

Fig. 9. average deposition rates (D) of the ten runs, 
in terms of deposited amounts per unit time and leaf/
collector surface area, for cl– and na+ as a function of 
distance upwind from model forest edge, towards the 
edge, farther downwind into the forest interior, and then 
towards the forest and edge. in the figure, wind direc-
tion is from right to left. Data points at positions upwind 
of the edge pertain to “beach” plates. reference posi-
tion 0 is given in Fig. 1. error bars are 95% confidence 
intervals.
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at the edge was most pronounced in relation to 
the beach, whereas — in comparison with that 
observation — there was a moderate increase 
in the interior of the forest relative to the beach. 
This finding is consistent with Ould-Dada et al. 
(2002), and also has a theoretical explanation. As 
the air flow begins to equilibrate after the edge, 
major effects of the edge begin to fade, making 
the aerodynamic part of the aerosol-sink mecha-
nisms somewhat more similar to those along 
the beach. Also, wind speeds inside the canopy 
are low (Fig. 5) resulting in subsequently low 
particle-capture efficiencies. That, in turn, leads 
to lower deposition rates at “down-edge fetch” 
distance (up to row 4, 0.75 m) followed by a 
tendency towards the edge effect also downwind 
at the end of the forest. This finding is consistent 
with the modelling results presented by Wiman 
and Ågren (1985). The edge effect downwind 
at the end of the forest is mainly due to growing 
turbulent exchange as a new roughness transition 
begins, albeit here from rough to smoother aero-
dynamics (cf. De Schrijver et al. 1998, Gash et 
al. 1986, Pahl 2000).

Previous studies (Gardiner 1994, Kinnersley 
et al. 1994, Wuyts et al. 2008a, 2008b) revealed 
that wind speed is typically smaller within the 
canopy than at the canopy top. Although the 
velocity pattern is quite complex over the first 
part of the transition (Wiman and Ågren 1985), 
wind velocity decreases roughly exponen-
tially with increasing distance from the edge. 
Turbulence also shows complexities within a 
canopy interior (see Figs. 5 and 6) and, among 
other things, is linked to leaf fluttering (see also 
Raupach and Thom 1981, Arya 1988, Dupont 
and Brunet 2008). Sparse forests might experi-
ence higher wind speeds within the canopy than 
a dense forest (Gardiner et al. 1997), and this is 
thus an additional example of factors that require 
further research.

From the model studies, Wiman and Ågren 
(1985) showed that the higher wind speed at the 
forest edge, as compared with that in the interior, 
was among the factors that increased the dry 
deposition of particles; these and related find-
ings were indirectly supported by field measure-
ments of horizontal aerosol-concentration pro-
files across aerodynamic roughness transitions 
from open areas and into a forest (Wiman and 

Lannefors 1985, Wiman et al. 1985). Moreover, 
dry deposition was found to be governed to the 
greatest extent by particle size. In the model by 
Wiman and Ågren (1985), the size-distribution 
changes over the transition from the forest edge 
towards the forest interior. This is because across 
the forest edge larger particles become depleted; 
thus gravitational settling and impaction become 
less important as the aerosol moves through the 
forest. Particles in the size range from ca. 0.1 to 
1 µm are subject to almost negligible depletion, 
whereas the deposition of very small (< ca. 0.1 
µm) particles would become significant because 
of Brownian diffusion across air-flow stream-
lines. For fine particles (in our case, particles 
with diameters < 2 µm) the behaviour inside the 
forest is mainly governed by turbulent exchange 
and in-canopy wind velocity. In the model case, 
however, the aerosol is at the same time replen-
ished by continuous vertical influx at the canopy 
top, so that sinks (depletion to due to inside-for-
est deposition) and sources (replenishment from 
above-forest aerosol) tend towards equilibration. 
Similar tendencies towards concentration equi-
librium would be at hand in our forest aggregate.

We found a minor difference in deposition-
rate quantities between our tracers (see Fig. 4) 
which is likely to reflect retention of sodium 
at the leaf surface (cf. Reinap et al. 2010). In 
essence, however, deposition rates of both trac-
ers showed similar patterns with a maximum 
around the forest edge.

There were no significant differences in terms 
of dimensions and leaf area between cultivated 
oaks and field oaks. However, field oaks could 
have different morphological properties in regard 
to firmness and hairiness, but to investigate these 
differences would require micro-scale analysis 
that is beyond the scope of this paper. Interest-
ingly, however, if such micro-scale differences 
existed between our leaves from cultivated oaks 
and the field-oak leaves, the effects of these 
characteristics on aerosol-particle capture effi-
ciency were too small to express themselves in 
relation to the effects on efficiency that emanate 
from the macro-scale features of Quercus robur 
leaves (dimensions, overall geometry and shape). 
Also, the inter-leaf differences seem to have been 
small enough to generate relatively moderate 
variation in deposition velocities, although the 
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larger variation (e.g. deposited amounts, see the 
Appendix) in the field-oak deposition data than 
in the cultivated-oak deposition data is consist-
ent with some of our previous studies (Reinap et 
al. 2008). Clearly, potential implications of leaf 
micro-morphology need further study.

Comparisons with other studies

Many of the previous edge-effects studies 
(Draaijers 1993, Ould-Dada et al. 2002, Wuyts et 
al. 2008a, 2008b) focused on coniferous species 
whereas research on deciduous forests is under-
represented; however, some studies with focus 
on beech stands and other deciduous species exist 
(Devlaeminck et al. 2005, Wuyts et al. 2008b, 
Weathers et al. 2001, Balsberg-Påhlsson and 
Bergkvist 1995). Although, to our knowledge, 
there are no wind-tunnel-based studies quantify-
ing deposition rates for oak forest edges, some 
qualitative comparisons can be made. Our obser-
vations of enhanced deposition of aerosol par-
ticles at the model-forest wall are in qualitative 
agreement with findings of several other studies 
on edge effects. Using throughfall technique, 
Wuyts et al. (2008b) found that deposition at 
forest edges was clearly enhanced in comparison 
with that in the forest interior, pointing out that 
the chloride ion showed the most pronounced 
edge effect. A study by Draaijers (1993) revealed 
that net throughfall fluxes inside forests increase 
exponentially towards forest edges, where the 
most pronounced edge effect was observed for 
Na, Cl and Mg as a result of dry deposition of 
super-micron sea-salt particles. For these ele-
ments, a strong correlation with leaf area den-
sity was found, as a result of in-canopy wind 
speeds that basically determine the differences 
between forest edge and forest interior dry depo-
sition (Erisman et al. 2003). Beier and Gundersen 
(1992) found that Na+ and Cl– substances depos-
ited as particles showed the most pronounced 
Norway spruce edge effect as compared with the 
edge effect of gaseous substances (cf. also Draai-
jers 1993, Spangenberg and Kölling 2004, Wuyts 
et al. 2008c). Edge-enhancement factors reported 
in the literature show a very wide range. For 
instance, Balsberg-Påhlsson and Bergkvist (1995) 
reported the enhancement factors of 1.6 for SO4-S 

and 2.4 for inorganic N, whereas De Schrijver et 
al. (1998) found enhancement factors around 2 
for NH4

+-N, and Wuyts et al. (2006) cited the 
data that suggest cases with enhancement factors 
up to around 4. However, in the field, forest edges 
are exposed to a much more complex combina-
tion of factors than in our controlled experiments 
(aerosol with a known mass-versus-particle size 
distribution, stable and controlled wind-velocity 
conditions and LAI parameters). Also, in the 
field, aerosol-borne compounds have very differ-
ent particle-size distributions. Throughfall meas-
urements in the field also involve effects of gase-
ous, fog, and wet deposition and involve other 
effects in the edge region (e.g. enhanced effects 
of drought situations). In addition, coniferous 
forests and deciduous forests operate quite differ-
ently as aerosol sinks, thus conducive to a broad 
range in empirical edge-effect values.

In order to facilitate comparisons with stud-
ies that address deposition velocities instead of 
deposition rates, we note that our results in some 
respects can be translated into capture efficien-
cies, deposition velocities related to unit leaf 
area, and deposition velocities related to ground 
surface area (Vg); details on such transformations 
are given in Reinap et al. (2009). In our current 
contribution, we focused on Vg. In order to esti-
mate Vg, we assume that aerosol particles were 
carried towards the edge by essentially the same 
wind velocity of 2 m s–1 over the major part of 
the cross-section area of the tunnel, so that in the 
region occupied by the leaves in the first row the 
flux profile is essentially flat. This simplification 
is reasonable (Reinap et al. 2009; cf. also Fig. 5) 
for the first row, i.e., the edge region, so that Vg 
can be estimated by dividing the deposition rate 
to the first row by the aerosol-borne concentra-
tion of the tracers (Cl– and Na+). This gives a Vg 
(mean over all runs ± 95%CI) in the edge region 
of 0.063 ± 0.011 cm s–1 for Cl– and 0.056 ± 0.013 
cm s–1 for Na+. These values, if transformed to 
deposition velocities per unit leaf area, are con-
sistent with those found by Reinap et al. (2009) 
for oak leaves, but somewhat higher; a result 
that can be explained by the somewhat more 
coarse-particle oriented size distribution used in 
the present study. For the beach plates, the mean 
values of Vg are 0.028 ± 0.004 cm s–1 for Cl– and 
0.018 ± 0.003 cm s–1 for Na+.
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Our experiment demonstrates and helps 
explain the effects of edge on deposition, and 
quantifies these effects in a wind-tunnel envi-
ronment. Scaling-up procedures to emulate real 
forest stands need to be based on fairly advanced 
modelling such as exemplified in Wiman and 
Ågren (1985) and on access to information on 
specifics of the field situation of interest, among 
them wind-velocity profiles and stand-structure 
characteristics (leaf-area density distributions, 
LAI, canopy height, and spacing between trees). 
Our data confirm the notion that field measure-
ments of deposition in the interior of a forest 
“island” in an otherwise open landscape would 
underestimate the deposition to the entire forest 
(cf. e.g. Wiman and Ågren 1985, De Schrijver et 
al. 2007). Approximate calculations suggest that 
the edge effect would cause an increase of only 
a few percent for a stand with an extension of 
around 5 km, and deposition information based 
on, for instance, moss or throughfall studies in 
the interior of the forest would then be reasonably 
representative. However, for a stand extension 
of about 0.5 km, such information might well 
underestimate the deposition to the entire stand by 
about 20%–30%. For a landscape fragmented into 
many stands of that extension, or smaller, general-
isations to the entire landscape — were they based 
on measurements in stand interiors only — might 
result in a substantial underestimation.

Conclusions and implications 

Our data demonstrate the enhanced deposition 
at a forest edge. The deposition rate around the 
forest edge was 2–3 times higher than to the 
beach and 50%–60% higher than to the interior 
of the forest. The deposition velocity at the edge 
was 0.06 cm s–1, which is 2–3 times higher than 
the beach-deposition velocity. The results are in 
reasonable agreement with those obtained from 
deposition models (cf. e.g., Pryor et al. 2008), 
previous wind-tunnel investigations (e.g. Ould-
Dada et al. 2002), and field studies (e.g. Wuyts 
et al. 2008b). There was no significant difference 
between cultivated and field oaks with respect to 
deposition at the forest edge. Deposition rates of 
chloride and sodium show similar patterns with a 
maximum around the forest edge.

Patchiness, and thus edges, dominate our 
landscapes. Therefore, it is of great importance 
to study edge effects on deposition processes 
that involve pollutants as well as nutrients. In 
particular, coastal forest sites would experience 
enhanced levels of sea salt deposition as a result 
of strong on-shore winds that might result in 
high concentrations of sea-salt particles (Fol-
tescu et al. 2005). In addition, patchiness in 
terms of landscape physiognomy needs to be 
seen in combination with special aerodynamics 
in complex terrain. For instance, wind circula-
tion systems in coastal areas (land/sea breeze) 
imply that a marine aerosol can become trans-
ported many times towards (daytime) as well 
as out from (nighttime) forest edges (cf. e.g., 
Skakalova et al. 2003). Similar considerations 
can be made with respect to mountain-valley 
circulation of aerosols, and related effects on air-
flows in complex terrain (cf. e.g., Lindberg and 
Owens 1993). We also found that the size distri-
bution in our experiments compares fairly well 
with those pertaining to natural marine aerosols 
(cf. Rinaldi et al. 2009).

In this contribution, we showed that a wind-
tunnel approach is a good complementary 
method for investigating edge effects on depo-
sition processes for tree species that have been 
recently under-represented. The results facilitate 
further estimates of aerosol-borne inputs of vari-
ous substances to forests that would experience 
alteration due to climate change and shifts in 
forestry practices.
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