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ABSTRACT 

The relationship between canopy structure and cloud water deposition is explored using a 
modelling approach applied to subalpine conifer forests in the northeastern US. The zero 
plane displacement height was found to decrease monotonically with stand thinning, while the 
roughness length showed a unimodal pattern, peaking at a value of total surface area index 
(SAI) of about 5 .  The cloud water deposition velocity also was unimodal, increasing from 28 to 
34 cm s-I as the simulated stand was thinned from SAI = 13 to SAI = 6, and then decreasing 
with further thinning. The calculated resistance to cloud water deposition was greater than the 
resistance to momentum transfer except at very low values of SAI. Evaporation rate also 
showed a unimodal pattern as a function of SAI, but the pattern was less pronounced than 
that of cloud water deposition. These results suggest that agents which moderately reduce the 
SAI of closed forest stands may increase the deposition of cloud water. If some aspect of cloud 
water deposition causes canopy deterioration in subalpine forests, a positive feedback could 
occur between the canopy thinning and the cloud water deposition. A calculation of potential 
deposition on the lee side of gaps in the forest indicates a maximum possible deposition 
velocity approaching 200 cm s-l, illustrating the expected heterogeneity of deposition rates 
across the subalpine landscape. 

1. Introduction 

Cloud water has been shown to be an import- 
ant carrier for pollutant deposition to high elev- 
ation ecosystems (Lovett et al., 1982; Schlesinger 
and Reiners, 1974; Dollard et al., 1983; 
Waldman et al., 1985; Scherbatskoy and Bliss, 
1983). The incorporation of atmospheric gases 
and aerosols into cloud droplets, which are typi- 
cally 5-50 p m  diameter, permits the efficient 
deposition of these substances by droplet sedi- 
mentation and impaction if the cloud contacts a 
vegetation canopy (Lovett, 1984). The key factors 
controlling the droplet deposition rate are the 
windspeed, the droplet size distribution, the 
cloud liquid water content, and the aerodynamic 
properties of the canopy. Multiplying the droplet 
deposition rate by the solute concentration yields 

a deposition rate for the solute. Lovett and 
Reiners (1983) have shown characteristic solute 
deposition rates for balsam fir [ Abies balsamea 
(L.) Mill] forests of New England mountains to 
be much higher than would be expected for dry 
deposition of the particles and gases, and more 
comparable to rates of deposition by rainfall. 
Because these ecosystems experience cloud for 
longer periods than rainfall, the total solute 
loading via cloud water deposition is greater than 
the deposition by rainfall. Evaporation from the 
canopy during cloud deposition events can 
significantly reduce water deposition, but not 
chemical deposition, to the forest floor (Lovett et 
al., 1982). Evaporation from the canopy also 
increases the chemical concentrations to which 
the canopy surfaces are exposed (Unsworth, 
1985). Even without evaporation, cloud droplets 
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are characteristically highly concentrated in 
many atmospheric pollutants relative to rainfall 
(Lovett et al., 1982; Scherbatskoy and Bliss, 
1983; Waldman et al., 1982; Dollard et al., 1983; 
Castillo and Jiusto, 1983). Long periods of cloud 
immersion in high-elevation forests result in 
protracted exposure of canopy surfaces to these 
highly concentrated solutions. 

Deposition rates are frequently evaluated by 
the deposition velocity (vd) which is the 
deposition flux ( F )  of a substance divided by its 
concentration (C) in the air at some reference 
height ( z ) :  

vd = FICz (1) 

'Theoretical and experimental evidence 
suggests that the cloud water deposition velocity 
should be strongly influenced by the aerodynamic 
properties of the canopy (Lovett and Reiners, 
1983; Dollard and Unsworth, 1983). This con- 
trasts with the situation for most gases and small 
particles, in which canopy aerodynamics exert 
very little control on deposition velocities 
(Davidson et al., 1982). In long stretches of 
uninterrupted forest, cloud droplets reach the 
canopy surfaces by vertical transport from the air 
above the canopy. The vertical transport occurs 
because of turbulence generated at  the canopy 
top. The aerodynamic characteristics of the 
canopy control the generation of turbulence, and 
thus regulate the mixing of droplet-laden air to 
the vicinity of the canopy surfaces. The aero- 
dynamics of the surface also determine in-canopy 
wind speeds, which in turn control the inertial 
impaction of droplets through the boundary 
layers of individual leaves and branches (Thorne 
et al., 1982). 

Most micrometeorological theory and measure- 
ments rely on the assumption of a uniform 
boundary layer over the canopy. Formation of 
such a boundary layer requires a homogeneous 
canopy surface, with airflow parallel to the plane 
of the canopy top for considerable distances 
upwind of the location of study (Monteith, 1973). 
These criteria are problematic in many high- 
elevation forests. In mountainous areas airflow 
parallel to the canopy surface may be restricted to 
plateaux or long, constant slopes. In addition, 
while homogeneous areas of forest do exist at 
high elevation, many areas are more accurately 
described as a patchwork of vegetation of varying 

height, density, and species composition. This 
mosaic pattern results in part from the severe 
disturbance regime to which these forests are 
subjected. 

In the Appalachian Mountains of the eastern 
US, high-elevation vegetation patterns have 
received considerable study (Sprugel, 1976; 
Reiners and Lang, 1979; Foster and Reiners, 
1983; White et al., 1986). Here, the forest canopy 
is frequently interrupted by gaps of various sizes 
caused by windthrow, landslides, insect defoli- 
ation, natural regeneration, and other phenom- 
ena. The disturbance regime varies with latitude, 
elevation, and slope aspect, and the gap size 
created by these disturbances varies from several 
square meters (the size of a gap left by a single 
treefall) to thousands of hectares. Infestation of 
Fraser fir in the southern Appalachians by the 
balsam woolly adelgid and recent unexplained 
declines in red spruce in the northern 
Appalachians present the potential for major 
shifts in canopy structure over wide areas 
(Johnson and Siccama, 1983; White et al., 1986). 

The purpose of this paper is to point out the 
relationship between cloud water deposition and 
canopy structure, and to predict how uniform 
thinning of a forest canopy will affect the 
deposition velocity of cloud droplets and the 
solutes they carry. Because the model used for 
these predictions is strictly valid only in the case 
of one-dimensional transport to homogeneous 
canopies, additional calculations will be made to 
estimate the magnitude of deposition near gap 
edges. 

2. Deposition model 

The cloud water deposition model used in this 
study is described in detail by Lovett (1984). It 
was developed, parameterized, and tested in the 
even-aged, monospecific, balsam fir forests a t  
1200 m elevation on Mt. Moosilauke, NH, USA 
(44"01'N, 77YOW). The model divides the 
canopy into 1 m height strata, and recognizes 
seven different canopy components (age and 
density classes of needles, diameter classes of 
bare twigs, and trunks) in each stratum. In brief, 
resistances are used to parameterize transport of 
droplets between layers and from the air to the 
canopy surfaces in each layer. Resistances are 
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calculated for each of three size classes of 
droplets (&lo, 10-20, and 20-30 pm diameter). 
The between-layer resistances are calculated as 
the inverse of the turbulent diffusivity integrated 
over the depth of a canopy stratum. The turbu- 
lent diffusivity within the canopy is assumed 
equal to its canopy-top value (Thom, 1971; 
Landsberg and Jarvis, 1973), which is calculated 
from the canopy-top wind speed and the bulk 
aerodynamic parameters of the canopy as 
described by Lovett (1984). These calculations 
involve standard micrometeorological theory (see 
Thom, 1975) and assume: ( I )  a homogeneous 
canopy; (2) neutral stability conditions; and (3) 
similarity of momentum and cloud droplets with 
regard to turbulent transport in the canopy. The 
estimation of canopy aerodynamic parameters 
from canopy structure data is discussed in 
section 3 below. 

The boundary-layer resistances for the canopy 
components are calculated from wind tunnel 
data (Thorne et al., 1982) and are dependent on 
the wind speed, droplet size and component size. 
Droplet sedimentation is calculated by applying 
sedimentation velocities to each droplet size class 
in each stratum of the canopy. In-canopy wind 
speeds are calculated to decrease exponentially as 
a function of the downward-cumulated surface 
area index (SAI) in the stand and an extinction 
coefficient measured in the field. Evaporation 
from the canopy is calculated in a similar fashion, 
using net radiation and sensible and latent heat 
exchange in computing the energy balance for 
each component type in each stratum. Input 
parameters include meteorological conditions 
(wind speed, temperature, relative humidity, and 
net radiation) and cloud characteristics (droplet 
size distribution and liquid water content) a t  the 
canopy top. Testing data included collections of 
rime ice (frozen cloud water deposition) in a 
profile in the canopy and measurement of below- 
canopy drip (throughfall and stemflow) during 
cloud deposition “events.” The model was shown 
to provide realistic deposition estimates (Lovett, 
1984). 

3. Canopy structure and aerodynamic 
parameters 

The aerodynamic parameters that govern tur- 
bulent transport into plant canopies are the zero 

plane displacement height ( d )  and the roughness 
length (zo) .  These are empirical parameters 
derived from the solution of the steady-state wind 
profile equation above the canopy, but some 
attempts have been made to ascertain their 
physical significance. The zero plane displace- 
ment height was determined by Thom (1971) to 
be the mean level of momentum absorption with- 
in the canopy, that is, the mean height of canopy 
surfaces weighted by their aerodynamic drag. 
This interpretation has been affirmed experimen- 
tally (Landsberg and Jarvis, 1973) and by the 
modelling analysis of Shaw and Pereira (1982). 
Thus the zero-plane displacement height can be 
calculated as : 

j,” u(z)‘ ’a(z)zdz 

j: u(z)’ ’a(z)dz d =  (2) 

where u(z) is the wind speed at height z within 
the canopy, a(z)  is the canopy profile of surface 
area, and h is the height of the canopy. Drag at  
the forest floor was included in our calculation of 
d by eq. (2). 

The roughness length is associated with the 
form drag of individual plant crowns, and was 
suggested by Thom (1971) to be proportional to 
the difference between the height (h) of the 
canopy and the displacement height: 

ZO = 0.36(h - d). (3) 
However, both experimental and theoretical 
evidence suggest that zo should be a nonlinear 
function of (h-d) as canopy structure changes 
(Raupach et al., 1979; Shaw and Pereira, 1982; 
Seginer, 1974). Lettau (1969) suggested that zo 
should be related to the size and density of the 
roughness elements, and derived the following 
equation for solid roughness elements: 

zo = C,h,SN/A (4) 
where C, is a drag coefficient for an individual 
roughness element, h, is the effective height of 
the roughness elements, S is their silhouette area 
normal to the direction of the wind flow, and N is 
the number of roughness elements in area A. 
Lettau (1969) found eq. (4) to predict zo quite well 
for solid roughness elements, but Leonard and 
Federer (1973) had less success in applying this 
formulation to  a pine canopy by considering 
individual tree crowns to be the roughness 
elements. 
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Eq. (4) can be modified to be appropriate for 
porous canopies by taking account of the fact 
that momentum is absorbed by individual leaves, 
shoots, and branches rather than by whole tree 
crowns. If we assume that only those canopy 
elements above the zero plane are effective in 
generating turbulence, the effective height he can 
be considered to be (h - d). The drag coefficient 
is chosen to be an average value appropriate for 
individual leaves or branches above the zero 
plane in a canopy. The terms S N / A  in eq. (4) 
represent the surface area contributing to the 
roughness, divided by the ground area. For 
porous canopies, this is simply the plant surface 
area index above the zero plane, here termed A,. 
Thus eq. (4). when modified for vegetation 
canopies, becomes: 

20 = C,(h - d)A, .  

We used this formulation for zo in this study. The 
behavior of the equation and support for its 
accuracy are discussed below. We chose 1 .O to be 
an appropriate drag coefficient for spruce and fir 
needles, using total needle area as a basis to be 
consistent with our specification of A,. 

4. Modelling experiments 

For the first set of simulations reported below, 
we used as a starting point the vertical distri- 
bution of plant surface area as shown in curve A 
of Fig. I .  This surface area profile was calculated 
by regression equations based on the results of 
destructive sampling of balsam fir trees near our 
study area (Lovett, 1981). In two simulation 
experiments, the canopy structure was altered by 
eliminating &2 yr old needles or > 2  yr old 
needles, resulting in the surface area profiles 
shown in curves C and B, respectively, of Fig. 1 .  
The height of the stand remained constant at 
10.6m (height of tallest tree). Eqs. (2) and (5) 
were used to calculate d and zo for these stands, 
and the cloud water deposition/evaporation 
model was used to predict the cloud water 
deposition velocity and water flux rates for 
droplet deposition and evaporation. 

In the second set of experiments, the SAI  
profile in Fig. 1, curve A was taken as a standard, 
and the SAI value was varied continuously in the 
range of 1-13 m2 m-2 by reducing all foliage 
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Fig. 1. Profiles of surface area index (SAI) for three 
stands. A:  normal canopy structure, B: needles > 2  yrs 
old eliminated, C:  needles G2 yrs old eliminated. 
Surface area expressed as SAI per 1 m height stratum. 

types equally. Thus the proportion and distri- 
bution of the different foliar types remained 
constant, while the actual SAI varied. Calcu- 
lations of d, zo, cloud water deposition, and evap- 
oration were made as above. For all simulations, 
the following canopy-top conditions were 
assumed : wind speed = 4 m s-I, tempera- 
ture = 10°C, relative humidity = 98%, net radi- 
ation = 0, and cloud liquid water content = 
0.4gm-3. We used a droplet size distribution 
described by Best (1951) with a modal size of 
10 pm. 

5. Results and discussion 

Table 1 shows the results of the first set 
of computational experiments, in which a 
“standard” SAI profile (Fig. 1, curve A) was 
altered by elimination of > 2 yr old needles (curve 
B) or &2 yr old needles (curve C). Elimination of 
the young needles had a greater effect on total 
SAI than did elimination of the older needles, so 
that the order of the simulated stands with 
respect to SAI was A > B > C. The zero plane 
displacement height (d) was decreased as the 
canopy lost needles, because the center of action 
of the drag force for the stand decreased as the 
foliage near the top of the canopy was reduced. 
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Table 1. Stand sugace area index (SAI) ,  aero- 
dynamic parameters, and cloud water deposition 
uelocities for three balsam fir stands with different 
canopy structure treatments as shown in Fig. I .  For 
all simulations, u , = 4  m s-l and mode of drop 
diameter distribution = 10 pm 

Treatment none eliminate needles eliminate needles 
> 2 yrs old 0-2 yrs old 

SAI 11.3 7.5 4.4 
zo (cm) 46 67 80 
d(cm) 927 890 807 
u, (cm SKI)  29 34 31 

The order of stands with respect to d was the 
same as for SAI, i.e., A > B > C. The roughness 
length ( zo)  as calculated from eq. (5) is propor- 
tional to ( h - d ) ,  so as d decreases zo increases, 
since h is held constant. The order of stands with 
respect to zo is therefore reversed: C > B > A. 

The deposition velocity for cloud water is 
influenced by canopy roughness, and responds to 
the treatments shown in Table 1. The simulated 
deposition velocities for the three stands are in 
the order B > C > A, which is different from the 
order of any of the above parameters. It is 
difficult to interpret the effect of canopy structure 
on deposition from these data because two 
aspects of canopy structure are changing simul- 
taneously-total SAI and proportions of the 
various foliar age classes. For this reason we 
attempted the next set of simulations in whcih 
the total SAI varied but the relative proportions 
of foliage types remained constant. We will 
proceed now with analysis of those results, and 
return later to Table 1. 

Fig. 2 shows the variation in d and zo 
(expressed as fractions of the canopy height h for 
comparison with other studies) over the range of 
SAI of approximately 1-13 m2 m-* (surface area 
of all sides of canopy components). Actual SAI 
values for subalpine forests vary widely, but for 
dense fir canopies, values in the range 1G12 are 
typical (Foster, 1984). The relative height distri- 
bution of foliage in these simulated stands is that 
shown in Fig. 1, curve A. As the canopy is 
thinned homogeneously (i.e., reading from right 

’ 1  d l  h 

o ’ z l  / , 
, , * o /  h ,  , , 

0 2 4 6 8 1 0 1 2 1 4  
0 

SAI 
Fig. 2. Canopy aerodynamic parameters versus SAI. 

to left on Fig. 2), our model predicts that d/h will 
decrease monotonically but not linearly and zo/h 
will increase initially and then decrease, peaking 
around SAI=5.  The ratio z , / ( h - d )  is also 
unimodal, reaching a maximum value of about 
0.38 with SAI in the range of 6-8. This curve 
shape is consistent with the wind tunnel experi- 
ments of Raupach et al. (1979) and the theoretical 
studies of Seginer (1974) and Shaw and Pereira 
(1982). These studies used quite different means 
of arriving at conclusions about z,, than did the 
present study. Fig. 2 shows that at high SAI  
values zo/(h - d )  is relatively constant in the 
range 0.32-0.36, which is close to the mean value 
calculable from the data of Jarvis et al. (1976) for 
13 conifer forests (mean = 0.31, s.d. = 0.14). Thus 
the rather simple formulation for zo in eq. ( 5 )  
appears to be supported by the limited data 
available. Note that the formulation by Thom 
(1971), as shown in eq. (3), predicts the ratio 
zo/(h - d )  to be constant at 0.36; we believe this 
to be an overly simplified treatment. 

Using these aerodynamic parameters in, the 
cloud deposition model, we can predict the cloud 
water deposition velocity (ud), which is shown in 
Fig. 3 as a function of SAI. The deposition 
velocity increases as the canopy is thinned below 
SAI = 13, peaking at a value of u, = 34 cm s-l a t  
SAI = 6. This represents a 24% increase over the 
ud for a stand of SAI = 12.5. With thinning below 
SAI = 6, u,, decreases. If eq. (3) is used instead of 
eq. (5) to predict the roughness length, zo 
increases monotonically as the canopy thins, but 
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Fig. 3. Simulated deposition velocities for cloud water 
versus SAI. 
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Fig 4 (a) Resistance to droplet deposition (r,, solid 
line) and momentum transfer (rm, dashed line) versus 
SAI (b) Wind speed at 8 m in the canopy (solid line, 
left scale) and representative boundary-layer resistance 
(BLR, dashed line, right scale) for a 10 jim droplet at 
the corresponding wind speed Values of BLR 
calculated from wind tunnel data (Thorne et al , 1982) 
on isolated balsam fir shoots 

the deposition velocity still shows the unimodal 
pattern. Thus the qualitative results shown in 
Fig. 3 appear to be independent of the exact 
specification of z,, . 

The behavior of ud in response to canopy 
thinning is intriguing, and deserves elaboration. 
The total resistance to droplet deposition 
(rd = u ; ’ )  is plotted vs SAI in Fig. 4a. Also shown 
in Fig. 4a is the resistance to momentum trans- 
port (r,  = uh/uf,  where uh is the wind speed at  the 
canopy top and u, is the friction velocity) for the 
simulated canopies. We show rm here because it is 
frequently used as a n  indicator of the “aero- 
dynamic” resistance to mass transport to plant 
canopies. The aerodynamic resistance is often 
conceived as acting in series with one or more 
“surface” or “canopy” resistances, summing to a 
total resistance to deposition (see Fowler, 1980, 
for a general treatment, or Shuttleworth, 1977, for 
the case of fog droplets). 

For canopies with high SAI, r ,  is about half of 
rd (Fig. 4a). Below SAI = 5, r, increases rapidly, 
corresponding to the decrease in z,/(h - d )  shown 
in Fig. 2, and suggesting a decrease in the 
efficiency of turbulent mixing into the canopy. 
The convergence of r ,  and rd a t  low SAI indicates 
that the “canopy” resistance becomes negligible. 
This occurs because, as the canopy is thinned, 
wind speeds within the canopy increase and 
droplet impaction onto canopy surfaces becomes 
more efficient. These points are illustrated in Fig. 
4b, in which the wind speed at  8 m (= 0.75 h, 
chosen arbitrarily as representative of the foliated 
region) in the canopy is plotted vs SAI. (Recall 
that wind speeds are calculated to decrease 
exponentially within the canopy as a function of 
downward-cumulated SAI, and that the canopy- 
top wind speed is held constant a t  400 cm s-I for 
these simulations.) Also plotted in Fig. 4b is the 
resistance to impaction of a 10 pm droplet on an 
isolated balsam fir shoot a t  the wind speed 
indicated for the 8 m height. These resistances 
were calculated from the wind-tunnel data of 
Thorne et al. (1982), and we show them as an 
example of the decrease in boundary-layer resis- 
tances throughout the canopy in response to 
thinning. 

The common assumption that r ,  is a minimum 
resistance for the transfer of mass to a canopy 
appears to be inappropriate for the very porous 
canopies corresponding to the lowest SAI values 
in Fig. 4a. In these canopies, r, is less than r, for 
two reasons. First, our model includes droplet 
sedimentation in the calculation of deposition, 
and thus of rd. Sedimentation can enhance the 
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0.4 c 

deposition of droplets a t  low SAI, despite the 
increase in rm. Second, r,,, includes both aero- 
dynamic and boundary-layer components of 
momentum transfer. It is used as an approximate 
indicator of aerodynamic resistances to mass 
transfer because the boundary-layer resistance for 
momentum transfer is usually assumed to be 
negligible compared to that for most particles and 
gases. This is a poor assumption in the case of 
cloud droplets, however, because wind tunnel 
studies have shown that impaction of droplets 
can be more efficient than momentum transfer 
through the boundary layer, especially a t  high 
wind speeds (Chamberlain, 1975). If the true 
“aerodynamic” resistances for droplets and 
momentum are equal, then the total resistance to 
droplet transfer (r,,) can be less than the total 
resistance to momentum transfer (r,,,). 

We caution that neither the droplet deposition 
nor momentum transfer aspects of this model 
have been tested in real forests of very low SAI, 
so these results must be interpreted judiciously. 
Nevertheless, the possibility that rm may not be a 
minimum resistance for droplet deposition has 
been suggested by several experimental studies. 
Dollard and Unsworth (1983) found that the 
efficiency of fog droplet deposition (as measured 
by a micrometeorological technique) could 
exceed that for momentum in a grass canopy, and 
Chamberlain (1975) summarized data leading to 
the same conclusion for an isolated spruce tree. 

Fig. 5 illustrates the trends of cloud water 

CLOUD 
DEPOSITION 

0.3 I /  
X 

i 
! 
[L: 0.2 

3 0.1 EVAPORATION 

0.0 
0 2 4 6 8 1 0 1 2 1 4  

Fig. 5. Simulated water fluxes from cloud water 
deposition and evaporation versus SAI. 

SAI 

deposition and evaporation flux as functions of 
SAI. Evaporation is nearly constant at high SAI 
values but decreases with severe thinning. 
Increases in evaporation are not sufficient to 
counterbalance increases in cloud water 
deposition as the canopy is thinned from 
SAI = 13 to SAI = 5 ,  so net cloud deposition (the 
difference between gross cloud deposition and 
evaporation) will show nearly the same unimodal 
pattern as does gross cloud deposition. It should 
be noted that chemical deposition to these forests 
is related to gross, not net, cloud deposition. 
Fig. 5 suggests that the evaporative concentration 
of the solution on canopy surfaces during periods 
of cloud immersion would be less pronounced in a 
moderately thinned stand because the ratio of 
cloud deposition to evaporation increases with 
moderate thinning. 

By comparing Fig. 3 and Table 1, one can see 
that the deposition velocities for the three stands 
in Table 1 are not very different from those given 
in Fig. 3 for stands with corresponding values of 
SAI. In Table 1, therefore, it appears that the 
primary canopy structure characteristic influ- 
encing the predicted deposition velocity is the 
quantity of SAI eliminated rather than the age of 
the lost foliage or its vertical position in the 
canopy. Comparison with Fig. 3 indicates that 
stands A and B are in a region where further 
thinning will increase the deposition velocity 
while in stand C, further thinning will decrease 
the deposition velocity. Our canopy sampling 
data do not permit resolution of smaller age 
classes of foliage, but with SAI profiles weighted 
to the top as much as those of these subalpine 
forests (Fig. l ) ,  manipulating smaller age classes 
would be unlikely to produce any major effects on 
the overall SAI profile of the stand. 

Our simulations indicate that reductions in 
canopy surface area applied homogeneously to all 
trees in a closed balsam fir forest will initially 
increase the deposition rate of cloud water. If 
pollutants carried in cloud water somehow 
contribute to the high-elevation canopy dieback 
that is currently being observed in the eastern 
US, then the potential exists for a positive 
feedback relationship in which initial foliar loss 
promotes greater deposition which promotes 
greater foliar loss, etc. This would be a self- 
limiting process, however, in that SAI would 
eventually decrease to a level that caused 
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decreased cloud water deposition. Other disturb- 
ances which tend to thin the canopy gradually, 
like low-level insect attack, ozone damage, and 
breakage of shoots by wind or ice would also 
cause increases in cloud water deposition. 

Because the SAI totals and height profiles for 
these forests are not radically different from those 
of other closed, even-aged coniferous canopies 
(e.g., Kinerson and Fritschen, 1971 ; Landsberg 
and Jarvis, 1973), we expect these results to be 
applicable to other natural or managed conifer 
forests. 

It is frequently the case that canopies do not 
thin homogeneously but rather that gaps open in 
the forest from the total defoliation of several 
trees in the same area. The effect of gaps on the 
deposition to neighboring trees is difficult to 
determine because understanding airflow over 
heterogeneous surfaces is a formidable problem 
both experimentally and theoretically. In general, 
however, one would expect increased penetration 
of canopy-top air into the gap, resulting in higher 
deposition rates to the forest edge downwind of 
the gap. A maximum estimate of deposition in 
this case can be made by assuming that all foliage 
on the downwind edge of the gap is exposed to 
the wind speed and cloud liquid water content 
characteristic of the air above the adjacent 
homogeneous canopy. Using a wind speed of 
4 m s-], a droplet size of 10 pm, a leaf area index 
of 12, and droplet capture efficiencies for needles 
as determined by Thorne et al. (1982), we calcu- 
late a deposition velocity of about 200 cm s-I at 
the gap edge. This is about seven times greater 
than the deposition velocity expected under 
similar conditions in a closed canopy (Fig. 3), but 
we emphasize that this is a maximum possible 
value for the specified conditions. Because both 
wind speed and liquid water content decline 
exponentially with depth in the canopy in the 
case of vertical transport (Lovett, 1984), we 
expect that deposition rates will decline exponen- 
tially with distance downwind from a gap edge 
until reaching a value characteristic of the closed 
canopy. While the trees on the downwind edge of 
the gap would experience higher deposition 

locally, the effect of a gap on the deposition to the 
forest landscape as a whole may not be increased, 
since the open area of the gap itself would 
probably experience lower deposition rates than 
the surrounding forest. The effects of gaps on 
deposition to an entire landscape would be a 
complex function of gap size and frequency. 

6. Conclusions 

The computational experiments of this study 
have generated a number of predictions regard- 
ing the effect of canopy structure on cloud water 
deposition. These predictions are stated below as 
hypotheses to be tested by future work in the 
field. 
(1) Homogeneous thinning of a closed coniferous 
forest will result in increased cloud water 
deposition until the total SAI drops below a 
critical value in the range of 5-6 m2 m-2. 
(2) Thinning of stands below this critical SAI 
will result in decreased cloud water deposition. 
(3) In severely thinned stands, efficiency of 
droplet deposition will exceed that of momentum. 
(4) The unimodal pattern of deposition velocity 
in response to thinning will apply despite differ- 
ences in the age of the foliage lost. 
(5) Canopy disturbance producing significant 
gaps in the forest will cause large increases in 
deposition rates locally on the downwind sides of 
the gaps. This enhancement of deposition will 
decrease exponentially with distance downwind 
of the edge of the undisturbed forest. 
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