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Abstract

Daytime dry deposition of nitric acid to a conifer forest with a LAI of 5.3 was measured using the relaxed eddy

accumulation technique. The observations indicate a mean friction velocity of 0.45m s�1and a mean dry deposition

velocity (vd) of 7.5 cm s�1, with approximately equal aerodynamic (ra) and non-aerodynamic resistances (rb+rc). Mean

ra is 10 sm
�1, while mean rb+rc (derived from the difference between the observed vd and a value derived based solely

on ra) is 13.2 sm
�1. Assuming the surface resistance (rc) is zero, the viscous sub-layer resistance (rb) from a number of

models capture the mean observationally derived value to within 740%, but the models underestimate the variability

inherent in the measurements. This discrepancy between the modeled and observed sample-to-sample variability of rb
does not appear to be accounted for by leaf wetness, stomatal opening or an additional dependence on friction velocity.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Nitrogen (N) availability is frequently observed to

limit primary productivity and hence carbon (C) uptake

in forests (Melillo, 1981). Anthropogenic activity has

increased the emission of reactive N to the atmosphere

(Galloway, 1998) and thus the supply of N to terrestrial

ecosystems. Although the atmospherically derived N

flux contribution to the total cycling of N in forest

ecosystems may typically be small relative to internal N

cycling, atmospheric deposition delivers N directly to

the photosynthetically active foliage, especially the

upper canopy and hence may have a disproportionate

effect on N availability and partitioning. For example,

Schulze (1989) has shown, for two Norway spruce

stands, that 40–60% of atmospheric N deposition was
ing author. Tel.: +1-812-855-5155; fax: +1-

ess: spryor@indiana.edu (S.C. Pryor).

iversity of Muenster, Institute for Landscape

t-Koch-str. 26, D-48149 Muenster, Germany.

e front matter r 2004 Elsevier Ltd. All rights reserve

mosenv.2004.02.038
retained in the canopy and could account for 8–20% of

the annual N requirement for growth. It has thus been

postulated that this increase in N supply to forests and

particularly the direct atmosphere-canopy exchange of

N may have stimulated increased C uptake by the

recipient forests (Sievering et al., 2000).

Nitric acid (HNO3) comprises a significant compo-

nent of the total atmospheric burden of reactive N

(Russell et al., 1993). During the daytime it is produced

principally from oxidation of nitrogen dioxide (NO2) by

the hydroxyl radical (OH), while at night formation

from dinitrogen pentoxide (N2O5), the nitrate radical

and aqueous phase nitrate dominates (Finlayson-Pitts

and Pitts, 2000). A significant fraction of HNO3 removal

from the atmosphere occurs via dry deposition as a

result of its high surface affinity. Accordingly, most

studies have resolved relatively high HNO3 deposition

velocities (vd) to forests. For example:

(i) Meyers et al. (1989) reported a vd of 2.2–6.0 cm s�1

for a mixed species deciduous forest (described as

‘oak-hickory’ with patches of loblolly pine (Pinus taeda))

in southeastern USA.
d.
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(ii) Sievering et al. (1994) report a mean vd for total

nitrate (HNO3 plus particle nitrate) in a predominantly

spruce forest (the BIATEX experimental forest) in

southern Germany of 5.5 cm s�1.

(iii) Sievering et al. (2001) report vd values in the range

of 0.8 to >20 cms�1 to a mixed conifer forest (dominated

by Engelmann spruce (Picea engelmanni), subalpine fir

(Abies lasiocarpa) and lodgepole pine (Pinus contorta)

trees) in the Rocky Mountain range of the USA.

(iv) Janson and Granat (1999) derived values of vd of

3–11 cm s�1 for a Scots pine (Pinus sylvestris) forest in

northern Sweden.

(v) Pryor et al. (2002) reported a mean vd of 3 cm s�1

for HNO3 to a mixed broadleaf forest (dominated by

sugar maple (Acer saccharum), tulip poplar (Lirioden-

dron tulipifera) sassafras (Sassafras albidum), white oak

(Quercus alba), and black oak (Q. velutina)) in the

Midwestern USA.

Studies (i)–(iii) used gradient techniques to derive their

flux estimates, while (iv) used a foliar rinse technique and

only the last study (v) used the relaxed eddy accumulation

(REA) technique to directly determine the flux. Never-

theless, taken in concert with observations of elevated

HNO3 concentrations downwind of many urban envir-

onments (e.g. Bari et al., 2003; Janhall et al., 2003;

Piringer et al., 1997; Russell et al., 1993; Stockwell et al.,

2003) these studies imply HNO3 may make a substantial

contribution to total atmospheric N flux to forest

ecosystems (Lindberg and Lovett, 1985). This flux may

in turn be associated with impacts across a range of scales

from cuticle damage on leaves (Bytnerowicz et al., 1998;

Krywult et al., 1996) to modification of C:N ratios in

foliage (Bytnerowicz et al., 1999) to changes in the N and

C cycles within forests (Sievering et al., 2000).

Here we present research in which the REA technique

was used to obtain direct estimates of the HNO3 dry

deposition flux to a coniferous forest in southern

Germany during the daytime. These observational data

and models from the literature are then used to examine

this flux in more detail. Specifically, following work by

Sievering et al. (2001), we use these data to examine the

relative magnitude of aerodynamic and viscous sub-

layer resistance in conifer forests and the relationship

between observed and theorized values for the viscous

sub-layer resistance. Then we explore hypotheses that

have been advanced to explain discrepancies between

modeled and observationally derived non-aerodynamic

resistances to HNO3 fluxes.
2. Methods

2.1. Experimental details

The measurements presented herein were conducted

during May 2002 on a tower in the Waldstein forest in
northeastern Bavaria, Germany (50�090N, 11�520E) at

765m a.s.l. (Held et al., 2002a, b; Klemm and Mangold,

2001; Matzner, 2004). The forest is dominated by

Norway spruce (Picea abies) and the leaf area index

(LAI) during the measurement campaign was approxi-

mately 5.3. The experimental site is located within the

‘‘Lehstenbach’’ catchment 1 km to the SW of the

‘‘Bergkopf’’ summit (857m a.s.l.) and slopes to the

SSW with an angle of about 5�. The 30m walk-up tower

is located in a spruce stand of 50 years age and

approximately 20m height. At distances more than

about 50m to the W and E, respectively, the spruce tree

height is 25–30m. A 100m� 100m open field with forest

nursery is located at a distance of 200m to the W from

the tower. A 6m wide forest road crosses from WNW to

ESE at a distance of 100m from the tower. North of this

road the 150-year-old spruce trees are about 27m high

and exhibit a relatively open trunk space.

Nitric acid fluxes were measured using REA which is

a variant of eddy accumulation in which as the vertical

velocity (w) exceeds a threshold (‘dead-band’) velocity,

air is differentially sampled at a constant flow rate based

on the vertical velocity (Businger and Oncley, 1990):

F ¼ w0C0 ¼ bswðCup � CdownÞ; ð1Þ

where b is an experimental coefficient determined by the

probability distribution of w, the dead-band width and

sampling height. Here we use b as derived continuously

based on the momentum and sensible heat fluxes (bw and

bT), Cup and Cdown are the average concentrations from

samples collected when w is positive and negative,

respectively, and sw the standard deviation of w.

The REA system deployed at the Waldstein forest has

been previously described by Pryor et al. (2002) but in

brief, the system has a dynamic dead-band of 70.5sw,

where sw is computed as a running mean over a period

of 10min. Use of a dynamic dead-band serves to

maximize the difference in up and down channels

(Bowling et al., 1999) which is particularly important

in applications to forests that are very aerodynamically

rough and hence are characterized by high turbulence

resulting in much lower differences between the up and

down collectors than over lower roughness surfaces. Use

of a dynamic dead-band of 70.5sw as in the REA

system applied here gives an approximate allocation of

flow as follows; 30% to up-channel, 30% to down-

channel, and 40% in the dead-band. The sample capture

is on three sodium chloride coated denuders, one for

updrafts, one for downdrafts and a third for constant

sampling to derive an average concentration for the

entire measurement period. To ensure laminar flow in

the denuders they are flushed with HNO3 free air when

they are in a mode where ambient air is not sampled.

After exposure the denuders are sealed and returned to

the laboratory where they are extracted in de-ionized

water and analysed by ion chromatography. Three
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sample blanks were collected and used to correct the

REA denuder concentrations for each sampling period.

Concentrations on all REA denuders exceeded these

sample blanks by a factor of 12 and most exceeded the

blanks by more than a factor of 20.

The HNO3 REA system was deployed at 32m (above

a canopy at 19–20m) on the SW corner of the tower (the

boom was oriented at 291�) and so experienced

‘uninterrupted flow’ from the south-west-north sector.

In this paper we present daytime measurements which

have a duration of between 1.5 and 5 h. The study design

was to collect two daytime samples each day of sampling

but sampling periods were modified/determined on the

basis of prevailing meteorology to most closely achieve

stationarity and open fetch conditions. Ozone (O3) and

carbon dioxide (CO2) fluxes were also conducted

during the sampling period using eddy covariance (see

Klemm and Mangold, 2001 for details of the instru-

mental set up).

2.2. Calculation of dry deposition velocities

The rate of deposition in the absence of wet or occult

processes is often specified as a dry deposition velocity

(vd) given by

vdðzÞ ¼
F

CðzÞ � Cð0Þ
; ð2Þ

where, C(z) is the concentration at measurement height

z, C(0) the concentration at the surface (which may or

may not be zero, depending on surface uptake) and F the

flux or as a reciprocal of three serial resistances:

vdðzÞ ¼
1

raðzÞ þ rb þ rc
; ð3Þ

where ra(z) is the aerodynamic resistance (f(surface

roughness, height, stability, wind speed)), rb the viscous

sub-layer resistance (or quasi-laminar boundary layer

resistance) (f(surface roughness, wind speed, chemical

species)). This resistance describes the ease of transport

across a largely ‘turbulence free’ sub-layer which forms

above the receptor surface and rc the surface or canopy

resistance (f(surface type and conditions, chemical

species)). For highly reactive or soluble gases the surface

resistance is small. Many studies of deposition to forests

assume that rc for HNO3 is zero (Hicks et al., 1987;

Lovett, 1994; Meyers et al., 1989; Sievering et al., 2001),

although Brook et al. (1999) used a value of 20 sm�1 for

total surface resistance in their regional model to

represent deposition to cuticle, soil and stomata.

Due to the preponderance of near-neutral stability

during the Waldstein field experiment (Fig. 1), ra(z) is

calculated using (Hicks et al., 1987):

raðzÞ ¼
UðzÞ
u2�

; ð4Þ
where U(z) is the mean wind speed at height z and u� the
friction velocity.

‘Observational’ values for rb are computed, under the

assumption of rc = 0, as

rb ¼
1

vdðzÞ
� raðzÞ: ð5Þ

3. Results and discussion

3.1. Observed fluxes

As shown in Fig. 1 half-hour average friction velocity

(u�) during the field experiment varied up to 1m s�1,

with a mean of approximately 0.45m s�1, although the

mean wind speed at the instrument height was only

2.4m s�1. Conditions were generally characterized by

near-neutral stability (based on the Monin–Obukhov

length) and the flow direction varied but was from the

west–northwest for extended periods giving an open

fetch for the REA measurements. Although not a focus

of this manuscript, both HNO3 and O3 exhibited periods

of upward fluxes during the field experiment (Fig. 2). In

the sample from 17 May the wind direction was such

that flow to the REA may occasionally have been

distorted by the tower. The other two cases with upward

fluxes were also observed during the morning hours

(approximately 8–11 a.m. (LT)) but the meteorological

conditions do not imply flow distortion or non-

stationarity. The magnitude of the difference between

the up and down denuder channels (Cup�Cdown) exceeds

the individual analytical uncertainties associated with

each HNO3 denuder channel of 75% for the concen-

trations observed. Both cases were associated with short

periods of rapidly increasing in O3 concentrations and

on the 14 May simultaneous upward O3 fluxes were

observed. Gao et al. (1993) asserted on the basis of

numerical modeling that, excluding reaction with NH3

and partitioning to the particle phase, the HNO3 vd is

relatively insensitive to near-canopy gas-phase chemis-

try. Reaction between NO2 and OH to generate HNO3 is

discounted as a source of the observed upward fluxes

observed here because it is relatively slow reaction and

may be further limited by low OH concentrations near

and within the canopy and also because this reaction

would tend to lead to a decrease in O3 concentrations

due to the reduction in NO2 concentrations and hence

cannot account for the observed upward flux of O3.

Repartitioning of ammonium nitrate is also a possible

source of HNO3 (Kramm and Dlugi, 1994) but the

increase of RH towards the canopy would tend of

stabilize the particle phase. Release of HNO3 due to

hydrolysis of N2O5 in aqueous films on leaves (Finlay-

son-Pitts and Pitts, 2000) may act as a near-canopy

source of HNO3, although again this mechanism cannot
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Fig. 2. Ozone fluxes from eddy covariance (EC) and HNO3

fluxes using the REA technique using the momentum (bw) and

heat (bT) analogies during the experiment. The horizontal bars

on the HNO3 fluxes indicate the sample duration.

10 11 12 13 14 15 16 17 18 19

May 2002

0

0.4

0.8

1.2

F
ric

tio
n 

ve
lo

ci
ty

 (
u *) 

(m
 s

-1
)

10 11 12 13 14 15 16 17 18 19

May 2002

8

12

16

20

24

A
ir 

te
m

pe
ra

tu
re

 (
C

)

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity
 (

%
)

T
RH

10 11 12 13 14 15 16 17 18 19

May 2002

0

90

180

270

360

W
in

d 
di

re
ct

io
n 

(o
)

10 11 12 13 14 15 16 17 18 19

May 2002

-6

-4

-2

0

2

4

6

H
ei

gh
t/M

on
in

-O
bu

ho
v 

le
ng

th
 (

z/
L)

Stable

Near-neutral

Unstable
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explain the correspondence between the periods of O3

and HNO3 upward fluxes on 15 May. Alternatively

upward fluxes of O3 and HNO3 may indicate incomplete
scavenging by the canopy of aged polluted air vented to

the near-surface during the breakdown of the nocturnal

inversion. As described above, the forest exhibits

considerable gapiness and horizontal advection of air

parcels into the trunk space cannot be ruled out.

The mean HNO3 flux for the daytime samples is

1.5 nmolesm�2 s�1, with a mean associated vd of

4.6 cm s�1. If the cases of upward fluxes are omitted

the mean resolved vd is 7.5 cm s�1. This value is in the

midst of the values presented in Section 1 for conifer

forests and, in accord with previous research, is higher

than vd derived by Pryor et al. (2002) for a deciduous

forest using the same instrumentation.

3.2. Comparison of modeled and observationally

derived of rb

Previous work has suggested that the high observed

HNO3 vd to conifer forests is due in part to the small

aerodynamic needle width of conifer trees and hence the

low rb (Sievering et al., 2001). We compared observa-

tionally derived rb estimates (calculated from Eq. (5)) to

four commonly used formulations for rb available in the

literature (Table 1). For only one of the cases of

downward fluxes does the observed vd exceed the

theorized maximum given by vd(z)=1/ra(z) (Fig. 3),
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and this case exhibited the highest variability of wind

speeds of all the sampling periods. For all other cases

resolved rb is positive.

The mean rb from each of the models shows relatively

close correspondence to the observationally derived

value (Table 1). As in Sievering et al. (2001), the

formulation proposed by Businger (1986) overestimates

mean observationally derived rb, while those of Hicks

et al. (1987), Meyers et al. (1989) and Jensen and

Hummelshoj (1995, 1997) underestimate mean rb. From

the difference of means, mean absolute difference and

root mean square difference it appears the model of

Jensen and Hummelshoj (1995, 1997) shows the lowest

error relative to the observations, although the varia-

tions between model results are smaller than the

observational uncertainty. As in the research of Siever-

ing et al. (2001), the degree of sample-to-sample

variability of resolved rb is much higher in the

observations than in the models (Fig. 4). One possible

explanation for the lack of correspondence between the

variability of the observations and models lies in the

model formulations. The primary source of short-time

scale variability in modeled rb is via the dependence on

U(z) or u�. In accord with theoretical research (Garratt

and Hicks, 1973) observationally derived rb is inversely

related to u� (increasing u� may be associated with

increased break down of quasi-laminar flow in this

layer), but samples with similar u� exhibit a high degree

of variability in observationally derived rb (Fig. 5).

While it must be acknowledged that flux divergence may

be an explanation for the difference between sample rb
Table 1

Summary of the formulations of rb used herein and statistics of the d

vd>theorized maximum has been excluded)

Observations Mean (s

ra 10.0

rb 13.2

Source Formulation Mean mo

rb (sm
�1

Businger (1986) rb ¼ 10:2u
�2=3
� 16.6

Hicks et al. (1987)
rb ¼

2

ku�

Sc

Pr

� �2=3 10.6

Jensen and Hummelshoj

(1995, 1997) rb ¼
v

D

c

ðLAIÞ2
lu�
v

� �� �1=3
1

u�

12.4

Meyers et al. (1989)
rb ¼

1

D0:66
Ul

v

� �1=2
v

D

� �1=3
9.5

a
RMSD is the root mean square difference:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðObserved�modele

q
where u� is the friction velocity, k the von Karman constant (0.4), Sc

(Hicks et al., 1987), n the kinematic viscosity of air (1.4607� 10�5m2 s�

thermal diffusivity, LAI the leaf area index (a value of 5.3 was used

here), c is a constant (a value of 100 was used here) and U the wind
from measurements and models, the good accord

between the average values of rb from the measurements

and models implies this effect does not dominate the

flux, and instead this observation may be interpreted as

evidence that an additional source of short-term

variability should be manifest in the models. For

example, the characteristic canopy length scale as

manifest in the rb models of Jensen and Hummelshoj

(1995, 1997) and Meyers et al. (1989), is commonly

assumed in the case of conifer forest canopies to be the

aerodynamic foliar width (Table 1). However, dry

deposition occurs to all vegetation components, hence

it is possible that some component of the high observed
erived values relative to the observations (n=9, the case where

m�1) Standard deviation (sm�1)

3.5

12.4

deled

)

Standard deviation (sm�1) RMSDa

(sm�1)

MAD

(sm�1)

3.8 12.7 10.2

3.6 12.5 9.9

2.8 12.0 9.7

1.6 12.2 9.5

ffiffiffiffiffiffiffi
dÞ2; MAD the mean absolute difference: jObserved�modeledj;
the Schmidt number (n/D), Pr the Prandlt number (n/k) E 0.72
1), D the diffusivity (a value of 12mm2 s�1 was used here), k the

here), l the characteristic leaf width (a value of 1mm was used

speed.
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rb variability may reflect the influence of flow variability

as it interacts with apparent deposition surface area.

3.3. Consideration of rc

Analysis in Section 3.2, like many previous studies,

assumed the surface resistance to HNO3 uptake by

forests is zero (Meyers et al., 1989; Sievering et al.,

2001). However, a possible explanation for the lack of

correspondence between observed and modeled values

for the rb and particularly the variability of the

observationally derived rb may lie in variations in the

surface resistance (or conductivity), and hence rc.

Indeed, Tarnay et al. (2002) used data collected using

an open gas exchange system to derive cuticular
resistances for California red fir (Abies magnifica),

California white fir (Abies concolor) and Jeffrey pine

(Pinus jeffreyi) seedlings of 20–184 sm�1 for HNO3

concentrations of 1–13 ppb and relative humidity (RH)

below 20%. Although these results may not be directly

applicable to atmospheric conditions where such low

RH is seldom observed (RH during the Waldstein

experiment ranged between 30% and 95% (Fig. 1)) and

increasing RH may lead to decrease in this resistance

due to formation of thin water films (Burkhardt and

Eiden, 1994), it is worthy of note that the entire range of

cuticular resistance determined by Tarnay et al. (2002)

exceeds both the mean ra and rb derived for the

Waldstein data.

Differing studies have provided evidence for uptake of

HNO3 via (a) adsorption onto the leaf and other

surfaces (Janson and Granat, 1999), trans-cuticular

transport (i.e. diffusion through the cuticle primarily

across the lipophilic phase of the cuticle (Marshall and

Cadle, 1989) and into the foliage) and uptake via

stomata (Hanson and Garten, 1992). Both of the latter

could account for the observation that HNO3 dry

deposition to forests is associated with an increase

in nitrate reductase (NR) activity in leaves on time scales

of a few minutes (Krywult and Bytnerowicz, 1997).

The relative importance of these pathways shows

variation with:

(i) Plant genus and leaf/canopy morphology and age.

Total canopy uptake varies by species (Dasch, 1989;

Hanson and Garten, 1992; Krywult and Bytnerowicz,

1997) and absorption rates differ with exposure accord-

ing to foliage age (Vose and Swank, 1990). Typically,

deciduous species exhibit greater ‘binding’ of deposited

HNO3 into foliage (Hanson and Garten, 1992).

(ii) Duration of exposure (decreasing adsorption as

adsorption sites become saturated) (Marshall and Cadle,

1989).

(iii) Location in the canopy (Janson and Granat,

1999). Bytnerowicz et al. (1999) used profile measure-

ments of HNO3 concentrations on a vertical transect to

infer that ‘HNO3 conductance or deposition velocity at a

single branch level were significantly higher at the

canopy top as compared with lower branches.’ This

they attributed to higher wind speeds in the upper

canopy.

(iv) Environmental conditions such as (a) leaf wetness

and (b) light level. Leaf-level uptake of HNO3 and other

acidifying gases has also been demonstrated to be

dependent on leaf wetness (Dasch, 1989) due, at least

in part, to the aqueous phase chemistry within the water

layer (Chameides, 1987; Zhang et al., 2003). The

apparent dependence on illumination conditions illu-

strated in laboratory experiments may imply some

degree of stomatal control (Hanson and Garten, 1992;

Krywult et al., 1996). In their study of HNO3 uptake by

dormant shoots of 2-year-old eastern white pine (Pinus
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strobus) seedlings under dark conditions Marshall and

Cadle (1989) documented only 5–9% of HNO3 migrated

into the leaf proper (via diffusing across the cuticle),

while Cadle et al. (1991) presented a laboratory study

which indicated a higher fraction of non-adsorption

uptake under illuminated conditions. This is not

definitive evidence of stomatal uptake and Dasch

(1989) suggests that although their data showed a

positive correlation between inferred stomatal and total

deposition velocities these results may reflect ‘a relation-

ship between function of the leaf and the cuticular

deposition’ rather than a direct stomatal control.

The experimentally derived values of rb were exam-

ined in light of this previous research. On the basis of

this analysis the following observations can be made.

‘Observed’ rb did not exhibit a trend towards increased

resistance over the course of the field experiment and

this coupled with the relatively low mean HNO3

concentration during the REA flux measurement

periods of approximately 32 nmolesm�3 (B2 mgm�3)

implies that saturation of adsorption sites was not a

cause of the sample-to-sample variability in resolved rb.

It has been shown that thin water films form on spruce

needles at RH as low as 50% (Burkhardt and Eiden,

1994) and that these films can substantially affect gas

deposition (Chameides, 1987) even from relatively low

solubility gases (Fuentes et al., 1992; Wesley, 1989).

Accordingly, leaf wetness is routinely sampled at the

Waldstein experimental site (Klemm et al., 2002).

However, these data indicate little sample-to-sample

variability of leaf wetness and only one of the nine

samples corresponded to completely wet leaves. In

contrast to apriori expectations this sample shows the

highest observed rb, which may reflect a reduction in

surface uptake due to a reduction in diffusion into the

leaf interior or acidification of liquid layers by deposi-

tion of other gases (Chameides, 1987). Excluding this

one sample leaf-wetness it is thus asserted that leaf-

wetness was not the cause of the observed variability in

rb. The possible role of co-deposition (Erisman and

Wyers, 1993) or prior deposition of basic compounds in

enhancing deposition could not be examined due to the

lack of data to quantify these effects. Coincident

measurements of O3 and CO2 fluxes which are both

largely mediated by stomatal opening (Arain et al., 2002;

Lamaud et al., 2002) (Fig. 6) do not appear to vary

according to the magnitude of the observed rb for

HNO3. This implies that stomatal opening is also not a

major determinant of sample-to-sample variability in the

daytime HNO3 fluxes observed at the Waldstein.

To further investigate possible causes of the differ-

ences between predicted and observed rb and the

possible effect of co-variation of potential controlling

parameters, the meteorological and chemical data

from each sample period were subjected to principal

components analysis (Richman, 1986). This analysis did
not yield any further explanation of the short-term

(sample-to-sample) variability of rb in terms of these

environmental parameters possibly due to the small

sample size.
4. Summary and concluding remarks

We present HNO3 fluxes to a conifer forest with a

LAI of 5.3 obtained by application of the REA

technique. The results indicate a mean vd of 7.5 cm s�1,

and approximately comparable aerodynamic and vis-

cous sub-layer resistances (mean ra=10 sm�1, mean

rb=13.2 sm�1). Experimentally derived estimates of rb
are compared with four model formulations from the

literature. As in the research of Sievering et al. (2001),

the results indicate that while all the models capture the

mean rb to within 740% of the observed value, the

variability manifest in the observations is not captured

by the models. Possible sources of this variability

include; (i) insufficient sensitivity of the rb models to

factors that cause short-term variability and (ii) non-

zero and varying surface resistance (rc). While no

definitive explanation for the difference in variability is

reached, the observational data do not support postu-

lates involving greater sensitivity to friction velocity,

saturation of adsorption sites, significant stomatal

control on HNO3 vd, or that varying leaf wetness as

the source of the observed variability, and application of

multivariate statistical techniques did not yield any

further explanation of the short term (sample-to-sample)
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variability of rb in terms of these or other environmental

parameters. The lack of a definitive explanation for the

high variability of rb may reflect the small sample size.

Nevertheless these data provide independent confirma-

tion of inferences drawn from data presented in

Sievering et al. (2001), and given the reported impor-

tance of HNO3 in the budget of atmospheric N supply to

forests they emphasize the need for further research to

quantify and parameterize the HNO3 viscous sub-layer

resistance and dry deposition velocity for forests.
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