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ABSTRACT

Modified Bowen ratio and aerodynamic profile techniques based on the constant flux approach
were utilized to derive the deposition fluxes and deposition velocities (v4) of gaseous nitric acid
from measurements made during two joint field experiments over low vegetation (grassland,
LOVENOX, Halvergate, UK, September 1989) and over a wheat canopy (ecosystem wheat,
Manndorf, Germany, July 1990). Both micrometeorological methods are discussed in more
detail and in context with the flux-resistance analogy to provide a complete conceptual evalua-
tion guide for HNO; dry deposition analysis. Daytime dry deposition of nitric acid was found
to be fast with an average vy of 22+ 1.2 cm s~ and a range of 0.6 to 5.0 cm s ~*. The derived
deposition velocities are in broad agreement with estimates of other authors. The data have also
been used to check sublayer Stanton numbers which are of basic importance in determining the

viscous sublayer resistance yet not well quantified.

1. Introduction

It is well-established that dry deposition plays
an important role in the atmospheric mass budget
of many gaseous species. Especially in the vicinity
of sources of pollution, dry deposition is often
more important than wet deposition (cf. Businger,
1986).

Dry deposition removal from the atmosphere
depends on the micrometeorological transfer
properties of the atmospheric surface layer (often
called the Prandtl layer), the capability of vegeta-
tion and soil to take up matter, and the prevailing
chemical and photochemical environment (cf.
Kramm, 1989a; Dlugi et al., 1989). Whereas the
removal by wet deposition is a result of in-cloud
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and below-cloud scavenging processes which are
efficient across deep layers of the troposphere
under quite different weather conditions. Since the
origin of dry deposition differs from that of wet
deposition, which is manifested in different com-
positions of chemical compounds and ions, it is
necessary to separately investigate both deposition
processes and their effects on vegetation, soil and
water (see also Dlugi et al., 1989).

Nitrogen oxides, acidic and organic compounds
play an important role in many air pollution
problems including the formation of photochemi-
cal oxidants and acidification of the environment
(see, e.g., Finlayson-Pitts and Pitts, 1986; Dollard
et al., 1990). Nitric acid is a final product of the
oxidation processes involved in the photochemical
smog formation (see Ehhalt and Drummond,
1982) and is one of the most important nitrogen
containing species. A typical evolution of the
HNO; concentration near the surface (x~1m
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above a wheat canopy) is illustrated in Fig. 1.
Based on 7 (one hour) runs, which are discussed
later, a distinct increase of concentration becomes
evident before noon. It almost coincides with the
increase of the ozone concentration and closely
follows the course of solar radiation and is an
indication of the photochemical origin of nitric
acid. Note that the rate of HNO; increase is of the
same order as that observed by other authors on
clear summer days (see, e.g., Cadle et al., 1982).

In the light of the photochemical origin of
HNO,, Bowen ratio and aerodynamic profile
techniques (based on the constant flux approach
and adopted in this study to derive HNO;-fluxes)
seem to be doubtful methods to provide reason-
able flux results. However, model studies of
Kramm et al. (1991) on the deposition fluxes of
NO, NO,, 0O,, and HNO; including chemical
reactions according to

NO, + hv —2%5 NO + O, (R1)
NO +0;—— NO, +0, (R2)
0+ hv —2, 20H (R3)
OH + NO, —™ HNO, (R4)

indicate that in the absence of NH; the fluxes of
HNO, are nearly constant with height (see Fig. 2),
so that the constant flux approach appears to be
appropriate in deriving HNO,; dry deposition
characteristics.

There are additional chemical processes which
might violate the constant flux assumption.
Besides the inorganic nighttime chemistry charac-
terized by the NO;-N,O;-HNO); cycle which has
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which cannot be introduced in deposition estima-
tions at present, the triad HNO,-NH;-NH,/NO,
represents a strong interrelation between gaseous
and particulate nitrogen containing compounds
which may cause depletion and formation of nitric
acid along with the formation and dissociation of
ammonium nitrate.

The governing chemical reactions of this nitrous
triad are given by (see Stelson and Seinfeld, 1982)

HN03 + NH3 d NH4NO3
NH4NO; - HNO; + NH,;.

(R5)
(R6)

Unfortunately, neither the structure of these
chemical reactions nor the reaction rate constants
are well-known (see, e.g., Brost et al, 1988;
Harrison etal.,, 1989). Therefore, Kramm and
Dlugi (see Kramm, 1992), in an attempt to model
vertical fluxes of this nitrous triad, recommend a
(pseudo-)second order reaction for the formation
of NH,NO; (R5) with a reaction rate constant ks
(expressed in units of ppm ~! min~!) and a first
order reaction for the dissociation of NH,NO,
(R6) with a reaction rate constant k¢ (expressed
in units of min~!). This recommendation is in
accordance with the time-invariance of total
nitrate, TN =[HNO;]+ [NH,NO,], and total
ammonia, TA = [NH,]+ [NH,NO,], which is
used to determine the concentrations of HNO;,
NH;, and NH,NO; at equilibrium given by (see
also Hildemann et al., 1984)

[NH,NO; 1., = 1/2{TN + TA — (TN + TA)?

—4(TN TA —k,))"?}, (1)

. . st [HNO3]eq =TN - [NH4N03]eq7 (2)
to be considered as an important source of nitric
acid (see, e.g., McRae and Russell, 1984), but [NH;].,,=TA —[NH,NO;],, (3)
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Fig. 1. Time variation of HNO, concentration at z=2m (< : hourly means) and O; concentration at z=4.5m

(+ : hourly means, dots: 20 min means).
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Fig. 2. Vertical profiles of wind velocity (U) and potential temperature () as well as vertical profiles and fluxes of NO,
NO,, O,, and HNO;. The crosses represent observed values and the lines calculated profiles (from Kramm et al.,

1991).

with k, being the equilibrium dissociation con-
stant of the nitrous triad for an ambient relative
humidity less than the relative humidity of deli-
quescence (see Stelson and Seinfeld, 1982). Note,
that the first order chemical relaxation preferred

and utilized by Brost et al. (1988) for modelling the
vertical profiles of concentrations and fluxes of
HNO,, NH;, and NH,NO, violates the time-
invariance of TN and TA (a prerequisite to deter-
mine the equilibrium concentrations which were,
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on the other hand, used to formulate the first order
relaxation approach; for details see Kramm, 1992).

The results shown in Figs. 3 and 4 are based
on the same concentration values (at 20m
height) as used by Brost etal. (1988) and the
same equilibrium constant (see Stelson and
Seinfeld, 1982) rearranged to k,=(298/T)%!
exp(84.6 — 24,220/T) ppb>. Since the mentioned
reaction rate constants ks and k4 are not well-
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known, sensitivity studies with different values for
ks and k4 were performed, where the relationship
(see Kramm, 1992)

ke k,
—_———_— 4
ks~ [NH,NO,1., @

was used. The results illustrate that for low values
of ks all flux divergences are negligible and, hence,
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Fig. 3. Vertical profiles of concentrations and turbulent fluxes of HNO;, NH;, and NH,NO, for different values of
the reaction rate constant ks (with reference to Kramm, 1992).
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Fig. 4. Vertical profiles of concentrations and turbulent fluxes of HNO,, NH,, and NH,NO, for different values of
the reaction rate constant ks (with reference to Kramm, 1992).

the fluxes of HNO,;, NH;, and NH,NO, are
nearly height-invariant. For higher values of k5
(which lead to shorter response times) the flux
divergences of these trace species increase, and,
hence, the related turbulent fluxes become more
and more dependent on height (see Kramm, 1992).
Note, that the chemical response times calculated
for these cases are ranging from 10? s for k5= 100

ppm ~! min~! to 10°s for k5 =0.1 ppm ! min~!

(see Kramm, 1992). Data of Larson and Taylor
(1983) are indicating a chemical response time
of about 100s and those of Richardson and
Hightower (1987), several hundred minutes. With
regard to these uncertainties we are considering
the constant flux approach only as a first approx-
imation (at best), when NH, is present.
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This work reports studies on the dry deposition
of gaseous nitric acid based on some independent
HNO; measurements made during two joint field
experiments which investigated exchange of NO,
NO, and O; over (a) low vegetation (grassland,
LOVENOX, Halvergate, UK, September 1989)
and over (b) a wheat canopy (ecosystem wheat,
Manndorf, Germany, July 1990). The HNO,
concentration measurements at Halvergate were
performed by AEA Harwell using tubular denuder
techniques (see Dollard et al., 1990), those at
Manndorf were made by Istituto sull'Inqui-na-
mento Atmosferico applying annular denuders
(see Perrino et al., 1990; Possanzini et al., 1992).

Dry deposition analysis was performed on the
basis of the constant flux approach and assuming
that HNOj; is transported by turbulence similarly
to sensible heat and water vapour (see, e.g.,
Businger, 1986). The relevant micrometeorological
fluxes were determined by two independent
methods, ie, by the energy balance method
(requiring measurements of net radiation, soil heat
flux and Bowen ratio) and by the aerodynamic
profile method (relying on wind and temperature
measurements at several heights). The data
have also been used to check sublayer Stanton
numbers, B, which are of basic importance in
determining the viscous sublayer resistance yet not
well quantified.

2. Theoretical background

Bowen ratio and aerodynamic profile techni-
ques are appropriate methods to study the trans-
port of (quasi-)conservative trace constituents
within the atmospheric surface layer. Within this
frame, it is assumed that the vertical transport
of a trace gas entity towards or from the Earth’s
surface may be written as (see, e.g., Businger, 1973;
Biscoe et al., 1975):

dc
F c— Kc aZ’ (5)
where F, is the flux of species ¢, K, is the eddy
diffusivity, dc/0z is the vertical gradient of the
(volumetric) concentration, and z is the height
above ground.
For (quasi-)constant flux conditions which
imply that the species measured is chemically
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conservative, eq. (5) may be integrated to relate
the flux F, to a finite difference Ac. Expressing
the meteorological fluxes of sensible heat, H, and
latent heat, E, as relations analogous to eq. (5)
with K, and K, being the respective eddy diffu-
sivities, and assuming K. = K, = K,,, the integrated
relations for the various fluxes may by written as
(see, e.g., Herbert and Kramm, 1981):

F, . Ac
HS = - (pc,) AO » =const,, (6)
E “L(eho/p) Ae
with
22
r=| Kitd, )
z)

where A denotes the difference of concentration,
¢, potential temperature, 6, and water vapour
pressure, e, respectively, across the height interval
Az=z,—2z, (z,>z,). Here, p is the density of
air, c, is the specific heat of dry air at constant
pressure, ¢ is the ratio of molecular weight of
water vapour to that of dry air (¢ ~ 0.622), 4 is the
latent heat of vaporization of water, and p is the
atmospheric pressure.

Relations (6) are written in a form analogous to
Ohm’s law (flux = potential difference/resistance);
thus, the integral expression r, (eq. (7)) is readily
identified as a bulk (turbulent) resistance of the air
against mass transfer with respect to the height
interval Az=z,—z, (see Fowler, 1978 and 1984,
Herbert and Kramm, 1981). The reciprocal of r,
has dimensions of a velocity and may be regarded
as a transfer velocity, v,,, given by:

H p\E
e -1 - )=
Utx—rt - (pcp) A0 (8/{[)) Ae' (8)

Dry deposition is often described in terms
of a deposition velocity, vy, defined by (see
Chamberlain, 1961)

F
vu(2)= — 75, )
and so
vd(z)=§§3v". (10)
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Determination of v, for a trace gas species from
eq. (10) requires measurements of the concentra-
tions of the trace gas at two levels (z,, z,) and
knowledge of the meteorological transfer term v,,
(=r7'). Two independent methods are used to
provide the relevant meteorological quantities.

2.1. Aerodynamic profile method

Integration of eq. (7) in the frame of the constant
flux approach yields (see Kramm, 1989a):

1 z,—d z,—d z,—d
rt—u*K<m21_d—\Ph< el N1

where the friction velocity, u, = (t/p)"? (= flux
of momentum or shear stress), is defined by its
integral relation

K Au
z,—d z,—d\’
B 4
()

and where k is von Karman’s constant (x = 0.4),
Au=u,—u, is the difference of wind speed u
_across Az=z,—z,, d is the zero plane displace-
ment, L is the Monin-Obukhov stability length,
and ¥, and ¥, are the dimensionless integral
stability functions for heat and momentum, respec-
tively (see Paulson, 1970; Kramm, 1989a).

Egs. (11) and (12) together with relations (6)
provide the basis for the so-called aerodynamic
profile method where the meteorological quan-
tities (H, A®), (E, Ae) and (u,, Au) as well as L, d
and z, (z,=roughness length) are determined
from vertical profiles of temperature, humidity and
wind speed (see Kramm, 1989b). The method is
error prone for very stable stratification (with low
wind speed and temperature inversion) or in the
brief transition phase between lapse and inversion
conditions, when steady-state conditions are not
expected (see Kramm, 1989b).

(12)

Uy =

2.2. Energy balance (Bowen ratio) method

Egs. (6), of course, express the concept of Bowen
ratio similarity, and one immediately derives the
basic relations of the so-called modified Bowen
ratio method (see Biscoe etal, 1975; Businger,
1986):

A
F.=(pc,)"" na_ (L) E=S.

A  \edp Ae (13)

H. MULLER ET AL.

A simple but viable method to obtain H and E is
based on the energy budget at the ground where
the net radiation, R,, is partitioned between the
turbulent heat fluxes, H + E, and the soil heat flux,
G, according to
R,=H+E+G. (14)

Introducing the Bowen ratio i = H/E via egs. (6),
ie.,

cp P\ A0

=2~ )— 15

b <eA>Ae’ (15)

and rearranging eq. (14) gives:
R, -G

=1_IF, (16a)

R,—G

E=—"—. 16b
1+5 (160)

Some measurements of the energy balance terms
R, and G and the Bowen ratio f are, there-
fore, necessary to provide the meteorological
parameters (H, A6) and (E, Ae) required in egs.
(8) and (6). No stability corrections have to be
applied with the energy balance (Bowen ratio)
approach. The method fails, however, when the
Bowen ratio approaches — 1. This typically occurs
twice per day during brief transition periods in the
morning and in the afternoon. The method is also
error prone during nighttime or in other low flux
situations when inaccuracies in measurements of
R, and G are comparable to the micrometeorol-
ogical fluxes (see, e.g., Whiteman et al., 1989).

2.3. Resistance analogy

Dry deposition is often discussed in terms of a
flux-resistance analogy which includes turbulent
(r,), molecular-turbulent (r..) and surface (r,)
resistances. The molecular-turbulent resistance
can be introduced by:

¢ —c¢
Fo=—-1 s _

C
rml

02__ci, (17)
Fot ro

with ¢,, ¢, and ¢, denoting the concentrations at
heights z,, z,, and at the foliage surface. Next, the
flux F, at the interface atmosphere—biosphere can
be parameterized for low horizontally uniform
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vegetation by (see Kramm et al, 1991; Kramm
et al,, 1993; and Appendix A)

(18)
where the (overall) surface resistance, r,, is given

by the relation

1 1 + 1 1 1
rs rst+H*rint Teu H*rw.f rmx.g+rsl.tot'

(19)

Here, r,, is the stomata resistance, r,,, is the inter-
nal resistance (see O’Dell et al,, 1977), r, is the
cuticular resistance, r,,; is the resistance of leaf
Wetness, 7y, , is the molecular-turbulent resistance
for the exchange between the foliage and the
ground, ry ,, is the total resistance of the soil, and
H* is Henry’s law constant for HNOj;. Note, that
Tsts Tints Tews Twy> and rg .o, are scaled by the
wetness factors g, ¢ and 7, 4 (0< 0o, <1 for both
cases) which represent fractional foliage surface
and fractional ground surface covered by water.
Furthermore, 7y, iy, *cu> and r,, ;are scaled by the
leaf area index (for details see Appendix A).

Eqgs. (17) and (18) yield

C2
F=——"* 20
¢ re+roctrs (20)

and, considering relation (9),

1

SR S 21
rt+rm\+rs ( )

v4(z2) =

Since H* is very small (of the order of 1077, see
Schwartz, 1986), H*r,,, and H*r,;, as well as
H*r, 4 (apart of rg ., see Appendix A) are much
smaller than ry and r,, .. Therefore, the surface
resistance can be approximated by:

1 1 1 -1
—+—t—
rst rcu rsl+rml,g

re= for
H*r

(22)

O f=0ws™= 0

w,fs

for o,;=0,9=1

Since there is no evidence that in the case of HNO,
the resistance ry + 7y, is much smaller than rg

Tellus 45B (1993), 4
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and/or r.,, it is to be expected that in the case of
dry surfaces the leaf resistances cannot be ignored.
Note, that values of the total leaf conductance
(inverse of the total leaf resistance) of HNO, to
leaf surfaces for daytime conditions, which are
presented on one-sided and total leaf area basis,
respectively, were summarized for different tree
species by Hanson and Lindberg (1991). These
values refer to total leaf resistances which are rang-
ing from 83 s/m (Ulmus americana) to 2.5 - 10* s/m
(Pinus strobus).

Because in the case of surface wetness the effec-
tive water resistance H*r, ;<r +ry, eq. (20)
reduces to F,= —c,/ (r,+ ry,) or (see also Fowler,
1984)

1

Fot I

v4(z5) = (23)

Thus, in the wet case, the surface is behaving as
a perfect sink and all molecules arriving at the
surface are being absorbed. Since the effective
water resistances, H*r,  and H*r, g, are much
smaller than the canopy resistance for dry surfaces,
we conclude that even for small wetness factors
oy and o, 4, the canopy resistance can be
ignored. Experimental work over different types of
low vegetation (see Huebert and Robert, 1985;
Harrison et al., 1989) gives some evidence of rather
small surface resistances r, of HNO; which might
be explained by the high solubility of HNO; in
aqueous solution (see also Wesely, 1989).

2.4. Determination of sublayer Stanton number B,

Following Owen and Thomson (1963), the
molecular-turbulent resistance, r.,, related to
the quasi-neutral sublayer from z =z, to z =0 (the
foliage or the ground surface) may be expressed by
(see Kramm et al.,, 1992, and Appendix B):

u, Scr‘emr dRe, u, "
= —_ — N = B
mEE Ty Trsekyw TR

e ———E—
I(SC, RC*, r) (24)

where (u, B.)~! is introduced to account for the
diffusional transport across the viscous layer close
to the surface and B, = (Sc I(Sc, Re,,,)) ™' is the
sublayer Stanton number. The term (u, B.)~" is
known to be strongly influenced by molecular
diffusivity of the material being transferred (see
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Hicks etal, 1987). In case of vegetation and
fibrous roughness elements B '(HNO;) =725 is
proposed by Hicks et al. (1987) to give
(uyB)~'=7.25u;". (25)
An opportunity to derive B, (and so to check
B;'=17.25) is offered when eq. (23) is adopted as
being valid for HNO; vapour. Then egs. (23) and
(24) may be combined to give:

1 u
B l'=u | ——|ri+—)),

which is denoted as the residuum method. Note,
that determination of vy, =1v4(z,) (via eq. (10))
requires HNO; concentration measurements.
Further, r, + u, /u? (=u,/u for neutral and stable
conditions, L>0) is sometimes denoted in the
literature as the aerodynamic resistance r, (see,
e.g., Hicks et al., 1987).

Another approach to obtain B, is based on the
heat transfer relationship for rough surfaces
derived by Owen and Thomson (1963) (see also
Galbally, 1971; Kramm, 1989a), i.c.,

(26)

B '=yRe?, Pr", (27)
and, therefore,

_ _, [ Sc\"
B =By (E) (28)

where B, is the sublayer Stanton number for
heat, Pr is the Prandtl number for air (=0.71),
Re,, . =u,z /vis the roughness Reynolds number,
z, is the sublayer thickness, v is the kinematic
viscosity of air (~0.15-10"*m?s~ '), Sc=v/D, is
the Schmidt number (& 1.08), D, is the molecular
diffusivity of HNOj; in air (x0.14-10"*m?s~!),
and 7, m, and n are empirical quantities.

Adopting y=0.52, m=0.45, and n=0.80 (see
Owen and Thomson, 1963) it follows from egs.
(27) and (28):
Bc_l ~ 832?'45142'45, (29)
with z_ in m and u, in m s . In this contribution,
it is suggested that z, =d + z, which is a charac-
teristic height of any canopy layer.

Ignoring d for a moment and assuming z, =z, =
0.01 m (representative for many grassland field
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sites), eq. (29) reduces to B! = 10.4545* (giving
B;'=6.9 for u, = 0.4 ms~"). This formula is also
in broad agreement with B !'=102u}? (see
Businger, 1986) used by Harrison et al. (1989).
Using z,=0.01 m as a reference eq. (29) shows
that B ! increases by the factor f; = (100z,)%* for
larger z,. In case of the Manndorf wheat field site
z, was about 0.70 m giving fy~ 7.

It should be mentioned that the values of y, m,
and n proposed by Owen and Thomson are best
fit parameters for heat transfer over different
small roughness elements and are only valid for
z, = 30z,. Other wind tunnel and field experiments
suggested slightly different values of the exponents
m and n but rather large deviations for y (see
Brutsaert, 1982; Businger, 1986) which may be
caused by different z, —z, relations. Since B!
depends also on z, (see eq. 24), it is expected that
for tall fibrous canopy elements y, m, and n» may be
quite different.

3. Results and discussion

3.1. Halvergate Marshes, Norfolk, September 1989

At Halvergate near Great Yarmouth, Norfolk,
HNO, concentration was measured by AEA
Harwell at heights of 0.25m, 0.75m, 145m,
and 2.00 m using sodium fluoride coated denuder
tubes (see Dollard et al. 1990). This site is a large
expanse of drained marshland (grass, grazed
pasture), 1 m above sea level. Fetch extended
to over 1 km in most directions and provided
excellent micrometeorological conditions, but the
disposition of the field equipments restricted the
usable fetch to the westerly sector. The site receives
only small fertiliser input. However, cattle were
removed from the site 2 weeks before the field
experiment was performed (see Hargreaves et al.,
1992).

Prior to use the denuder tubes (glass tubes) were
soaked in chromic acid overnight and rinsed
thoroughly with deionised water. Each tube was
95cm in length and of id 3 mm, the uncoated
prelaminar flow region was defined by an etch
mark 15 c¢m from the inlet. The remaining 80 cm
was coated with the NaF absorbent. The coating
solution was made up in ethanol (spectrosol
grade) and was applied to the tubes after all traces
of rinsing water had been removed with pure
ethanol. Once coated the tubes were dried in a
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light stream of air from a cylinder. During all
these procedures gloves were worn to minimize
contamination. The tubes were usually made up
immediately prior to their use in profile determina-
tions.

Flow through each tube was controlled by criti-
cal orifices to 3 I/min . The exposure time varied
for each run and was decided upon on the basis of
a judgement on the likely ambient concentrations
of HNO,; (for analytical requirements) as well as
uncertainties introduced into flux measurements
made over long periods (2-3 h).

Following exposure the tubes were carefully
removed and rinsed using 5 ml of quartz destilled
water. The solutions were stored at 4°C in washed
sample pots until they were analysed. All the
denuder extracts were analysed for NO; on a
Dionex ion chromatograph.

We present here some results from the main
comparative observing periods on 19, 20 September
1989, with preference to a more detailed descrip-
tion of the micrometeorological environment, the
transport processes, and the aerodynamic profile
method (using data from IFU, ITE and AEA).

355

On September 19th two HNO, daytime (3 h)
runs were performed. The ambient meteorol-
ogical situation is indicated from Figs. 5 and 6
which show the daytime variation of net radia-
tion R,, sensible heat H, and friction velocity u,
(20 min means). The normal pattern of a fine
weather day becomes evident with R, peaking
at about 400 Wm~2 at midday. Sensible heat
fluxes reached maximum values of only about
150 W m 2 (due to a relatively large evaporation
rate from the grass indicated by Bowen ratios of
0.7 to 0.9). Friction velocity u, reached approx-
imately 0.40 ms~—! with moderate winds of 3 to
4ms~!'atz=0.50m.

Different measuring systems and methods were
utilized to obtain these results (see legends of
Figs. 5, 6). All things considered, the agreement
between the different methods was quite satisfac-
tory and gives confidence in the measurements.

Fig. 6¢c shows the transfer velocity v, with
respect to the height interval z; =0.50m and
z,=245m (lower and upper level of the ITE
Bowen ratio system) as evaluated by the energy
balance method (ITE) and the aerodynamic

HALVERGATE - 19 SEP 1989

450

energy flux (W m-2)

I 1 1 A l 1 1

12 15 18

time (GMT)

Fig. 5. Daytime variation of net radiation R, and sensible heat flux H (20 min means) over short grass (2= 0.1 m)
at Halvergate on 19 September 1989. R, measurements were performed with a Schulze-Lange type radiometer (< and
solid line, IFU) and with a Campbell Q4 net radiometer (A, ITE). H values are derived by the profile method
(+ and solid line, IFU) and by the energy balance method (V, ITE).
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HALVERGATE - 19 SEP 1989
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Fig. 6. Daytime variation of (a) friction velocity u, derived from wind and temperature profile measurements
performed by IFU (< and solid line) and AEA (A ); (b) wind speed u, at z, = 0.52 m (IFU); (c) transfer velocity v,,
according to the profile method (< and solid line, egs. (8, 11), IFU) and to the energy balance method (A, eq. (8),

ITE). Also shown: dry deposition velocity vy (at z=1.0m) for two HNO; runs (AEA) according to eq. (10).
Halvergate, 19 September 1989.

profile method (IFU). Both methods agree quite
well during most of the time with the exception of
the afternoon hours where the values obtained by
the Bowen ratio method are systematically higher.

measurement systems were separated by approxi-
mately 100 m.

HNO; deposition velocities vy of about
3.5 cm s ~! for both measuring periods (see Fig. 6¢)

Non-stationary conditions and uncertainties in
the R, — G measurements at large zenith distances
might be reasons for these discrepancies. More-
over, some of these differences may also be caused

were derived according to eq. (10) using the data
given in Table 1.

The B;' value as evaluated according to
eq. (26) (residuum method) is much smaller than

by real differences across the field since the two B.'=725 for the first run and even negative

Table 1. Data analysis for HNO; dry deposition over grassland at Halvergate on 19 September 1989
(indices 1, 2 refer to heights z,=0.50 m and z ,= 2.45 m)

(x) Ckk) (kxx)
Period u, uy vg(z=1m)c(z=1m) Ac v, (=r]") vy} T B;' B:' L
(GMT) (ms~')(ms™') (ms™') (ugm™>) (ugm™) (ms~') (sm~') (sm~') (m)
10:35-14:00 0.42 3.83 0.035 0.58 0.16 0.127¢+) 33 39 1.4 14.6 —50.0
14:41-17:41 0.26 2.58 0.034 0.47 0.24 0.066 38 66 (—39)11.8 (28.6)

(%) Egs. (24, 25); **) eq. (26); (***) eq. (29) with z, = d + z, = 0.05 m.
*) For comparison: v,, = 0.145 m/s (energy balance method, ITE).
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HALVERGATE - 20 SEP 1989 e l(th:f)
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Fig. 7. Mean profiles of wind speed u, potential temperature 6, water vapour pressure e and HNO; concentration ¢
for the measuring period 14:34-17:30 GMT at Halvergate on 20 September 1989. ITE temperature measurements are

indicated by (<). HNO; measurements were performed by AEA. Additional 20 min mean u and @ profiles are

provided for 15:00 GMT and 17:00 GMT.

(which is physically impossible, see eq. (24)) for
the 2nd run. We attribute this discrepancy mainly
to errors in the determination of the HNO,; con-
centration fraction Ac/c (with a mean precision of
the applied denuder technique being about 16 %
under field conditions, see Dollard et al., 1990).
A diminution in v4(z,) (~Ac/c) of 30%, for
example, would shift the residual B7'=1.4 to
B! =76 (other terms unchanged). Values of B!
obtained from eq. (29) are about twice as large as
B '=17.25 (according to f, ~ 2).

The other Halvergate HNO; run to be discussed
here was performed under high wind speed (5 to
7ms~! at z=10m) and near neutral (well
mixed ) conditions on 20 September.

Fig. 7 shows the mean profiles of wind speed («),
potential temperature (0), water vapour pressure

(e) and HNO; concentration (¢) over the mea-
suring period 14:34 to 17:30 GMT. Additional
u- and O-profiles (20 min means for 15:00 and
17:00 GMT) are included to evidence the 3-h
measuring interval as steady cooling period asso-
ciated with decreasing wind speed but only minor
changes of the near neutral state (ascertained
by a close agreement between IFU and ITE
temperature profiles at different stages).

The HNOj; concentration profile, which appears
to be quite logarithmic, was used to derive a
deposition velocity v, of 1.7 cm s ~! according to
eq. (10). For details of data analysis see Table 2.
The transfer velocity v, (=r;_"') was calculated
with IFU profile data (E=85Wm™% Ae=
—0.33 hPa, u,=050ms~', d=0.11m) accord-
ing to eqs. (8) and (11) to yield v, =14.1cms ™.

Table 2. Data analysis for HNO ; dry deposition over grassland at Halvergate on 20 September 1989,
14:34-17:30 GMT; (indices 1, 2 refer to heights z ,= 0.52m and z , = 1.79 m)

(*) ($%)  (4%%)
u,) u; vg(z=1m) c(z=1m) Ac ve (=r71) g, Pt Bt B! L
(ms™') (ms™') (ms7')  (pgm’) (ugm) (ms7') (sm') (smY) (m)
0.50 490 0.017 0.75 0.09 0.141 62 34 179 232

(*) Egs. (24, 25); **) eq. (26); ***) eq. (29).

Further measured and derived quantities: d=0.11 m'*), z, =0.009 m'*), E=85 W/m? Ae= —0.33 hPa (IFU),

E=~R,— G =105 W/m? (energy balance, ITE).

) For comparison: u, =0.52 m/s, d=0.10 m, z, =0.007 m (AEA).
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Unfortunately, no useful water vapour pressure
data are available from the Bowen ratio system for
this period. With f=~0 (neutral conditions),
however, a latent heat flux E= 105 W m 2 can be
estimated via eq. (16b) (ie, E~ R,—G) which
compares well with the IFU profile data.

Values of B! of 17.9 according to eq. (26) and
23.2 according to eq.(29) show a high degree
of coincidence between both methods, which,
however, should not be overrated for reasons
mentioned earlier.

3.2. Manndorf wheat field site, Lower Bavaria,
July 1990

HNO,; measurements at Manndorf near
Plattling/Lower Bavaria, 300 m above sea level
(Danube River valley, approximately 40 km
northwest of Passau) were performed by the
Istituto sull'Inquinamento Atmosferico using
annular denuder techniques with a relative preci-
sion of better than 5%. This site was a large
homogeneous wheat (Triticum aestivum L.) field (a
mature wheat canopy 0.90 to 1.10 m tall with a leaf

H. MULLER ET AL.

area index of about LAI =7, B. Huber, private
communication) which had a length of 700 m
(E-W direction) and a width of 220 m (N-S direc-
tion). The differences in levels were not more than
1.5 m across the field as a whole. The field equip-
ments were disposed along the N-S direction.
They restricted the usable fetch to the westerly
sector (approximately 400 m) and the easterly
sector (approximately 300 m; see Meixner and
Schroder, 1991).

The annular denuder equipment consisted of
two thermostated sampling units, each accomo-
dating 7 annular denuder-filter pack lines (see
Perrino et al., 1990; Possanzini et al., 1992). These
units were operated by microprocessor controlled
electronic samplers. The sampling train consisted
of two NaCl-coated denuders, a Na,CO,/glycerol
coated denuder, a citric acid-coated denuder,
a Teflon cyclone (2.5 um cut size), a Teflon filter,
a Nylon filter, and a citric acid coated filter in
sequence. The 1st 2 denuders served to measure
HNO,, the 3rd denuder removed SO,, and the
4th denuder absorbed NH;. Fine particles were

MANNDORF - 18 July 1990
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Fig. 8. Daytime variation of net radiation R, and sensible heat flux / (20 min means) at Manndorf on 18 July 1990.
R, measurements by Schulze-Lange type radiometer (<, and solid line) and by Campbell Q5 (A ) net radiometer.
H values by the profile method (+ and solid line) and by the energy balance method (V). Also shown: friction
velocity u, (profile method) and wind speed u, at z, = 1.30 m.
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collected on the front Teflon filter, whereas the
subsequent filters served to trap HNO; and NH,
arising from the dissociation of NH,NO, (see
reaction R6) volatilized from the first filter. Note,
that the concentration data of NH; and NH,NO,
measured at Manndorf were of the same order as
shown in Figs. 3 and 4. But the uncertainties in
reaction structure and reaction rate constants
mentioned earlier prevent any improvement of flux
calculations on the basis of the nitrous triad
HNO,-NH,-NH,NO,.

The two thermostated sampling units were
installed at z;, =130m (approximately 0.30 m
above vegetation), and at z, = 3.83 m. Consecutive
sampling periods of 1h were chosen to better
adjust to meteorological variability. Samples were
collected at an air flow rate of 12 1/min between
12-19 July. The relevant micrometeorological data
(20 min means) were provided by the IFU profile
mast equipment and by the IFU Bowen ratio
system (Campbell Scientific Ltd.).

The data analysis is restricted to the measure-
ments on 13-19 July with dominant westerly
(13-14, 17-19 July) and easterly winds. Deposition

359

flux estimations are based on 1h means which
were derived from the 20 min means of the relevant
micrometeorological data.

Figs. 8 to 10 show results from 18 July. The
sky was partly cloudy on this day which caused
some variability in the thermal pattern during
noon hours and prevented a stronger heating of
the canopy environment. These conditions are
mirrored in Fig. 8 where the daytime evolution of
net radiation (R,) and sensible heat flux (H)
together with friction velocity (u,) and wind speed
(u,) are shown (note the close agreement between
different experimental approaches for the R, - and
H-pattern).

Fig.9 shows a comparison between sensible
heat fluxes derived by the aerodynamic profile
method and by the energy balance (Bowen ratio)
method. The good agreement suggests that the
neglect of any (biomass-) heat storage terms in the
energy balance was a reasonable approach under
these conditions.

The evolution of HNO; concentration ¢ at
z=20m (=1 m above vegetation) was already
mentioned in the introduction to evidence a
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Fig. 9. Comparison of sensible heat fluxes by the profile and the energy balance method (06:20-18:20 CET, n =36,

u, > 1.0 m/s) at Manndorf on 18 July 1990.
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Fig. 10. Time variation of (a) HNO; concentration at z=2m (< : hourly means), O, concentration at z=4.5m
(+ : hourly means, dots: 20 min means); (b) concentration fraction Ac/c; (c) transfer velocity v, by the energy balance
method (solid line, eq. (8)) and by the profile method (+, egs. (8, 11)); (d) dry deposition velocity vy at z=2m
according to eq. (10). < : energy balance method, + : profile method. Manndorf, 18 July 1990.

photochemically induced increase of HNO; before
noon. Under these conditions deposition velocities
vq were ranging from 1.3 cm s~ ' to 4.8 cms ™! (see

~ Fig. 10). Also shown in Fig. 10 is the evolution of
concentration fraction Ac/c and transfer velocity
v, (determined by different approaches) in order
to illustrate the relative importance of Ac/c and v,,
on vg4 in eq. (10). With the turbulent transfer rate
v,, remaining nearly constant, the v4-peak value of
about 5 cm s ! is immediately recognized as being
caused by changes in the Ac/c environment. (Note,
that this value is not considered in the subsequent
complete data analysis.)

The complete data analysis is summarized in
Tables 3, 4. Values of the deposition velocity (also
determined for a height at z=2.0 m) are ranging
from 0.6 cm/s to 5.0 cm/s with an average value
(based on 26 runs) of 2.1+ 1.2cm/s. Values of
B! as evaluated by the residuum method (eq. 26)
cover a wide range from 1.7 to 24.5. Based on the
26 runs with Ac >0 (deposition), B! averages to
11.5+7.4. The B. ! values obtained from the sub-
layer transfer relationship (29) are much larger

and average to B '=41.3+6.5 (which is about
4 x larger than B! =11.5 and is explained by the
sublayer thickness z, = d + z, ~ 0.70 m resulting in
fa=7, see Subsection 2.4).

The data analysis is based on the constant flux
approach and the assumptions leading to egs.
(20) to (23). Since no direct measurements of
HNO; fluxes by eddy correlation techniques were
available (fast response HNOj sensors do not exist
at present), a validation of the modified Bowen
ratio and aerodynamic profile methods cannot be
performed on the basis of such measurements.
Therefore, in order to evaluate our estimations, the
flux-resistance relationship postulated by eq. (20)
and the associated approach (23) were examined.
Note, that the postulated linear relationship
between the flux and the mean concentration (see
eq. (20)) is only valid when flux divergence effects,
in particular caused by chemical processes, are
negligible.

Results of this examination are illustrated in
Figs. 11 to 15. It may be depicted from Figs. 11 and
12 that linearity between F_ and ¢ according to
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Table 3. Data analysis for micrometeorological quantities over mature wheat at Manndorf on July 1990

Period z, d u, H L R, DD o, * gy *
Day (CET) (cm) (cm) (cms™!) (Wm™?) (m) (Wm~2%) (deg.) (cms~!) (1072K)
13 13-14 12.6 50.9 217 115.1 -1.8 633.2 269 1.9 3.8
14-15 8.0 65.3 20.5 57.5 —-130 550.4 263 0.5 0.1
14 11-12 112 453 40.0 285.6 ~19.6 680.0 284 0.3 0.7
12-13 7.7 590 38.1 2134 ~226 683.7 281 0.3 0.6
13-14 89 50.4 40.5 1329 —~43.6 558.8 296 2.1 39
14-15 9.6 483 379 93.2 —~51.2 534.8 294 0.8 6.0
15-16 8.1 53.6 349 62.6 -~59.1 446.4 287 1.7 35
15 08-09 7.0 76.7 14.6 204 —-13.5 230.5 96 0.5 1.5
09-10 59 76.2 17.7 37.0 —-13.0 353.2 97 0.1 2.6
10-11 8.3 63.5 18.1 34.1 —15.1 4240 107 0.6 25
11-12 89 61.1 16.0 92.4 -39 508.0 165 <0.1 0.1
16 09-10 7.9 63.3 18.4 118.0 —4.6 494.1 95 1.2 33
10-11 7.1 63.8 17.9 138.7 —-36 594.0 75 0.7 2.5
11-12 8.0 71.0 22.1 1714 -5.5 647.7 303 1.8 1.7
12-13 13 67.8 27.7 102.5 -18.2 551.0 291 1.3 30
17 11-12 6.6 63.0 454 156.1 ~522 568.7 312 54 17
12-13 8.6 57.8 46.9 243 —-3704 245.3 322 43 2.8
14-15 24 76.1 399 87.1 —63.6 517.3 297 0.1 0.8
15-16 2.2 76.0 377 53 —886.3 231.2 296 0.2 23
18 07-08 7.7 62.1 324 15.1 —1973 111.8 288 23 0.8
08-09 5.1 723 326 170.1 -179 395.1 285 1.9 29
09-10 6.1 65.4 384 151.2 ~327 364.6 303 44 14
10-11 3.6 69.4 39.6 179.6 —303 571.2 293 0.1 04
12-13 33 69.2 41.2 98.2 —62.5 3799 296 0.1 09
19 08-09 6.3 71.8 28.0 41.1 —46.8 150.8 300 28 0.9
10-11 12.1 44.6 385 116.8 —42.8 256.1 293 14 19
*The “badness of fit” for wind speed, o,, and potential temperature, o,, is defined by o,=

{N"VS o v (= X.1)*} V%, where x,, ; is the measured value at the height z,, x_, is the corresponding calculated

value, and N (>2) is the number of observation levels.

eq.(20) and vy=v4(z,) and u, according to
eq. (23) (ry, and r, can be considered as functions
of u,) exists, but in both cases the scatter is large.
Since a linear relationship between vy and Ac/c,
exists with a satisfactory accuracy (see Fig. 13),
where the micrometeorological quantity v, =r""
is the proportionality factor (see eq. 10), this large
scatter is mainly due to variations in the Ac/c,
environment (the linearity between F, and ¢ shown
in Fig. 11 might be considered as an indication
that the influence of the chemical reactions R5 and
R6 is of minor significance). For example: The
relative error dv4/v4 of the deposition velocity can
be estimated according to

Tellus 45B (1993), 4

5 Ac\~! 12602+ SH\?
Cy c H
50 2) 12
2 2

(@)
where dc/c and §H/H are the relative errors with
which ¢ and H can be determined, and 60 is the
absolute error of the temperature measurements.
Expression (30) is derived from egs. (8) and (10)
on the basis of a propagation of errors treatment.
Values of dv,y/vy are listed in Table 4. Taking

the typical values dc/c=3%, 0H/H=25% and
86 =0.02 K into account, dv4/v4 is mainly affected

(30)
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Table 4. Data analysis for HNO ; dry deposition over mature wheat at Manndorf on July 1990 (index 2
refers to the height z ,= 3.83 m)

(*)

(% %)

(¥ %k)

Period ¢ Ac F, vy (z=2m) dvy/vy r, Pt B;! B!
Day (CET) (ugm™>) (pgm™>) (ugm~2s7!) (ems™') (%) (sm™') (sm™')
13 13-14 4.72 0.87 —0.1093 2.55 313 8.0 35.2 3.7 393
14-15 433 0.92 —0.0788 2.03 29.6 11.7 43.3 40 347
14 11-12 223 0.19 —0.0341 1.60 52.1 5.6 59.9 19.2 468
12-13 2.58 0.67 —0.0974 4.34 27.8 6.9 19.6 22 458
13-14 2.09 0.25 —0.0360 1.84 39.9 6.9 51.1 154 47.1
14-15 1.90 0.38 —0.0507 2.99 30.2 7.5 30.0 6.2 45.7
15-16 2.15 0.33 —0.0379 1.92 34.3 8.7 47.8 11.2 440
15 08-09 0.58 0.06 —0.0032 0.58 44.6 18.8 162.6 19.0 29.7
09-10 0.96 0.08 —0.0052 0.57 53.1 15.3 168.3 245 324
10-11 1.30 0.15 —0.0110 0.90 41.1 13.6 104.2 139 328
11-12 1.59 0.14 —0.0154 1.01 50.6 9.1 944 10.8 31.0
16  09-10 1.12 0.23 —0.0263 2.60 29.9 8.7 33.8 1.7 330
10-11 145 0.17 —0.0208 1.52 40.6 8.2 614 6.3 326
11-12 1.94 0.16 —0.0187 1.00 53.7 8.5 95.0 16.6 358
12-13 3.06 0.51 —0.0524 1.86 328 9.7 48.7 84 39.7
17 11-12 1.96 0.19 —0.0268 144 46.7 7.1 66.1 243 49.6
12-13 3n 1.17 —0.1509 491 309 7.8 16.8 26 503
14-15 292 0.62 —0.0660 2.53 29.6 9.4 348 6.2 46.8
15-16 2.23 0.53 —0.0466 2.38 63.3 114 36.5 58 45.6
18 0708 0.27 0.06 —0.0053 223 34.7 11.3 39.5 74 426
08-09 0.73 0.11 —-0.0127 1.87 346 8.7 48.8 10.1 427
09-10 0.81 0.08 —0.0101 1.32 46.0 79 72.1 219 46.0
10-11 1.07 0.27 —0.0345 3.68 280 7.8 23.3 41 460
12-13 1.19 0.13 -0.0153 1.36 428 8.5 69.0 234 474
19 08-09 0.24 0.04 —-0.0033 1.48 32.8 123 614 11.7 399
10-11 1.06 0.31 —0.0446 499 27.0 6.9 16.8 17.5 46.0
(*) Egs. (10, 23); **)eq. (26); ***) eq. (29) with z, =d + z,,.
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Fig. 11. Relationship between the calculated HNOj; flux
and the HNO; concentration measured at z,=3.83m
using annular denuder techniques (sampling periods of
1 h), according to eq. (20). R is the correlation coefficient.

friction velocity u, {ms-1}

Fig. 12. Relationship between the deposition velocity
derived for z,=3.83m and the calculated friction
velocity (hourly averages), according to eq. (23). R is the
correlation coefficient.
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Fig. 13. Relationship between the deposition velocity
derived for z,=3.83 m and the concentration fraction
(see eq. (10)). R is the correlation coefficient.

by Ac/c, and 8H/H, where for dvy/vs>36% the
influence of Ac/c, is dominant. Note, however, that
the large value of 63.3% is due to uncertainties
in the 6/A0 environment at nearly neutral con-
ditions (see Table 3).

Taking eq. (10) into account, eq. (26) can be
rearranged to

u
—1 1 .
B '=u, (rm.+—2 >,
Uy

where r, =r((Ac/c,) "' —1). Since also a rela-
tionship between u, and u, exists with a satisfac-

(31)
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Fig. 14. Relationship between the measured wind speed
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Fig. 15. Relationship between the molecular-turbulent
resistance r, and the friction velocity (hourly averages).
The solid line denotes the parameterization of r,, (see
eq. 24) with B! = 11.5 (this study), and the broken line
that with B! =7.25 (suggested by Hicks et al., 1987).

tory accuracy (see Fig. 14), the large scatter in the
B '-values can be considered as a measure of the
variability of Ac/c,, too. This holds also for r,
estimated by the residuum method (see Fig. 15).

4. Final remarks and conclusions

Based on 29 HNO,; runs at Halvergate (grass,
grazed pasture) and Manndorf (mature wheat),
the average deposition velocity v, was found to be
22+ 1.2cms~! with a range of 0.6 to 5.0cm s~ 1.
This agrees well with the results reported by
Huebert and Robert (1985), Harrison et al. (1989),
and Dollard et al. (1990).

Values of sublayer Stanton number B, were
deduced from eq. (26) assuming that deposition
is determined mainly by atmospheric transfer.
For the 26 continuous (1 h) Manndorf runs, B!
ranged from 1.7 to 24.5 with a mean value of
11.5+7.4. The large scatter was shown to be
mainly associated with variations in the concentra-
tion fraction Ac/c.

Values of B! obtained from the sublayer trans-
fer relationship (29) are considerably larger than
B;'=17.25 and those derived by the residuum
method (eq. (26)). A reason for this is that B!
(depending via the special Reynolds number Re,,, ,
on the sublayer thickness z,) has been calculated
with z_ = d + z, indeed, but in doing so the values
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of y, m, and n (derived by Owen and Thomson
(1963) for very special conditions) have been
adopted unchanged. Therefore, the discrepancy to
B '=17.25 (proposed by Hicks et al., 1987) and to
the residual values B! = 11.5 suggests that m, n,
and in particular y may be quite different for taller
vegetation (see also Chamberlain, 1968).

Our results of deposition fluxes and velocities
were derived via modified Bowen ratio and aero-
dynamic profile techniques which are based on
the constant flux approach. This procedure is
appropriate if in the absence of NH, the formation
of HNO; acid by reaction (R4) is dominant. The
linearity between the flux and the mean concen-
tration as shown here might be considered as an
indication that the influence of the chemical
reactions was of minor importance during the field
experiment at Manndorf.

Further HNO; formation by night-time che-
mistry (characterized by the NO,-N,O;-HNO,
cycle) and formation and depletion of HNO; by
reactions (R5) and (R6) may generally produce
height-dependent fluxes. In the case of transition
between nitric acid and ammonium nitrate a
dependence on height exists when the character-
istic response time of this process is of several
hundred seconds (see Figs. 3 and 4). Since,
however, neither the reaction structure nor the
reaction rate constants are well known, further
research on this transition process is necessary to
finally evaluate our (and previously published)
results.
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Appendix A

Following Kramm etal. (1991) and Kramm
etal. (1993) the flux F, at the interface atmo-
sphere—biosphere can be parameterized for low
horizontally uniform vegetation by (see Fig. 16)

¢ — H*C; 1
c= __S__*_ﬂ__(cs_ccu)
rst+H Fint Feu
(c,— H*C,, ) !
— s — )
H*rw,f v rmt.g+rsl,to!
C Cc
X (cs—rsl,tol <_SI+_LSI))a (Al)
rs rw,sl
with
ra
Fa= e A2
st 1 —aw‘[’ ( )
r¥
rint=1 “; » (A3)
T Ow,f
C2
Tt
Cy Fst Tint
VW VWY Cint
mtZ 1- Owg foliage
f.CU
WWW- * Ceu
Ow,f
—MWW——— Cy;
Tw,f

Csi Cuw.st

Fig. 16. Resistance network for the system vegetation-
soil (with reference to Kramm et al. (1993)).
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e
Teu 1 —o, f’ (A4)
rac
rw,f_o_w'r’ (AS)
rs
O e (A6)
r:,sl
rw,sl - Uw'sl’ (A7)
and
1 1 1
=——t (A8)
rsl,lo( Iy H rw,sl

Here, r% is the stomata resistance, rf¥, is the
internal resistance (see O’Dell et al., 1977), r¥ is
the cuticular resistance, r} is the resistance of
nearly dry soil, r¥ ; and r¥  are the resistances of
water (leaf wetness and soil water etc.), and o,
and o,y (0<0o, <1 for both cases) are wetness
factors representing fractional foliage surface and
fractional ground surface covered by water. The
quantities Ciy, Ceu, €q, Cy ¢ and C, 4 are the
substrate concentrations, where C,, C, and
C,, « refer to aqueous solutions, and H * is Henry’s
law constant for HNO;.

The leaf resistances are bulk resistances. In the
case of low vegetation they may be scaled accord-
ing to the unit area of the ground surface (as a first
approximation) by the leaf area index (LAI), i.e.,
r¥=rX*/LAL r} =r}X*/LAL r* =r**/LAI, and
ryi=rat/LAL where rX*, rx¥ rX* and r}¥ are
resistances expressed in terms of a unit area of
foliage surface (see, e.g., Hicks et al., 1987; Hanson
and Lindberg, 1991). The quantities rX*, rX** and
r** are dependent on the species, where r* is,
in addition, a strong function of the photosyn-
thetically active radiation (PAR). In the case of
taller vegetation and tree canopies with highly
varying leaf area density (which leads to varying
sorption conditions), it appears to be necessary to
divide the canopy layer into several foliage layers,
where for each foliage layer a resistance network
analogous to that shown in Fig. 16 can be used,
and where the exchange between the adjoining
foliage layers can be described on the basis of a
molecular-turbulent resistance similar to ry,,,
predominant for the exchange between the lowest
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foliage layer and the ground (see also Baldocchi,
1988).

It may be assumed that in the case of HNO,
deposition the quantities H*Cy,, c.,, H*C,,
and rg o (cy/ra+ Cy.q/rw.q) are small in com-
parison with the surface concentration c,. There-

fore, the flux F, may be estimated by
Fo= -2, (A9)

where the (overall) surface resistance, r, is given
by the relation

t__t 11 1
rs_rst+H*rint

+ .
*
L H rw,f rmt.g + rsl,tot

(A10)

Appendix B
The molecular-turbulent resistance, r,,, for the

layer ranging from the surface to the height z, is
given by

2 dz
= —_— Bl
Tme L D.+K, (B)

The integral expression can be split up to give

. x  dz
™ 0 Dc+Kh

21 dz
A (B2)
Here, the first integral expression describes the
diffusive transfer across the viscous sublayer
of thickness z, in the immediate vicinity of the
receptor surface and the second integral expression
characterizes the predominant turbulent transfer
across the layer z, < z< z,. Since the influence of
thermal stratification is negligible close to the
surface, the eddy diffusivity of heat can be replaced
by the eddy diffusivity of momentum for neutral
conditions (K, = u,kz), i.e.,

2 dz

1 = dz
49  (rd B3
Fimt DCL 1+K.0. 7). & (B3)



366

or

dz Uy — U,

1 (=
= B4
mt DCJ.01+ScKm/v’+ ul (B4)

r

Since the mean wind speed at the height z,
extrapolates to zero, the second term on the rhs. of
eq. (B4) is nearly equal to u,/u%. Furthermore,
using the roughness Reynolds number, Re, =

H. MULLER ET AL.

u,z/v as a dimensionless height, eq. (B4) can be
rearranged to:
Re,.. R
ad §9f __dRe, (BS)
Uy Ugdo 14+ScK,/v
Here, u, is the height-invariant friction velocity
derived for the layer z, <z < z,.
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