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Abstract

Ammonia exchange was measured over a mixed suburban forest near a rural area. An average net ammonia flux of
—90 ngm~2s~! was measured with corresponding concentration ((NH;]) and deposition velocity of 4.1 +6.5 pgm™ and
3.0+4.6cms™!, respectively. Subdivision into categories of day/nighttime, wind sector and canopy wetness helped
explain fluxes and concentrations. Net fluxes were approximately double for the wind sector exposed to high ammonia
levels and during the day. To a certain extent, fluxes (F) followed the maximum flux permitted by turbulent transfer
(Fiax), which was the highest for a dry canopy. When expressed as relative deposition flux (F/Fmaxx), @ wetted canopy
seemed to be a more efficient sink than a dry one, especially at nighttime (20—80% increase compared to dry canopy).

Of the net fluxes, 14% represented emission. Emission fluxes occurred mainly during daytime and were important in
magnitude for the high [NH3] wind sector. Emission episodes generally occurred at low ammonia concentrations
although high concentrations during dry, warm episodes were also associated with emission events.

The lower deposition efficiency and higher canopy resistance (R.) at high ammonia levels and at night were indicative of
the reduced capacity for leaf surface to retain ammonia, especially when the canopy was dry. It was found that relative
humidity (RH) and temperature (7) strongly codetermined the sink strength of the canopy. A warm and humid atmosphere
favoured ammonia uptake while conditions with low RH and T impeded rapid canopy uptake, especially at high ammonia
levels. Strong interactions between RH and 7 with the (NH3/SO,) molar ratio occurred for certain categories of canopy
wetness and day/nighttime. Canopy uptake was further optimized when this ratio was maintained within a certain range.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction agricultural activities. Ammonia emission originating
from point sources such as animal housings or livestock

Ammonia (NH3) is a large contributor to nitrogen waste storage facilities, and from ground-level area
deposition in European regions exposed to intensive sources such as manure spreading, has enhanced the
nitrogen load on semi-natural vegetation in the near- or
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Sutton, 1995; Sheppard, 2002), ammonia enhances fine
aerosol formation that contributes to turbidity and
radiative forcing (Barthelmie and Pryor, 1998; Adams
et al., 2001).

Atmospheric turbulence is considered the main rate-
determining factor in the exchange of reactive gases
between the atmosphere and vegetation. However,
several canopy properties act to determine the gradients
upon which turbulent transport can mix (Hicks et al.,
1987). The canopy sink strength seems to be variable
and is driven by physiological processes regulating
stomatal conductance and physico-chemical processes
influencing uptake at the leaf surface (Flechard et al.,
1999). Stomatal ammonia exchange is regulated by the
pH-dependent equilibrium between aqueous and gas-
eous ammonia in the substomatal cavities, determining
the direction of the net flux. The compensation point,
i.e. the ambient ammonia concentration at which the net
flux is zero, is modulated by leaf temperature (Farquhar
et al., 1980) but also depends on nitrogen status, plant
developmental stage and nitrogen absorptive or assim-
ilative processes (Schjoerring et al., 1998). With regard
to deposition to the leaf surface, the role of surface
wetness in retaining atmospheric ammonia has already
been emphasized (Erisman et al., 1993, 1994; Sutton
et al., 1994). In addition, increased attention has been
paid to leaf surface water chemistry, particularly
interactions of ammonia with other water soluble
pollutants such as SO, (Cape et al., 1998; Erisman and
Wyers, 1993; Fowler et al., 2001). Dynamic simulations
of aqueous leaf surface chemistry involving trace gas
equilibria, SO, oxidation, cation exchange and deliques-
cent salts on plant surfaces have recently been added to
models of ammonia exchange for a moorland site in
Scotland (Flechard et al., 1999).

In contrast with fertilized crops, semi-natural vegeta-
tion is generally regarded as a perfect sink for atmo-
spheric ammonia (Duyzer et al., 1992; Sutton et al.,
1993a). However, several authors (Fowler et al., 1998;
Sutton et al., 1993b, 1994; Wyers and Erisman, 1998)
reported reduced canopy uptake due to elevated
stomatal compensation points as a negative feedback
resulting from historical excess nitrogen deposition or
volatilization of ammonia from saturated leaf surfaces
in dry conditions.

This paper presents ammonia exchange characteristics
for a suburban mixed forest near a rural area in
Northern Belgium. In a first step, attention has been
paid to the role of transport resistances to the net
ammonia flux. Fluxes are compared to the maximum
flux possible for corresponding rates of turbulent
transfer across different categories of canopy wetness,
ammonia exposure and stability. Afterwards, the role of
canopy resistance (R.) is discussed. The impact of
micrometeorological variables (relative humidity (RH)
and temperature (7)) and coexistence of SO, on the R, is

examined in order to analyse factors potentially
influencing the ammonia uptake capacity of this forest
located in a polluted area.

2. Material and methods
2.1. Site characteristics

The forest under investigation is a mixed coniferous/
deciduous forest located in the Campine region of
Flanders (Belgium, 51°18'N, 4°31'E; Carrara et al.,
2003). The forest is relatively small (over 300ha) and
heterogeneous, but of even-height. It is bordered to the
North and West by residential areas of the town of
Brasschaat at a radius of ca. 500m from the measure-
ment site. To the South and East the forest extends over
2 km before turning into rural, partially forested terrain.
The landscape is a coastal plain, with a gentle (0.3%)
slope at a mean elevation of 16m. The climate is
temperate—maritime with a mean annual temperature of
9.8°C and 770 mm of annual precipitation. Winds are
predominately from the SW (>30%).

A self-supporting welded scaffolding was erected
to 40m, with a 9m? ground area and platforms at 9,
15, 18, 23, 31 and 39 m. The tower resides in a 2 ha Scots
pine (Pinus sylvestris L.) stand of the forest (planting
date: 1929) next to a level-II observation plot of the
European ICP-Forests network (EC-UN/ECE, 1996)
and also figures in the CARBOEUROFLUX research
network (http://www.bgc-jena.mpg.de/public/carboeur).
The overstory canopy is open, with a tree density of ca.
376ha~! and a mean height of 21 m. Other Scots pine
stands surround (ca. 150-300m) the measurement
tower.

The forest is situated between different pollution
climates (Fig. 1). South to westerly winds bring SO, and
NO, bearing air masses, coming from either the
petrochemical industry in the harbour of Antwerp
(15km to the W), or car emissions on the E19 highway
(2km to the S). Ammonia emission, originating either
from cattle stables or manure spreading, originates in
rural communities located approximately 10 km North
and East with an emission flux density ranging between
4 and 11ton Nkm2yr~!,

2.2. Meteorological and air pollution measurements

Atmospheric measurements were made on the tower.
Meteorological data included vertical profiles of air
temperature and humidity (psychrometer, Didcot
DTS-5A, UK) at 2, 10, 24, 32 and 40 m and wind speed
(cup anemometer, Didcot DWR-205G, UK) at 24,
32 and 40m. At the top of the tower, precipitation
(tipping bucket, Didcot DRG-51, UK) was measured.
All meteorological sensors were sampled at 0.1 Hz
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Fig. 1. Mean concentrations of NH3, NO, NO, and SO, (in
pmol m™3) for 5° wind sectors for the Brasschaat forest site
during the measuring period 1999-2001.

and stored as half-hour means on a data logger
(Campbell CR10, UK). A sonic anemometer (model
SOLENT 1012R2, Gill Instruments, UK) was deployed
on a mast above the tower, at 41m. A leaf wetness
sensor (237F, Campbell, UK) was mounted on a boom
at 19m.

An AMANDA continuous wet denuder system
(Wyers et al., 1993) was used to measure vertical profiles
of NH; concentrations at the 23- and 39-m platforms.
Continuous-flow denuders collected NH5 concentrations
from pumped ambient air (281min~") into a 3.6mM
NaHSO, absorption solution in the annulus of the
rotating denuder. A valve directed the sampled solution
(with trapped NH;") from the two denuders towards the
waste container or the heated detector (conductivity cell)
on the 23 m platform.

Vertical profiles of SO, (UV fluorescence, Thermo
Instruments, The Netherlands) and NO, (chemilumines-
cence, Ecophysics, Switzerland) concentrations included
measurements from three inlets above the canopy (24, 32
and 40m). From each inlet, air was drawn through
53.5m of tubing at 601min~' to an instrument shelter,
heated to 35°C, and filtered through a 0.5mm teflon
filter. Each inlet was sampled for 4min every 15min,
and tubing was flushed before sampling the next inlet.

2.3. Calculation of fluxes and transport resistances

Fluxes (F) were calculated from half-hourly mean
values from the Businger—Dyer flux-profile relationships
(Dyer and Hicks, 1970; Businger et al., 1971):

O[NH;]

F=-K
oz

(1

where F'is the flux (defined positive-upward) and K is the
turbulent diffusivity, calculated as:

_k(z =y

K="

2

In this formula k (the von Karman constant) is 0.4, z
is the geometric mean of the measurement heights
(29.9m), d is the zero plane displacement (= 19.2m)
inferred from wind profile measurements, and u* is the
friction velocity determined as the (negative) square root
of the kinematic momentum flux measured by eddy
covariance. In order to account for stability effects, the
universal flux-profile relationships for heat transfer (¢y,)
were applied (Dyer and Hicks, 1970). Because the
concentration measurements were made in the
roughness sublayer, turbulent diffusivities estimated
by Eq. (2) were corrected by a factor («) to allow for
wake turbulence generated above the canopy (Bosveld,
1991):

~1/2
L<0..ar(1-1652)
bn = 3)

L>0...0+ 552,

where L is the Obukhov length (Monin and Obukhov,
1954). Lacking information on temperature gradients,
the factor o was determined empirically from measure-
ments of wind profiles, momentum fluxes and the
stability parameter (z —d)/L (analogous to Eq. (3),
but for momentum). From near neutral conditions
(—=0.02<(z—d)/L<0.02) the correction factor o
was determined as 0.87. It should be noted that
heat exchange has been found to be more enhanced
in the roughness sublayer than momentum (Garratt,
1978).

The deposition velocity (vq) from the measured flux
(F) was obtained by dividing F by the geometric mean of
the concentrations c(= ,/cx3c39) from the gradient
interval z:

-F 1 1
Dd(Z) = —

== 4
c(z) R Ry+ Ry+ R @

The inverse of v4 defines the total resistance R, as the
sum of resistances associated with aerodynamic (R,),
quasi-laminar boundary layer (Rp,) and canopy (R.)
processes. The aerodynamic resistance (R,) was calcu-
lated according to Garland (1978):

1 z—d z—d Z0
Ra(z_d) ZW [ln I: o :| - lIlh( i3 ) + lPh(z):|;
(5)

where z, = roughness length (1.4m), and ,((z — d)/L)
is the integrated stability correction for heat, estimated
following Beljaars and Holtslag (1990).
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The quasi-laminar resistance Ry, is approximated by
the formulation presented by Hicks et al. (1987):

2 (S\*
Ry=—|— 6
= ( Pr) , ©)
where Sc and Pr are the Schmidt and Prandtl number,
respectively.

R. was obtained by subtracting R, and R}, from R,,
after omitting upward fluxes:
1

R.=——R, — Ry. (7
Vd

2.4. Data handling, analysis and statistics

Data were screened to exclude measurement problems
and conditions invalidating the use of flux-gradient
theory. Friction velocities below 0.1 ms~" were rejected
because of probable invalid flux-profile relationships. To
avoid non-stationarity, data were excluded for which
concentrations changes lead to half-hour changes in vq4
exceeding 0.01ms™', (Jz/c*(dc/df)]<0.01ms™"). Raw
sonic anemometer data were submitted to a quality
control program in order to reject poor quality data
(Vickers and Mahrt, 1997). Gradients were checked for
systematic bias between the two heights during episodes
of high turbulence (u*>1.5ms~") and strong rain
(>4mmh™') for which gradients were expected to drop
to zero. Unequal flow rates due to denuder malfunction
or blocked sample lines (presence of soot or pollen) lead
to biased gradients, which were omitted from the
dataset. In order to reduce the relative errors, concen-
trations below 0.1 pgm ™ were excluded. Outliers in the
data were removed, rejecting any deposition velocity
exceeding 2/R,.

In order to facilitate interpretation, net flux data were
stratified into 16 categories according to day/night
conditions, wind sector and canopy wetness. Day was
defined as global radiation exceeding 5Wm™>2 The
dataset was divided into 5° wind direction sectors, and
sectors for which averaged concentrations exceeded
S5pgm~ were pooled to a high ammonia level wind
sector. A further differentiation divided canopy wetness
into four classes: rainy conditions (rainfall measured by
pluviometer) and non-rainy conditions (no rainfall
measured by pluviometer) further subdivided into three
classes depending on plate wetness of the leaf wetness
sensor: 0% (dry); 0% <100% (wet); 100% (saturated).
Statistical differences among different categories were
tested using a Kruskal-Wallis test.

Comparison with Fuax (ch,, = c*(Ra+Rb)_]) al-
lowed examining the extent to which turbulent transfer
drives the ammonia fluxes for the different wind sector
and canopy wetness categories. Fluxes were related to
Fax (continuous variable) and wind sector (factor)

using a general linear model:
F =09+ o W+ 0o Fmax + 03 WsFmax, )

where F is the net NH; flux, W, is the wind sector
indicator (W, =0 and W,=1 for high and low
ammonia wind sector, respectively) and o, o, o and
oy are fitted parameters.

R. was further related with 7" and RH and molar
NH;3/SO, ratio. The latter was subdivided into three
classes differentiating (i) molar ratio<1: excess of SO,
over NHj3, (i) molar ratio between 1 and 5: near-
equivalent ratios (close to 2 mol NHj3:1 mol SO, to form
(NH,4),S0,, (iii) molar ratio >5: excess of ammonia
over SO,.

3. Results
3.1. Flux characteristics

During 23 non-consecutive months (1999-2001),
12,437 half-hourly mean gradients were collected. The
low temporal coverage (37%) was caused by instrument
failures, interruptions by weekly inter-calibration and
frequent maintenance activities. From these gradients
only 11,480 could be used for flux calculations because
of sonic anemometer failures. After applying the above-
mentioned rejection-criteria, 8824 fluxes were retained
for detailed analysis from which 54% concerned

Table 1
Average, daytime and nighttime characteristics of ammonia net
flux, deposition and emission episodic fluxes

Total average Daytime Nighttime
Net-flux
n 8824 4734 4090
[NHi] (ugm™)  4.146.5 42454 4.0+7.5

Flux (ug m2s7") —0.091+0.176 —0.125+0.222 —0.05340.085
vg (cms™) 3.0+4.6 3.5+45.1 24439
K (m?s7h 27+1.9 34+1.8 1.8+1.6

Deposition flux

n 7588 3912 3675

[NHi] (ngm~™>)  4.4+6.5 45+52 42+7.6
Flux (ugm~—2s™") —0.113+0.174 —0.163+0.216 —0.060+0.086

Vg (cms™h) 3.844.3 47+4.6 2.843.8
K (m?s7™") 2.6+1.9 34+18 1.8+1.6
Emission flux

n 1237 822 415
[NH5] (ugm™)  2.7+6.4 3.0+6.3 2.346.5

Flux (ugm~2s™") 0.041+£0.124  0.055+0.149  0.014+0.026
vg (cms™) —2.14+2.7 —2.4+2.7 —1.6+2.4
K (m?s7h 32+1.8 3.6+1.7 24+1.9

Data include the number of episodes (1), concentration ((NHs]),
Flux, deposition velocity (vq), and eddy diffusivity (K).



J. Neirynck et al. | Atmospheric Environment 39 (2005) 5013-5024 5017

daytime conditions (Table 1). An average net ammonia
flux of —0.091 pgm~2s~! was measured over the selected
period with corresponding concentration of 4.1+
6.5pgm™> and deposition velocity of 3.0+4.6cms™'.
Fluxes during daytime (—0.125pugm~2s~!) were more
than two times higher than those at night
(—=0.053pgm~>s~") although ammonia concentrations
were not different. The turbulent diffusivity coefficient
averaged 3.4 and 1.8m?s™! for daytime and nighttime
conditions, respectively.

To facilitate interpretation, net fluxes were sub-
divided into deposition and emission episodes. The
latter comprised 14% of all net fluxes and were

(2. 7pgm™ vs. 4.4pgm~ during deposition). Emission

occurred more frequently during daytime (66% of the
events) and was four times higher in magnitude than at
night.

A further stratification was performed based on wind
sector and canopy wetness. Wind directions were
subdivided into a western sector (sector 135-360°) with
average concentrations of about 2.4 ug m~> which can be
considered as a regional background concentration, and
an eastern sector (0-135°) exposed to NHs-enriched air
masses from the intensively managed agricultural areas
(Fig. 1). Average concentrations in the eastern sector
were of order 10pugm™> (Table 2). Net fluxes were

characterized by lower

Table 2

average

concentrations

approximately double for the high-ammonia wind

Average characteristics of net-flux and deposition episodic fluxes, and meteorological conditions for different categories of day/
nighttime, wind sector and canopy wetness

East (high ammonia)

West (low ammonia)

Dry Wet Saturated  Tot. avg.  Dry Wet Saturated  Rainy Tot. avg.
Daytime
Net-flux
n 706 220 235 1203 1623 654 729 339 3531
[NH;] (ngm™3) 10.7 6.9 5.8 8.8 3.4 2.3 1.6 1.6 2.7
Flux (ngm—2s™) —-0.261 —0.158 —0.110 —0.207 —0.134 —0.089  —0.041 —0.053  —0.097
va (cms™") 3.1 3.2 1.8 2.9 4.0 4.1 2.4 5.1 3.7
Deposition flux
n 616 196 185 1035 1336 536 566 286 2877
[NH;] (ngm™?) 10.6 7.4 6.6 9.0 3.7 2.5 1.8 1.6 2.9
[NH;] Gradient (ngm™) 96 78 87 89 43 36 23 23 36
Flux (ngm—2s™) —-0.327 —0.189 —0.152 —0.261 —-0.173  —0.114  —0.058 —0.068  —0.127
va (cms™") 4.0 3.8 3.1 3.8 5.4 5.5 3.9 6.4 5.1
u* (ms™h) 0.49 0.43 0.39 0.46 0.59 0.56 0.44 0.63 0.56
Ra+ Ry (sm™") 23.8 27.9 324 26.0 19.6 21.8 29.6 20.8 22.4
K (m?s™) 3.8 3.0 2.5 3.4 3.9 32 2.6 3.2 3.4
Fonax (ngm 2571 -0.567 —0.317 —0.279 —0.453 —-0.214 —-0.136  —0.074 —0.085  —0.160
F/Fax 0.76 0.82 0.81 0.78 0.84 0.92 0.81 0.95 0.84
Nighttime
Net-flux
n 406 138 288 894 1157 406 1014 423 3196
[NH;] (ngm™?) 14.7 7.6 8.8 11.0 2.4 2.5 1.8 1.3 2.1
Flux (ngm~2s™1) —0.106 —0.099 —0.111 —0.103 —0.051  —0.039  —0.025 —0.035  —0.038
vg (cms™") 1.2 1.3 1.9 1.5 2.6 2.2 2.3 4.6 2.6
Deposition flux
n 380 122 281 840 1003 355 911 378 2835
[NH;] (ngm™3) 14.9 8.6 8.9 11.3 2.4 2.6 1.8 1.3 2.1
[NH;] Gradient (ngm™%) 227 145 200 195 33 40 31 19 31
Flux (ngm2s71) -0.114 —-0.112  —-0.115 —0.111 —0.060 —0.046  —0.030 —0.042  —0.045
vg (cms™") 1.3 1.8 2.0 1.6 32 2.7 2.7 5.5 3.2
u* (ms™h) 0.31 0.31 0.25 0.29 0.56 0.43 0.38 0.59 0.48
R,+ R, (sm™h 66.3 54.7 62.2 62.8 31.8 43.5 46.6 244 37.6
K (m*s7h 1.0 1.3 0.8 1.0 2.4 1.8 1.5 2.7 2.0
Foax (ngm—2s7h) -0.274  —-0.205 —0.136 —0.208 —0.108  —0.084 —0.053 —0.064  —0.080
F/Frax 0.46 0.60 0.81 0.59 0.55 0.67 0.72 0.85 0.65
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sector. As such, they did not clearly reflect the larger
differences in ammonia concentrations between these
two sectors during day- and nighttime. Consequently,
the deposition velocities (vq), on the contrary, were
higher in western sector. The largest differences in
deposition velocities between wind sectors were
observed during nighttime, which was due to higher
(nocturnal) turbulent mixing (higher u* values)
measured in the western sector.

Further differentiation according to canopy wetness
yielded subcategories with average net fluxes ranging
from —0.030 to —0.260pgm~2s~! (Table 2). Dry
canopy conditions were predominant (44%), followed
by saturated and wet conditions (26% and 16%,
respectively). Rainy events constituted 9% of the dataset
and were rare for the high ammonia sector. In 5% of the
cases, no wetness characteristics were available due to
instrument failure. Within each time/sector category,
drier canopies were generally associated with substan-
tially higher ammonia concentrations and fluxes
(Table 2, Fig. 2). Differences in fluxes among canopy
wetness categories were more pronounced during day-
time (Table 2, Fig. 2B and C).

3.2. Role of turbulent transfer (R, +Ry)

When fluxes were compared with F,,,,, the maximum
achievable flux allowed by turbulence, it became
apparent that turbulent transfer was an important
determinant for the magnitude of the fluxes subdivided
into day/night, canopy wetness and wind sector classes
(Table 2). When hourly averaged net fluxes of ammonia
were compared with Fy,,,, it was concluded that peaks in
fluxes could be largely explained by the shape of the
diurnal course of Fy,x (R? low ammonia = 0.86; R* high
ammonia = 0.59). In the high ammonia sector (Fig. 2B),
for which net fluxes were substantially altered by large
emissions during daytime, a larger agreement with Fp.«
was obtained when only deposition episodes were
considered (not shown) (R?> = 0.78). The different F,
daily patterns between the considered canopy wetness
categories (broad, large curve for a dry canopy and
lower, smaller peaks for a wet and saturated canopy)
reflected differences in concentrations and also in
turbulence regime (surface heating).

The highest deposition fluxes were measured during
dry, daytime conditions from the high ammonia wind
sector (average of —0.327pugm 2s™!). These elevated
values, compared to the fluxes for a non-dry canopy,
were mainly due to enhanced turbulent diffusivities
since gradient differences were not very pronounced
as compared to concentrations (e.g. gradient dry vs.
saturated). The average Fp,.x for these conditions was
—0.567 pgm~2s~! and resulted from both lower R, + Ry,
and higher mean ammonia concentrations. The largest
emission fluxes occurred also under similar circum-
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Fig. 2. Mean diurnal course of ammonia concentrations for
wind sector exposed to high and low ammonia levels (2A), net-
fluxes (F) and maximum fluxes allowed by turbulence (Fy,x) in
the wind sector with high (2B) and low ammonia concentra-
tions (2C) for dry, wet and saturated canopy.

stances. The highest emission fluxes were reached at high
ammonia levels during dry, warm episodes (RH <60%
and 7>15°C) (Fig. 3).

Net fluxes from non-rainy events were regressed
against sector and maximum achievable flux using a
general linear model (Eq. (8), Table 3). Intercepts for
the low ammonia sector were significantly higher (o} > 0)
for most categories considered. For all daytime condi-
tions, the slope between ammonia flux and F,x was
significantly higher for the low ammonia sector (o3 >0),
denoting a more efficient deposition as compared to the
high ammonia sector (o3 + oy > o). With regard to the
impact of canopy wetness, the slope between the net
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ammonia flux and F,,, steadily increased from a dry
towards a saturated canopy for both the high and low
ammonia sector (resp. o, and o,+o3) confirming the
shift towards more efficient deposition. The differences
in deposition efficiency among sector and canopy
wetness could also be observed from the differences in
F/Fuaxx (Table 2). Differences in F/Fp,x among
canopy wetness were found to be the largest during
nighttime (20-80% versus 10% during the day).
Nocturnal F/Fmx was found to be, on average, 25%
lower compared to daytime F/Fmaxx.

3.3. Impact of micrometeorological conditions on canopy
resistance

Deviations of the flux from Fy., especially during
nighttime and for a dry canopy indicated substantial
resistance to ammonia uptake. R. for the main
categories of wind sector and canopy wetness was
substantially higher than zero, even for a non-dry
canopy (Table 4). R, were twice as high at night
compared to daytime and were also higher during
exposure to high ammonia levels. The highest median R,

1.6 S
o T >15°C/RH < 60% °
® T>15°C/RH > 60% o °
0.8 5 5
o o ©
@ o o o
0 1% Srso o PN ; e

(

o O & @o O ®
8 o o o
08 e o sgo

Flux (ug m?s™)

-1.6

Fig. 3. Dependence of ammonia flux on concentration in the
high ammonia wind sector during warm daytime conditions
with dry canopy.

Table 3

values (58sm~") were encountered for dry nighttime
conditions during high ammonia exposure.

The impact of RH and 7 on median R, was examined
for the main categories in Table 4. A warm and humid
atmosphere (high T'and RH) favoured ammonia uptake
in non-rainy conditions with daytime R. values ap-
proaching zero. Low RH, on the other hand, was not
conducive to canopy uptake, especially at high ammonia
concentrations during nighttime. For a dry canopy,
medians R, larger than 100sm~" were reached. A dry
atmosphere (low RH) led also to a strong increase in R,
for a saturated canopy during daytime under high
ammonia exposure.

Given the impact of ammonia levels on the magnitude
of R., median R. values were calculated and plotted
against the whole concentration range grouped into
percentile classes for corresponding RH/T groups
(Fig. 4). Differences in R. among RH/T groups became
more distinct at higher ammonia levels, which could also
be observed from Table 4. Although there was a clear
tendency for R, to rise at higher ammonia levels, high R,
values were also measured in the lower range of
ammonia concentrations. The strongest raise in R. to
increasing ammonia concentrations was generally
observed for cold and dry weather conditions. On the
contrary, warm and humid conditions, especially during
the day, were favourable to canopy uptake of ammonia;
R. dropped to zero during daytime and responded less
to increasing ammonia levels, implying infinite deposi-
tions sinks.

The irregular curvature of the R.-concentration
relationships suggested interference with not-accounted
variables, as the molar NH;3/SO, ratio. Significant
influence of the ratio could be found irrespective of
canopy wetness but there were strong interactions with
the RH and T of the atmosphere (Table 5). During cold
and dry weather conditions, an excess of sulphur over
ammonia (molar ratios<1) substantially improved the
surface uptake for a dry canopy (day- and nighttime).
For a saturated canopy, however, this relation was

General linear regressions coefficients of the model (Eq. (8)) relating net NH; flux (F) to F,.x and wind sector, for day- and nighttime

and for different wetness conditions

2% (ngm s ") o (ngm s % (ngm s o3 (ngm s ") n S

Daytime

Dry —0.192%** 0.066%*** 0.618%** 0.260%** 2320 0.57%%*
Wet —0.157%** 0.049%** 0.782%** 0.341%** 868 0.54%**
Saturated —0.097*** 0.050%** 1.097%%* 0.641%** 963 0.54%%*
Nighttime

Dry —0.148%** 0.040%* 0.583%** 0.216** 1557 0.55%%*
Wet —0.116%** 0.011 0.730%** 0.010 539 0.55%**
Saturated —0.106%** 0.031%** 1.108%** —0.036 1297 0.66%**

Levels of statistical significance are *P<0.05, **P<0.01 and ***P<0.001.
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Table 4

Impact of relative humidity and temperature on median canopy resistance (R.) for deposition episodic fluxes across categories of
canopy wetness and ammonia exposure (wind sector) during day and nighttime conditions (in sm™")

R. Dry Wet Saturated Rainy Total
Daytime
High ammonia 15 (98) 16 (116) 14 (111) Na (Na) 15 (102)
Low RH, T>15°C 14 11 57 Na
High RH, T>15°C 7 15 =7 Na
Low RH, T<15°C 27 21 78 Na
High RH, T'<15°C 16 19 8 Na
Low ammonia 8 (101) 6 (73) 14 (101) 7 (57) 9 (89)
Low RH, T>15°C 5 9 12 7
High RH, T>15°C 3 3 7 9
Low RH, T<15°C 15 6 17 3
High RH, T<15°C 9 5 20 8
Nighttime
High ammonia 58 (249) 29 (124) 20 (83) Na (Na) 38 (202)
Low RH, T>11°C 128 42 32 Na
High RH, T>11°C 39 19 5 Na
Low RH, T<11°C 103 76 19 Na
High RH, T<11°C 33 22 24 Na
Low ammonia 23 (114) 24 (156) 25 (117) 9 (60) 23 (115)
Low RH, T>11°C 13 17 34 10
High RH, T>11°C 15 27 21 24
Low RH, T<11°C 35 33 31 4
High RH, T<11°C 27 18 18 8

Average values of R, are given between brackets for main categories.

Thresholds for RH are based on median values of RH:

daytime: 65%, 77%, 85%, 91% for dry, wet, saturated, rainy conditions, resp.
nighttime: 78%, 85%, 90%, 94% for dry, wet, saturated, rainy conditions, resp.

Median Tis 11°C and 15°C for night and day, resp.

completely reversed; molar ratios>1 led instead to
lower R.. The prerequisite of a balanced ratio between
the two pollutants (molar ratio 1-5) to enhance the sink
strength (R. — 0) had to be fulfilled for a warm, dry
atmosphere during the day and during warm, humid
weather conditions at night (dry and wet canopy). The
same deposition pattern was also discernible for dry
canopy (high RH, high 7 during the day), wet canopy
(high RH, low T during the day) and saturated canopy
(low RH, high T at night).

4. Discussion

The results presented here are in accordance with
previous reports under similar conditions. Our estimate
of the average net flux of ammonia (—90ngm™2s™})
agrees with the estimate of —70ngm™>s~' made by
Erisman et al. (1996) using the same wet annular
denuder sampling system in a similar pollution climate.
Likewise, they exceed reported fluxes from other sites
with less ammonia loading in Denmark (Andersen et al.,

1993), the Midwestern USA (Pryor et al., 2001) and
Hungary (Horvath, 2003), where average deposition
fluxes were limited to about —20ngm™2s~".

A careful analysis of meteorological and canopy wetness
conditions has identified the conditions which correspond
to variability in ammonia deposition to this semi-urban
forest. Net fluxes were approximately double for the wind
sector exposed to high ammonia levels. For a wetted
canopy, lower daytime fluxes were observed because of
lower turbulent mixing. To a certain extent, fluxes followed
the maximum flux permitted by turbulence (F,.x) which
appeared to be the highest when the canopy was dry.
When expressed as relative deposition flux (F/Fmaxx), a
wetted canopy seemed to be a more efficient sink than a
dry one, in agreement with the observations of Andersen
et al. (1999), Duyzer et al. (1992) and Wyers and Erisman
(1998). However, even for these optimal conditions, fluxes
deviated from Fy,,x and a substantial R. was encountered
(Table 4). The highest R. values were reached in the high
ammonia wind sector, which was also reflected in lower
deposition velocities and lower F/Fyaxx compared to the
low ammonia sector (Tables 2 and 3). This explains why
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Fig. 4. Relationship between R. and ammonia concentration classes (based on percentile distribution) for different combinations of
relative humidity and temperature during day- and nighttime for dry, wet and saturated canopy.

net fluxes were not as large as might be expected from the
difference in ammonia concentration between the two
wind sectors.

Emission fluxes represented 14% of the events and
mainly occurred during daytime (66% of emission
episodes). Emissions episodes occurred mainly in the
low ammonia wind sector (82% of emission episodes)
but emission fluxes were larger in the sector exposed to

high ammonia levels. Reduced ammonia uptake was not
only related to the presence of a stomatal compensation
point, which might have contributed to emission at low
ammonia concentrations during dry events. Emission
fluxes were also observed at high ammonia levels during
dry episodes (RH <60% and 7 > 15°C) when ammonia
saturation of leaf surface could easily be reached. This
dual emission pattern is in line with findings of Andersen
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Table 5

Dependence of median R, values (in sm™') on different (NH;/SO,) ratio ranges across main categories (canopy wetness, day/
nighttime) for different combinations of relative humidity and temperature (same groups as defined in Table 4)

Dry canopy Wet canopy Saturated canopy

<1 1-5 >5 P <1 1-5 >5 P <1 1-5 >5 P
Daytime
Low RH, T>15°C 5 2 16 0.000 11 5 28 0.000 25 10 34 0.040
High RH, T>15°C 7 —1 18 0.000 9 0 -1 0.015 6 6 =7 0.779
Low RH, T<15°C 13 18 34 0.013 6 8 17 0.791 35 8 10 0.009
High RH, T'<15°C 11 13 11 0.493 12 3 20 0.001 17 14 15 0.049
Nighttime
Low RH, T>11°C 22 22 96 0.000 27 9 33 0.147 37 14 61 0.001
High RH, T>11°C 20 2 41 0.000 28 2 33 0.001 24 14 13 0.153
Low RH, T<11°C 26 92 95 0.000 38 52 44 0.445 34 26 8 0.001
High RH, T<11°C 28 48 33 0.138 17 44 18 0.165 17 14 36 0.055

P levels <0.05 are significant (Kruskal-Wallis test).

et al. (1999) who observed emissions when their Danish
site was exposed to ammonia-poor air masses brought
by marine winds but also recorded emissions during dry
conditions with relatively high ammonia concentrations
originating from land winds reflecting evaporation of
carlier deposited ammonia from a saturated surface. The
impeded leaf surface deposition at high concentrations
during dry conditions suggests the presence of micro-
scale water layers saturated with ammonia. Changes in
meteorological conditions (rise in temperature or
decrease in humidity) could readily cause a shift in
equilibrium between dissolved NH, and gaseous ammo-
nia in the leaf boundary layer and trigger emissions from
the forest canopy (Andersen et al., 1999; Wyers and
Erisman, 1998).

The occurring limitations in ammonia exchange drew
our attention to leaf surface chemistry and physical
variables controlling R.. In our study, the impact of RH
and T on R, was demonstrated in relation to ambient
ammonia levels. It was found that the canopy con-
stituted almost an infinite sink for ammonia during the
day when the atmosphere was humid and warm. Colder
and drier weather conditions were unfavourable to
ammonia uptake, which rapidly decreased at raised
ammonia concentrations. Even for a saturated canopy,
an increased R. was noticed during exposure at high
ammonia levels and low RH, suggesting that evaporat-
ing water films became less efficient sinks.

The role of RH and T in affecting R. was also
depending on the molar ratio of NH3/SO,. Even for a
dry canopy the impact of this ratio was decisive, which
was somehow surprising since leaf surface deposition
would be less likely to occur. Calculated resistances for a
dry canopy during the day (median less than 30sm™")
were below modelled stomatal resistances (median for
dry canopy was about 250sm™'). Wyers and Erisman

(1998) suggested that at an apparently dry surface,
isolated droplets or microscale layers appearing in the
stomatal vicinity could still enable ammonia uptake.
According to Burkhardt and Eiden (1994), RH in near-
stomatal regions can exceed 90% due to transpiration
whenever ambient RH is over 50%, enabling deliques-
cence of hygroscopic particles, which could contribute
to the formation of thin water films. According to
Fitzgerald (1975), aerosols will be already turned into
dissolved droplets at RH ranging from 15% to 80%.
Co-deposition dynamics between ammonia and acid
gases such as SO, are a matter of much debate (Adema
et al., 1986; Flechard et al., 1999; Van Hove et al., 1989).
Van Breemen et al. (1982) postulated the hypothesis of
mutually enhanced deposition, which was also corrobo-
rated by findings of Van Hove et al. (1989). The latter
author observed in leaf chamber experiments that
stoichiometric adsorption of both gases was strongly
enhanced at high vapour pressures in combination with
a molar ratio of 4.5. Evidence for stoichiometric-limited
adsorption (molar ratio 1-5) occurred at our site mainly
during warmer conditions (Table 5). When both gases
were near equivalent in concentration, R. was mini-
mized. There was also a decreased R, measured for a dry
canopy at colder and drier weather conditions when an
excess of sulphur over ammonia was prevailing (molar
ratio<1). The influence of SO, on the R. of NHj3 via
control of the surface pH was also noticed by Erisman
and Wyers (1993). Based on gradient measurements of
both gases at two Dutch moorlands, they concluded
that excess SO, compared to NHj (acid leaf surface)
allowed ammonia to deposit readily with R, approach-
ing zero. This behaviour, however, was not observed
over coniferous forest (Erisman et al., 1994). In some
situations, high SO, levels over agricultural crops may
even deplete NH; causing ammonia emission by the
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leaves (Sutton et al., 1994). The occurrence of decreased
R. at (NH3/SO,) ratios> 5 noticed for a water-saturated
canopy (low RH and 7) at our site might be, on the
other hand, linked to an increased leaf buffer solution.
Many authors stressed the role of surface wetness in
the deposition dynamics of both gases (Erisman and
Wyers, 1993; Sutton et al., 1993b). Larger water pools
guaranteed a larger buffer for the alkalinizing effect of
ammonia by enhancing CO, from the air to dissolve in
the liquid phase of the leaf surface (Adema et al., 1986;
Flechard et al., 1999; Van Hove et al., 1989). When the
canopy is saturated with water, the size of the water pool
or the number of water surface layers could increase,
ensuring a larger leaf buffer solution consisting of
HCO;/H,CO3. The pH-dependent limitations regulating
adsorption to a less extended water pool are, under these
conditions, probably less important and ammonia can
continue to dissolve. In this respect, (NH4)HCO; is
mentioned as a precursor which can be converted to
ammonium bisulphate in a later stage (Van Breemen
et al., 1982).

5. Conclusions

Based on this measurement campaign, deposition
patterns of ammonia at our nitrogen polluted forest site
appear to be very complex. Although flux magnitudes
are determined to a large extent by turbulence, there are
important canopy interactions that limit ammonia
exchange. The predominant role of leaf surface char-
acteristics in changing surface affinities became apparent
from the present observations and analysis. The canopy
uptake capacity is dependent on (NH3/SO,) molar-ratio-
dependent interactions with RH and 7. This confirms
the important role of leaf surface deposition in ammonia
exchange, either dominating or occurring in parallel
with stomatal pathways.

Future research should thus focus not only on
calculations of the stomatal compensation point, but
also on the degree of ammonia saturation on leaf
surfaces. Estimating the possible extent of deposition
and simulating the bidirectional flux of ammonia will
require a better estimate of canopy water storage,
calculations of the amount of ammonia accumulated
in previous events and information about leaf surface
composition or acidity (via previous acid pollutant
fluxes). Finally, the inclusion of memory effects will
require the availability of complete records, which were
not available in the present study.
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