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Abstract. Local and regional modelling of NH3 surface exchange is required to quantify nitrogen deposition to, and emissions
from, the biosphere. However, measurements and model parameterisations for many remote ecosystems—such as tropical
rainforest—remain sparse. Using one month of hourly measurements of NH3 fluxes and meteorological parameters over a
remote Amazon rainforest site (Amazon Tall Tower Observatory, ATTO), six model parameterisations based on a bi-directional,
5

single-layer, canopy compensation point resistance model were developed to simulate observations of NH3 surface exchange.
Canopy resistance was linked to either relative humidity at the canopy level (RHz00 ), vapour pressure deficit, or a parameter
+
value based on leaf wetness measurements. The ratio of apoplastic NH+
4 to H concentration, Γs , during this campaign was

inferred to be 38.5 ± 15.8. The parameterisation that reproduced the observed net exchange of NH3 most accurately was the
model that used a cuticular resistance (Rw ) parameterisation based on leaf wetness measurements and a value of Γs = 50
10

(Pearson correlation r = 0.71). Conversely, the model that performed the worst at replicating measured NH3 fluxes used an
Rw value modelled using RHz00 and the inferred value of Γs = 38.5 (r = 0.45). The results indicate that a single layer, canopy
compensation point model is appropriate for simulating NH3 fluxes from tropical rainforest during the Amazonian dry season,
and confirmed that a direct measurement of (a non-binary) leaf wetness parameter improves the ability to estimate Rw . Current
inferential methods for determining Γs were noted as having difficulties in the humid conditions present at a rainforest site.
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1

Introduction

The global cycling of nitrogen is of critical importance to Earth’s biogeochemistry. One of the major contributors to the
global atmospheric reactive nitrogen (Nr ) budget is ammonia (NH3 ), which is primarily generated from anthropogenic sources
(Galloway et al., 2003). The emission of NH3 , and the subsequent deposition of NH3 or other forms of reactive nitrogen, have
impacts on terrestrial and marine ecosystems (Erisman et al., 2013). In particular, forests can be impacted through changes to N
20

input in several ways. Fowler et al. (2013) detail how increased deposition of N can lead to increased vegetation growth rates in
forests, leading to potentially greater carbon sequestration rates. This potential positive impact, however, is offset by the effect
1
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of N saturation on forests as detailed by Nadelhoffer (2008). Here, the combined impact of disturbance to forest soil microbial
systems involved in the nitrification-denitrification cycle (Fowler et al., 2009) and damage to vegetation (Krupa, 2003) leads to a
sharp decrease in net primary productivity. Even at deposition rates well below the saturation values, atmospheric Nr deposition
25

can lead to changes in plant species composition, with implication not only on biodiversity but also ecosystem services. It is
therefore important that exchange models be developed for all major biomes to accurately simulate NH3 deposition rates to
forests to predict potential environmental consequences.
Ammonia is emitted in small quantities from (semi-)natural sources such as wild fires and the excreta of wild animals, and
also from plants as a result of non-zero NH+
4 concentrations within the leaf apoplast, and from decomposing leaf-litter; both

30

plant sources vary with the N status of the plants. Of further importance for nitrogen modelling is therefore the determination
of the extent of potential emissions from forest ecosystems and the role such NH3 emission might play in the Nr cycle within
natural forests. Once considered to be perfect sinks for ammonia (Duyzer et al., 1992), bi-directional surface exchange of
NH3 —i.e., deposition to and emission from—has been recorded in many studies of NH3 fluxes from forests (Langford and
Fehsenfeld, 1992; Neirynck and Ceulemans, 2008; Wyers and Erisman, 1998). Predominantly, this has been observed in forests
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situated close to sources of agriculturally derived Nr pollution, although Hansen et al. (2015) also observed bi-directional fluxes
over a more remote forest site.
The modelling of regional and local surface exchange of NH3 is based on parameterisations of the exchange, which remain
unverified for many biomes of global importance due to the difficulty and cost of making measurements of NH3 fluxes. Datasets
of NH3 flux measurements have mainly been limited to temperate agricultural and semi-natural ecosystems. Consequently,
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very little is known about the role of NH3 in the N cycling in remote ecosystems such as the tropics and their disturbance
through anthropogenic activity. Although Flechard et al. (2015) identified the need for NH3 surface exchange measurements
over tropical ecosystems, and over rainforests in particular, such measurements have been limited so far. Here we present recent
data from the Amazon Tall Tower Observatory site, situated in remote tropical rainforest, where NH3 fluxes were measured for
one month during the dry season of 2017 as part of a suite of species (Ramsay et al., 2020). This provides the data necessary

45

to develop site-specific parameterisations of NH3 surface exchange, with the potential for upscaling to the regional level.
The companion paper summarises the measured fluxes, including their statistics and average diurnal cycle and discusses the
uncertainties associated with the measurement.
As extensive reviews of NH3 surface exchange models are available (Flechard et al., 2015; Massad et al., 2010), only a
brief overview is provided here. Models of bi-directional NH3 surface exchange consider the control of fluxes to be analogous

50

to electrical resistances (Baldocchi, 1988; Monteith and Unsworth, 2013). Whether emission occurs from the atmosphere to
the canopy or vice versa is dependent upon the relative magnitude of ambient and canopy concentrations, with resistances
acting in series or in parallel impeding the exchange. In the simplest model of bi-directional surface exchange, all exchange
is approximated to occur via the leaf stomata situated at a single notional mean height (big-leaf approach) and is restricted by
two atmospheric resistances in series (the aerodynamic resistance and quasi laminar boundary layer resistance), in series with

55

a third (stomatal) resistance (stomatal compensation point model) (Sutton et al., 1993).

2
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Increasingly complex models include further pathways of exchange (Kruit et al., 2010), with the most important for the
current study being the canopy compensation point model, initially proposed by Sutton et al. (1995), which incorporates two
parallel pathways of exchange at the canopy level (Figure 1). In the first pathway, a stomatal compensation point (χs ) is
introduced, which represents the concentration of NH3 in the leaf stomata in (temperature dependent) equilibrium with the
60

NH+
4 and pH of the apoplastic fluid. This stomatal compensation point controls the exchange of NH3 to and from the canopy
to the leaf stomata, together with the associated stomatal resistance (Rs ). In the parallel pathway, a unidirectional deposition
flux is modelled from canopy to the leaf cuticle, with a separate cuticular resistance (Rw ) controlling deposition. In a modified
version of this model (the cuticular capacitance model), the leaf cuticle is considered to be both a sink and source for NH3
(Sutton et al., 1998). Here, the ability of water films on the leaf cuticle surface to act as a storage of previously deposited NH3 is

65

introduced as an analogue of an electrical capacitor, with emission fluxes of NH3 from the cuticle possible with the evaporation
of “charged” water films. Further models include ones which simulate the potential for soil and leaf litter below canopy to act
as emission sources of NH3 (Nemitz et al., 2000; Sutton et al., 2009). Using this existing model framework of NH3 surface

Figure 1. Schematic of the canopy compensation point model of Sutton et al. (1995). Ft , Fs , and Fw , are, respectively, the total, stomatal,
and cuticular fluxes of NH3 ; Ra , Rb , Rw , and Rs , are, respectively, the aerodynamic, quasi-laminar boundary layer, cuticular and stomatal
resistances; and χa , χc , and χs are, respectively, the atmospheric concentration of NH3 , the canopy compensation point, and the stomatal
compensation point.

exchange, in combination with new NH3 flux and meteorological data measured at a remote, tropical rainforest site, this study
aims to present a series of local model formulations forχs and Rw which accurately simulate the bi-directional fluxes of NH3
70

observed by Ramsay et al. (2020), with focus on the most suitable control metric for Rw . Statistical comparison between models

3
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is conducted, with the aim to determine which parameterisation—and hence, which of the factors controlling the formulation
of model parameters—is best able to simulate observed fluxes. Discussion includes how meteorological conditions may have
influenced model performance, and how subsequent studies of NH3 fluxes over tropical rainforest may be conducted to help
improve model performance.

75

2

Methodology

2.1

Field site description

Measurements were conducted on an 80 m walk-up tower located at the Amazon Tall Tower Observatory site (2◦ 08.6370 S,
58◦ 59.9920 W). The ATTO site lies on a level plateau 120 m above sea level, and is situated within a region of dense, undisturbed terra firme rainforest, with a mean aerodynamic canopy height of 37.5 m (Chor et al., 2017). The nearest large urban
80

centre, Manaus, Brazil, is located 150 km to the south west. A full description of the ATTO site, its permanent instrumentation
and the floristic composition of the surrounding rainforest is given in Andreae et al. (2015).
The rainforest extends homogenously for many hundreds of kilometres to the north and east, but gives way to shrub-forest
(“campina”) 5.5 km to the south, where the plateau descends to meet the Uatumã River. The flux fetch requirement for these
gradient measurements with a geometric mean height of 50.2 m as determined from the approximation given by Monteith and
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Unsworth (2013), is 5.2 km. Therefore, NH3 fluxes can be considered representative for the site. During convective daytime
conditions, the flux footprint is much shorter, typically < 2 km.
Measurements were made between 6 October and 5 November 2017, during the region’s dry season. Lasting typically from
August to November, the dry season is characterised by warmer, drier conditions in comparison to the wet season which lasts
from February to May. Air masses that arrive at the site during the dry season typically travel over some urban and agricultural
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areas located to the south and south east of the site, which can give rise to periods of elevated black carbon (BC) and carbon
monoxide (CO) concentrations (Ramsay et al., 2020; Saturno et al., 2018).
2.2
2.2.1

Measurements of ammonia and meteorological parameters
Ammonia

Ammonia was measured using the Gradient of Aerosols and Gases Online Registration system (GRAEGOR), a semi-autonomous,
95

continuous wet-chemistry instrument (ECN, The Netherlands) (Thomas et al., 2009). The GRAEGOR provides online analysis
of a suite of inorganic trace gases (NH3 , HCl, HONO, HNO3 and SO2 ) and their associated water-soluble aerosol counterparts
−
−
−
2
(NH+
4 , Cl , NO2 , NO3 and SO4 −) at two heights at hourly resolution. The instrument consists of two sample boxes, which

were set at two heights (z1 = 42 m and z2 = 60 m) on the 80 m walk-up tower, with a detector box which is connected to each
sample box located in an air conditioned container at ground level for online analysis of samples.
100

Each sample box contains a wet annular rotating denuder (WRD) connected in series to a steam jet aerosol collector (SJAC).
A short section of high-density polyethylene (HDPE) tubing connects an inlet cone covered with an HDPE insect mesh to the
4
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sample boxes of the WRDs, ensuring that losses of NH3 are minimised. The walls of each WRD are coated in a constantly
replenishing sorption solution of 18.2 MΩ double deionised (DDI) water, with 0.6 mL of H2 O2 (9.8 M) added per 10 L
of sorption solution to eliminate potential biological contamination of the WRDs. Air is drawn simultaneously through both
105

WRDs at a rate of 16.7 L min−1 , kept constant by a critical orifice downstream of the WRD. Unlike NH+
4 aerosol, gaseous NH3
diffuses through the laminar air flow onto the sorption solution coating the walls of the WRD, and the solution is subsequently
transported to the detector box at ground level for analysis.
The detector box contains a flow injection analysis unit (FIA) based on a selective ion membrane to analyse the concentration
of NH3 within the WRD samples. WRD samples are fed to the FIA unit, where NaOH (0.1 M) is first added to the sample

110

to form gaseous NH3 . The gaseous NH3 then passes through a semi-permeable polytetrafluoroethylene (PTFE) membrane
+
to enter a counterflow of DDI water to re-form NH+
4 . The temperature-corrected conductivity of NH4 is then measured in

the conductivity cell of the FIA unit, from which the atmospheric concentration of NH3 at the height from which the sample
was drawn can be determined. Through a valve control system within the detector box, the WRD sample from each height
is analysed for NH3 by FIA once per hour, resulting in an hourly-resolved concentration gradient of NH3 . The FIA unit is
115

+
calibrated autonomously using three liquid NH+
4 solutions (0, 50, and 500 ppb NH4 concentration), with the first calibration

conducted 24 h after the GRAEGOR begins measurements, and every 72 h afterwards. Fresh standards were prepared prior to
each calibration. A total of 10 autonomous calibrations were conducted during this campaign.
2.2.2

Meteorology

Wind speed (u), wind direction (wd), friction velocity (u∗ ) and sensible heat flux were measured via eddy covariance by a
120

Gill Windmaster mounted at 46 m on the 80 m walk-up tower. Relative humidity and air temperature were measured at 22 m,
36 m and 55 m using a series of Campbell HygroVUE™5 Temperature and Relatively Humidity Sensors. Net radiation and
photosynthetically active radiation were measured at 75 m by, respectively, a net radiometer (Kipp and Zonnen NR-LITE2)
and a quantum sensor (Kipp and Zonnen PAR LITE). Hourly rainfall was measured using a HS Hyquist TB4-L.
2.3

125

Modified Aerodynamic Gradient Method

In the constant flux layer over homogeneous surfaces, the flux of a chemical tracer χ can be determined using the aerodynamic
method (AGM) if the vertical concentration gradient of χ and its diffusion coefficient are known (Foken, 2008). A modified
form of the AGM, based on the vertical concentration difference (∆c ) between measurements of NH3 at 42 m and 60 m, a
series of stability parameters determined from meteorological measurements, and u∗ as measured at 46 m by eddy-covariance
(Flechard, 1998), was used to determine the flux of NH3 as:

130

Fx = −u∗ κ

ln



z2 −d
z1 −d



∂χ
− ΨH

z2 −d
L



+ ΨH

z1 −d
L

(1)



where κ = 0.41 is the von Kármán constant and d is the zero-plane displacement height, determined as 0.9hc = 33.4 m. The
integrated form of the heat stability correction term, ΨH , is included to account for deviations from the log-linear wind profile,
while the term (z-d)/L is a dimensionless measure of atmospheric stability, where L is the Obukhov length.
5
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The aerodynamic gradient method strictly holds for measurements made within the inertial sublayer. Corrections must be
135

applied to fluxes calculated using the AGM if measurements are made close to the canopy, within the roughness sublayer, as
was the case in this study. Fluxes were corrected using a correction factor, γF , whose magnitude was determined from the
stability conditions present at the time of measurement (Chor et al., 2017). The validity of this correction was confirmed via
the flux measurements of HNO3 and HCl by Ramsay et al. (2020).
2.4

140

Canopy Resistance Method

The basic resistance model that describes deposition to a non-perfectly absorbing surface approximates the ability of the surface
to regulate NH3 deposition through a canopy resistance, Rc , which can be calculated from the difference between (a) the total
resistance towards deposition (i.e., the inverse of the deposition velocity (Vd ) of NH3 at a reference height) and (b) the sum
of the atmospheric aerodynamic resistance, Ra , and the quasi-laminar boundary layer resistance, Rb , Fowler and Unsworth
(1979); Wesely et al. (1985):

145

1
− Ra (z − d) − Rb
Vd (z − d)

Rc =

(2)

Ra and Rb can be determined from Eq. (3) and (4), respectively (Garland, 1977):
Ra (z − d) =

u(z − d) ΨH (ζ) − ΨM (ζ)
−
u2∗
κu∗

(3)

−1

Rb = (Bu∗ )
150

(4)

where B is the sublayer Stanton number (Foken, 2008). However, this canopy resistance approach can only successfully
be applied if there is no bi-directional exchange. Since both emission and deposition of NH3 was observed in this study, a
bi-directional exchange model was required to simulate surface atmosphere exchange of NH3 . The simplest bi-directional
exchange model for NH3 is the static canopy compensation point (SCCP) model (Figure 1) in which the exchange between the
canopy and the atmosphere is controlled by a conceptual canopy compensation point (χc ).

155

In this SCCP model, the total surface-atmosphere exchange of NH3 (Ft ) is the sum of two constituent fluxes, the unidirectional deposition of NH3 to the cuticle surface (Fw ), and a bidirectional flux of NH3 through the leaf stomata (Fs ) (Sutton
et al., 1995):
Ft = Fw + Fs

(5)

where
160

Fw =

−χc
Rw

(6)

(χs − χc )
Rs

(7)

and
Fs =

6
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For the stomatal exchange flux, the difference between the notional mean concentration at canopy height, the canopy compensation point concentration (χc ), and the stomatal compensation point concentration (χs ) provides the numerator on the
165

right-hand-side term in Eq. (7). When χs exceeds χc , emission occurs. χs is proportional to the ratio of dissolved NH+
4 to
H+ in the leaf apoplast, which represents a dimensionless emission potential (Γ), via a temperature function that describes the
combined Henry solubility and dissociation equilibrium (Nemitz et al., 2004):


161, 500
10380
exp −
Γs
χs =
T
T

(8)

Here T is the temperature of the canopy in K.
170

The stomatal resistance, Rs , is primarily dependent on global radiation (St ), with additional potential influences from factors
such as temperature, vapour pressure deficit, and leaf and root water potentials. Here the generalised function for bulk stomatal
resistance as per (Wesely, 1989) with the parameters recommended for tropical vegetation is used to calculate the stomatal

175

resistance for NH3 (Rs (NH3 )):


2  n

−1 o
−1
Rs (NH3 ) = Ri 1 + 200 (St + 0.1)
400 Tz00 400 − Tz00

(9)

where Ri represents the minimum bulk resistance stomatal resistance for water vapour (for deciduous forest during summer:
Ri = 70 s m−1 ); St is the global radiation in W m−2 ; and Tz00 is the temperature in ◦ C at the mean canopy height.
This parallel cuticular pathway in the SCCP model treats the flux to the leaf cuticle (Fw ) to be unidirectional to a perfectly
absorbing sink, given by the ratio of the canopy compensation point (χc ) and the cuticular resistance (Rw ). Rw has been
described successfully by a number of empirically derived parameterisations in various studies as outlined by Massad et al.

180

(2010), with most using either relative humidity or water vapour pressure deficit as proxies for the ability of NH3 to absorb to
the leaf surface. The term Rw is discussed further in Section 3.4.
The canopy compensation point (χc ) is the conceptual mean concentration of NH3 inside the canopy, at which the stomatal,
cuticular and above-canopy fluxes balance each other. It is therefore dependent upon the ambient concentration of NH3 (χa )
and various physical and chemical parameters, both on the surface of the leaf and the surrounding atmosphere, as described

185

by the resistances (stomatal, cuticular, aerodynamic and quasi-laminar boundary layer) and the stomatal compensation point
previously described. In this study, χc was calculated as:
χc =

χs × Rw × (Ra + Rb ) + χa × Rw × Rs
Rw × Rs + Ra + Rb × Rw + Ra + Rb × Rs

(10)

Prompted by the observation of morning emissions of NH3 which could not be explained by stomatal exchange alone, this
model was further extended by Sutton et al. (1998) to account for bi-directional exchange with leaf surfaces, by allowing NH3
190

to be absorbed and desorbed to/from leaf water layers. The extended model calculated the NH3 holding capacity by estimating
the leaf water amount in relation to RH, which was implemented into the resistance framework by analogy to an electric
capacitor, the charge of which depended dynamically on previously deposited NH3 and tended to be released as dew dried out
in the morning. Similarly, Nemitz et al. (2001) extended the model by a second model layer to describe additional exchange
with the ground level or soil.
7
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2.5

Determination of concentrations and meteorological parameters at the aerodynamic mean canopy height

The aerodynamic resistance Ra and the quasi-laminar boundary layer Rb can be used to determine the temperature and NH3
concentration at the aerodynamic mean canopy height, z00 , if their respective values at a reference height are known (Nemitz
et al., 2009):
Tz00 = T (z − d)

H
(Ra (z − d) + Rb )
ρcp

(11)

200

χz00 = χ(z − d) + Fχ (Ra (z − d) + Rb )

(12)

The relative humidity at z00 can be determined if the saturation pressure at z00 (ε sat (z00 )) and the water vapour pressure at z00
(ε (z00 )) are known:
RHz00 =
205

ε (z00 )
× 100
εsat (z00 )

(13)

From measurements of Tz00 and RHz00 , the vapour pressure deficit (VPD) in kPa was determined.
2.6

Leaf Wetness Measurements

Leaf surface wetness was measured using a sensor array as described in Sun et al. (2016), which was based on the design
by Burkhardt and Eiden (1994). Six sensors arranged in pairs of two, each consisting of gold-plated electrodes arranged as
a clip, were each attached to a leaf situated 27 m above ground level and within the canopy surrounding the 80 m walk-up
210

tower. Each clip provided a measurement in mV that was related to the electrical conductivity between the two electrodes. Data
were recorded using a Raspberry Pi Model 2 B (Raspberry Pi Foundation, Cambridge) at a temporal resolution of one minute.
The sensor array was checked daily to ensure good contact between the clips and the leaf. Leaf wetness was measured from
6 October to 5 November 2017. Unlike conventional (binary) wetness grid sensors, this approach provides some gradation
between fully dry and fully wet canopies.

215

Raw values from each sensor pair were converted to a leaf wetness parameter value, ranging from 0 to 1, according to the
methodology outlined by Klemm et al. (2002). During periods of significant precipitation (≥0.1 mm rainfall per hour), the
leaf is considered fully wet and the raw signal from the sensor is at a maximum value. During prolonged dry periods the leaf
is considered to be dry, and the lowest recorded conductivity of the sensor pair during these periods is designated as a “zero
signal”. The net signal from each sensor pair is determined by subtracting the corresponding zero signal from the raw signal for

220

each period of data considered. The cumulative time period of precipitation is then determined from rainfall measurements. For
this study, precipitation occurred during 15% of the total campaign time. Consequently, the signal percentile for each sensor
that represents periods of precipitation was 85% in this study. Finally, the zero corrected net signals are divided by the value of
signal percentile to give a leaf wetness parameter (LWP) whose values range from 0 (dry) to 1 (wet).

8
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3
225

3.1

Results
Temperature, relative humidity, VPD and LWP at canopy

The time series of calculations of Tz00 , RHz00 and V P Dz00 , together with measurements of the leaf wetness parameter, are shown
in Figure 2. The measurements can broadly be split into four distinct periods of warmer, drier conditions and cooler, wetter
conditions. Period One, from 6 to 18 October, is typified by an average leaf wetness at the canopy of 0.7, with an average RH
of 82%, suggesting the prevalence of humid, wet conditions. Period Two extends from 19 to 25 October, where leaf wetness at
230

the canopy decreases, while VPD increases, which is paired with a drop in average RH. Conditions resume the same pattern as
Period One during Period Three, which lasts between 26 October and 1 November, but gives way to drier, warmer conditions

RH (z'0) (%)

Vapour Pressure
Leaf Wetness Deficit (z' ) (kPa)
0
Parameter

(Period Four) from 2 November until the end of the campaign. A distinct lag exists between the relative humidity at the canopy
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05/11/2017

Figure 2. Time series of (from top to bottom) vapour pressure deficit at z00 , leaf wetness parameter, relative humidity at z00 , and air temperature
at z00 throughout the period of NH3 flux measurements.

level and the leaf wetness measurements, particularly during the drier conditions from 19 to 25 October. RH minima, which
occur on average between 11:00 and 13:00, are not reflected in leaf wetness measurements until several hours later. Minima
235

leaf wetness measurements during this period are recorded between 13:00 and 16:00.
3.2

Overview of NH3 measurements

Figure 3 shows the time-series of the measured fluxes , together with model results (see below). Both (positive) emission and
(negative) deposition fluxes were recorded during the campaign, ranging from +9.5 ng m−2 s−1 to ¬30.2 ng m−2 s−1 . Figure

4 presents calculated NH3 fluxes as scatterplots for the duration of the campaign against paired canopy values of temperature

240

and relative humidity as well as the leaf wetness parameter. Shaded contour areas—from green to red for low to high density
of measurements—are added to the scatterplots to highlight temperature, relative humidity and leaf wetness conditions where
9
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measurements of NH3 fluxes were particularly concentrated. A statistical summary of linear regression models for calculated
NH3 flux and the respective parameter plotted is given for each subplot. While emission and deposition occur across the full
10
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5
0
-5
-10
-15
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12/10/2017
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Figure 3. Time series of measured ammonia fluxes and simulated values produced by three single-layer canopy resistance models: in red,
Rw = LWP, Γs = 50; in blue, Rw = VPD, Γs = 50; and in green, Rw = RH, Γs = 50. Periods of differing meteorological conditions are
divided into alternating shaded and non-shaded bands.

Figure 4. Scatterplots with line of best fit and data density shadings for NH3 flux against (from left to right) relative humidity at z00 ,
temperature at z00 , and leaf wetness parameter.

range of temperatures recorded during the campaign, with a weak correlation (R2 = 0.02; p = 0.02) in the linear regression
245

model of NH3 flux against temperature, suggesting that emissions were more likely to be observed during warmer conditions.
10
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Relative humidity appears to be a somewhat stronger driver of NH3 surface exchange behaviour (R2 = 0.08; p = 3.98 × 10−4 )
than temperature. The slope and density contours suggest that emissions are more likely as relative humidity decreases. The
strongest predictor of the three meteorological parameters investigated is the leaf wetness parameter (R2 = 0.19; p = 2.72
× 10−5 ). Emissions predominately occur during periods when leaf wetness parameter values fall below 0.5, with deposition
250

occurring predominately during periods when the leaf surface is wet (>0.6) or completely saturated (1).
3.3

Determination of stomatal compensation points and emission potentials

One of the elements of modelling of NH3 flux through the static canopy compensation point model is the stomatal flux (Fs ),
which, from Eq. (7), depends on the canopy concentration of NH3 (χc ) and the stomatal compensation point (χs ). The value
of χs is determined by the leaf surface temperature (in this study, taken as Tz00 ) and the apoplastic ratio (Γs ). If Γs is known,
255

which varies with vegetation type (Hoffmann et al., 1992; Mattsson et al., 2009), environmental stressors such as drought
(Sharp and Davies, 2009) and nitrogen nutrition (Massad et al., 2008), then χs and subsequently Fs can be modelled. The fact
that emissions at this site regularly occurred during midday (when Tz00 is at its maximum) and were related to drier, warmer
conditions (Figure 4) is consistent with the emission flux originating from the stomata.
Γs can be inferred from measurements during conditions where the NH3 surface exchange is judged to be dominated by

260

stomatal exchange, with a negligible contribution from desorption of NH3 from the leaf surface.
Under conditions where Rw is very large compared with Rs , the ambient NH3 concentration (χa ) at which a zero net flux
occurs (i.e., when the difference between χc and χs is 0) is implicitly equal to χc and χs . Therefore, if NH3 surface exchange
is driven by stomatal exchange, χs may be determined from the values of χa at which the flux changes from deposition to
emission, or vice versa (Nemitz et al., 2004). Figure 5 presents the ambient NH3 concentrations measured during the campaign

265

at which such flux sign changes occurs as a function of Tz00 , for conditions under which Rw is expected to be fairly large (RH
< 60%). Eq.(8) can therefore be rearranged to give an expression for Γs that is dependent upon Tz00 and χs , where χs can be
substituted with a value of χa at which a sign change in the flux of NH3 occurs:
Γs = 

161500
Tz0 +273
0



1

exp − T10380
0

z0 +273



1
χs

(14)



Using the values of χa measured in this campaign that are inferred to be equal to χs, the apoplastic ratio applicable to the period
270

of measurement was determined as 38.5 ± 15.8. Also shown in Figure 5 is the temperature response curve of χs consistent

with this value of Γ. Consequently, modelled values of χs based on a value of Γs = 38.5 were determined for the campaign
period, and subsequently used to determine values of χc and total modelled flux. As this value resulted in an under-prediction
of the peak emissions, an alternative, enhanced value of Γs = 50 was also explored to develop further parameterisations for
comparison. Furthermore, with this approach, all emissions from the leaf surface are implicitly considered to originate from
275

leaf stomata, rather than cuticular desorption or other potential sources of NH3 emissions, such as soil or leaf litter.
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Figure 5. Estimating the stomatal compensation point from the ambient NH3 concentrations at which the flux changed signs as a function
of the temperature at z0 0. The black dotted line shows the temperature response curve calculated using an apoplastic ratio of 38.5, while the
red dotted line shows the temperature response curve calculated using a ratio of 50.

3.4

Determination of Rw parameterisations based on three alternative proxies for leaf water volume

Considering the observed drivers for NH3 surface exchange discussed in Section 3.2, three different parameterisations for the
cuticular resistance Rw were developed for this study, based upon three alternative proxies of the NH3 holding capacity of
the leaf water layers: RHz00 , V P Dz00 , and leaf wetness. Subsequently, each parameterisation of Rw was used to develop three
280

distinct values for Fw , the unidirectional flux component of the cuticular-resistance-based single-layer model, each describing
the surface atmosphere exchange of NH3 at the ATTO site.
The first parameterisation was based on measurements of RHz00 using the following equation (Sutton et al., 1993):


100 − RH
Rw = α + exp
β1



(15)

Here, α determines the minimum cuticular resistance (which is α = 1 s m−1 ), while β1 is a constant scaling coefficient control285

ling the increase of Rw with decreasing relative humidity. The coefficients α and β1 were fitted by least-squares optimisation
between total modelled and observed values of NH3 flux taken during the campaign to arrive at values of α = 2 s m−1 and β1
= 9, which were used for modelling Rw based on RHz00 for the entirety of the campaign. The second parameterisation was
based on measurements of the vapour pressure deficit, using a formulation for Rw based upon that employed by Flechard et al.
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(1999):
290



Rw = α + β2 expγ1 (VPD)

(16)

As with the parameterisation of Rw in Eq. (15), the coefficient α is the minimum value for Rw at zero VPD, set at 2 s m−1 .
β2 and γ1 are constant scaling coefficients which, respectively, control the scaling of the exponential term and the scaling of
the vapour pressure deficit response. Through least-squares optimisation, a value of 5 was chosen for β2 and 1.7 for γ1 , for the
determination of Rw based on Eq. (16) for the entirety of the campaign.
295

Finally, a novel parameterisation for Rw based upon measurements of leaf wetness was developed for this campaign based
on least-squares optimisation:
h
i
Rw = α + β3 expγ2 (1−LW P ) −1

(17)

As with the parameterisations of Rw described in Eq. (15) and (16), α is the minimum value of Rw at maximum leaf wetness,
set at 2 s m−1 , β3 is a scaling coefficient, similar to that of the parameterisation in Eq. (16), set at a value of 5, and γ2 is a scaling

300

coefficient controlling the increase in Rw with the decrease in leaf wetness, set in this study to 4.8. With this parameterisation,
Rw approaches αfor a fully wet canopy and is capped at Rw = 605 s m−1 for a fully dry canopy.
3.5

Comparison of modelled with observed NH3 fluxes

Six discrete model runs of NH3 surface exchange were investigated, via Eqs. (5), (6) and (7), using the two values of the
apoplastic ratio (Γs = 38.5 and Γs = 50) combined with one of the three parameterisations for Rw (relative humidity RH,
305

vapour pressure deficit VPD, and leaf wetness parameter LWP) described above. These models are: a. (Rw = LWP, Γs = 38.5),
b. (Rw = LWP, Γs = 50), c. (Rw = RH, Γs = 38.5), d. (Rw = RH, Γs = 50), e. (Rw = VPD, Γs = 38.5), and f. (Rw = VPD, Γs
= 50).
Table 1 presents a summary of the model results, with average mean modelled fluxes for the overall campaign, together with
day (06:00–17:00) and night-time (18:00–05:00) average mean values for the four separate periods of the campaign discussed

310

in Section 3.1. Also presented are average mean values for calculated fluxes based on NH3 measurements during the campaign,
and the percentage of modelled values which agree in flux direction with observed values. Modelled mean values highlighted
in bold signify where the model value deviates by more than 25% from the corresponding observed mean. The models which
differ least and most from the observed values are models b and c, respectively. Models which use the calculated apoplastic
ratio of 38.5 differ more from the observed values than those which use an apoplastic ratio of 50 (near 1 standard deviation

315

from calculated). Modelled daytime values tend to differ less from their corresponding observed value in comparison to nighttime values. Modelled values during Period One have the least divergence from the observed overall (day and night), while the
greatest divergence in modelled values occurs during Period Four, particularly at night. For model b, 91% of values agree with
the observed direction of fluxes, the best performing model using this parameter. Conversely, model c values agree with only
83% of the observed direction of fluxes. Figure 3 shows the full time series of modelled NH3 fluxes from models b, d, and f

320

alongside the measured flux. In general, periods of emission and deposition are modelled well by all three models, with two
13
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Table 1. Summary of model results, with comparison to measured hourly NH3 fluxes (in ng m−2 s−1 ). Presented are the overall mean
average flux for measured and modelled NH3 fluxes, the correctness of modelled flux direction in comparison to the measured values, and
mean average values for modelled and measured NH3 fluxes during day (06:00 – 17:00) and night (18:00 – 05:00) for the four periods of the
measurement campaign. Values in bold signify average model values which differs by ± 25% from corresponding measured average value.
Overall

Correctness

Period One

Period Two

Period Three

Period Four

of direction (%)

Day

Night

Day

Night

Day

Night

Day

Night

Measured

-2.83

-

-2.80

-1.47

-3.36

-2.14

-4.74

-1.97

-6.61

-2.02

Model a. Rw , LWP, 38.5

-3.03

87.2

-3.19

-1.86

-3.33

-2.81

-4.55

-2.58

-5.99

-2.90

Model b. Rw , LWP, 50

-2.69

90.6

-2.36

-1.86

-3.25

-2.80

-3.93

-2.37

-5.94

-2.89

Model c. Rw , RH, 38.5

-3.97

82.4

-4.76

-2.45

-5.05

-3.74

-6.35

-3.52

-4.28

-2.76

Model d. Rw , RH, 50

-3.73

86.8

-4.14

-2.45

-4.15

-3.73

-5.89

-3.52

-4.22

-2.75

Model e. Rw , VPD, 38.5

-3.48

84.8

-3.45

-2.28

-3.55

-3.58

-4.62

-3.32

-5.83

-3.35

Model f. Rw , VPD, 50

-3.16

89.1

-2.64

-2.28

-2.50

-3.58

-4.01

-3.32

-5.78

-3.34

exceptions: the emission period from 12:00 to 16:00 on 30 October, where modelled fluxes suggest an earlier emission from
11:00 which lasts for fewer hours; and from 13:00 to 15:00 on 2 November, where no model predicts an emission, in contrast
to the measurements. The magnitude of modelled fluxes generally agrees well with the observed flux, although model d, which
uses an Rw parameterisation based on RH, tends to estimate smaller emissions in comparison to model f (Rw = VPD). Model
325

b (Rw = LWP) comes closest to replicating the magnitudes of the measured emissions, although as with the other two models
it underestimates the magnitude of the measured deposition.
4

Discussion

4.1

Temporal dynamics

The observed bidirectional surface exchange of NH3 from a remote tropical rainforest site was modelled using a series of
330

canopy compensation point, cuticular resistance based models using a variety of different Rw parameterisations and apoplastic
ratios.
As highlighted in the Introduction, measurements of NH3 surface exchange over natural ecosystems such as forests remain
sparse. This is particularly true for measurements over remote environments such as tropical vegetation. To our knowledge,
there have not been any direct flux measurements over tropical vegetation to date; although Trebs et al. (2004) and Adon et al.

335

(2010; 2013) derived fluxes from concentration measurements. Exchange of NH3 has been measured previously at temperate
forest sites and reported to be bi-directional: for example, Langford and Fehsenfeld (1992) noted daytime emission from a
remote forest near Boulder, Colorado; Neirynck and Ceulemans (2008) observed bidirectional NH3 exchange (with median
diel emissions recorded between 12:00 and 16:00) over a Scots Pine (Pinus sylvestris) forest in Flanders, Belgium; while Wyers
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and Erisman (1998) noted daytime emissions from Douglas Fir (Pseudotsuga menziesii) forest at Speuld in the Netherlands.
340

When using models to determine the drivers of surface exchange above forest sites, these studies often stress the importance of
cuticular desorption as a further process that dominated in the morning when emission could not have originated from stomatal
compensation points. Indeed, in the case of Neirynck and Ceulemans (2008), the static canopy compensation point model
(SCCP) was unable to simulate their observed emissions.
At ATTO, there is no indication that the single layer SCCP model was unable to reproduce the temporal dynamics of

345

the measured NH3 surface exchange. Indeed, an exploratory application of the dynamic CCP model did not result in an
improvement in model performance and therefore the modelling work here focused on the static model as a simpler approach
able to reproduce the measurements. The absence of morning desorption peaks at the ATTO forest is likely due to the small
night-time adsorption of NH3 into leaf water layers associated with the low night-time NH3 concentrations at this site. Dry
deposition of aerosol ammonium nitrate (NH4 NO3 ) is another source of volatile NH+
4 on leaf surfaces, and concentrations of

350

this compound are again typically very small in Amazonia (Wu et al., 2019). In addition, given the high RH, the water layers
may not dry out as rapidly and completely as at other sites. The measured median NH3 atmospheric concentration at the canopy
height during the measurement period was 0.23 µeq m−3 , with an estimated annual total reactive N dry deposition input of
1.74 kg N ha−1 yr−1 (Ramsay et al., 2020). This is far lower than reported by Neirynck and Ceulemans (2008) and by Wyers
and Erisman (1998), both of whose sites were subject to high levels of agricultural pollution. As noted by Massad et al. (2010)

355

and Zhang et al. (2010), higher atmospheric inputs of N to forest systems lead to an increase in the stomatal emission potential.
Conversely, with lower atmospheric NH3 concentrations, the potential for forests to act as a source of NH3 is increased, as the
likelihood of the canopy compensation point exceeding the ambient concentration increases. The low N status of the tropical
vegetation may also favour transfer of N absorbed to the cuticle into the leaf, e.g., via liquid films that extend from the cuticle
into the stomata (Burkhardt et al., 2012).

360

In general, the fluxes measured at ATTO could also be reproduced without including a further soil layer, potentially with
one exception (see below). Such a layer is needed where night-time emissions are observed that are clearly not under stomatal
control (Nemitz et al., 2000; Hansen et al., 2017).
The consistently warmer noon-time conditions at the leaf canopy during measurements at the ATTO site would also favour
stomatal exchange. An increase in leaf temperature leads to greater gas exchange through increased stomatal openings Urban

365

et al. (2017), while alterations to the Henry and dissociation equilibria would lead to a change in the stomatal compensation
point favouring increased stomatal emissions. Similarly, the unstable conditions at noon above the canopy over tropical rainforest leads to reductions in Ra , which would increase any emissions occurring at the time that were driven by stomatal exchange
(Flechard et al., 2015). In the study of forest NH3 emissions that is most similar in ambient NH3 concentrations, canopy compensation points and apoplast ratios to this study, Hansen et al. (2017) comes to a similar conclusion on the observed daytime

370

emissions from a remote, temperate forest in Indiana, USA.
+
Despite the low N inputs and apoplastic NH+
4 /H ratio, significant emission periods were observed above the ATTO site.

One driver is clearly the high daytime leaf temperature. Nevertheless, over infinitely large areas and in the absence of other
sources and sinks, the concentration in the air should adjust to the emission potential of the terrestrial landscape and, once
15
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this equilibrium is established, fluxes should go to zero. This argument has been used to assume that oceanic NH3 emissions
375

should be small. The observed flux dynamics of emission and deposition above the Amazon rainforest therefore suggest that
such steady state equilibrium is not reached. The average flux amounted to a small deposition of ¬2.8 ng m−2 s−1 suggesting

that, on average, the site receives more N as NH3 than it loses. Possible sources include small-scale farming and biomass
burning.
4.2
380

Apoplast Ratio

+
The apoplastic ratio of NH+
4 /H (Γs ) inferred from the measurements in this study was 38.5 ± 15.8; the models investigated

used either a value of 38.5 or 50 (close to one standard deviation from inferred value). Both values are significantly lower
than the majority of Γs values obtained for other forest sites. Wang et al. (2011) gives a value of Γs = 400 for green temperate

forest canopies, which is also used by Hansen et al. (2017). Massad et al. (2010) reviews a range of Γs values derived from
measurements of NH3 surface exchange over forest, which range from Γs = 27 (as measured directly through bioassay for
385

unfertilised Spruce forest, to Γ = 5604 as determined by Wyers and Erisman (1998) (1998) for a highly polluted P. menziesii)
forest. The study by Neirynck and Ceulemans (2008) used a value of 3300 in spring and 1375 in summer for a P. sylvestris
forest.
The disparity in the emission potentials between other forest sites and the tropical rainforest site at ATTO is again linked to
nitrogen input. With larger N inputs where nitrogen is deposited in excess, the stomatal concentration is increased (Schjoerring

390

et al., 1998). Consequently, at polluted areas such as the forest sites studied by Neirynck and Ceulemans (2008), apoplastic
ratios are increased, while at sites with lower N input, such as semi-natural vegetation with low ambient NH3 concentrations
(Hanstein et al., 1999), values of Γs can be as low as 5–10. The species of vegetation is also critical (Mattsson et al., 2009),
with plants which are reliant on mixed nitrogen sources (ammonium, nitrate, and organic N) and which are more reliant on
root rather than shoot assimilation of nitrogen, exhibiting lower apoplast ratios than nitrate reliant, shoot assimilating species

395

(Hoffmann et al., 1992). While the N source has not been established for the tree species constituting the canopy layer at the
ATTO site, a nitrogen-poor soil substrate would potentially impact on overall apoplastic ratio through diminished intracellular
NH+
4 concentrations. Considering this possibility, the value of 38.5 which was inferred from measurements lies comfortably in
the range of Γs values exhibited by semi-natural vegetation with low N inputs, and in the lower range of overall forest values
quoted by Massad et al. (2010).

400

4.3

Model Performance with respect to Rw parameterisation

An assessment of the performance of the individual parameterisations against calculated NH3 fluxes is included in Figure
6, which displays the results of simple linear regression models for the simulated values of each NH3 flux model against
observed NH3 fluxes. With regards to the Pearson correlation coefficient (r), the rank of models from most strongly correlated
with observed NH3 fluxes to least correlated is model b, model a, model f, model e, model d, model c. The Rw parameterisation
405

was a stronger determinant of model-measurement correlation than the choice of Γ. Correlation with measurements is highest
for the models using an Rw based upon LWP, followed by those which use VPD and finally RH. Within each grouping, models
16
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using Γ = 50 provide simulated values that have a better correlated fit with observed values than Γ = 38.5. Overall model
performance is in many ways more sensitive to Rw than Γ as is apparent from the Taylor diagram (Figure 7) which summarises
in one diagram the three complementary model-measurement performance statistics of (i) correlation coefficient (r), (ii) centred
410

root mean squared error (RMSE), and (iii) within-model and within-measurement standard deviations (SD) (Taylor, 2001). The
statistical metrics visualised in Figure 7 are summarised in Table 2. The standard deviation in the observed flux dataset is 3.65

Linear fit
1:1 line

a. Rw = LWP, Γs = 38.5

b. Rw = LWP, Γs = 50

c. Rw = RH, Γs = 38.5
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Figure 6. Linear regressions between measured NH3 fluxes and six models (a–f) of NH3 fluxes differing in the approach used to derive a
value for the cuticular resistance Rw and in the value used for the apoplastic ratio Γ, as noted above each panel.

ng m−2 s−1 . The model that comes closest to replicating this same variability is model b (2.65 ng m−2 s−1 ), with model e (2.24
ng m−2 s−1 ) replicating observed values least well, although the overall range between model standard deviation is broadly
similar. It should be borne in mind, however, that the standard deviation of the measured flux includes measurement uncertainty
415

in addition to real variability. With regards to r, model b simulated values produce the highest correlation with the observed
values at r = 0.71, in comparison to model c, which performs the worst at r = 0.45. Finally, the model with the lowest root mean
square error from the observed is model b at 2.79 ng m−2 s−1 , with the highest error found in model c, at 3.31 ng m−2 s−1 .
Therefore, from these values and the ability of the parameterisations to reproduce the measured average fluxes (Table 1) it can
be concluded that parameterisation b, in which the value Rw is parametrised using leaf wetness parameter values and where the

420

apoplastic ratio is set to 50, is the best performing model in simulating NH3 surface-atmosphere exchange at the ATTO site,
17
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Figure 7. A Taylor diagram summarising the statistical comparisons between the modelled NH3 fluxes from the six models a–f described in
the text and the measured NH3 fluxes.

Table 2. Summary of model statistical performance (correlation coefficient R, centred root mean square error, and standard deviation) as
presented in Figure 7.
R

RMSE

Standard Deviation within

(ng m−2 s−1 )

model (ng m−2 s−1 )

Model a. Rw , LWP, Γ = 38.5

0.69

2.81

2.49

Model b. Rw , LWP, Γ = 50

0.71

2.79

2.65

Model c. Rw , RH, Γ = 38.5

0.45

3.31

2.60

Model d. Rw , RH, Γ = 50

0.46

3.27

2.62

Model e. Rw , VPD, Γ = 38.5

0.62

2.92

2.24

Model f. Rw , VPD, Γ = 50

0.64

2.90

2.49

empirical, it is not surprising that it appears to reflect the actual leaf water amount more closely than the proxies via VPD and
RH. All three parameters should be closely linked. Even after optimisation of the models, however, extensive differences in
18
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model output remain, principally between leaf wetness parameter and RH. Figure 8 presents a scatter plot of leaf wetness
425

measurements against RH normalised to the canopy height. The relationship between them is best described through a power
equation, which suggests that leaf wetness decreases more sharply than RH across the campaign. Indeed, Figure 2 shows a
distinct lag between observed RH (as well as VPD) and the leaf wetness parameter. While RH minima are detected between
11:00 and 13:00, and ranges in a fairly narrow band between 100% and 80%, leaf wetness reaches minima between 13:00 to
16:00, and can decrease significantly, particularly during Period Two of the campaign. Overall, the results indicate that there
1.0
-8

LWP = 9 * 10 (RH(z'0)

3.52

)

Leaf Wetness Parameter

0.8

0.6

0.4

0.2

0.0
40

50

60

70

80

90

100

RH (z'0) (%)

Figure 8. Scatter plot of hourly leaf wetness parameter and relative humidity z00 measurements taken during campaign, with a fitted power
relationship.
430

is significant value for interpreting field measurements in making direct measurements of leaf wetness using leaf wetness clip
sensors of the type used here. However, such a parameter is not typically available in chemistry transport models, in which
case the results here would favour VPD-based parameterisations over RH based parameterisations.
4.4

Model Performance with respect to the choice of stomatal emission potential

As is visually apparent in Figure 7, the influence of the apoplastic ratio is relatively minimal for reproducing flux variability in
435

comparison to the effect of Rw parameterisation over the Γs range explored (38.5 to 50). However, the choice of Γ does affect
the model’s ability to reproduce the overall magnitude of the fluxes during daytime (Table 2).
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Models that used the Γs value of 50 (b, d and f) simulated values better in agreement with observations in comparison to
their paired Rw models (respectively, a, c, and e) which used the value of 38.5. In particular, the use of 38.5 as a value led to
models underestimating the scale of the emissions.
440

The discrepancy highlights a potential problem with using the method of inferring Γs as outlined in Section 3.3 in tropical
conditions. As outlined by Nemitz et al. (2004), the validity of equating χa to χc only holds for dry conditions (e.g. RH <
50%), when Rw can reliably be expected to be large. At higher humidity values, leaf cuticles may start to become a small sink
and χc becomes an underestimate of χs . At the ATTO site, where median humidity at the canopy level throughout the campaign
was 87%, with only a few occurrences during the drier Periods Two and Four where it fell below 60%, this approach of inferring

445

Γs from NH3 measurements was likely affected. However, the impact does not appear to have completely invalidated the use
of the method, as the somewhat larger value of 50 that resulted in models with best agreement still lies within one standard
deviation of the inferred Γs value. However, while suitable for this campaign in modelling NH3 surface exchange, the need for
an accurate determination of apoplastic ratio for tropical rainforest remains an important concern, particularly for larger scale
surface exchange models.

450

4.5

Temporal variability in model performance

Modelled values diverge significantly from observations at several points during the campaign. In particular, on 30 October
every model predicts an earlier, less sustained emission in comparison to the observation, while on 2 November, no model
predicts any emission, contrary to observations, which suggest a strong emission of NH3 from 13:00 to 15:00. With regards
to the divergence in models from the observations on 2 November, the possibility of other sources of NH3 emission could be
455

considered that would not be accounted for using the single layer model. For example, from the evening of 31 October to the
early morning of 2 November, heavy periods of precipitation were recorded, coupled with increased deposition fluxes of NH3
on 1 November. Increased wet deposition of N through NH+
4 in rainwater and washed from the canopy (Nemitz et al., 2000)
to the forest floor or the higher soil moisture itself could have led to an increase in soil or leaf litter microbial activity below
canopy. Subsequent drying of the soil and leaf litter throughout 2 November might have led to an evaporation of NH3 from

460

the litter or soil layer from the forest floor (Hansen et al., 2017), leading to observed emissions of NH3 in the afternoon. This
potential scenario would not be modelled with the single layer canopy resistance model, and consequently models would not
capture this source of emission.
Average modelled values for daytime tended to agree better with their corresponding period of observations than night-time
values. Overall, the six models tended to overestimate nocturnal NH3 deposition, particularly during Period Two and Four

465

when all six models overestimated the average deposition by more than 25% from the corresponding average observations. Of
course, the flux measurement itself is not without error, especially during the calmer and more stable night-time conditions.
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5

Conclusions

Observations of the bi-directional surface-atmosphere exchange of NH3 at a tropical rainforest site have been successfully
replicated using a static single-layer resistance model. Application of a capacitance model that additionally incorporates the
470

process of cuticular desorption did not lead to improved model results, suggesting that the emission periods were under stomatal
control. This is in contrast with past studies above temperate forests in areas with high ambient NH3 concentrations where
clear desorption events were observed following sunrise. Models that used a single layer canopy resistance approach, where
the cuticular resistance was governed either by RH, VPD or a measurement of leaf wetness, were able to replicate the pattern
of observed NH3 deposition with frequent periods of afternoon emissions. Of all the models used, the most successful was a

475

cuticular resistance modelling approach based on using leaf wetness measurements, and where modelled χc was governed by
+
an apoplast Γ = NH+
4 /H ratio of 50, somewhat larger than the mean inferred from the measurements.

The periods when the most frequent emissions of NH3 occurred, and which were most successfully modelled by cuticular
resistance models, are typified by conditions that diverge from the overall expected climate, i.e., above-average temperatures,
and below average relative humidity. This campaign took place in the dry season, and so comparison with the surface exchange
480

of NH3 during the wet season would be a necessary first step in determining if stomatal exchange is the principal driver of NH3
surface exchange throughout the year. Long-term observations would also be required to determine whether the temperature
increases, drought conditions and elevated ambient NH3 concentrations that are anticipated from climate change and human
development over this region have any impact on NH3 surface exchange; and whether prolonged reactive nitrogen input from
biomass burning activities raise compensation points.
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One outcome of this study has been to establish the suitability of leaf wetness measurements, converted to a suitable parameter, as a factor for modelling cuticular resistance in NH3 surface exchange modelling. Leaf wetness measurements, albeit
from wetness grid sensors, have been used previously in NH3 modelling, but these were first converted to an associated value
of RH before being used in RH-based Rw parameterisations. Using leaf contact sensors, this study demonstrates that leaf
wetness can be used directly, with a Rw parameterisation that here proved to be the most sensitive and accurate in simulating

490

cuticular NH3 exchange. However, VPD may be the parameter of choice for chemistry transport models because it is more
readily simulated.
A Γ value of 50 led to the best modelling of χc values, and hence to the best fit with observed values. While within one
standard deviation from the initially inferred value of 38.5, this did highlight that the method used to infer apoplastic ratio perhaps suffered under the high humidity conditions present at the rainforest site. An accurate determination of emission potential
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for this region is required for global scale modelling, necessitating accurate measurements of apoplast ratio. Future studies of
NH3 surface exchange above rainforest should therefore seek to incorporate accurate determinations of leaf apoplastic ratio as
a necessary part of their methodology.
Some periods of divergence between the models and observed values highlight that other sources of NH3 surface exchange
(such as soil or leaf litter exchange) should be incorporated into future investigation, while also emphasising the difficulty
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in measuring and modelling NH3 surface exchange in remote, challenging conditions. A complete understanding of NH3
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surface exchange dynamics at rainforest sites will require a full suite of instruments measurements, incorporating in-canopy
measurements of NH3 concentration gradients, trunk space flux measurements, and characterisation of leaf and soil NH+
4
pools.

Author contributions. RR and CFDM took the measurements of NH3 . Data was processed by RR, CFDM, EN, MS and MH. Meteorological
505

data used in the campaign was taken by MSá and AA. Leaf wetness measurements were taken byMS and RR. RR undertook the modelling of
NH3 with guidance from EN and aid from CFDM, MS and MH. RR wrote the manuscript, with subsequent contributions from all co-authors.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. RR acknowledges studentship funding jointly from the Max Planck Institute for Chemistry and the University of Edinburgh School of Chemistry. CDM, EN and the GRAEGOR instrument were supported through National Capability funding from the
510

UK Natural Environmental Research Council (NERC), including through the UK-SCAPE project (NE/R016429/1) . We thank the Instituto
Nacional de Pesquisas da Amazonia (INPA) and the Max Planck Society for continuous support. We acknowledge the support by the German Federal Ministry of Education and Research (BMBF contracts 01LB1001A and 01LK1602B) and the Brazilian Ministério da Ciência,
Tecnologia e Inovação (MCTI/FINEP contract 01.11.01248.00) as well as the Amazon State University (UEA), FAPEAM, LBA/INPA and
SDS/CEUC/RDS-Uatumã).

22

https://doi.org/10.5194/bg-2020-219
Preprint. Discussion started: 22 July 2020
c Author(s) 2020. CC BY 4.0 License.

515

References
Adon, M., Galy-Lacaux, C., Yoboué, V., Delon, C., Lacaux, J. P., Castera, P., Gardrat, E., Pienaar, J., Al Ourabi, H., Laouali, D., Diop, B.,
Sigha-Nkamdjou, L., Akpo, A., Tathy, J. P., Lavenu, F., and Mougin, E.: Long term measurements of sulfur dioxide, nitrogen dioxide, ammonia, nitric acid and ozone in Africa using passive samplers, Atmos. Chem. Phys., 10, 7467–7487, https://doi.org/10.5194/acp-10-74672010, https://www.atmos-chem-phys.net/10/7467/2010/https://www.atmos-chem-phys.net/10/7467/2010/acp-10-7467-2010.pdf, 2010.

520

Adon, M., Galy-Lacaux, C., Delon, C., Yoboue, V., Solmon, F., and Kaptue Tchuente, A. T.: Dry deposition of nitrogen compounds
(NO2 , HNO3 , NH3 ), sulfur dioxide and ozone in west and central African ecosystems using the inferential method, Atmos. Chem.
Phys., 13, 11 351–11 374, https://doi.org/10.5194/acp-13-11351-2013, https://www.atmos-chem-phys.net/13/11351/2013/https://www.
atmos-chem-phys.net/13/11351/2013/acp-13-11351-2013.pdf, 2013.
Andreae, M. O., Acevedo, O. C., Araùjo, A., Artaxo, P., Barbosa, C. G. G., Barbosa, H. M. J., Brito, J., Carbone, S., Chi, X., Cin-

525

tra, B. B. L., da Silva, N. F., Dias, N. L., Dias-Júnior, C. Q., Ditas, F., Ditz, R., Godoi, A. F. L., Godoi, R. H. M., Heimann, M.,
Hoffmann, T., Kesselmeier, J., Könemann, T., Krüger, M. L., Lavric, J. V., Manzi, A. O., Lopes, A. P., Martins, D. L., Mikhailov,
E. F., Moran-Zuloaga, D., Nelson, B. W., Nölscher, A. C., Santos Nogueira, D., Piedade, M. T. F., Pöhlker, C., Pöschl, U., Quesada,
C. A., Rizzo, L. V., Ro, C.-U., Ruckteschler, N., Sá, L. D. A., de Oliveira Sá, M., Sales, C. B., dos Santos, R. M. N., Saturno, J.,
Schöngart, J., Sörgel, M., de Souza, C. M., de Souza, R. A. F., Su, H., Targhetta, N., Tóta, J., Trebs, I., Trumbore, S., van Eijck, A.,

530

Walter, D., Wang, Z., Weber, B., Williams, J., Winderlich, J., Wittmann, F., Wolff, S., and Yáñez-Serrano, A. M.: The Amazon Tall
Tower Observatory (ATTO): overview of pilot measurements on ecosystem ecology, meteorology, trace gases, and aerosols, Atmos.
Chem. Phys., 15, 10 723–10 776, https://doi.org/10.5194/acp-15-10723-2015, https://www.atmos-chem-phys.net/15/10723/2015/https:
//www.atmos-chem-phys.net/15/10723/2015/acp-15-10723-2015.pdf, 2015.
Baldocchi, D.: A Multi-layer model for estimating sulfur dioxide deposition to a deciduous oak forest canopy, Atmospheric Environ-

535

ment (1967), 22, 869–884, https://doi.org/https://doi.org/10.1016/0004-6981(88)90264-8, http://www.sciencedirect.com/science/article/
pii/0004698188902648, 1988.
Burkhardt, J. and Eiden, R.: Thin water films on coniferous needles: A new device for the study of water vapour condensation and gaseous
deposition to plant surfaces and particle samples, Atmospheric Environment, 28, 2001–2011, https://doi.org/https://doi.org/10.1016/13522310(94)90469-3, http://www.sciencedirect.com/science/article/pii/1352231094904693, 1994.

540

Burkhardt, J., Basi, S., Pariyar, S., and Hunsche, M.: Stomatal penetration by aqueous solutions – an update involving leaf surface particles,
New Phytologist, 196, 774–787, https://doi.org/10.1111/j.1469-8137.2012.04307.x, https://doi.org/10.1111/j.1469-8137.2012.04307.x,
2012.
Chor, T. L., Dias, N. L., Araújo, A., Wolff, S., Zahn, E., Manzi, A., Trebs, I., Sá, M. O., Teixeira, P. R., and Sörgel, M.:
Flux-variance and flux-gradient relationships in the roughness sublayer over the Amazon forest, Agricultural and Forest Meteo-

545

rology, 239, 213–222, https://doi.org/https://doi.org/10.1016/j.agrformet.2017.03.009, http://www.sciencedirect.com/science/article/pii/
S0168192317301144, 2017.
Duyzer, J. H., Verhagen, H. L. M., Weststrate, J. H., and Bosveld, F. C.: Measurement of the dry deposition flux of NH3 on to coniferous
forest, Environmental Pollution, 75, 3–13, https://doi.org/https://doi.org/10.1016/0269-7491(92)90050-K, http://www.sciencedirect.com/
science/article/pii/026974919290050K, 1992.

550

Erisman, J. W., Galloway, J. N., Seitzinger, S., Bleeker, A., Dise, N. B., Roxana Petrescu, A. M., Leach, A. M., and de Vries, W.: Consequences of human modification of the global nitrogen cycle, Philosophical Transactions of the Royal Society B: Biological Sci-

23

https://doi.org/10.5194/bg-2020-219
Preprint. Discussion started: 22 July 2020
c Author(s) 2020. CC BY 4.0 License.

ences, 368, 20130 116–20130 116, https://doi.org/10.1098/rstb.2013.0116, https://www.ncbi.nlm.nih.gov/pubmed/23713116https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC3682738/http://rstb.royalsocietypublishing.org/cgi/doi/10.1098/rstb.2013.0116, 2013.
Flechard, C.: Turbulent exchange of ammonia above vegetation, Ph.D. thesis, University of Nottingham, 1998.
555

Flechard, C. R., Fowler, D., Sutton, M. A., and Cape, J. N.: A dynamic chemical model of bi-directional ammonia exchange
between semi-natural vegetation and the atmosphere, Quarterly Journal of the Royal Meteorological Society, 125, 2611–2641,
https://doi.org/10.1002/qj.49712555914, https://doi.org/10.1002/qj.49712555914, 1999.
Flechard, C. R., Massad, R. S., Loubet, B., Personne, E., Simpson, D., Bash, J. O., Cooter, E. J., Nemitz, E., and Sutton, M. A.: Advances
in understanding, models and parameterizations of biosphere-atmosphere ammonia exchange, in: Review and Integration of Biosphere-

560

Atmosphere Modelling of Reactive Trace Gases and Volatile Aerosols, edited by Massad, R.-S. and Loubet, B., pp. 11–84, Springer
Netherlands, Dordrecht, https://doi.org/10.1007/9789401772853, https://doi.org/10.1007/978-94-017-7285-3{_}2, 2015.
Foken, T.: Micrometeorology, Springer Berlin Heidelberg, Berlin, Heidelberg, https://doi.org/10.1007/978-3-540-74666-9, http://link.
springer.com/10.1007/978-3-540-74666-9, 2008.
Fowler, D. and Unsworth, M. H.: Turbulent transfer of sulphur dioxide to a wheat crop, Quarterly Journal of the Royal Meteorological

565

Society, 105, 767–783, https://doi.org/10.1002/qj.49710544603, https://doi.org/10.1002/qj.49710544603, 1979.
Fowler, D., Pilegaard, K., Sutton, M. A., Ambus, P., Raivonen, M., Duyzer, J., Simpson, D., Fagerli, H., Fuzzi, S., Schjoerring,
J. K., Granier, C., Neftel, A., Isaksen, I. S. A., Laj, P., Maione, M., Monks, P. S., Burkhardt, J., Daemmgen, U., Neirynck, J.,
Personne, E., Wichink-Kruit, R., Butterbach-Bahl, K., Flechard, C., Tuovinen, J. P., Coyle, M., Gerosa, G., Loubet, B., Altimir,
N., Gruenhage, L., Ammann, C., Cieslik, S., Paoletti, E., Mikkelsen, T. N., Ro-Poulsen, H., Cellier, P., Cape, J. N., Horváth, L.,

570

Loreto, F., Niinemets, Ü., Palmer, P. I., Rinne, J., Misztal, P., Nemitz, E., Nilsson, D., Pryor, S., Gallagher, M. W., Vesala, T.,
Skiba, U., Brüggemann, N., Zechmeister-Boltenstern, S., Williams, J., O’Dowd, C., Facchini, M. C., de Leeuw, G., Flossman, A.,
Chaumerliac, N., and Erisman, J. W.: Atmospheric composition change: Ecosystems–Atmosphere interactions, Atmospheric Environment, 43, 5193–5267, https://doi.org/https://doi.org/10.1016/j.atmosenv.2009.07.068, http://www.sciencedirect.com/science/article/pii/
S1352231009006633, 2009.

575

Fowler, D., Coyle, M., Skiba, U., Sutton, M. A., Cape, J. N., Reis, S., Sheppard, L. J., Jenkins, A., Grizzetti, B., Galloway, J. N., Vitousek, P., Leach, A., Bouwman, A. F., Butterbach-Bahl, K., Dentener, F., Stevenson, D., Amann, M., and Voss, M.: The global
nitrogen cycle in the Twentyfirst century, Philosophical Transactions of the Royal Society B: Biological Sciences, 368, 20130 164,
https://doi.org/10.1098/rstb.2013.0164, https://doi.org/10.1098/rstb.2013.0164, 2013.
Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P., Howarth, R. W., Cowling, E. B., and Cosby, B. J.: The Nitrogen Cascade,

580

BioScience, 53, 341–356, https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2, https://doi.org/10.1641/0006-3568(2003)
053[0341:TNC]2.0.COhttp://0.0.0.2, 2003.
Garland, J. A.: The Dry Deposition of Sulphur Dioxide to Land and Water Surfaces, Proceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 354, 245–268, https://doi.org/10.1098/rspa.1977.0066, https://doi.org/10.1098/rspa.1977.0066http:
//rspa.royalsocietypublishing.org/cgi/doi/10.1098/rspa.1977.0066, 1977.

585

Hansen, K., Pryor, S. C., Boegh, E., Hornsby, K. E., Jensen, B., and Sørensen, L. L.: Background concentrations and
fluxes of atmospheric ammonia over a deciduous forest, Agricultural and Forest Meteorology, 214-215, 380–392,
https://doi.org/https://doi.org/10.1016/j.agrformet.2015.09.004,

http://www.sciencedirect.com/science/article/pii/S0168192315007091,

2015.

24

https://doi.org/10.5194/bg-2020-219
Preprint. Discussion started: 22 July 2020
c Author(s) 2020. CC BY 4.0 License.

Hansen, K., Personne, E., Skjøth, C. A., Loubet, B., Ibrom, A., Jensen, R., Sørensen, L. L., and Boegh, E.: Investigating
590

sources of measured forest-atmosphere ammonia fluxes using two-layer bi-directional modelling, Agricultural and Forest Meteorology, 237-238, 80–94, https://doi.org/https://doi.org/10.1016/j.agrformet.2017.02.008, http://www.sciencedirect.com/science/article/pii/
S0168192317300412, 2017.
Hanstein, S., Mattsson, M., Jaeger, H. J., and Schjoerring, J. K.: Uptake and utilization of atmospheric ammonia in three native Poaceae
species: Leaf conductances, composition of apoplastic solution and interactions with root nitrogen supply, New Phytologist, 141, 71–83,

595

https://doi.org/10.1046/j.1469-8137.1999.00330.x, https://doi.org/10.1046/j.1469-8137.1999.00330.x, 1999.
Hoffmann, B., Flänker, R., and Mengel, K.: Measurements of pH in the apoplast of sunflower leaves by means of fluorescence, Physiologia
Plantarum, 84, 146–153, https://doi.org/10.1111/j.1399-3054.1992.tb08777.x, https://doi.org/10.1111/j.1399-3054.1992.tb08777.x, 1992.
Klemm, O., Milford, C., Sutton, M. A., Spindler, G., and van Putten, E.: A climatology of leaf surface wetness, Theoretical and Applied
Climatology, 71, 107–117, https://doi.org/10.1007/s704-002-8211-5, https://doi.org/10.1007/s704-002-8211-5, 2002.

600

Kruit, R. J. W., van Pul, W. A. J., Sauter, F. J., van den Broek, M., Nemitz, E., Sutton, M. A., Krol, M., and Holtslag, A. A. M.: Modeling the surface–atmosphere exchange of ammonia, Atmospheric Environment, 44, 945–957,
https://doi.org/https://doi.org/10.1016/j.atmosenv.2009.11.049,

http://www.sciencedirect.com/science/article/pii/S1352231009010346,

2010.
Krupa, S. V.: Effects of atmospheric ammonia (NH3) on terrestrial vegetation: a review, Environmental Pollution, 124, 179–221,
605

https://doi.org/https://doi.org/10.1016/S0269-7491(02)00434-7,

http://www.sciencedirect.com/science/article/pii/S0269749102004347,

2003.
Langford, A. O. and Fehsenfeld, F. C.: Natural vegetation as a source or sink for atmospheric ammonia: A case study, Science, 255, 581–583,
https://doi.org/10.1126/science.255.5044.581, http://science.sciencemag.org/content/255/5044/581.abstract, 1992.
Massad, R. S., Loubet, B., Tuzet, A., and Cellier, P.: Relationship between ammonia stomatal compensation point and nitrogen
610

metabolism in arable crops: Current status of knowledge and potential modelling approaches, Environmental Pollution, 154, 390–
403, https://doi.org/https://doi.org/10.1016/j.envpol.2008.01.022, http://www.sciencedirect.com/science/article/pii/S0269749108000511,
2008.
Massad, R.-S., Nemitz, E., and Sutton, M. A.: Review and parameterisation of bi-directional ammonia exchange between vegetation and the
atmosphere, Atmos. Chem. Phys., 10, 10 359–10 386, https://doi.org/10.5194/acp-10-10359-2010, https://www.atmos-chem-phys.net/10/

615

10359/2010/https://www.atmos-chem-phys.net/10/10359/2010/acp-10-10359-2010.pdf, 2010.
Mattsson, M., Herrmann, B., David, M., Loubet, B., Riedo, M., Theobald, M. R., Sutton, M. A., Bruhn, D., Neftel, A., and Schjoerring,
J. K.: Temporal variability in bioassays of the stomatal ammonia compensation point in relation to plant and soil nitrogen parameters
in intensively managed grassland, Biogeosciences, 6, 171–179, https://doi.org/10.5194/bg-6-171-2009, https://www.biogeosciences.net/
6/171/2009/https://www.biogeosciences.net/6/171/2009/bg-6-171-2009.pdf, 2009.

620

Monteith, J. L. and Unsworth, M. H.: Micrometeorology, in: Principles of Environmental Physics, edited by Monteith, J. L. and Unsworth, M.
H. B. T. P. o. E. P. F. E., pp. 289–320, Elsevier, Boston, https://doi.org/10.1016/B978-0-12-386910-4.00016-0, http://www.sciencedirect.
com/science/article/pii/B9780123869104000160https://linkinghub.elsevier.com/retrieve/pii/B9780123869104000160, 2013.
Nadelhoffer, K. J.: The Impacts of Nitrogen Deposition on Forest Ecosystems, in: Nitrogen in the Environment, edited by Hatfield, J. L.
and Follett, R. F. B. T. N. i. t. E. S. E., pp. 463–482, Academic Press, San Diego, https://doi.org/10.1016/B978-0-12-374347-3.00014-7,

625

http://www.sciencedirect.com/science/article/pii/B9780123743473000147, 2008.

25

https://doi.org/10.5194/bg-2020-219
Preprint. Discussion started: 22 July 2020
c Author(s) 2020. CC BY 4.0 License.

Neirynck, J. and Ceulemans, R.: Bidirectional ammonia exchange above a mixed coniferous forest, Environmental Pollution, 154, 424–
438, https://doi.org/https://doi.org/10.1016/j.envpol.2007.11.030, http://www.sciencedirect.com/science/article/pii/S0269749107005945,
2008.
Nemitz, E., Sutton, M. A., Schjoerring, J. K., Husted, S., and Paul Wyers, G.: Resistance modelling of ammonia exchange over oilseed
630

rape, Agricultural and Forest Meteorology, 105, 405–425, https://doi.org/10.1016/S0168-1923(00)00206-9, http://www.sciencedirect.
com/science/article/pii/S0168192300002069, 2000.
Nemitz, E., Milford, C., and Sutton, M. A.: A two-layer canopy compensation point model for describing bi-directional biosphere-atmosphere
exchange of ammonia, Quarterly Journal of the Royal Meteorological Society, 127, 815–833, https://doi.org/10.1002/qj.49712757306,
https://doi.org/10.1002/qj.49712757306, 2001.

635

Nemitz, E., Sutton, M. A., Wyers, G. P., and Jongejan, P. A. C.: Gas-particle interactions above a Dutch heathland: I. Surface exchange fluxes
of NH<sub>3</sub>, SO<sub>2</sub>, HNO<sub>3</sub> and HCl, Atmos. Chem. Phys., 4, 989–1005, https://doi.org/10.5194/acp-4989-2004, https://www.atmos-chem-phys.net/4/989/2004/https://www.atmos-chem-phys.net/4/989/2004/acp-4-989-2004.pdf, 2004.
Nemitz, E., Hargreaves, K. J., Neftel, A., Loubet, B., Cellier, P., Dorsey, J. R., Flynn, M., Hensen, A., Weidinger, T., Meszaros, R., Horvath,
L., DäCurrency Signmmgen, U., Frühauf, C., Löpmeier, F. J., Gallagher, M. W., and Sutton, M. A.: Intercomparison and assessment of

640

turbulent and physiological exchange parameters of grassland, Biogeosciences, 6, 1445–1466, https://doi.org/10.5194/bg-6-1445-2009,
https://www.biogeosciences.net/6/1445/2009/https://www.biogeosciences.net/6/1445/2009/bg-6-1445-2009.pdf, 2009.
Ramsay, R., Di Marco, C. F., Sörgel, M., Heal, M. R., Carbone, S., Artaxo, P., de Araújo, A. C., Sá, M., Pöhlker, C., Lavrič, J., Andreae,
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