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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Wind-controlled field NH3 release sys-
tems replicate real-world pollution sce-
narios and are a tool for assessing 
ecological impacts of NH3. 

• Our resistance model aids quantifying 
NH3 deposition to different layers of a 
forest canopy from an NH3 source 
located within the canopy. 

• The NH3 release system coupled with 
the resistance model shows that soil 
surface and leaf cuticles experience the 
highest NH3 deposition.  
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A B S T R A C T   

Ammonia (NH3) pollution has emerged as a major cause of concern as atmospheric concentrations continue to 
increase globally. Environmentally damaging NH3 levels are expected to severely affect sensitive and econom-
ically important organisms, but evidence is lacking in many parts of the world. We describe the design and 
operation of a wind-controlled NH3 enhancement system to assess effects on forests in two contrasting climates. 
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Field release 
Resistance modelling 
Compensation point 

We established structurally identical NH3 enhancement systems in a temperate birch woodland in the UK and a 
tropical sub-montane forest in central Sri Lanka, both simulating real-world NH3 pollution conditions. Vertical 
and horizontal NH3 concentrations were monitored at two different time scales to understand NH3 transport 
within the forest canopies. We applied a bi-directional resistance model with four canopy layers to calculate net 
deposition fluxes. At both sites, NH3 concentrations and deposition were found to decrease exponentially with 
distance away from the source, consistent with expectations. Conversely, we found differences in vertical mixing 
of NH3 between the two experiments, with more vertically uniform NH3 concentrations in the dense and multi- 
layered sub-montane forest canopy in Sri Lanka. Monthly NH3 concentrations downwind of the source ranged 
from 3 to 29 μg m− 3 at the UK site and 2–47 μg m− 3 at the Sri Lankan site, compared with background values of 
0.63 and 0.35 μg m− 3, respectively. The total calculated NH3 dry deposition flux to all the canopy layers along 
the NH3 transects ranged from 12 to 162 kg N ha− 1 yr− 1 in the UK and 16–426 kg N ha− 1 yr− 1 in Sri Lanka, 
representative of conditions in the vicinity of a range of common NH3 sources. This multi-layer model is 
applicable for identifying the fate of NH3 in forest ecosystems where the gas enters the canopy laterally through 
the trunk space and exposes the understorey to high NH3 levels. In both study sites, we found that cuticular 
deposition was the dominant flux in the vegetation layers, with a smaller contribution from stomatal uptake. The 
new facilities are now allowing the first ever field comparison of NH3 impacts on forest ecosystems, with special 
focus on lichen bio-indicators, which will provide vital evidence to inform NH3 critical levels and associated 
nitrogen policy development in South Asia.   

1. Introduction 

Emissions of gaseous ammonia and its dry deposition are on the rise 
globally and are projected to increase at least until 2030 (Sutton and 
Howard, 2018). Although successful attempts have been made to reduce 
emissions of pollutant compounds like sulphur dioxide (SO2), nitrogen 
oxides (NOx) and aerosol nitrate (NO3

− ) in many parts of the world, NH3 
has proven to be particularly difficult to control (EEA, 2016; Sutton 
et al., 2020). The UK exemplifies the multifaceted challenge in reducing 
NH3, being a region where emissions are on a slow decline (16% from 
1998 to 2014) though reduction in atmospheric NH3 concentration re-
mains insignificant (Tang et al., 2018). Increased emissions from cattle 
sources have nearly offset the reduced emissions from pig and poultry 
farming in the UK (Tang et al., 2018), while, rapid reduction in SO2 
emissions and subsequent deceleration of NH3 neutralization by SO2 is 
leading to a longer residence time of NH3 in the atmosphere (Sutton 
et al., 2003; Tang et al., 2018). Current mean monthly atmospheric NH3 
concentrations in the UK range from <0.2 to 22 μg m− 3 (Clean Air 
Strategy, 2019; Tang et al., 2018) and even higher concentrations are 
expected near point sources. 

As global human population rises and production of food and animal 
feed is further accelerated, increase in emission of NH3 is anticipated 
from associated sources such as fertilizer application, poultry farming, 
cattle rearing, etc. This acceleration is pronounced in highly populated, 
developing countries including in South Asia (India, Pakistan, Sri Lanka, 
Bangladesh and Nepal), which has emerged as having global NH3 
emission and deposition hotspots (Van Damme et al., 2018), especially 
across the Indo-Gangetic Plain. Ambient concentrations of NH3 in these 
areas appear to have crossed toxic levels for sensitive ecosystems such as 
forests (Ellis et al., 2022). 

Significant numbers of rural NH3 point sources such as pastures, 
croplands, tea plantations and poultry farms are situated close to or 
within forests. Moreover, fragmented woodland patches with greater 
edge effects are especially exposed to such sources. Some tree species are 
known to have a substantial NH3 recapture potential (Bealey et al., 
2014; Theobald et al., 2001) and show a slower negative response to 
reactive nitrogen (Nr) deposition (Deshpande, 2020). In contrast, 
non-vascular plants, fungi and lichens, which provide supporting 
ecosystem services in forests and woodlands, may not be as resilient as 
foundational trees and can experience damaging impacts resulting in 
loss of abundance and decline in species diversity (Cape et al., 2009; 
Wolseley et al., 2006). Therefore, in forests and woodlands close to 
ammonia sources, trees might be able to sustain high ammonia levels, 
but non-vascular plants, fungi and lichens could be put under high risk. 

Damaging impacts on ground flora, non-vascular plants and fungi 
have been well-documented in the proximity of livestock housing NH3 

sources. In forests and woodlands near livestock farms in Scotland, for 
example, Pitcairn et al. (1998) observed dramatic decline in percentage 
cover of ground flora species, accompanying visible injury to pine and 
spruce needles, an abundance of ‘weed’ species and high foliar N and N 
content of mosses, ferns and herbs (at NH3 concentrations of 1.6–59 μg 
m− 3). Sutton (2007) and Sutton et al. (2011) observed apparent signs of 
injury to moss and lichen species, loss of Sphagnum mosses and Cladonia 
lichens and overabundance of nitrophilic ground flora species in an 
ecologically sensitive woodland and bog near a poultry farm in Northern 
Ireland. More recently, Manninen et al. (2023) have reported a decline 
in oligotrophic acidophyte lichen abundance in Finnish roadside 
woodlands at modest NH3 and NO2 concentrations (0–3.3 and 4–33 μg 
m− 3, respectively). 

As a key mode of nitrogen (N) pollution, the dry deposition of NH3 on 
soil and vegetation surfaces is difficult to measure directly and is often 
inferred with models using the electrical resistance analogy. Dry depo-
sition resistance modelling has evolved over time as models have tran-
sitioned from simplistic ‘big-leaf’ models to more descriptive multi-layer 
models. Big-leaf models such as those described by Baldocchi et al. 
(1987) and Hicks et al. (1987) consider the entire canopy as a single leaf 
and provide a holistic overview of dry deposition rates over a large 
spatial scale. However, they provide limited insights on deposition 
processes occurring within the canopy layers and soil surface. In forests, 
the application of big-leaf models is further restricted because forest 
canopy layers are more complex than grasslands or croplands. 
Multi-layer models incorporate a greater number of processes and pro-
vide a more detailed understanding of dry deposition mechanisms over 
different surfaces across canopy layers (Fournier et al., 2002; Meyers 
et al., 1998; Nemitz et al., 2000b, 2001). Multi-layer models, however, 
remain poorly constrained by existing measurements and their appli-
cation requires a greater number of input parameters, the measurement 
of which requires elaborate instrumentation and measurement of 
micrometeorological conditions. 

Resistance models have also gradually evolved to represent the dry 
deposition process from unidirectional deposition to bi-directional ex-
change after realisation of the NH3 re-emission potential off leaves and 
soil. Under certain conditions, leaves (Farquhar et al., 1980; Parton 
et al., 1988) and soils (Dawson, 1977; Langford et al., 1992) can re-emit 
the absorbed NH3 back into the atmosphere, a phenomenon that is 
described using a stomatal compensation point and soil emission po-
tential, which are incorporated into resistance models. Canopy 
compensation point models simplify resistance modelling and increase 
their accuracy by taking into account stomatal compensation points, soil 
emission potential and multiple resistances in a comprehensive manner. 
The resultant canopy compensation point (average NH3 concentration 
within a canopy at zero flux) is then used to calculate dry deposition 
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rates (Sutton et al., 1993a, 1993b, 1995b, 1998a; Nemitz et al., 2000b, 
2001; Ramsay et al., 2021; Walker et al., 2008). 

Most field experiments aimed at understanding the effects of 
elevated N deposition involve addition of known quantities of wet so-
lutions or fertilizer at regular intervals. For example, in several studies 
conducted at an experimental forest in Sweden, such as Gundale et al. 
(2011) and Forsmark et al. (2021), fixed quantities of ammonium nitrate 
are added to the study plots in the same month every year. Although this 
simulates N enrichment in the system, it does not capture the continuous 
effects of meteorology, stomatal uptake, seasonality, the interaction of 
the pollutant with canopy surfaces, etc. Dry deposition is a strongly 
climate and wind-controlled process and most field experiments fail to 
replicate real-world deposition conditions. Theobald et al. (2001) 
developed an NH3 enhancement system which was a gas release mani-
fold to represent NH3 emission from a small side-ventilated poultry unit 
(standardised at a density of 24,000 chickens). It was placed just outside 
a woodland that represented a shelterbelt in order to assess NH3 
recapture by farm woodlands. Leith et al. (2004) modified this system 
for application in understanding NH3 dry deposition impacts on moor-
land vegetation. In the present study, we describe the establishment and 
testing of an automated NH3 enhancement system at two woodland lo-
cations, with appropriate meteorological and NH3 measurements to 
apply a multi-layer bi-direction inferential model and quantify net 
ammonia deposition to different parts of the forest canopy. 

The system we describe is activated under specified wind conditions 
to enhance ambient NH3 concentrations at two contrasting sites, one in 
southern Scotland (UK) and one in central Sri Lanka (South Asia). The 
facilities create downwind ammonia gradients in situ as a basis to assess 
impacts of concentration and dose on species and ecosystem functions, 
including ground flora, non-vascular plants and fungi, impacts on soil, 
and chemical cycling. This paper first describes the detailed experi-
mental design testing and optimization, including the NH3 monitoring 
setup aimed at understanding lateral and vertical NH3 movement, 
deposition pathways and local deposition inputs. For this purpose, the 
UK site acted as a test location for system calibration, optimization and 
to understand N impacts to sensitive UK species. The Sri Lankan site is a 
typical tropical forest remnant in a disturbed south Asian landscape, 
approximately 0.4 km from tea plantations where chemical fertilizers 
are applied. The understanding of NH3 deposition pathways and plan-
ned N impacts assessments on Sri Lankan species make the findings 
potentially applicable to a large geographical region. 

Detailed attention is given here to describing a modified version of 
the canopy compensation point model to estimate NH3 dry deposition 
across multiple layers within the forest canopies. The modification ac-
counts for dry deposition from a source located within the canopy, as 
opposed to above-canopy atmospheric deposition, which has been the 
focus of most previous studies. 

2. Methods 

2.1. Study areas 

The field sites in the UK and Sri Lanka have contrasting climatic, 
topographical and ecological conditions that enable the testing of the 
ammonia enhancement system under a range of conditions. 

The UK site (55◦51′13″ N, 3◦12′56″ W; 186 m asl) is located at 
Glencorse, in southeast Scotland (Fig. 1a) (hereafter referred to as 
Glencorse). The area was converted to a planted deciduous forest from a 
pasture in 1984 covering an area of 12 ha. The study plot is situated in a 
plantation of Silver Birch (Betula pendula) and Downy Birch (Betula 
pubescens), with other planted tree species including Red Alder (Alnus 
rubra), Lodgepole Pine (Pinus contorta), Goat Willow (Salix caprea) and 
Sitka Spruce (Picea sitchensis) in the vicinity of the plot. The most 
common moss species on the trees are Hypnum cupressiforme and Eur-
ynchium praelongum, while the ground flora consists mostly of grasses. 
The soil type is mineral gley with parent material derived from 
carboniferous sandstones, shales and limestones (National Soil Map of 
Scotland, The James Hutton Institute). A leaf area density (LAD) profile 
of the tree canopy measured at this site using airborne Lidar is shown in 
Fig. 2c. 

The Sri Lankan site (6◦58′9″ N, 80◦35′28″ E; 1645 m asl) is located in 
the Queensberry Tea Estate, in tropical sub-montane forests of the 
Rilagala Forest Reserve, Kandy district (Fig. 1b) (hereafter referred to as 
Queensberry). The contiguous forested area in which the study plot is 
located covers an area of 570 ha. The study plot is located on a hill, with 
two taller hills adjacent to the east and west and with downward slopes 
to the north and south. The evergreen vegetation has mixed character-
istics of lowland rainforest and montane forest. Tree species diversity is 
high with at least 40 species identified. Syzygium aqueum, Litsea gardneri, 
Cinnamomum ovalifolium and Symplocos cordifolia are the most abundant 
tree species with 25%, 9.5%, 9% and 8% estimated abundance, 
respectively (B. Weerakoon et al., unpublished data). Vascular plants 

Fig. 1. (a) Glencorse is located in south-eastern Scotland in (b) Midlothian County near Edinburgh, UK. (c) Queensberry is located in (d) Kandy District of Central 
Province, Sri Lanka. 
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dominate the ground flora and large species diversity of bryophytes and 
lichens has been observed. At least 38 lichen species have been recorded 
in the study plot (B. Weerakoon et al., unpublished data), including 
some newly discovered and endemic lichen species (Weerakoon and 
Aptroot, 2014). The forest is adjacent to tea plantations of the Queens-
berry Tea Estate, with the study plot located 0.4 km from the forest edge. 
Soils are classified as red-yellow Podzolic soils within steeply dissected, 
hilly and rolling terrain (Subhasinghe, 1988). Overall canopy height is 
variable because of the undulating terrain and the variable tree species 
composition. Fig. 2 shows a schematic of the differences in canopy 
structures at the two sites and their relative heights. 

2.2. Modelling NH3 concentrations over Sri Lanka 

The European Monitoring and Evaluation Programme (EMEP) model 
was used to estimate NH3 concentrations over Sri Lanka. The EMEP- 
WRF model used here is a regional Atmospheric Chemistry Transport 
Model (ACTM) based on version rv4.45 (www.emep.int) of the EMEP 
MSC-W model which is described in Simpson et al. (2012). A detailed 
description of the EMEP-WRF model is given in Vieno et al. (2016) and 
its global application in Ge et al. (2021). The meteorological driver in 
the EMEP-WRF model is the Weather Research and Forecast (WRF) 
model version 4.2.2 (www.wrf-model.org). The horizontal resolution of 
the EMEP-WRF model is 1o × 1o for the global domain and 0.11o × 0.11o 

for the South Asian domain. The emissions used here are calculated for 
the South Asian Nitrogen Hub (SANH) project for 2015 (see Table 1). 

2.3. Meteorological measurements 

At both experimental sites, a suit of meteorological instruments were 

installed on a mast. Reflecting canopy height, the Glencorse mast is 16 m 
tall, while the Queensberry mast is 12 m, thereby extending 2 m and 5 m 
above the canopy, respectively (Fig. 2). Identical instruments with same 
configurations are used at both sites to minimise instrument-related 
uncertainties. Multi-height measurements of air temperature, relative 
humidity, precipitation (bulk and throughfall), leaf wetness, wind 
components, global solar radiation, photosynthetically active radiation 
(PAR), atmospheric pressure, soil volumetric water content (VWC), 
temperature and electrical conductivity are recorded using a CR3000 
Micrologger (Campbell Scientific Ltd., Loughborough, UK) at 0.05 Hz. 
Wind components from the 3D sonic anemometer are recorded at 10 Hz. 
To minimise the uncertainty in throughfall measurements, a multi- 
funnel system is attached to tipping bucket rain gauges (see Table 2 
for models), wherein rainwater is fed into the rain gauge through four 
funnels of the same diameter as the rain gauge. Throughfall data in the 
output is divided by four to correct for the larger surface area sampled. 

Fig. 2. The relative difference in the canopy structure at the two sites along with the height and experimental design of NH3 enhancement with meteorological 
monitoring (a and b). Leaf area density of the tree canopy at Glencorse site is shown in the inset (c). LAD profile was not determined in Queensberry because of 
unavailability of appropriate sensors. 

Table 1 
Site characteristics of the study locations.   

Glencorse, UK Queensberry, Sri Lanka 

Elevation 186 m 1645 m 
Mean annual temperature 9 ◦C 25 ◦C 
Mean annual rainfall 920 mm 2220 mm 
Dimensions of study plot 60 m × 84 m 40 m × 120 m 
Leaf area index: 

Understorey 2.3 (spring), 1.1 (summer) 5.9 
Tree canopy 2.4 (spring), 1.8 (summer) 4.0 

Mean canopy heights: 
Understorey 0.7 m 1.2 m 
Tree canopy 14 m 8 m  
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3D sonic anemometer data is stored at 10 Hz, while all other meteoro-
logical data is averaged to 15-min. A detailed listing of the collected 
measurements is given in Table 2. 

To characterize the vertical wind profile within the canopy and to 
parameterize conditions such as speed and friction velocity (u*) with 
respect to above-canopy conditions, two campaigns were conducted at 
Glencorse (during growing season and post-senescence) and one in 
Queensberry, wherein a 3D sonic anemometer was sequentially installed 
at 4 heights between ground-level and top of the canopy and allowed to 
run for 48 hours at each height. The measurements were then referenced 
to measurements from the second sonic anemometer installed above the 
canopy. 

2.4. Ammonia enhancement system 

The ammonia enhancement system is made up of a fan, a controlled 
ammonia source and a manifold to release the gas. The manifold is 
constructed from three 20 m long 110 mm diameter (OD) PVC tubes 
placed horizontally parallel to each other at 0.5, 1.35 and 2.2 m above 
the ground (Fig. 3). Along the length of each tube at 20 cm intervals, six 
4 mm diameter holes were drilled around the entire circumference of the 
tube. The three height increments allow the gas to propagate uniformly 

along the soil surface, understorey, trunk space and the lower tree 
canopy. An ACM200 fan (Vent-Axia, Manor Royal, UK) was installed at 
the centre of the manifold which generates a positive pressure airflow 
into the manifold tubes achieving an effective flow rate of 8 l min− 1 from 
the holes along the tubes’ length. A 6.35 mm diameter stainless steel 
pipe conducts pure anhydrous ammonia from a cylinder placed on one 
end of the manifold via a G-series mass flow controller (MFC; calibrated 
for 0–10 l min− 1 NH3) (MKS Instruments, Andover, MA, USA) and a 
Type 6027 solenoid valve (Bürkert Fluid Control Systems, Cirencester, 
UK) and injects the gas into the fan airflow which dilutes the ammonia 
and releases it through the tubes. A 170 PC pressure sensor (Honeywell 
Safety and Productivity Solutions, Morris Plains, NJ, USA) constantly 
measures the difference in air pressure generated by the airflow in the 
release manifold and the outside air pressure. In case of a fan failure or 
physical damage to the tubes, the fall in pressure difference is detected 
by the sensor, which closes the solenoid valve. Additionally, to prevent 
accidental release of pure ammonia, the solenoid valve shuts down in 
the event of a power failure. This entire setup is connected to the 
CR3000 Micrologger at the meteorological mast. NH3 flow and MFC 
status data is averaged to 1-min in the output. 

The enhancement system at Glencorse is controlled to have a uni-
directional NH3 release (wind direction being from the predominant SW 

Table 2 
Meteorological and physical parameters measured at both the sites and instrument heights.  

Instrument Manufacturer Measurement Height/Depth (m) 

Glencorse Queensberry 

A100/A100R cup 
anemometer 

Vector Instruments Wind speed (m s− 1) 0.5, 2.2, 7.2, 
12.3 

0.1, 2.2, 5.7, 
11.2 

HMP60 temperature and 
humidity probe 

Vaisala Air temperature (oC), relative humidity (%) 0.5, 2.0, 7.1, 
12.4 

0.2, 2.6, 5.5, 
11.3 

LWS leaf wetness sensor METER Environment Leaf wetness (mV) 0.5, 2.0, 7.1, 
11.6 

0.3, 2.0, 3.6, 
5.6 

WXT536 weather transmitter Vaisala Air temperature (oC), relative humidity (%), atm. pressure (mbar), wind 
speed (m s− 1), wind direction (o), rainfall (mm) 

2.3, 15.6 2.5, 11.4 

SP1110 Pyranometer Skye Instruments Global solar radiation (W m− 2, kJ m− 2) 2.0, 15.1 2.7, 11.0 
SKP215 Quantum sensor Skye Instruments PAR (μmol m− 2) 2.0, 15.1 2.7, 11.0 
Windmaster Pro 3D sonic 

anemometer 
Gill Instruments UVW wind vectors 2.7, 16.2 3.0, 12.4 

TB4MM tipping bucket rain 
gage 

HS Hyquest Solutions Rainfall (mm) – 12.0 

ARG314 tipping bucket rain 
gauge 

Environmental 
Measurements Limited 

Rainfall (mm) 12.0 0.46 

ARG100 tipping bucket rain 
gauge 

Environmental 
Measurements Limited 

Rainfall (mm) 0.34 – 

CS655 water content 
reflectometer 

Campbell Scientific Soil VWC (m3 m− 3), temperature (oC) and electrical conductivity (dS m− 1) − 0.05, − 0.05, 
− 0.10, − 0.10, 
− 0.15 − 0.15  

Fig. 3. Structure of the NH3 enhancement system release manifold with PVC tubes with holes (6 around the pipe circumference). Direction of NH3 flow is shown by 
the grey arrow. 
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wind sector, 275–345o) because of constrained plot boundaries, while it 
is released bi-directionally in Queensberry (wind direction from alter-
nate sectors 5-75o (southwestern transect) and 185–255o (northeastern 
transect)) (Fig. 4). At Queensberry, the aim of this design was to increase 
the probability of NH3 release within the plot, given the occurrence of 
SW and NE prevailing winds in different seasons. Consideration of prior 
meteorological data suggested that wind directions are more variable 
seasonally due to changeable monsoon winds. Moreover, the site is 
located on a hill resulting in higher turbulence and variable wind di-
rections. The bi-directional NH3 release therefore helps to align NH3 
enhancement with these variations. The Glencorse system became 
operational in September 2021, while the Queensberry experiment 
started in March 2022. 

At both sites, to maintain uniform NH3 release and resultant depo-
sition at different wind speeds, release occurs at three levels controlled 
by the MFC. To counteract the dilution effect, NH3 release gradually 
increases with wind speed at predetermined rates at Glencorse (0.3–0.8 
m s− 1: 0.2 l min− 1, 0.8–1.2 m s− 1: 0.3 l min− 1 and 1.2–10 m s− 1: 0.5 l 
min− 1) and Queensberry (0.3–0.8 m s− 1: 0.3 l min− 1, 0.8–1.2 m s− 1: 0.5 
l min− 1 and 1.2–10 m s− 1: 0.9 l min− 1). If wind direction is within the set 
sectors, and if these wind speed conditions are met for a 1-min period by 
the below-canopy WXT 536 weather transmitter, then the micrologger 
opens the solenoid valve and NH3 is released at the specified rate. 
Irrespective of appropriate wind directions, NH3 is not released at wind 
speeds <0.3 m s− 1 to prevent the gas from building up under the canopy, 
nor at wind speeds >10 m s− 1 to prevent wasting NH3 during periods 
when the high dispersion does not allow a significant NH3 enhancement 
to be generated at reasonable release rates. The volume of NH3 released 
is calculated by multiplying the measured flow rate by the elapsed time 
during fumigation. The operational control range of the MFC is from 2% 
to 100% of full scale. The accuracy is ± 0.2% of full scale for flows from 
2 to 20% of full scale and ± 1% of set-point for flows from 20 to 100% of 
full. 

2.5. Ammonia concentration monitoring 

Passive diffusion samplers (UKCEH Adapted Low-cost Passive High 
Absorption (ALPHA®) samplers) (Tang et al., 2001) were used for 
continuous long-term NH3 monitoring. These passive samplers have 
been optimised for long-term sampling (1 month in this study) and are 
sensitive enough for concentrations as low as ≈0.03 μg m− 3 and up to 
100 μg m− 3. In an ALPHA® sampler, a filter coated with citric acid as an 
absorbent for NH3 is placed inside a polyethylene sampler body. A 5 μm 
PTFE membrane is placed at the open face of the sampler body to 
standardize the path length at 6 mm enabling a turbulent-free diffusion 
of NH3 through the membrane to the filter (Tang et al., 2001). Cali-
bration of the ALPHA® samplers against active denuder sampling takes 
account of membrane resistance and a laminar boundary layer. 

After field exposure, the ALPHA® sample acid filters are analysed 
using a flow injection analyser based on the salicylate method using an 
AA3 HR AutoAnalyzer (Seal Analytical Ltd., Wrexham, UK). Background 
NH3 concentrations were measured at Glencorse from January–August 

2021 using triplicate ALPHA® samplers 1.5 m above the ground. After 
installation of the enhancement system in September 2021, the back-
ground concentration continued to be measured in the upwind direction 
of the release (Fig. 4a). In Queensberry, background concentrations 
were measured in March 2020 and then starting April 2022 using 
ALPHA® samplers in opposite direction from the NH3 release sectors 
and placed along the plot boundary after installation of the enhance-
ment system (Fig. 4b). 

NH3 concentrations in the direction of the release were measured 
along a 44 m transect at Glencorse (Fig. 4a) and two transects in 
Queensberry of 24 m and 32 m lengths (Fig. 4b). Sampling points were 
selected along the transect based on previous studies (Leith et al., 2004; 
Sheppard et al., 2011; Theobald et al., 2001). ALPHA® samplers were 
fixed to 1.5 m tall posts at distances of 2, 4, 6, 8, 16, 24, 32 and 44 m 
from the release system. 

At Glencorse, in addition to the transect, 39 ALPHA® samplers were 
deployed at 13 heights (0.05, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25, 
2.5, 3 and 3.5 m above ground) on 3.5 m tall poles at three distances 
along the downwind transect (4, 10 and 16 m) to measure the vertical 
NH3 concentration profile following release from the manifold. The 
vertical array of ALPHA® samplers was deployed over a one-year 
period. Ambient NH3 concentration above 3.5 m was assumed to be 
equal to the concentration measured at 3.5 m while modelling NH3 dry 
deposition. 

A G2123 NH3/H2O Analyser (Picarro, Santa Clara, CA, USA) (Martin 
et al., 2016) was deployed at both sites in two separate campaigns to 
report real-time NH3 concentrations. The Glencorse campaign was 
conducted from 9th to 19th November 2021, while the Queensberry 
campaign lasted from 24th March to 3rd April 2022. This allowed 
optimization of NH3 release rates from the fumigation systems in order 
to achieve the target enhancement concentrations. At Queensberry, this 
also allowed characterization of vertical NH3 concentration profiling in 
absence of vertical ALPHA® sampler arrays. 

The Picarro analyser was placed 10 m downwind from the release 
manifold along the transect, housed in a custom-built air-conditioned 
enclosure. Air was sampled at four heights (0.5, 1, 1.5 and 2.5 m) from 
the ground using a custom-designed sampling system. Sampling was 
carried out for 2 min at each height via a valve manifold, controlled 
automatically through a LabVIEW computer program (National In-
struments Corp., Austin, TX, USA). All four sampling inlets were 5.5 m 
long, made using PTFE tubing (1/4 inch external diameter, 1/8 inch 
internal diameter). The sampling system temperature was maintained at 
~40 ◦C ( ± 3 ◦C) using self-regulating heating tape and insulation. 
Sample lines were continuously purged at a flow rate of 7 standard l 
min− 1 between sampling for 1 min and 12 standard l min− 1 during 
sampling. The inlet temperature, airflow and PTFE tubing are set up to 
minimise delays while the analyser adjusts to the concentration of a new 
switching height due to NH3 adsorption/desorption on inlet surfaces. 
However, it is expected that some lag effect would still be introduced in 
the common lines of the switching system, especially when switching 
between high and low NH3 concentrations. Whilst the heating may cause 
some volatilisation of volatile ammonium nitrate (NH4NO3) aerosol, the 

Fig. 4. Distribution of ALPHA® samplers and the experiment setup at (a) Glencorse and (b) Queensberry as seen from above.  
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NH4NO3 field would be expected to be smooth and the volatilisation 
would be expected to generate a relatively constant background. 

2.6. Calculation of dry deposition 

A common approach to estimating the dry deposition process of a 
pollutant such as NH3 is by analogy to Ohm’s Law that relates the 
electric flux to the driving potential (here the concentration difference) 
and a resistance. Its simplified form can be represented as Eq. (1) 
(Fowler, 1978; Wesely and Hicks, 1977): 

Fχ (z)=
χa

Rt
, (1)  

where Fχ = deposition flux at height z, χa = ambient NH3 concentration 
at height z, and Rt = total resistance to NH3 dry deposition (i.e. inverse of 
deposition velocity (Vd = 1/Rt)). The total resistance for dry deposition 
is caused by air turbulence, boundary layers, surface conditions and 
stomatal activity, and can be estimated based on measurement of 
micrometeorological and physiological parameters. 

Dry deposition of NH3 to surfaces is known to be a bi-directional 
exchange wherein leaf stomata, soil surface and the canopy as a whole 
can have a NH3 re-emission potential. This exchange is represented by 
canopy compensation point models as the balance between ambient NH3 
concentration and the canopy compensation point, such that deposition 
occurs when ambient concentration exceeds the compensation point. 
The canopy compensation point model can be modified for specific 

Fig. 5. Resistance diagram of the multi-layer model modified for application to a 4-layer forest canopy. Raci (in-canopy aerodynamic resistances) are shown in the 
diagram to represent change in NH3 concentration with height caused by in-canopy air turbulence but Raci is not included in the flux calculations as it is accounted for 
by making direct measurements of NH3 concentration at different heights within the canopy (χzi). Rb1(us) and Rb2(tc) are the boundary layer resistances around leaves 
in the understorey and tree canopy, respectively. Rb(ts) is the trunk boundary layer resistance. Rbg is the soil boundary layer resistance. χc(us) and χc(tc) are the canopy 
compensation points at the understorey and tree canopy layers, respectively. χs(us) and χs(tc) are the stomatal compensation points at the understorey and tree canopy 
layers, respectively. χg is the soil compensation point. Rs(us) and Rs(tc) are the stomatal resistances in the understorey and tree canopy, respectively. Rw(us) and Rw(tc) 
are the cuticular resistances in the understorey and tree canopy, respectively. Fg is the deposition flux on the soil surface. Fs(us) and Fs(tc) are the stomatal deposition 
fluxes in the understorey and tree canopy, respectively. Fw(us) and Fw(tc) are the cuticular deposition fluxes in the understorey and tree canopy, respectively. Fts is the 
deposition flux on trunk surfaces. 
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applications depending on the vegetation type, canopy structure, 
availability of micrometeorological measurements, etc. Normally, 
resistance models are used to estimate deposition on the basis of 
measured or modelled concentration above the canopy. Here, we drive 
the deposition with concentrations generated and measured within the 
canopy and the model is adapted accordingly. 

We applied the model to multiple layers of the forest canopy and 
estimated NH3 deposition fluxes to each layer individually by calcu-
lating appropriate resistances and compensation points (Fig. 5). The 
forest canopy was divided into four layers: soil surface, understorey 
(including forest floor) (us), trunk surfaces (ts) and tree canopy (tc). 
Height ranges (zi) for each layer are given in Table 3. For understorey 
and tree canopy, canopy resistance is made up of the quasi-laminar 
boundary layer resistance (Rb), stomatal resistance (Rs) and cuticular 
resistance (Rw), while the soil surface boundary layer resistance (Rbg) 
and trunk boundary layer resistance (Rbts) are considered for the soil 
surface and trunk surfaces, respectively. While compensation points are 
considered for leaf stomata and soil surface due to their NH3 re-emission 
potential, plant cuticles and tree trunks are considered here to be 
chemically inert. Because we start with the NH3 concentrations (χzi) 
within each canopy layer we do not need to account for vertical tur-
bulent transport (typically parametrised through the atmospheric 
aerodynamic resistance, Ra, above the canopy, and the in-canopy tur-
bulent transport, Rac, within) and resistance due to turbulent transport 
to the leaf itself becomes insignificant compared with the Rb terms. 

2.6.1. Resistance calculations 

2.6.1.1. Quasi-laminar boundary layer resistances (Rb and Rb(ts)). A 
generalised form of resistance for diffusion of a gas through the quasi- 
laminar boundary layer around surfaces is given by Owen and Thom-
son (1963): 

Rband Rb(ts) = (Bu∗)
− 1
, (2)  

where Rb is the boundary layer resistance around leaves, Rb(ts) is the 
boundary layer resistance around trunk surfaces, u* is the friction ve-
locity, and the sub-layer Stanton number (B) is a function of the Schmidt 
(Sc) number for NH3 (≈ 0.57), which is linked to the molecular diffu-
sivity of the gas, and the Reynolds number (Re*) which can be deter-
mined from the kinematic viscosity of air (va), the roughness length of 
the canopy (z0) and u*: 

Re∗ = z0u∗/va (3) 

The boundary layer resistance around leaves (Rb) was calculated 
using a commonly used parameterisation for B given by Chamberlain 
(1966) as: 

B− 1 = 1.45Re0.24
∗ Sc0.8 (for leaves) (4) 

The trunk boundary layer resistance (Rb(ts)) was also calculated using 
Eq. (2) but with a different parameterisation for B. Parameterisations for 
estimating dry deposition flux of pollutants on tree trunks, stems and 
branches are rare. The boundary layer or surface resistance to dry 
deposition on woody surfaces are usually included in the total canopy- 
level formulation of the resistance and not determined separately. 
Some studies such as Murphy and Sigmon (1990) have suggested that 

due to the chemical inertness of wood, its surface resistance could be 
roughly four times than that of leaves. However, evidence of the accu-
racy of this generalization based on bark roughness, u*, gas properties, 
trunk size, etc. is lacking. provided a parameterisation (Eq. (5)) for 
determining the Stanton number for bluff bodies like cylinders and half 
cylinders. Their parameterisation was tested in wind tunnel experiments 
and found to be consistent in studies such as Chamberlain (1968) and 
Chamberlain et al. (1984). We applied this relation for calculating Rb(ts): 

B− 1 = 2.4Re0.45
∗ Sc0.8 (for trunk) (5)  

2.6.1.2. Soil surface boundary layer resistance. The quasi-laminar 
boundary layer resistance of the soil surface (Rbg) was calculated using 
the relation formulated by Schuepp (1977): 

R− 1
bg =

ku∗g

Sc − ln (δ0/z1)
, (6)  

where k is the Karman constant (≈0.41), u*g is the friction velocity at the 
ground level (m s− 1), δ0 = Dχ/(k u*g) is the distance above ground where 
molecular diffusivity of NH3 (Dχ) equals the eddy diffusivity, with Dχ =
va/Sc and z1 is the upper height of the logarithmic wind profile that 
forms above the ground of which u*g/k is the slope (here assumed to be 
0.1 m consistent with Schuepp (1977) and Nemitz et al. (2001). 

The value of the friction velocity at the ground surface u*g was 
estimated using a relationship between u* measured just above the soil 
surface with above-canopy u* during the vertical wind profiling cam-
paigns. It was found that u*g could be approximated by above-canopy 
u*/3.4 at Queensberry and above-canopy u*/6.2 during the growing 
season and above-canopy u*/6.5 after leaf senescence at Glencorse 
(Fig. 9b). 

2.6.1.3. Cuticular resistance. The cuticular resistance (Rw) depends on 
the chemical properties of the cuticle, physiology, humidity, water 
saturation of the cuticle and amount of cuticular surface water. Several 
formulations for Rw have been derived (Flechard et al., 1999; Kruit et al., 
2010; Nemitz et al., 2000b; Sutton and Fowler, 1993) and compared. 
However, estimates of Rw strongly vary with vegetation type, climate 
and background air pollution conditions and are difficult to generalise 
(Massad et al., 2010). Even fewer parameterisations have been applied 
to forest ecosystems. Therefore, we assessed three different methods to 
calculate Rw for a comparative analysis and one method to estimate 
cuticular deposition using a capacitance model. 

The parameterisation derived by Sutton and Fowler (1993), is one of 
the most commonly used relationships for cuticular resistance. It is an 
exponential curved function of relative humidity (RH) but independent 
of ambient NH3 concentration: 

Rw =Rw(min) × exp (a(100 − RH)) (7) 

RH controls the thickness of water films that form on cuticles and 
other non-stomatal surfaces, which are strong NH3 sinks (Flechard et al., 
1999; Sutton et al., 1995a). However, Rw has also been found to be 
dependent on temperature (Flechard et al., 2010) and leaf area index 
(LAI) (Zhang et al., 2003), which is taken into account by Massad et al. 
(2010) by providing an expanded, more generalised, equation for Rw: 

Rw =
Rw(min) × exp (a(100 − RH)) × exp(0.15T)

(LAI)0.5 (8)  

where, Rw(min) is the minimum Rw constrained by the parameterisation 
(2 s m− 1), a is a scaling factor set at 0.031 (mean value from forest 
studies (Massad et al., 2010)), T is the air temperature (oC) and LAI is the 
one-sided leaf area index (m2 m− 2). We use eq. (8) as our first 
parameterisation. 

The second parameterisation, by Jones et al. (2007a) for 
semi-natural moorland vegetation, distinguishes between day-time 
(solar radiation >5 W m− 2) (Eq. (9a)) and night-time (solar radiation 

Table 3 
Height zones of each of the four layers for both the sites.  

Layer Dominant surface Height range (m) 

Glencorse Queensberry 

Soil surface Soil 0 0 
Understory Grasses 0–1.3 0–1.3 
Trunk space Wood 0.4–2.9 0.3–3.1 
Tree canopy Leaves 2.9–14.0 3.1–8.0  
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<5 W m− 2) (Eq. (9b)) to account for diurnal micrometeorological dif-
ferences and also NH3 saturation of cuticles caused by high ambient 
concentrations. The LAI-dependency, as accounted for by Zhang et al. 
(2003) and Massad et al. (2010), was added to this parameterisation to 
account for leaf phenology, varying canopy architecture and differences 
in leaf surface area between understorey vegetation and the tree canopy. 

Rw(day)=
(a × Ambient NH3 concentration) + b

(LAI)0.5 (9a)  

Rw(night)=
(c × Ambient NH3 concentration) + d

(LAI)0.5 , (9b)  

where the values of constants are a = 1.05, b = 3.6, c = 1.13 and d = 4.6. 
The third parameterisation is the one employed in the DEPAC 

(DEPosition of Acidifying Compounds) module (van Zanten et al., 2010) 
(Eq. (11)) in the Netherlands. In this parameterisation, similar to the 
stomatal compensation point, the cuticular flux is derived from the 
difference between gaseous NH3 concentration at the external leaf sur-
face water interface (χw) and the canopy compensation point (χc), where 
the values of Rw and χw are estimated as follows: 

Fw =
χc − χw

Rw
(10)  

Rw =
LAIHaarweg

LAI
× α × exp

(
100 − RH

β

)

, (11)  

where α and β are scaling coefficients (α = 2 s m− 1, β = 12) and LAI-
Haarweg is the leaf area index at the Haarweg measuring site (3.5 m2 

m− 2). This represents an empirical fit to the Haarweg grassland study 
site (Kruit et al., 2010; van Zanten et al., 2010). 

χw =

(
2.75 × 1015

T

)

exp
(
− 1.04 × 104

T

)
(
1.84× 103×χz exp(− 0.11T)

− 850
)
, (12)  

where T is leaf temperature (K) in DEPAC, but we use air temperature 
(K) and χz is the ambient NH3 concentration (in μg m− 3) at height z. 

The dynamic canopy compensation point-cuticular capacitance (χc- 
Cd) model derived by Sutton et al. (1998a) provides a fourth approach 
which accounts for previously deposited ammonia on the cuticle sur-
faces, where the wetness and acidity of the epicuticular water film de-
termines the adsorption or desorption of the ammonia from the cuticle. 
The epicuticular water film acts like a capacitor with capacitance Cd: 

Cd =
Qd

χd
, (13)  

where Qd is the adsorption charge (μg m− 2) and χd is the concentration 
associated with the capacitor (μg m− 3). 

Cd can be estimated using a solubility equilibria derived from the 
Henry equilibrium constant and an equivalent canopy area water-film 
thickness (Mc

H2O) (Sutton et al., 1995a, 1998a): 

Cd =MC
H2O

[
NH+

4
]
+ [NH3.H2O]

[NH3](g)
(14)  

Cd =MC
H2O

[
[H+]

10

(

1.6035−

(

4207.6
T

))+ 10

((

1477.7
T

)

− 1.6937

)
]

, (15)  

where Cd and Mc
H2O are in metres and T is air temperature in Kelvin. H+ is 

calculated from leaf pH (assumed value of 4.5). 

Mc
H2O =LAI × 20 × exp

(
[H − 60]

10

)

, (16)  

where Mc
H2O is in nm and H is relative humidity (%). 

The model requires an initial value of either Qd (Qd{i}). The new 
capacitance charge after t seconds is then: 

Qd{i+t} =Qd − (Fd.t) + Qd{i}Kr (17)  

Fd =
(χC − χd)

Rd
, (18)  

where Fd is the flux entering or leaving the capacitor, Kr is a rate reaction 
constant that accounts for net removal of NH3 by leaf surfaces (− 0.01 
s− 1), χc is the canopy compensation point and Rd is the charging resis-
tance of the capacitor which is derived as Rd = 5000/Cd and scaled for 
LAI as: 

Rd =

(
5000
Cd

)/

(LAI)0.5 (19) 

Using the new value of Qd obtained from eq. (17), χd is calculated 
using eq. (13) and the process is repeated for subsequent time steps. 

2.6.1.4. Stomatal resistance. The stomatal resistance (Rs) is a result of 
resistance to NH3 deposition on leaves caused by stomatal closure, 
which is dependent on temperature, humidity, vapour pressure deficit, 
radiation, plant physiology and soil water conditions. Therefore, Rs is 
treated similarly to CO2 and H2O transfer, which makes it easier to es-
timate than Rw. We use the parameterisation given by Nemitz et al. 
(2001) that accounts for water vapour transfer during daytime, sec-
ondary effects of water stress and relative humidity (Jarvis, 1976) and 
the uncertainty at dawn and dusk due to low and variable light levels. 
The parameterisation is eventually scaled and reduced to: 

Rs =min
[
RsMax,RsMin

(
1+

α1

Rad

)]
, (20)  

where RsMax = 5000 s m− 1, RsMin = 35 s m− 1, α = 180 W m− 2 and Rad =
solar radiation (W m− 2). 

Similar to cuticular resistance parameterisations, an LAI dependency 
was added to the Rs parameterisation to account for seasonal variations 
and differences in canopy architecture with separate LAI values used for 
the understory and tree canopy: 

Rs =min
[
RsMax,RsMin

(
1+

α1

Rad

)]/
(LAI)0.5 (21)  

2.6.2. Stomatal (χs) and soil (χg) compensation points 
Leaves can emit NH3 and act as a source depending on the ratio of 

ambient NH3 concentration to stomatal NH3 concentration (Farquhar 
et al., 1980; Husted and Schjoerring, 1995). This is dependent on canopy 
temperature and the ratio of ammonium and hydrogen ion concentra-
tion in the leaf apoplast or stomatal emission potential (Γs =

[NH4
+]/[H+]) (Nemitz et al., 2000a). Similarly, soil temperature and the 

equilibrium between NH3 and NH4
+ in the soil pore space determines the 

switching of soil from NH3 sink to source. The soil emission potential is 
calculated as the ratio of soil NH4

+ concentration (top 5 cm) to H+

concentration (calculated from soil pH) (Γg = [NH4
+]/[H+]). After 

determining Γs and Γg values, χs and χg are estimated using parameter-
isation derived by Sutton et al. (1994) and reformulated by Nemitz et al. 
(2001): 

χs and χg =
161500

T
exp( −

10380
T
)
[
NH+

4

]

[H+]
, (22)  

where T is the canopy or soil temperature (oC). [NH4
+] = concentration 

of NH4
+ ions (μmol l− 1) and [H+] = concentration of H+ ions (μmol l− 1). 

In this study, to estimate Γg, we sampled 10 cm topsoil from 36 points 
in April 2022. 15 g subsamples were extracted in 50 ml of 1M KCl so-
lution. NH4

+ concentration was measured using colorimetry (AQ2 
discrete analyser, Seal Analytical). KCl extractable NH4

+ is probably 
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larger than the NH4
+ that governs Γg, however, we were constrained by 

the resources available. 10 g subsamples dissolved in 20 ml of deionised 
water were used to measure pH using an MP 220 pH meter (Mettler 
Toledo, Columbus, OH, USA) for estimating H+ concentration (G. 
Toteva et al., unpublished data). 

Stomatal emission potential (Γs) was estimated using the Aero-
dynamic Gradient Method (AGM) by measuring vertical concentration 
gradients of ammonia above the forest floor. This method estimates 
fluxes based on Fick’s law and the Monin–Obukhov similarity theory 
assuming a constant flux layer. The flux Fχ can be calculated from the 
logarithmic concentration profile as (Garland, 1977; Sutton et al., 
1992): 

Fχ = −
u∗k(c2 − c1)

ln
(

z2 − d
z1 − d

)

− ψH

(
z2 − d

L

)

+ ψH

(
z1− d

L

) , (23)  

where c2 and c1 are the NH3 concentration measurement heights at z2 
and z1, respectively, d is the displacement height, L is the Monin- 
Obukhov length and ψH is the integrated stability correction function 
for heat and inert tracers which can be parameterized under the 
following two conditions (Thom, 1975): 

For stable conditions (L > 0), 

ψH = − 5.2
[

z − d
L

]

, (24)  

and for unstable conditions (L < 0), 

ψH = 2 ln

(
1 + [1 − 16((z − d)/L)]2

2

)

(25) 

The AGM was applied only to periods when no NH3 had been 
released from the manifold in the preceding 24 h to ensure that the 
detected vertical difference in the flux originated from and was directed 
to the understorey. NH3 concentrations were recorded at two heights 
above ground (1.5 and 2.5 m) using a Picarro G2123 NH3/H2O Analyser 
located 10 m downwind of the source. Wind components were measured 
using a 3D sonic anemometer and processed at 30-min time steps using 
EddyPro 7 software (LI-COR Biosciences, Lincoln, NE, USA). Γs for the 
understorey (and forest floor) was estimated when the flux switched 
from emission to deposition under conditions when NH3 surface ex-
change was expected to be driven by stomatal exchange at RH < 60% 
when Rw can be fairly large. Under these conditions, χs can be replaced 
with χa (ambient NH3 concentration) and eq. (22) can be rearranged to 
estimate Γs (Nemitz et al., 2004; Ramsay et al., 2021). As vertical 
gradient measurements of NH3 concentration above the tree canopy 
were not available, the values of Γs estimated for vegetation shorter than 
1.5 m were used for all vegetation layers within the canopy. 

2.6.3. Deposition fluxes 
Although emissions can occur from the bidirectional model frame-

work, with increased NH3 concentrations downwind of the release, net 
deposition fluxes are expected to dominate. The component deposition 
fluxes of NH3 to the different layers are calculated using the canopy 
compensation point model. 

2.6.3.1. NH3 exchange flux at the soil surface 

Fg =
χzo − χg

Rbg
, (26)  

where Fg is the soil NH3 exchange flux at the soil surface and χz0 is 
ambient NH3 concentration at the soil surface (5 cm above the ground). 

2.6.3.2. Cuticular NH3 deposition and exchange flux 

Fw(us) =
χc(us)

Rw(us)
, (27)  

where Fw(us) is the cuticular deposition flux on the understorey vegeta-
tion and χc(us) is the canopy compensation point of the understorey. 
Cuticular deposition is estimated using eq. (27) when applying the pa-
rameterizations from Massad et al. (2010) and Jones et al. (2007a). 

Fw(us) =
χc(us) − χw(us)

Rw(us)
, (28)  

where Fw(us) = Cuticular exchange flux with the understory vegetation. 

Fd(us) =

(
χc(us) − χd(us)

)

Rd(us)
, (29)  

where Fd(us) = Cuticular exchange flux with the understory vegetation 
while the epicuticular water film acts as a capacitor. 

While using the parameterizations from the DEPAC module and 
Sutton et al. (1998a), cuticular NH3 exchange is estimated using eqs. 
(28) and (29), respectively. 

Similarly, cuticular NH3 deposition and exchange fluxes with the tree 
canopy are formulated as: 

Fw(tc) =
χc(tc)

Rw(tc)
, (30)  

where Fw(tc) is the cuticular deposition flux on the tree canopy and χc(tc) 
is the canopy compensation point of the tree canopy. Cuticular deposi-
tion is estimated using eq. (30) when applying the parameterizations 
from Massad et al. (2010) and Jones et al. (2007a). 

Fw(tc) =
χc(tc) − χw(tc)

Rw(tc)
, (31)  

where Fw(tc) = Cuticular exchange flux with the tree canopy. 

Fd(tc) =

(
χc(tc) − χd(tc)

)

Rd(tc)
, (32)  

where Fd(tc) = Cuticular exchange flux with the tree canopy while the 
epicuticular water film acts as a capacitor. 

While using the parameterizations from the DEPAC module and 
Sutton et al. (1998a), cuticular NH3 exchange is estimated using eqs. 
(31) and (32), respectively. 

2.6.3.3. Stomatal NH3 exchange flux 

Fs(us) =
χc(us) − χs(us)

Rs(us)
, (33)  

where Fs(us) = Stomatal exchange flux with the understory vegetation. 

Fs(tc) =
χc(tc) − χs(tc)

Rs(tc)
, (34)  

where Fs(tc) = Stomatal exchange flux with the tree canopy. 

2.6.3.4. NH3 deposition flux on trunk surfaces 

Fts =
χz2

Rb(ts)
, (35)  

where Fts is the deposition flux to trunk surfaces and χz2 is the ambient 
NH3 concentration at height z2. 

2.6.3.5. Total NH3 fluxes to the vegetation layers 
Fus =Fw(us) + Fs(us) and Fd(us) + Fs(us), (36)  

where Fus = Total net deposition flux on the understorey. 

Ftc = Fw(tc) + Fs(tc) and Fd(tc) + Fs(tc), (37) 
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where Ftc = Total net deposition flux on the tree canopy. 

3. Results and discussion 

3.1. Modelled NH3 concentrations over Sri Lanka 

The EMEP-WRF model has been extensively applied over the UK and 
Europe to estimate atmospheric NH3 concentrations. Although this 
ACTM was originally developed and tested within Europe (Fagerli and 
Aas, 2008) and the UK (Vieno et al., 2009), its evaluation at a global 
scale by Ge et al. (2021) has enabled its global application. While 
modelled estimates of atmospheric NH3 concentrations over Europe and 
the UK using the EMEP-WRF model are widely available, few studies 
have applied the model to other regions of the world. For example, Ellis 
et al. (2022) estimated NH3 concentrations over the Himalayas and 
observed critical level exceedance over most of the region. In this study, 
its application over Sri Lanka reveals major NH3 emission hotspots over 
urban and agricultural areas in the western and southern parts of the 
country (Fig. 6). Our hourly estimates over one year (2018) indicate 
south-westerly winds transporting this NH3 towards the forested high-
lands in central Sri Lanka. This transport, however, is ephemeral and 
dependent on seasonal wind directions and emission patterns and results 
in high NH3 concentrations over central Sri Lanka for brief periods 
(Fig. 6). Local sources in central Sri Lanka could also be partially 
contributing to these patterns. 

3.2. Meteorological conditions 

Although the Queensberry site in Sri Lanka has a higher altitude than 
Glencorse in Scotland, the conditions are nevertheless much warmer, 
representative of its tropical location (Fig. 7a). Mean monthly temper-
atures were 2–13 ◦C higher at Queensberry as compared to Glencorse, 
with lower difference observed in July and August. At both sites, the 
variation between above and below-canopy air temperature was mini-
mal. On an average, above-canopy air temperature was 0.2 ◦C and 
0.14 ◦C warmer at Glencorse and Queensberry, respectively. Higher 
temperatures can be expected to lead to higher compensation points, 
making the canopy and soils more susceptible to NH3 emission. 

At both sites, relative humidity is generally above 70%. Being a high- 
elevation sub-montane forest, the RH at Queensberry is generally higher 
except in the winter and rarely drops below 90% during the monsoons. 
Significant drops in RH (~60%) occur only during August in Glencorse 
and in November–December in Queensberry (Fig. 7b). Mean RH was 

2.7% and 0.5% higher below the canopy at Glencorse and Queensberry, 
respectively. Overall higher RH at both sites is critical with respect to 
cuticular deposition as NH3 dissolves more readily on water films that 
form on cuticular surfaces under humid conditions. 

Above-canopy global solar radiation is larger at Queensberry (annual 
mean: 118 W m− 2) compared with Glencorse (annual mean: 94 W m− 2) 
reflective of the latitudinal differences. At Glencorse, 36% of the above- 
canopy radiation penetrates the canopy during winters, while only 18% 
penetrates during the growing season. In the evergreen forest in 
Queensberry, 32% above-canopy radiation penetrates the canopy 
annually. Global solar radiation at Glencorse shows a clear seasonal 
pattern with very low values during the winter monthsˋ (daytime 
monthly mean below canopy: 3.5 W m− 2 in December), while at 
Queensberry, the reduction in solar radiation during winter is marginal 
as compared to the rest of the year. In-canopy solar radiation at both 
sites is generally similar until August, after which it remains consistently 
higher at Queensberry, due to a weaker diurnal variation in the winters 
as compared to the UK (Fig. 7c). Solar radiation is of particular impor-
tance in relation to stomatal deposition flux of NH3. 

Despite higher relative humidity at Queensberry, leaf wetness was 
lower with values between 38 and 73% as compared to Glencorse where 
leaf wetness was consistently above 90% throughout the study period. 
This difference is explainable because leaf wetness is not only driven by 
relative humidity but also air temperature, which contributes to the 
observed difference. As temperatures begin to drop in late-December in 
Sri Lanka, a sharp increase in leaf wetness is observed (Fig. 7d). Leaf 
wetness is an important parameter for modelling NH3 dry deposition in 
some parameterisations as it drives the amount of NH3 that can deposit 
on the epicuticular water film. 

Soil temperature, which drives the soil compensation point, showed 
a strong seasonal pattern at Glencorse, while it remained generally 
consistent at Queensberry, with a gradual decrease autumn onwards 
(Fig. 7e). At both sites, mean monthly soil temperature was 0.3–1.8 ◦C 
lower than air temperature. 

Both sites showed major seasonal differences in wind speed and wind 
direction. At Glencorse, wind speeds were highest in winter (Dec–Feb), 
associated with prevailing winds form the SW to NE, with SE winds more 
prevalent in other seasons (Fig. 8a). Wind speeds were generally lower 
at Queensberry, while wind direction was seasonally more variable with 
clear differences between monsoonal and inter-monsoonal periods 
(Fig. 8b). 

Fig. 6. One-hour atmospheric NH3 concentration (μg m− 3) modelled using the EMEP-WRF model (0.11o x 0.11o resolution) on 17–18 December 2018.  
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Fig. 7. Daily mean meteorological parameters measured above and below the canopy at both the sites. a) Air temperature (oC) b) Relative humidity (%) c) Global 
solar radiation (W m− 2) d) Below-canopy leaf wetness (%) and e) Soil temperature (oC) at 10 cm depth. 
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3.3. In-canopy air turbulence 

Vertical profiling of wind parameters within and above the canopy is 
critical to understanding the vertical movement of a gas like NH3. This 
profiling is even more critical in complex forest canopies and in situa-
tions where the emission source is located within the canopy. In this 
study, boundary layer resistances were calculated for four canopy layers 
including the soil surface, for which friction velocity (u*) is an important 
parameter. The exchange of ammonia is determined by the level of 
turbulence, as characterised by u* at different levels in the canopy. u* 
controls boundary layer resistances, which decrease under higher wind 
speed (u). Vertical wind profiles have been studied across a range of 
different forest types with highly variable results (Lalic et al., 2003; Li 
et al., 2016; Moon et al., 2013, 2016; Oliver, 1971; Santana et al., 2017). 

We observed significant differences in the u and u* profiles between 
the Glencorse and Queensberry sites. Since vegetation surfaces play a 
major role in the wind movement within the canopy, profiles for 

summer periods with deciduous leaves (we term ‘leaf-on’ periods) and 
for winter periods without deciduous leaves (we term ‘leaf-off’ periods) 
in the Birch plantation varied significantly (Fig. 9a). At Glencorse, 
during the leaf-off period, wind speed increased rapidly from ground- 
level to the trunk space in the absence of a grass layer and followed a 
sigmoidal curve with minor variation between 3 and 12 m (top of the 
canopy). During the leaf-on period, however, wind speed was more 
variable with an abrupt increase at 7.35 m before decreasing at the top 
of the tree canopy. 

This commonly observed ‘secondary wind maximum’ is attributed to 
winds moving relatively freely through the tree bole space which has a 
sparse structure (Shaw, 1977; Zeng and Takahashi, 2000). The associ-
ated increase in u* (or the momentum flux) mid-canopy (Glencorse 
leaf-off) also suggests additional advection of air into the trunk space 
(Fig. 9b). At the Queensberry site, a generic wind speed profile was 
observed (Fig. 9a), in which wind speed remains consistent from ground 
vegetation layer up to the top of the tree canopy before increasing 

Fig. 8. Seasonal wind rose diagrams from a) Glencorse and b) Queensberry.  

Fig. 9. Vertical profiles of (a) wind speed (u, m s− 1) and (b) friction velocity (u*, m s− 1) normalized by above-canopy measurements. Values are extrapolated to zero 
at the soil surface from the lowest measurement height above ground in the region not resolved by the measurements. Mean height (dashed lines) and canopy 
structure of the (c) Birch canopy at Glencorse and (d) tropical sub-montane forest in Queensberry are shown as reference. Measurement heights are shown as circles. 
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almost exponentially. This is the most commonly observed wind speed 
profile across forest types (Lalic et al., 2003; Oliver, 1971; Santana et al., 
2017). A clear effect of a uniformly thick canopy structure with multiple 
layers of vegetation preventing wind penetration is evident from this 
profile (Fig. 9a). 

3.4. Ammonia release 

During the study period, the Glencorse release system was activated 
for 17% of the time, while the Queensberry system was activated for 
31% of the time. This is mainly because of NH3 release system operating 
for two wind directions, in order to account for the two monsoons and 
two inter-monsoon periods in Sri Lanka (Fig. 8b). Monthly release vol-
ume varied from 200 to 4800 standard litres at Glencorse and 
1220–6700 standard litres at Queensberry. During most months, the 
system at Queensberry released more ammonia for longer periods 
(Fig. 10). The Glencorse system experienced minor technical problems 
in October 2021 and July 2022. 

3.5. Gamma values and compensation points 

The Gamma values for soil and leaf litter (Γg) varied significantly 
between the two sites. At Glencorse, a much lower value of 20 was ob-
tained, while a significantly higher soil re-emission potential of the 
tropical soils was observed at Queensberry (Table 4). A higher re- 
emission potential results in higher compensation points and lower 
deposition rates. Mean soil pH was similar at both sites (5.3 and 5.6 at 
Glencorse and Queensberry, respectively), however, soil NH4

+ concen-
tration was much higher at Queensberry, resulting in a higher Γg of 520. 

High NH4
+ concentrations are often observed in tropical forest soils 

and can be attributed to a range of contributing factors such as high 
organic matter content (Gurmesa et al., 2022), warm and moist condi-
tions (Neill et al., 1999), higher microbial activity (He et al., 2020; Xu 
et al., 2013), limited nitrification (Silver et al., 2001) and low NH4

+

leaching rates (Silver et al., 2001). Very few estimates of Γg currently 
exist (Massad et al., 2010), out of which, most studies have been con-
ducted in fertilized non-forest soils (David et al., 2009; Nemitz et al., 
2000a, 2001; Walker et al., 2008). The Γg values estimated from these 
studies are high, ranging from 1500 to 104900. The only comparable 

estimate from non-fertilized forest soil was obtained by Walker et al. 
(2008). Their Γg value of 20 closely matches with Γg for Glencorse, while 
a higher Γg of 520 from Queensberry remains, to our knowledge, the 
only Γg estimate from a tropical forest. 

The Gamma values or apoplastic ratios for understorey vegetation 
(Γs) also varied significantly between the two sites, with the tropical 
understorey at Queensberry having a lower Γs than the grass-dominated 
understorey at Glencorse (Table 4). In absence of NH3 and wind gradient 
measurements above both the forest canopies for AGM application, the 
same Γs values obtained for understorey vegetation were applied to the 
tree canopy. Apoplastic ratios were estimated within two months at 
Glencorse and two weeks at Queensberry from the start of the NH3 
enhancement experiments. While 3165 L of NH3 had been released at 
Glencorse until the Γs estimation campaign, the Queensberry site was 
‘unfertilized’ when Γs was estimated. 

Our estimates are within the range of Γs values compiled by Massad 
et al. (2010) for unfertilized forests that range from 27 to 5604. Lowest 
values of Γs have been reported from Spruce (27–61) (Hartmann, 2005; 
Kesselmeier et al., 1993), rainforests (38.5) (Ramsay et al., 2021) and 
mixed Pine forest (141) (Langford and Fehsenfeld, 1992), followed by 
larger values from Beech (400) (Wang et al., 2011), mixed coniferous 
(1375–3300) (Neirynck and Ceulemans, 2008) and coniferous forests 
(5604) (Wyers and Erisman, 1998). In this study, the higher Γs value for 
the Glencorse Birch plantation can be attributed to two months of NH3 
exposure (fertilization) to the vegetation. 

Both Γg and Γs values (and compensation points) at the two sites are 
expected to increase with time as the NH3 enhancement experiments 
progress, resulting in lower net deposition rates in the future. As Γ values 
are known to be a variable and often an uncertain parameter in 

Fig. 10. Monthly NH3 release times (minutes) and volumes (litres at standard atmospheric temperature and pressure) at both field sites.  

Table 4 
Γ values for soil and leaf litter layer and ground flora from both sites.   

[H+] (mol l− 1) [NH4
+] (mol l− 1) Γ 

Glencorse soil and leaf litter 4.9 × 10− 6 9.6 × 10− 5 20 
Glencorse understorey vegetation – – 1162 
Glencorse tree canopy – – 1162 
Queensberry soil and leaf litter 2.5 × 10− 6 1.3 × 10− 3 520 
Queensberry understorey vegetation – – 542 
Queensberry tree canopy – – 542  
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deposition modelling (Hill et al., 2002; Loubet et al., 2002; Mattsson 
et al., 2009; Sutton et al., 2009a), a sensitivity analysis is provided in the 
supplementary material to show the effect of applying a wide range of Γ 
values on modelled NH3 deposition rates. 

Soil (χg) and stomatal (χs) compensation points provide insights on 
the switching of soils or vegetation from being sources to sinks of NH3 
and vice versa. Seasonal estimates of χg and χs from our sites provide an 
overview of the temporal trend of this NH3 re-emission phenomenon. χg 
showed some seasonal variation at Glencorse with minimum values in 
winter (0.01 μg m− 3) and maximum values in mid-summer (0.04 μg 
m− 3) (Table 5). On the contrary, χg remained nearly constant throughout 
the year at Queensberry (0.05–0.06 μg m− 3) (Table 6), which can be 
attributed to similar temperatures across seasons in Sri Lanka in contrast 
to the UK. The slightly higher values of χg at Queensberry are a result of 
warmer temperatures and a higher Γg. 

Mean monthly stomatal compensation points (χs) were higher than χg 
at both sites (1.01–3.05 μg m− 3 at Glencorse and 1.42–2.07 μg m− 3 at 
Queensberry) (Tables 5 and 6). At distances away from the source where 
NH3 concentrations can be lower, χs at both sites can exceed NH3 con-
centrations in the air, resulting in emission of NH3 from the stomata. χs 
was not calculated for the leaf-off periods at Glencorse (November to 
February for the understory and November to March for tree canopy). 

Foliar χs is known to be influenced by various biological and leaf 
metabolic factors such as root water and nutrient uptake (Mattsson and 
Schjoerring, 1996), NH4

+ concentration in the xylem sap (Schjoerring 
et al., 2002), N assimilates in the phloem (Foyer et al., 2003), 
cell-apoplast exchange of NH4

+ (Nielsen and Schjoerring, 1998), apo-
plastic pH (Pearson et al., 1998) and cellular NH4

+ concentration (Lee-
good et al., 1995). χs in this study is a completely 
temperature-dependent parameter because Γs was kept constant 
throughout the study period and also along the transect. 

3.6. Background ammonia concentrations and deposition 

Background NH3 concentrations indicate that both sites are rela-
tively clean in terms of NH3 pollution. Monthly background NH3 con-
centrations at Glencorse increase in March and April (1.4 μg m− 3) before 
declining gradually (Fig. 11a). The spring increase can be attributed to 
regional manure spreading at this time, consistent with national obser-
vations. For example, Tang et al. (2018) observed a similar peak in April 
at a remote site in the Scottish Highlands. At our site, however, we did 
not record a second peak in July–August which is observed at many sites 
across the UK (Tang et al., 2018). Concentrations remained below 1 μg 
m− 3 throughout the rest of the study period with very low concentra-
tions measured during the winter months. The annual mean NH3 con-
centration was 0.63 μg m− 3, which is below the international critical 
level of 1 μg m− 3 for lichens and bryophytes. 

Calculated net monthly background NH3 dry deposition flux to 
Glencorse varied from 0.05 to 0.69 kg N ha− 1 with a total annual flux of 
2.3 kg N ha− 1. During winter (without leaves on deciduous trees) the dry 
deposition flux to the soil surface was dominant, while cuticular depo-
sition to the understory was the most prominent flux during periods with 
deciduous leaves present, followed by cuticular deposition to the tree 
canopy (Fig. 11a). Throughout the period with leaves (Apr–Nov), leaf 
stomata remained an estimated net source of ammonia although 
monthly stomatal emission fluxes were low (0.0003–0.28 kg N ha− 1) 
(Fig. 11a), possibly because of the low background NH3 concentrations 
and low solar radiation in Scotland, particularly within the forest 
canopy. 

At Queensberry, monthly background NH3 concentrations ranged 
from 0.03 to 1.02 μg m− 3, with a spike in October (Fig. 11b). Back-
ground concentrations remained below 1 μg m− 3 with little seasonal 
variation for the rest of the study period (Fig. 11b) indicating a sufficient 
distance (0.4 km) from the fertilized tea plantations. The annual mean 
concentration was 0.35 μg m− 3. 

Estimated total NH3 fluxes from the vegetation layers dominated 
over the soil fluxes at Queensberry. Monthly estimated stomatal emis-
sion and cuticular deposition fluxes were nearly equal in magnitude 
resulting in small net flux ranging from − 0.18 to 0.42 kg N ha− 1 with 
deposition from July to October and net emission during the remaining 
months. Background knowledge of NH3 emission sources, their relative 
contribution to atmospheric NH3 and seasonal patterns of pollutant 
movement is relatively unknown in Sri Lanka. Our estimates provide 
baseline information on the status of NH3 air concentrations and depo-
sition over the forested highlands of central Sri Lanka, which can further 
help inform monitoring strategies and modelling estimates for tropical 
ecosystems. 

It is critical to note that at both sites, annual background NH3 con-
centrations are lower than UNECE NH3 critical levels for lichens and 
bryophytes (annual average: 1 μg m− 3) and forest ground flora (annual 
average: 3 μg m− 3) (UNECE, 2007). Similarly, annual background NH3 
dry deposition of 1.3 kg N ha− 1 at Glencorse and 0.34 kg N ha− 1 at 
Queensberry to the understory layers is also below the total Nr critical 
load value for ground flora (10–15 kg N ha− 1 yr− 1) (Bobbink et al., 
2022). The NH3 enhancement experiment is designed to simulate a wide 
gradient of NH3 concentration and deposition values for comparison 
with current critical levels as a reference point. Therefore, the sites along 
with the monitoring experiments provide a reliable platform to under-
stand and predict impacts on lichens, bryophytes and ground flora under 
very likely future scenarios of increased atmospheric NH3 concentra-
tions well above current critical levels (Cape et al., 2008; Franzaring and 
Kösler, 2022; Sutton et al., 2022). Low background concentrations 
observed at our sites reinforces their suitability for providing evidence of 
damage to non-vascular plants and fungi including lichens, and ground 

Table 5 
Mean monthly R (s m− 1) and χ (μg m− 3) values from Glencorse. Stomatal and cuticular resistances were set to infinite to simulate deposition during the leaf-off period.  

Month Rbg Rb1(us) Rb2(ts) Rb3(tc) Rs(us) Rs(tc) Rw(us) Massad Rw(us) DEPAC Rd(us) Rw(tc) Massad Rw(tc) DEPAC Rd(tc) χg χs(us) χs(tc) 

Sep-21 246 144 1117 100 2781 2174 22 22 54 21 20 42 0.03 2.08 2.14 
Oct-21 260 152 1160 105 3147 2460 13 14 22 10 1435 17 0.02 1.60 1.41 
Nov-21 197 117 795 62 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0.02 – – 
Dec-21 285 167 1022 88 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0.01 – – 
Jan-22 182 108 756 57 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0.01 – – 
Feb-22 144 87 647 46 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0.01 – – 
Mar-22 280 164 1014 86 1794 ∞ 11 34 73 ∞ ∞ ∞ 0.01 1.01 – 
Apr-22 260 152 956 80 1492 1461 14 47 94 14 57 92 0.02 1.23 1.23 
May-22 221 130 1036 90 1332 1304 17 25 55 20 39 54 0.03 1.74 1.76 
Jun-22 249 146 1128 101 1259 1232 22 22 57 28 39 55 0.03 2.16 2.23 
Jul-22 238 140 1084 96 1887 1475 54 59 380 55 60 297 0.04 2.95 3.05 
Aug-22 323 188 1352 130 2398 1875 40 51 503 39 48 393 0.04 2.54 2.60 
Sep-22 256 150 1149 104 2765 2161 24 32 85 22 29 66 0.03 2.04 2.10 
Oct-22 247 145 1124 100 3158 2469 13 14 22 13 14 17 0.02 1.55 1.60 
Nov-22 352 205 1191 108 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0.02 – – 
Dec-22 295 173 1056 91 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 0.01 – –  
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flora to help establish new critical levels and loads for the regions 
(Franzaring et al., 2022). 

3.7. NH3 concentration gradients from the enhancement systems 

Both the NH3 enhancement systems generated logarithmically 
declining mean concentration gradients with distance away from the 

Table 6 
Mean monthly R (s m− 1) and χ (μg m− 3) values from Queensberry.  

Month Rbg Rb1(us) Rb2(ts) Rb3(tc) Rs(us) Rs(tc) Rw(us) Massad Rw(us) DEPAC Rd(us) Rw(tc) Massad Rw(tc) DEPAC Rd(tc) χg χs(us) χs(tc) 

Mar-22 276 160 1002 85 2041 2500 10 1.33 1.84 13 2.05 2.25 0.06 1.42 1.43 
Apr-22 268 157 964 83 1165 1427 16 1.85 4.18 25 4.2 5.12 0.06 1.76 1.87 
May-22 98 61 595 42 1174 1437 16 1.4 2.95 21 2.37 3.61 0.06 2.01 2.07 
Jun-22 94 58 575 40 1084 1328 12 1.41 2.37 18 3.07 2.9 0.06 1.61 1.7 
Jul-22 110 67 622 46 1154 1413 13 1.43 2.67 20 3.29 3.27 0.05 1.71 1.8 
Aug-22 224 151 1016 104 1149 1408 14 1.57 3.24 19 2.97 3.97 0.05 1.69 1.75 
Sep-22 635 592 2696 409 1111 1360 14 1.67 3.43 20 3.4 4.21 0.05 1.75 1.81 
Oct-22 212 193 1154 133 1166 1428 13 1.43 2.65 18 3.12 3.25 0.05 1.65 1.73 
Nov-22 247 163 940 84 1149 1407 16 6.77 29.02 30 24 35.55 0.05 1.57 1.74 
Dec-22 244 143 900 76 1184 1450 12 2.07 3.98 22 6.97 4.88 0.05 1.47 1.62  

Fig. 11. Measured background NH3 concentration (μg m− 3) and modelled background dry deposition (kg N ha− 1) to the different canopy layers at (a) Glencorse from 
September 2021 to December 2022 and (b) Queensberry from April to December 2022. Fw is estimated using the parameterisation given by Massad et al. (2010). 
Positive flux here indicates deposition and negative flux indicates emission. 
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source (Fig. 12), in line with theoretical expectation and previous 
enhancement studies such as Theobald et al. (2001), Leith et al. (2004) 
and Sheppard et al. (2011). 

At Glencorse, concentrations ranged from 3.1 to 28.6 μg m− 3 along 
the 44-m study transect (y = − 8.4ln(x) + 33.5, R2 = 0.99), as compared 
with the background value of 0.63 μg m− 3. The bi-directional system at 
Queensberry generated higher concentrations along the south-western 
transect, responding to winds from the NE (mean 2.4–46.7 μg m− 3) (y 
= − 17.1ln(x) + 62.3, R2 = 0.98), as compared with the north-eastern 
transect, responding to winds from the SW (mean 2.2–15.9 μg m− 3) 
(y = − 5.5ln(x) + 19.7, R2 = 0.99) and the background value of 0.35 μg 
m− 3. Out of the total NH3 release time at this site, the system released 
NH3 towards the southwest for 69% of the time during the study period. 
A steeper gradient with higher concentrations and a gradual gradient 
with moderate concentrations provide a potential to study a wider range 
of NH3 impacts. 

Concentration ranges varied considerably from month-to-month 
depending on prevailing wind conditions. At Glencorse, the highest 
concentrations were recorded in November 2021 and lowest concen-
trations were recorded in January 2022. At Queensberry, highest con-
centrations were measured in May 2022 along the south-western 
transect and in December 2022 along the north-eastern transect. Lowest 
concentrations were measured in June 2022 along both transects. This 
intermittent and event-based release of NH3 represents ‘real-world’ 
conditions while replicating NH3 levels from common sources (Cape 
et al., 2004; Fowler et al., 1998; Groot Koerkamp et al., 1998; Manninen 
et al., 2023; Pitcairn et al., 1998; Tanner et al., 2022). 

Vertical monitoring of NH3 concentration at different time scales 
using ALPHA samplers (Fig. 13a) and the Picarro Analyser (Fig. 14a) at 
Glencorse indicated larger concentrations closer to the ground, espe-
cially around the grass layer, and a decrease with height. Similar vertical 
NH3 gradients were observed by Theobald et al. (2001) inside a forest 
canopy. In the Birch plantation at Glencorse, a distinct trunk space with 
absence of foliar surfaces between the grass layer and lower tree canopy 
prevents mixing of the three plumes in air near the source. Stable 
stratification, typical for plant canopies, likely contributes to this effect. 
Concentrations increased downwards up to 25 cm from the ground but 
decreased at the soil surface (5 cm) (Fig. 13a). This could be due to a 
combination of factors such as NH3 recapture by the grass layer and the 
soil boundary layer interfering with NH3 diffusion into the samplers 
located at 5 cm from the ground. 

At Queensberry, in the absence of a vertical array of ALPHA sam-
plers, vertical NH3 profiling was done using the Picarro NH3 analyser 
with multiple inlets in combination with ALPHA samplers placed 
laterally along the monitoring transect. In contrast to Glencorse, better 
vertical mixing of NH3 is clearly evident at Queensberry, as indicated by 

more vertically uniform concentrations along both transects (Fig. 13b). 
This can be attributed to a dense canopy structure from the ground up to 
the tree canopy with fewer gaps and a less prominent trunk space, 
encouraging vertical rather than horizontal dispersion. Densely located 
foliar surfaces across all canopy layers promote the vertical mixing of 
eddies resulting in a uniform vertical NH3 gradient. In contrast to 
Glencorse, upper layers of the tree canopy encounter similar NH3 con-
centrations as the understory at Queensberry. A vertical NH3 gradient 
becomes more prominent only at moderate (0.8–1.2 m s− 1) and high 
(1.2–10 m s− 1) wind speeds (Fig. 14b), which constitute only 13% of the 
total release time. 

3.8. Resistances and NH3 exchange fluxes 

Applying the multi-layer resistance model allowed us to partition 
exchange fluxes including component deposition and emission fluxes 
across the canopy layers, when considering the fate of released NH3. As 
shown by Figs. 15–18, at both field sites, the strongest sinks for NH3 
were the soil surface and leaf cuticles in the understory vegetation, 
followed by tree leaf cuticles and trunk surfaces. Leaf stomata in both 
understory and tree canopy were the weakest NH3 sinks and even acted 
as NH3 sources at the furthest distances away from the release system, 
where NH3 concentrations were less than the estimated compensation 
points. Each of these canopy layers have different surface chemistry, 
moisture and biological response to meteorological conditions, which 
determines their ability to absorb NH3 from the air (Nemitz et al., 2001). 
This characterization also helps locate the fate of the excess NH3 and 
identify organisms that could be at risk of NH3 impacts. The experi-
mental enhancement provides a wide range of estimated NH3 dry 
deposition to different parts of the canopy. Fig. 12. Mean monthly NH3 concentrations (μg m− 3 ± SE) along the moni-

toring transect at Glencorse (black) and Queensberry (grey) measured using 
ALPHA samplers at 1.5 m from the ground. Background concentrations (dashed 
lines) are shown for reference. 

Fig. 13. Vertical and horizontal gradients of mean monthly NH3 concentration 
(μg m− 3) measured a) at Glencorse (from vertical and lateral ALPHA mea-
surements) and b) at Queensberry (from a combination of vertical Picarro and 
lateral ALPHA measurements). z/hc is the measurement height (z) normalized 
by canopy height hc. 
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3.8.1. NH3 exchange with the soil surface 
Monthly average quasi-laminar boundary layer resistance of the soil 

surface (Rbg) ranged between 144 and 352 s m− 1 at Glencorse (Table 5) 
and was more variable at Queensberry (94–635 s m− 1) (Table 6). While 
a seasonal pattern emerged at Queensberry with lower Rbg during one of 
the monsoons, no seasonality was observed at Glencorse. Factors such as 
ground-level friction velocity and the temperature-dependent kinematic 
viscosity of air drive Rbg (Schuepp, 1977). Ground-level friction velocity, 
the strongest driver of Rbg, is derived from above-canopy friction ve-
locity (Nemitz et al., 2000b). Therefore, the complex topography and 
pronounced fluctuations in seasonal wind conditions possibly explain 
the variability in Rbg at Queensberry. 

At Glencorse, estimated deposition to the soil surface along the 
enhancement transect ranged from 3.6 to 71 kg N ha− 1 yr− 1 (y =
− 22.2ln(x) + 79.2, R2 = 0.93) as compared to a background Fg of 0.63 
kg N ha− 1 yr− 1. The two deposition gradients at Queensberry ranged 
from 1.7 to 95.6 kg N ha− 1 yr− 1 (SW of source) (y = − 36.3ln(x) + 127.9, 
R2 = 0.98) and 1.1–27.5 kg N ha− 1 yr− 1 (NE of source) (y = − 10.8ln(x) 
+ 35.1, R2 = 0.99) (Fig. 15) as compared to a background Fg of − 2.2 kg N 
ha− 1 yr− 1. 

Monthly variation in deposition rates was prominent due to seasonal 
effects on meteorology and varying NH3 release rates from the source, 
simulating real-world deposition conditions. Because of the low soil 
compensation point and consistent NH3 enhancement at Glencorse, the 
soil surface never acted as a net NH3 source on a monthly scale. On the 
other hand, net NH3 emission was observed during summer months 

along the NE transect at Queensberry because of lower NH3 release in 
this direction. Thresholds for impacts of NH3 deposition on soils are 
variable depending on soil and vegetation type; however, elevated 
deposition conditions created at both sites are likely to induce varying 
degrees of negative effects in the soil. These are likely to include higher 
N2O emissions (Leeson et al., 2017), changes in soil chemistry (espe-
cially pH) (Dise et al., 2011), decline in microbial diversity (Ma et al., 
2022) and loss of non-vascular plants and fungi including lichen species 
growing on the ground (Sheppard et al., 2011). 

3.8.2. NH3 deposition flux to trunk surfaces 
Deposition flux to the trunk surface layer was one of the smallest 

fluxes estimated from the resistance model. At Glencorse, NH3 deposi-
tion to the trunk surfaces ranged from 0.9 to 8 kg N ha− 1 yr− 1 (y =
− 2.4ln(x) + 9.4, R2 = 0.98) with a background flux of 0.1 kg N ha− 1 

yr− 1. At Queensberry, deposition to the trunk surfaces along the SW 
transect ranged from 0.8 to 17 kg N ha− 1 yr− 1 (y = − 6.4ln(x) + 23.2, R2 

= 0.98) and 0.8–6 kg N ha− 1 yr− 1 along the NE transect (y = − 2.1ln(x) 
+ 7.3, R2 = 0.99), as compared to a background Fts of 0.1 kg N ha− 1 yr− 1 

(Fig. 16). It is, however, unclear if these fluxes are enough to cause long- 
term changes in bark pH. The presence of lichens and bryophytes on tree 
trunks and their gradual change due to NH3 exposure is expected to 
affect the boundary-layer and also needs to be further investigated. 

Although parameterisations for Rb over leaf and soil surfaces are 
commonly used, Rb over tree trunks is difficult to formulate and rarely 
applied. Instead of diffusing and getting assimilated, gas molecules 
‘bounce-off’ woody and bluff surfaces like tree trunks (Chamberlain 
et al., 1984), which explains higher Rb (Rb(ts)) values for the trunk 

Fig. 14. NH3 concentrations (μg m− 3) measured at four heights and 10 m away 
from the enhancement system using the Picarro analyser over 10-day cam-
paigns at a) Glencorse and b) Queensberry. The background category shows 
measurements during no NH3 enhancement irrespective of the wind speed. The 
box and whisker plots show the mean (diamond), median (central bar), inter-
quartile range (box) and values within 1.5 times the interquartile range above 
and below 75th and 25th percentiles, respectively (whiskers). 

Fig. 15. Gradients of NH3 exchange (kg N ha-yr− 1 ± SE) with the soil surface at 
both sites. Dashed lines indicate background NH3 flux at the soil surface 
for reference. 

Fig. 16. Gradients of NH3 deposition (kg N ha-yr− 1 ± SE) to the trunk surfaces 
at both sites. Dashed lines indicate background NH3 deposition to trunk sur-
faces for reference. 
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surfaces than for soil and vegetation. NH3 dry deposition to tree trunks is 
of particular importance to this study because one of our long-term 
objectives is to monitor NH3 deposition impacts on corticolous lichens 
and bryophytes. NH3 deposition can gradually increase bark pH and 
subsequently impact lichen health and growth (van Herk, 2001; Wol-
seley et al., 2006). However, in this study, since high Rb(ts) values result 
in low deposition flux on trunk surfaces, lichens are likely to be initially 
affected more severely by absorption of toxic NH3 concentrations from 
the air than by changes in bark pH. Estimation of direct NH3 deposition 
to lichens and bryophytes needs additional measurements and param-
eterisation, which will be further investigated as NH3 exposure con-
tinues and bark pH changes. 

3.8.3. NH3 exchange with vegetation 
Quasi-laminar boundary layer that forms over soil and vegetation 

surfaces can be a major source of resistance to NH3 dry deposition 
(Sutton et al., 1993a). Gas molecules have to diffuse through this 
additional layer while getting transferred from the air to the surface. 
Boundary layer resistances (Rb) are strongly dependent on wind speed 
and friction velocity but also influenced by molecular diffusivity of the 
pollutant gas, kinematic viscosity of air at a given temperature, and 
roughness length (Fowler and Unsworth, 1979; Wesely et al., 1985). 
Boundary layer thickness generally diminishes under unstable condi-
tions (high wind speeds), thereby increasing the deposition velocity. Rb 
around leaf surfaces is a critical parameter in this study since NH3 is 
released from within the canopy. Monthly Rb values around varied from 
46 to 205 s m− 1 at Glencorse and 40–592 s m− 1 at Queensberry. 
Boundary layer resistances over leaf surfaces did not show a strong 
seasonal trend at either site but at Queensberry, all Rb values peaked in 
September, which is possibly due to shifting monsoonal conditions, 
especially wind (Table 6, Fig. 8b). 

3.8.3.1. NH3 deposition flux to leaf cuticles and model performances. 
Cuticular deposition (Fw) was dominant in both vegetation layers, 
however, estimates obtained using four different parameterisation 
yielded considerable differences. 

3.8.3.1.1. NH3 concentration-dependent parameterisation from Jones 
et al. (2007a). Cuticular deposition estimated using the NH3 
concentration-dependent parameterisation for moorlands from Jones 
et al. (2007a) was the lowest at high NH3 concentrations near the source 
(<16 m) at both sites (Fig. 17a and b). In the NE transect at Queensberry, 
where NH3 enhancement is the lowest, Fw modelled using this param-
eterisation was similar to Fw estimated using Massad et al. and the 
capacitance models. A similar trend was observed at Glencorse and the 
SW transect at Queensberry with decrease in NH3 concentrations away 
from the source. The decrease in understorey Fw with distance from the 
source was linear, ranging from 7 to 10 kg N ha− 1 yr− 1 at Glencorse (y =
− 0.06x + 10.2, R2 = 0.99) (Figs. 17a), 24–35 kg N ha− 1 yr− 1 along the 
SW transect at Queensberry (y = − 0.36x + 36.6, R2 = 0.95) and 20–26 
kg N ha− 1 yr− 1 along the NE transect (y = − 0.27x + 26.2, R2 = 0.88) 
(Fig. 17b). In the tree canopy, similar trends were observed but with 
30–60 % higher Fw as compared to the understorey layer at both sites, 
mainly driven by higher above-canopy solar radiation. 

The concentration dependency in this parameterisation is meant to 
reflect saturation towards uptake at high concentrations, conceptually 
similar to the capacitance and DEPAC methods. However, it is to be 
noted that the linear relationship between Rw and NH3 concentration 
observed by Jones et al. (2007a) was derived for a complex structured 
moorland vegetation canopy. The NH3 concentrations were much higher 
(up to 100 μg m− 3) than in this study (up to 47 μg m− 3), which possibly 
constraints Fw estimation at high NH3 concentrations using this 
parameterisation in our woodland study. 

3.8.3.1.2. Temperature, RH and LAI-dependent parameterisation from 
Massad et al. (2010). Cuticular deposition to the understorey vegetation 
estimated using the RH-dependent parameterisation of Rw derived by 

Massad et al. (2010) ranged from 6 to 69 kg N ha− 1 yr− 1 at Glencorse (y 
= − 21.2ln(x) + 82.3, R2 = 0.98). At Queensberry, understorey Fw 
ranged from 8 to 125 kg N ha− 1 yr− 1 along the SW transect (y = − 45.2ln 
(x) + 165.8, R2 = 0.98) and 7–37 kg N ha− 1 yr− 1 along the NE transect 
(y = − 12.5ln(x) + 46.2, R2 = 0.99). In the tree canopy, Fw was signifi-
cantly lower than in the understorey at Glencorse (59–84%). Contrast-
ingly, at Queensberry, Fw in the tree canopy was 10–40 % higher than in 
the understorey. 

This parameterisation adds temperature and LAI dependency to the 
commonly used RH-dependent parameterisation from Sutton et al. 
(1993). Temperature and RH dependency provides a comprehensive 
relationship between Rw and environmental conditions, while LAI de-
pendency improves Rw estimation under varying phenological and sea-
sonal conditions. 

3.8.3.1.3. Leaf surface NH3 concentration-dependent parameterisation 
from the DEPAC module (van Zanten et al., 2010). DEPAC parameter-
isation showed clear differences than the other parameterisations by 
estimating much higher Fw at both sites (Fig. 17a and b). However, close 
to the source (<6 m) at Glencorse, understorey Fw from the DEPAC 
parameterisation was similar to that from Massad et al. (Fig. 17a). At 
Queensberry, increasing with distance from the source, the DEPAC 
parameterisation estimated understorey Fw 5–140 times higher than 
Massad et al.’s parameterisation, 15–23 times higher than Jones et al.’s 
parameterisation and 4–480 times higher than the capacitance model in 
the understory layer (Fig. 17b). Understorey Fw ranged from 19 to 64 kg 
N ha− 1 yr− 1 at Glencorse (y = − 15.8ln(x) + 75.6, R2 = 0.98), 443–597 
kg N ha− 1 yr− 1 along the SW transect (y = − 59.6ln(x) + 650, R2 = 0.98) 
and 441–479 kg N ha− 1 yr− 1 along the NE transect (y = − 15.7ln(x) +
490, R2 = 0.99) at Queensberry. In the tree canopy, estimated Fw was 

Fig. 17. Cuticular deposition to the understory (Fw(us), kg N ha− 1 yr− 1 ± SE) 
estimated using four different parameterizations along the NH3 gradients at (a) 
Glencorse and (b) Queensberry. dotted lines indicate mean background Fw(us). 
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5–62 % lower at Glencorse and 16–36 % lower at Queensberry as 
compared to the understorey layer, driven by lower RH in the upper tree 
canopy. 

Although it accounts for cuticular NH3 re-emission which reduces Fw 
and has a similar core principle of RH-dependency as Massad et al.’s 
parameterisation, DEPAC overestimates Fw for these sites. This is 
possibly caused by the LAI-scaling parameter which is related to the LAI 
measured at the Haarweg site (van Zanten et al., 2010). The Haarweg 
site is dominated with perennial ryegrass, with LAI and canopy structure 
very different from forest sites. The LAI-scaling parameter in the DEPAC 
module, therefore, needs to be applied with caution to forest canopies. 

3.8.3.1.4. Capacitance model from Sutton et al. (1998a). The 
capacitance model was the only one that estimated net cuticular emis-
sion at low NH3 concentrations farther away from the NH3 source at 
Glencorse (Fig. 17a), but not at Queensberry (Fig. 17b). Understorey Fd 
rates ranged from − 0.2 to 41 kg N ha− 1 yr− 1 at Glencorse (y = − 14.3ln 
(x) + 51.1, R2 = 0.98), 7–156 kg N ha− 1 yr− 1 along the SW transect (y =
− 57.3ln(x) + 207, R2 = 0.98) and 5–42 kg N ha− 1 yr− 1 along the NE 
transect (y = − 15ln(x) + 52.4, R2 = 0.99) at Queensberry. At Glencorse, 
deposition to the tree leaf cuticles was much lower than to the under-
storey vegetation. Net cuticular deposition in the tree canopy occurred 
only up to a distance of 8 m from the source at a rate of 0.5–2 kg N ha− 1 

yr− 1. At Queensberry, Fd in the understorey and tree canopy were similar 
farther from the source but 43% higher in the tree canopy near the 
source. 

This model takes into account previously deposited NH3 and the 
thickness of the water film on cuticles. At Queensberry, where the 
conditions are tropical, the cuticular water film thickness was found to 
be consistently higher than at Glencorse (supplementary material), 
allowing for more cuticular deposition of NH3. 

3.8.3.2. NH3 exchange with leaf stomata. Stomatal deposition was 
generally the smallest flux at both sites (Fig. 18). Net stomatal emissions 
were commonly observed at Glencorse and along the NE transect at 
Queensberry. At Glencorse, stomatal emissions occurred beyond 16 m 
from the enhancement system in the understory resulting in a gradient 
of − 0.5 to 3.3 kg N ha− 1 yr− 1 along the transect (y = − 1.3ln(x) + 4.2, R2 

= 0.98), while the tree stomata were a constant NH3 source (− 0.8 to 
− 0.2 kg N ha− 1 yr− 1) (y = − 0.01x – 0.2, R2 = 0.91) (Fig. 18). At 
Queensberry, higher stomatal deposition ranging from − 2 to 11 kg N 
ha− 1 yr− 1 in the understory (y = − 5.1ln(x) + 15.7, R2 = 0.98) and − 1.6 
to 18.2 kg N ha− 1 yr− 1 in the tree canopy (y = − 7.7ln(x) + 25, R2 =

0.98) was observed along the SW transect (Fig. 18). In comparison, 
along the NE transect, only − 2.2 to 1.9 kg N ha− 1 yr− 1 stomatal depo-
sition was estimated in the understory (y = − 1.6ln(x) + 3, R2 = 0.99) 
and − 1.4 to 6 kg N ha− 1 yr− 1 in the tree canopy (y = -3ln(x) + 8.1, R2 =

0.99), as a result of lower NH3 concentrations along the NE transect 

(Fig. 18). In contrast to Glencorse, stomatal deposition to the tree can-
opy was estimated to be higher than in the understory at Queensberry. 

Although the tree canopy receives more solar radiation, which drives 
NH3 deposition to the stomata, stomatal emission from the trees at 
Glencorse can possibly be explained by the strong vertical gradient in 
NH3 concentrations resulting in much lower NH3 concentrations in the 
tree canopy. Contrastingly, at Queensberry, where vertical NH3 con-
centrations have minimal variation, higher stomatal deposition was 
estimated in the tree canopy than in the understory, mainly driven by 
above-canopy solar radiation. NH3 emissions from the stomata are 
strongly driven by stomatal emission potential (Hansen et al., 2017), 
which is much higher for vegetation at Glencorse in this model. Addi-
tionally, lower Fs at Glencorse can partially be a result of relatively low 
radiation levels within the canopy and generally high cloud cover be-
tween September and March. 

The exceedance of Fs over Fw at high NH3 concentration has been 
proposed (Sutton et al., 1993a, 1993b) and shown to be true for moor-
land plants (Jones et al., 2007b). In this study, however, we did not 
observe this crossover at a monthly time scale, which suggests the 
possibility of lower cuticular NH3 saturation in forest vegetation. The 
dominance of cuticular deposition over stomatal deposition also in-
dicates possible recapture of NH3 emitted by the stomata into leaf cu-
ticles (Neirynck and Ceulemans, 2008; Nemitz et al., 2004). 

3.9. Uncertainties in the deposition estimates 

Modelling NH3 dry deposition using the resistance method involves 
complexities that are related to a large number of measurements, 
parameterisations and assumptions (Massad et al., 2010). Therefore, 
some uncertainties need to be acknowledged despite making all efforts 
to minimise them. In this study, we used monthly mean NH3 concen-
trations to drive the deposition model. Although this provides adequate 
estimates of deposition over a monthly time-scale, NH3 concentration 
measurements at a higher temporal resolution are warranted to detect 
ephemeral changes in the flux, which can sometimes be significant. To 
calculate cuticular deposition using the capacitance model, we assumed 
a constant leaf pH. However, a more dynamic approach of using variable 
leaf pH would further improve the estimation of cuticular deposition. Γ 
values are known to vary seasonally and with NH3 deposition over time 
(Hill et al., 2002; Loubet et al., 2002; Mattsson et al., 2009; Sutton et al., 
2009a). However, we used constant Γ values throughout the study 
period and across our NH3 concentration gradients. A concerted effort to 
estimate seasonal Γ values either by extraction or micrometeorologically 
along the NH3 gradients would constrain the uncertainty in this model, 
but would be labour and resource intensive. Moreover, added instru-
mentation to estimate NH3 concentrations at multiple heights above the 
tree canopy would enable the estimation of Γs for trees. Ideally, the AGM 
should be applied using multiple analysers measuring NH3 concentra-
tions simultaneously. This being an expensive method, Kamp et al. 
(2020) assessed the effect of using a single analyser with 
non-simultaneous measurements switching between heights (a method 
used in this study) and calculated an error of less than 7% in this 
technique. 

To bring about the next step-change in deposition modelling, the 
resistance method needs to be applied in tandem with improved tech-
nologies. For example, LAI, LAD and the areas of different surfaces 
within each canopy layer can be accurately measured using ground- 
based Lidar, which can then be incorporated into deposition models at 
least at the site scale. Secondly, using multiple high-resolution NH3 
analysers to simultaneously measure NH3 concentrations at different 
distances away from the source and at multiple heights within the 
canopy can further improve our understanding of the movement and 
behaviour of NH3 within canopies. A campaign study to isotopically 
label the released NH3 and analysing plant tissues and soil for δ15N can 
provide a direct verification of deposition modelling parameters, 
although this method can be expensive and would require destructive 

Fig. 18. Stomatal deposition (Fs) on the two vegetation layers (kg N ha− 1 yr− 1 

± SE) along the NH3 transects at Glencorse (black) and Queensberry (grey). 
Circles and solid lines indicate the understory layer, squares and dashed lines 
indicate tree canopy and dotted lines indicate mean background Fs. 
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sampling. 

3.10. Representativeness and implications for NH3 impacts assessment 

Both study sites experienced background NH3 concentrations lower 
than the NH3 critical level prior to the controlled NH3 enhancement. 
This makes them well-suited for long-term assessment of the NH3 critical 
level for woodland ecosystems and the specific plant groups present. The 
concentration gradients and estimated deposition rates represent a 
range of enhanced NH3 conditions observed in the vicinity of sources 
such as poultry farms (Fowler et al., 1998; Pitcairn et al., 1998), live-
stock units (Groot Koerkamp et al., 1998; Pitcairn et al., 1998) and 
agricultural fields (Tanner et al., 2022). The elevated NH3 concentra-
tions and deposition rates at both sites are likely to induce negative 
environmental effects such as higher soil N2O emissions, changes in soil 
chemistry, decline in soil microbial diversity, changes in abundance and 
species composition of grasses, non-vascular plants and fungi including 
lichens. To monitor these effects, we have established impact assessment 
studies at both sites. These include chambers to measure soil emissions, 
sampling points for chemical analysis of soil, permanent monitoring 
quadrats to study effects on lichens, bryophytes, fungi and ground flora 
and trees marked for measuring changes in bark pH along the NH3 
transects. Moreover, as mosses and lichens are sensitive bio-indicators of 
NH3 pollution, time-lapse cameras pointing at mosses and lichens have 
been set up to visualize any morphological damage along the NH3 
transects. This monitoring setup in combination with the enhancement 
system and meteorological tower provides an ideal platform to assess 
and revise critical levels and loads for forest species, especially in South 
Asia, where such thresholds are not yet quantified (Franzaring and 
Kösler, 2022). 

In addition to being bioindicators, sensitive organisms such as li-
chens are important non-timber forest products in high elevation areas 
of South Asia and economically beneficial to a large number of people 
(Chatterjee et al., 2017). Loss of such organisms due to NH3 pollution 
can have adverse socio-economic impacts on local communities. The 
biological impacts – the point at which these species experience damage 
– therefore, need to be demonstrated more clearly to bring about 
effective policy changes (Ellis et al., 2022). 

In the UK and European Union, critical levels (CLEs) of atmospheric 
NH3 concentrations and critical loads (CLOs) of N deposition have been 
determined, above which harmful ecological effects have been demon-
strated. Timely revision of critical levels and loads and continuous 
monitoring of their exceedances is needed to enable swift policy-related 
and actionable response (Sutton et al., 2022). Setting critical levels and 
loads is one of the first steps towards delivery of effective policy, though 
these thresholds are absent in tropical and south Asian ecosystems. For 
example, the CLE values for NH3 agreed by the UN Economic Commis-
sion for Europe (UNECE, 2007) are based entirely on European data. For 
ecosystems where lichens and bryophytes are important for ecosystem 
integrity, the annual CLE is set at 1 μg m− 3, which is exceeded in about 
69% of land area of the UK; the equivalent CLE value for higher plants 
including forest ground flora is 3 μg m− 3, which is exceeded across 6.3% 
of land area (Rowe et al., 2022). Application of annual CLEs for lichens 
and bryophytes to sub-Himalayan forests showed exceedance in 80–85% 
land area, while noting the need for more underpinning evidence (Ellis 
et al., 2022). In addition to annual CLE values, CLEs have also been set 
for hourly, daily and monthly periods at 3300, 270 and 23 μg m− 3, 
respectively (UNECE, 2007). 

While CLEs are determined for species guilds and vegetation types 
(Franzaring and Kösler, 2022; Posthumus, 1988), empirical values for 
CLOs are established for ecosystem types and range from 3 to 20 kg N 
ha− 1 yr− 1 for different forest habitats (Bobbink et al., 2022). In the UK, 
CLOs are currently exceeded over more than 80% of the area for seven 
sensitive habitats including most woodland types (Rowe et al., 2022), 
whereas the application of the same CLO values to sub-Himalayan for-
ests shows exceedance in 95–98% area (Ellis et al., 2022). 

Ground flora, non-vascular plants, lichens and fungi are expected to 
have significant variation in their tolerance threshold to air pollutants 
(CLEs and CLOs) depending on factors such as climate, biogeography 
and historic exposure to pollution. For example, UK and EU CLEs and 
CLOs may not apply to South Asian ecosystems. It is therefore critical to 
determine thresholds at regional scale by studying dose-response re-
lationships under natural conditions in specific ecoregions. In the UK 
and EU, CLEs and CLOs have been agreed by the United Nations Eco-
nomic Commission for Europe (UNECE) under the Convention on Long- 
Range Transboundary Air Pollution (Sutton et al., 2009b), with these 
being used as part of the Gothenburg protocol to control transboundary 
air pollution. The CLE and CLO values are also used in planning as-
sessments as part of national or international habitat protection, such as 
of the EU Habitats Directive. A similar process must be replicated in 
other regions of the globe where sensitive ecosystems are under a threat 
from air pollution. These thresholds, when incorporated into national 
environmental policies, place a legal requirement for development 
projects to maintain pollutant levels below the thresholds in the affected 
area. The effectiveness of these policies must be tracked through regular 
environmental impact assessments and audits. Additionally, once 
regionally appropriate CLEs and CLOs are determined, the evidence 
provided by field enhancement studies over time needs to be used to 
update CLE and CLO values. The UK and EU CLEs and CLOs for NH3 were 
reviewed in 2022 and were retained at the current values (Franzaring 
et al., 2022). 

A significant amount of NH3 released from the enhancement systems 
was dry deposited within the study areas (Fig. 19). 26% and 64% of the 
released NH3 deposited within the study plot at Glencorse and 
Queensberry, respectively. These estimates are higher than previous 
studies that observed 8–16% of NH3 depositing within the first 300–500 
m from livestock sources (Fowler et al., 1998; Hao et al., 2006; Shen 
et al., 2018; Walker et al., 2008; Yi et al., 2021). However, some 
modelling studies have estimated higher deposition rates of up to 60% in 
proximity of NH3 sources (Asman, 1998; Sutton et al., 1998b), while Yi 
et al. (2020) found that 80% of the NH3 released from a paddy field 
deposited within the first 100 m. The higher deposition/emission ratios 
observed in our study can be attributed to the location of the enhance-
ment systems being inside the undisturbed forest canopy, including zero 
vegetation clearance during experimental construction to maintain a 
natural vegetation canopy structure. Much higher deposition in the 
tropical forest at Queensberry as compared to temperate Glencorse can 
be explained by higher tree density and LAI, which provide more surface 
area for the NH3 to deposit. Additionally, Queensberry is an evergreen 
forest, while the deciduous Glencorse loses foliage for four months 
during winter, resulting in negligible stomatal and cuticular deposition 
during this period. 

Several studies have been conducted to estimate NH3 deposition over 

Fig. 19. Ratio of deposition to emission as a function of distance from the 
enhancement source at both sites. 
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forests. However, most studies estimate atmospheric NH3 deposition 
from above canopy at background concentrations. It is rather difficult to 
compare our estimates with these studies because a) deposition occurs at 
our sites at enhanced concentrations, b) NH3 is emitted from under the 
canopy, moving upwards, thereby not encountering above-canopy at-
mospheric resistance (Ra) and c) our canopy resistance (Rc) consists of a 
greater number of parallel resistances than most studies. It is therefore 
more useful to compare deposition velocities (Vd) rather than comparing 
the absolute deposition flux. We estimate mean Vd of 0.016 m s− 1 

(0.008–0.021 m s− 1) at Glencorse and 0.025 m s− 1 (0.006–0.04 m s− 1) at 
Queensberry during the study period (see supplementary material for 
monthly values). Schrader et al. (2014) conducted a review of 42 studies 
estimating NH3 Vd and calculated mean Vd of 0.015 m s− 1 for mixed 
forests and 0.011 m s− 1 for deciduous forests. To our knowledge, no 
study has reported Vd from a tropical forest. Inferential models estimate 
a wide range of NH3 deposition velocities such as 0.008 m s− 1 (CDRY), 
0.011 m s− 1 (EMEP-03), 0.022 m s− 1 (IDEM), 0.024 m s− 1 (CBED) 
(Flechard et al., 2011), 0.036 m s− 1 (SCAIL) (Theobald et al., 2006) and 
0.04 m s− 1 (TERN + FRAME) (Dore et al., 2009; Singles et al., 1998) for 
forests. Few measured estimates of NH3 deposition velocities for forests 
exist. Zhang et al. (2009) measured Vd over seven forested sites in 
Canada and estimated values of 0.0012–0.0063 m s− 1, much lower than 
other measured and modelled estimates. Other Vd estimates originate 
from measurements in coniferous forests such as Douglas Fir 
(0.02–0.032 m s− 1) (Duyzer et al., 1994; Wyers et al., 1992) and Spruce 
(0.009–0.04 m s− 1) (Andersen et al., 1999). Our values fall within the 
range of Vd estimated for forests from modelling and measurement 
studies. However, we provide the first Vd estimates for forests where Ra 
is not a contributing factor to the deposition process. Additionally, since 
in studies estimating atmospheric NH3 deposition, Rc calculation often 
does not account for cuticular resistance and canopy compensation 
point, comparative estimates of deposition flux obtained with and 
without considering Fw and χc at both sites is provided (Table S5). 

4. Conclusion 

The enhancement system produced target NH3 concentration and 
deposition levels along horizontal and vertical gradients downwind of 
the release. The system proved to be flexible for optimization and 
adaptation to contrasting forest types. The setup is being used to 
improve process-level understanding of physical aspects of dry deposi-
tion. This study presents a multi-layered resistance modelling approach 
that captures NH3 exchange across canopy layers and helps identify the 
fate of excessive NH3 within the forest canopy. It enables the parti-
tioning of the deposition flux to understand which layers of the forest 
canopy are the largest NH3 sinks and the dominant processes that drive 
deposition. At both our sites, with very different vegetation types, can-
opy structures and meteorological conditions, the soil surface and leaf 
cuticles of understorey vegetation emerged as the largest NH3 sinks. In 
forest ecosystems that are located near NH3 sources, the amount of NH3 
entering the canopy laterally is much larger than the NH3 depositing 
from the atmosphere. In contrast to previous resistance models applied 
to forest canopies that are primarily concerned with atmospheric 
deposition, our model is applicable for identifying the fate of NH3 in 
forest ecosystems where the gas enters the canopy laterally through the 
trunk space and exposes the understorey to high NH3 levels. In the long 
term, along with NH3 impacts on bark pH, tree growth and physiology, 
the potential for NH3 recapture by forests will also be assessed. Exper-
iments conducted at our sites will produce strong evidence of NH3 im-
pacts on sensitive and socio-economically important organisms such as 
lichen epiphytes, other aspects of biodiversity and ecosystem services. 
The findings will reinforce the need for effective policy changes to 
reduce NH3 pollution. Our results show that trunk surfaces are the 
weakest NH3 sinks out of all canopy layers. Despite this, lichens, which 
mainly occur on the tree trunks are known have severe impacts from 
NH3 exposure. This highlights their value as bio-indicators with high 

sensitivity to NH3 and further reinforces the importance of the NH3 
impact assessment studies established at both sites. 
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Observing and modeling the vertical wind profile at multiple sites in and above the 
amazon rain forest canopy. Adv. Meteorol. 1–8. https://doi.org/10.1155/2017/ 
5436157, 2017.  
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