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This review is a summary of the most up-to-date knowledge regarding assessment of atmospheric

deposition of reactive nitrogen (Nr) pollutants across complex terrain in the UK. Progress in the

understanding of the mechanisms and quantification of Nr deposition in areas of complex topography is

slow, as no concerted attempts to measure the components of Nr in complex terrain have been made in

the last decade. This is likely due to the inherent complexity of the atmospheric processes and chemical

interactions which contribute to deposition in these areas. More than 300 studies have been reviewed,

and we have consulted with a panel of international experts which we assembled for that purpose. We

report here on key findings and knowledge gaps identified regarding measurement and modelling

techniques used to quantify deposition of Nr across complex terrain in the UK, which depending on

definition, may represent up to 60% of land coverage across Great Britain. The large body of peer

reviewed papers, reports and other items reviewed in this study has highlighted both the strengths and

weaknesses in the tools available to scientists, regulators and policy makers. This review highlights that

there is no coherent global research effort to constrain the uncertainties in Nr deposition over complex

terrain, despite the clearly identified risk of N deposition to ecosystems and water quality. All evidence

identified that enhanced Nr deposition across complex terrain occurs, and magnitude of the

enhancement is not known; however, there are major uncertainties particularly in the differences

between modelled and measured wet deposition in complex terrain and representing accurate surface

interactions in models. Using simplified estimates for Nr deposition, based on current understanding of

current measurement and model approaches, an enhancement across UK complex terrain in the range

of a factor of 1.4–2.5 (i.e. 40–150% larger than current estimates) is likely over complex upland terrain. If

at the upper limits of this, then significantly more ecosystems in the UK would be at a direct risk of

degradation, and the potential for long-term non-remediable water quality issues increased.
Environmental signicance

No concerted attempts to measure the components of reactive nitrogen (Nr) in complex terrain have been made in the last decade due to the inherent complexity
of the atmospheric processes and chemical interactions which contribute to deposition. This review highlights that there is no coherent effort to constrain the
uncertainties in Nr deposition over complex terrain, despite the clearly identied risk to ecosystems and water quality. Based on current understanding, an
enhancement of Nr deposition across UK complex terrain (up to 60% land coverage) is in the range of a factor of 1.4–2.5 (i.e. 40–150% larger than current
estimates), meaning many ecosystems are at increased risk of degradation, and long-term non-remediable water quality issues.
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1 Introduction

Complex terrain is an oen-used term with different denitions
depending on context, referring to areas of land which have
irregular topographic features, such as mountains or coastlines,
and variations in land use and surface roughness, such as
mixed urban, rural, irrigated, and unirrigated. Complex terrain
can modify synoptic weather features and generate unique local
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airow changes to create local atmospheric effects such as
thermally-driven winds, orographic cloud formation, acceler-
ated ows, increased turbulence and sea breezes. In upland
areas, air pollutant deposition to complex terrain determines
the inputs onto sensitive habitats and their transport into water
catchments. In the UK, water quality is strongly affected by
inputs across catchments, which includes atmospheric depo-
sition.1–4 The contribution of atmospheric deposition to total
nutrient loading is highly variable, but in remote semi-natural
ecosystems (i.e. an ecosystem with most of its processes and
biodiversity intact, though altered by human activity), it is the
primary route of input.5 Quantifying atmospheric pollutant
deposition in these locations is a persistent modelling and
measurement challenge. Research to date suggests that wet and
cloud deposition dominate the upland deposition of eutro-
phying and acidifying compounds in the UK, especially in the
west.6 However, there is a generally unaccounted for but
potentially signicant enhancement, as well as spatial and
temporal uncertainty, in dry deposition in these terrains.7–10

Atmospheric deposition of eutrophying and acidifying
compounds, including reactive nitrogen (Nr) compounds such
as ammonia (NH3), is of particular concern because of their
adverse impacts on habitat condition and on water quality.11 In
the 1980s the primary concern around upland deposition was
on acid deposition, dominated by SO2.12 Emissions of SO2 have
declined dramatically across Europe and North America, and in
these countries the focus has now shied towards Nr

compounds.13 When Nr is deposited in upland areas, it can be
transported through the environment via stream water or
groundwater runoff, which in some cases can account for 20–
50% of the total atmospheric N deposited to the surface.7,14 A
Fig. 1 Total nitrogen (Nr) deposition for the year 2016, as estimated by

830 | Environ. Sci.: Atmos., 2022, 2, 829–851
fraction of the deposited Nr is transformed into a gaseous
chemical species (NO, N2O or N2) via denitrication.15 The
remainder can accumulate in ecosystems on which they are
deposited, in biomass and soil. The balance between emission
and accumulation is inuenced by the drainage conditions of
the site (i.e. soil moisture controlled).16

When Nr is added to semi-natural ecosystems, it can lead to
decreases in biodiversity and long-term water quality issues,
including elevated nitrate levels and discolouration.17 Many
areas are already at risk even from levels of Nr deposition
already accounted for. The critical level (CLe, concentration
below which harmful effects cannot be detected) for NH3 to
mosses and lichens is 1 mg m�3, and 3 mg m�3 for other plants.18

Much of the UK is already exposed to NH3 concentrations which
exceed this. Similarly, the critical load (prolonged exposure to
pollutant above which harm may occur) for nitrogen deposition
is also exceeded in many environments within the UK.19

Establishing long-term sustainable levels of Nr in vulnerable
ecosystems and quantifying the pathways of Nr in complex
terrain remains both a modelling and a measurement chal-
lenge. Even on at terrain, measurement and modelling of Nr

deposition is not a trivial exercise. It normally involves model-
measurement fusion methods to quantify deposition, with
signicant uncertainties. Complex or rough terrain, with hills,
mountains, cliffs, gullies etc., is even more challenging and
many modelling and measurement methods which would be
applicable for at terrain cannot be used reliably as assump-
tions in calculations are not always met. There are several
processes at work in complex terrain that have the potential to
increase deposition compared with at homogeneous surfaces,
including dry deposition enhancement through edge effects
(i) EMEP4UK; (ii) UKIAM and (iii) CBED models.28

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and topography induced turbulence, wet deposition enhance-
ment through the formation of topographic cloud, the seeder–
feeder effect (precipitation from an upper-level precipitating
cloud falling through a lower-level orographic stratus cloud that
caps elevated terrain) and directional rain, as well as enhanced
cloud deposition. Some of these effects are spatially highly
variable and result in enhanced deposition loading not only at
the catchment scale, but also in localised deposition hotspots,
which may coincide with sensitive ecosystem types.

Evidence that large uncertainties exist in estimates of Nr

deposition to upland catchments comes from measurements of
deposition,20 uncertainty of complex terrain ows,21 and from
model inter-comparisons.22 For example, in the UK, the upland
deposition estimated by the concentration-driven CBED
(Concentration Based Estimated Deposition) model23 exceeds
that predicted by the EMEP4UK model24,25 and the UK Inte-
grated Assessment Model (UKIAM26), both of which are based
on an Atmospheric Chemistry and Transport Modelling (ACTM)
approach driven by emissions (Fig. 1). Further assessment
suggests that this difference is dominated by a difference in the
estimation of wet deposition and this is also reected by the
comparison of the dry and wet deposition Nr budgets between
CBED and the EMEP4UK ACTM for the entire UK (Fig. 2). CBED
uses national measurements from bulk deposition samplers
combined with a national precipitation map and a correction
mechanism for the seeder–feeder effect to estimate wet depo-
sition. In this approach, an overestimation could arise from this
correction or the contribution of a dry deposition artefact to the
bulk deposition sampling.27 By contrast, in the ACTM models
Fig. 2 Time-line of annual total UK deposition budgets of total Nr as mo
EMEP4UK rv4.36 driven with meteorology generated with WRF 4.2.2. N
emission estimates, but 2020 and 2021 meteorology.

© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration estimates are derived from emission estimates
also taking into account chemical transformations and atmo-
spheric transport and removal based on measurement-
constrained modelled meteorology, rather than in situ concen-
tration measurements.

A comparison of seven ACTMs or ACTM implementations22

similarly highlighted particularly large relative differences in Nr

wet deposition in upland regions – for NOy the range covered
approximately a factor 3 and for NHx a factor of 4 (Fig. 3). It is
possible that the uncertainty in both the dry deposition esti-
mate and the contribution of dry deposition to total deposition
may be underestimated by this comparison because both
approaches use similar dry deposition parameterisations based
on the assumption that deposition occurs to at, homogeneous
landscapes and they are therefore not fully independent.

Uncertainty in upland nitrogen deposition enhancement is
not purely an academic issue in regions with complex topog-
raphy and sensitive upland ecosystems such as the UK – it is
a potential long-term threat to the natural capital of ecosystems
and water resources. This review summarises current knowl-
edge on the topic, and hence provides a starting point to inform
the steps needed to enable policymakers to quantify the risk of
enhanced N-deposition over complex terrain, and develop
a pathway for improving the state-of-knowledge and action-
routes to understand, account for and possibly mitigate the
risk from excess Nr inputs to sensitive ecosystems. This review
summarises the most up to date knowledge on relevant
methods used to model and measure deposition of Nr pollution
in complex terrain, with a focus on the UK.
delled based on measured concentrations by CBED and emissions by
ote that EMEP4UK results for 2020 and 2021 are based on the 2019

Environ. Sci.: Atmos., 2022, 2, 829–851 | 831
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Fig. 3 FromDore et al.22 (their Fig. 4). (a) Transect of dry deposition along a west–east trajectory (m) across the UK. (b) Transect of wet deposition
along a west–east trajectory across the UK. The black line illustrates deposition averaged for all models and the grey shaded area shows the range
of minimum and maximum modelled deposition. Terrain height is illustrated in green.

Environmental Science: Atmospheres Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

2.
11

.2
02

5 
03

:3
6:

07
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2 Measurements of pollutant
deposition in complex terrain

Deposition to the Earth's surface of a chemical through dry
deposition in the gas or particle phase, wet deposition through
rainfall (rainout and washout), and occult deposition (i.e.
deposition of cloud and fog droplets), is a function of chemical
concentrations, meteorology, land cover, surface topography
and chemical reactivity. Vet et al.29 pointed out that large-scale
air pollutant concentration monitoring networks for Nr are
used to inform national atmospheric pollutant assessments
despite not capturing some important forms such as organic
nitrogen, nor, importantly, the ne scale variations across
specic landscapes. A review of the Nr deposition budget for the
continental United States (US), and measurements of pollutant
deposition to semi-natural ecosystems concluded that across
the continental US, dry deposition contributes slightly more
(55%) to total deposition than wet deposition, and it is the
dominant process (>90%) over broad areas of the Southwest and
Western US.30,31 Walker et al.30 noted that the lack of dry
832 | Environ. Sci.: Atmos., 2022, 2, 829–851
deposition measurements imposes a reliance on models (as
discussed below), resulting in a high degree of uncertainty
relative to wet deposition. However, there are also large uncer-
tainties associated with wet deposition measurement methods
that are routinely used. Cape et al.27 undertook a study of wet,
bulk and ushed rain gauge deposition and found signicant
artefacts with both bulk and wet-only collector measurements,
with a highly variable dry deposition artefact which is likely to
be very dependent on local conditions. With respect to Nr ux
measurements in natural ecosystems, low elevation forests and
grasslands have been studied most extensively. There is an
extensive literature on Nr emission uxes of NO and N2O, but
relatively few geographical locations have been characterized
for total annual Nr deposition, particularly at background sites.
Few studies32,33 have been undertaken at high elevation, mostly
in North America (�3000 m elevation). Precipitation (and fog)
sampling at exposed and windy high elevation locations
remains a signicant challenge in terms of collecting precipi-
tation that is representative of the amount reaching the
ground.34–36 This applies to measurements of rainfall amount
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and chemical composition and thus rain gauge networks tend
to be biased towards lower elevation sites with models used to
extrapolate to upland areas.37

There are numerous sources of uncertainty in estimates of Nr

deposition. Organic forms of Nr are not usually included in the
wet or bulk deposition estimates but are known to oen
contribute 10–40% of the total Nr in precipitation.38–40 Emission
and re-emission pathways of NH3 – from emission source, via
the semi-volatile pollutant “hopping” as it volatilises, redeposits
and is converted to other forms of Nr, to nal loss to ecosystems,
including freshwater systems, is rather poorly represented in
most models and has not been monitored in an intensive, long-
term way. Temporal variability of wet, dry and occult deposition
and the emissions cycle (for example, spreading of nitrogenous
material to land is undertaken seasonally) is an area in which
both measurements and modelling are required to understand
the dominant form of the risk across the UK. Most emission
models use highly parameterised annual emission proles,
which have minimal eld validation, and are particularly
uncertain for agricultural emissions such as NH3. In reality,
NH3 emissions vary withmeteorology41 and there is a signicant
amount of inter-annual variability in the farming calendar,
driven by legislation, meteorology and local practice. This,
combined with surface interactions of NH3, means that spatio-
temporal changes in atmospheric NH3 concentration, and
therefore the deposition prole, are largely unquantied. New
information on seasonal and inter-year variability comes from
inversions using ground and Earth Observation data.42,43
2.1 Dry deposition ux measurements using
micrometeorological and remote sensing approaches

Direct uxmeasurements would in theory be the ideal approach
to quantify dry deposition to a range of surfaces and to assess
the impact of topography and surface properties on deposition.
However, for micrometeorological ux measurements to
represent the surface ux they need to be conducted over
extensive homogeneous and reasonably at surfaces under
conditions of stationary and well-developed turbulence.44

Whilst it has been shown that they are still reasonably appli-
cable in some non-ideal situations,45 they are unsuited to
measurements in truly complex terrain with steep slopes, cliff
edges and heterogeneous vegetation cover. The principles of
ux measurements have been reviewed, e.g., by Hicks and Bal-
docchi,46 who cover many of the major techniques and limita-
tions. Tower-based micrometeorological methods provide
a means to quantify uxes of gases and aerosols averaged over
large areas (typically 1000s to 100 000s of m2, depending on
tower height and atmospheric stability), and characterise the
turbulence and interactions of the pollutants with the surface.
The methods do not disturb ambient conditions unlike, for
example, chamber measurements. Methods include eddy-
covariance (EC)47,48 and associated methods such as Relaxed
Eddy Accumulation (REA)49,50 as well as ux-gradient
approaches.51

Particular challenges for micrometeorological measurement
of Nr uxes include: (a) a comprehensive assessment of Nr
© 2022 The Author(s). Published by the Royal Society of Chemistry
requires many different chemical forms to be measured (e.g.
NH3, HNO3, NO2, NH4

+, NO3
�), (b) instrumentation that is

sufficiently fast for eddy-covariance (typically 10 Hz resolution)
or sufficiently precise to resolve vertical gradients (+/� a few
percent), where available, is expensive and difficult to operate,
(c) this instrumentation is more suitable to measuring high
concentrations (i.e. near source) and challenged by the low
concentrations typically encountered in complex upland areas
and small uxes.

In particular, fast-response instruments for eddy-covariance
measurement of NH3 concentrations are only just emerging and
are still challenged by low concentration environments with few
studies using closed-path52,53 and also open-path analysers.54

A recently developed eddy-covariance ux system for total Nr

uxes, based on a Total Reactive Atmospheric Nitrogen
Converter (TRANC) coupled to a fast-response NO analyser
arguably provides the most cost-effective eddy covariance
approach for the direct measurement of Nr uxes by avoiding
the need for multiple instruments.55–57 However, it is still costly,
and does not provide data that would help develop specic
knowledge within the process of exchange of the individual Nr

forms.
Requirements for fast instrumentation can be overcome by

using gradient sampling approaches. Dry deposition ux of Nr

can be estimated as the sum of dry deposition uxes of NH3,
nitric acid (HNO3), nitrogen dioxide (NO2) as well as aerosol
components (NH4

+ and NO3
�) (recognising that there can be

other signicant Nr chemical species in the atmosphere) with
the concentrations of pollutants and micrometeorological
measurements at multiple heights.58 Although this approach
has been used in challenging upland sites,32 concentration
gradients are particularly sensitive to measurement location in
complex terrain, because each height effectively sees a different
footprint which get small for the lowest height where the
inuence of local heterogeneity effects are largest. Hence when
these approaches are used, spatial replication is ideally needed
but is rarely done so that care needs to be taken in interpreting
and generalising any results. The Conditional Time-Averaged
Gradient (COTAG) approach has been developed to provide
long-term (weekly to monthly) average ux gradient measure-
ments for a range of trace gases, between land and atmosphere,
allowing annual deposition loads to be quantied without the
need for real-time analysers.59,60 Single-height ux measure-
ment approaches like EC and REA quantify the local ux at the
measurement height and the challenge becomes to relate this
ux to the actual surface exchange. By contrast, gradient
approaches under non-ideal conditions are more difficult to
interpret. However, despite these caveats, given the paucity of
ux data each additional ux measurement is potentially of
value. Although these latter approaches do not require eddy-
covariance resolution (10 Hz) instrumentation, they are still
micrometeorological approaches and so are limited to at,
homogenous surfaces.

Long-term observations of deposition rates are valuable:
inferential modelling techniques use dry deposition velocities
which in the ideal case are estimated in relation to meteorology,
land use as well as canopy and site characteristics, but
Environ. Sci.: Atmos., 2022, 2, 829–851 | 833
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parameterisations tend to be crude and insensitive to the
nutritional stage of the plants61 and chemical interactions on
the surfaces.62,63 It is noted that as the chemical composition of
the air and the surface characteristics change, it is likely that
deposition parameterisations historically measured may there-
fore not be valid in the current and future chemical climates.

Much of the fundamental modelling work on ows over hills
has been motivated by a desire to understand the impact of
slopes and hills on eddy-covariance ux measurements and to
quantify advection errors so that tower measurements can be
related to the true surface exchange, and to develop strategies
for the siting of ux measurement towers. The impact on ux
measurements has been studied numerically for idealised
hills,64 but the results remain challenging to generalise to more
complex real-life situations. Eddy-covariance measurements
can in principle be used to quantify the various advection terms
during ux measurements in complex terrain which would
allow meaningful surface exchange uxes to be derived. For
example, the ADVEX advection experiment65 deployed four
towers with four measurement heights (i.e. 16 eddy-covariance
systems) to study the advection problem for CO2 at a number
of forest sites, and even with this suite of instruments it was
impossible to quantify advective uxes along the mean ow as
they were associated with very small horizontal gradients that
were difficult to resolve which appears to be a practical
constraint on this approach. In any case, such a study repre-
sents a major step-change in complexity compared to tradi-
tional use of the method, in which studies typically use one
point to measure 3-D wind directions and for Nr deposition
would be extremely challenging: instrumentation is much more
expensive and inter-instrumentation differences larger than for
relatively high concentration gases such as CO2.

Surface and towermeteorological measurement installations
can be equipped with remote sensing as well as in situ instru-
mentation. Doppler lidar systems have been used to supple-
ment, and in some cases replace, meteorological towers and are
being increasingly used to measure high frequency 3-D move-
ment of wind (both mean ow and turbulent uctuations). A
range of experiments, both onshore and offshore, were per-
formed within the New European Wind Atlas (NEWA) project to
evaluate meso- andmicroscale models,66 primarily driven by the
wind-energy sector requirements rather than meteorological
forecasting or air pollution modelling. From the literature
reviewed this dataset and the NEWA landscape instrumentation
and datasets have not been applied to air pollution physics. It
used sites across a signicant range of area and slope scales in
Europe, with varying topography. Remote sensing of ows
around complex topography and vegetation at the sub-
planetary-boundary-layer scale is very problematic. Scanning
Doppler lidars are currently the only instruments with the
required resolution, but the evidence and experience is that they
are difficult to deploy in steep topography.

Doppler lidars have also started to be combined with collo-
cated Raman lidars or sun photometers to derive spatially
resolved eddy-covariance uxes of aerosols,67–69 but little is still
understood about the quality of the results. Remote sensing
methods are clearly applicable for complex terrain for
834 | Environ. Sci.: Atmos., 2022, 2, 829–851
monitoring precipitation, aerosol dynamics and non-reactive
gases. In particular, precipitation ux receives signicant
attention globally and there are satellite, surface remote sensing
and combined products available.70–72 There is potential for
combining methods which have been used for spatially resolved
eddy-covariance uxes with surface–exchange methods for
reactive gases, however the concept and design of those exper-
iments still remains to be developed.
2.2 Gas and aerosol chemical concentration measurements

Pollutant gas and particle chemical concentration measure-
ments, in particular of e.g. NH3, HNO3, NO2, NH4

+, NO3
� (but

also potentially other Nr species including HONO, perox-
yacetlynitrates (PANs), organic nitrates, reduced organic
nitrogen compounds) can be combined with theoretical or
empirically measured deposition parameterisations for the
specic surface, to calculate pollutant dry deposition. In
general, the parameterisations have an assumption of a at
surface. With this approach, the requirement for fast response
measurements or gradients is removed, however the general-
isations introduce additional uncertainty particularly for
complex terrain and variable surface roughness apply. Deposi-
tion schemes are either uni-directional (deposition) or bi-
directional (deposition and emission).

Though it is possible to use high temporal resolution data
(e.g. hourly) to calculate dry deposition from concentration,
most pollutant deposition approaches use lower resolution
concentration data. The time averaged, low cost approaches
have been applied, across large spatial scales, and in national
networks have long time series of data. The time-averaged
samplers (e.g. passive or low volume active sampling
methods) are used to make measurements of Nr species such as
gaseous NH3, HNO3, NO2 and aerosol NH4

+ and NO3
� in many

countries,73–75 and a few continent-wide experiments have been
done also.76 Gas and aerosol chemical concentration measure-
ments are then available to combine with meteorology and
deposition schemes to calculate the amount deposition per unit
time (usually annual). Passive samplers are particularly suited
to measurement in remote environments as they do not require
electricity. However, they are limited to gaseous pollutants and
for Nr components most commonly used for NO2 and NH3.
Passive samplers were derived from the original work of Palmes
in the 1970s,77 and further work in the 1990s.78,79 Ammonia
passive sampling was reviewed for the CEN Working Group80

with a standard for measurement published in 2020 (EN
17346:2020). The low-volume active sampling method (UKCEH
DELTA®), with fairly low power requirements, was most
recently described for Europe and the UK by.76,81 There are long-
term spatial measurements across national scales.73 Passive
samplers for aerosol measurements are also becoming more
commonplace,82,83 however, they capture particles via deposi-
tion and require an estimate of the deposition velocity to infer
air concentrations. The deposition rate to such articial
surfaces is not the same as to real vegetation (cf. Section 2.5
below), but is nevertheless likely to be impacted by the hetero-
geneous turbulence associated with complex terrain. This
© 2022 The Author(s). Published by the Royal Society of Chemistry
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introduces additional uncertainty in the relationship between
the captured amount and the concentration in air at complex
sites.

There is a large amount of literature associated with aerosol
lidar measurements, which can provide three-dimensional
pictures of the distribution of air constituents (e.g. PM) under
different conditions.84–86 Chazette et al.87 in the French Alps
attributed the vertical dispersion of aerosol layers to increased
or decreased convection, depending on snow cover.

The combination of airborne or surface scanning lidar
techniques and in situ measurements can be a solution to track
pollution dispersion over complex topography. There is a gap in
the literature, and given technological developments both in
remote sensing and in measurement techniques in the past two
decades there appears to be a very signicant possibility of
combining methods to deliver step changes in knowledge, with
the caveat that the extrapolation to generic understanding is not
assured.

Wet deposition of pollutants is routinely measured using
bulk precipitation sampling with off-line chemical analysis.
With passive or active measurements the uncertainty can be
calculated, both from measurement technique approaches as
well as chemical specicity – NH3 and HNO3 in particular are
challenging to measure accurately. There are also signicant
uncertainties in elevated altitudes where measurement using
passive or low ow methods will be impacted by high humidity,
changes in temperature range, non-vertical rain, snow and
being in-cloud/fog, which add considerable uncertainties in the
data obtained.
2.3 Measurements of wet and bulk deposition

Chemical wet deposition measurements are usually performed
with bulk or wet-only samplers with off-line chemical compo-
sition analysis, combined with a measurement of rainfall
amount. The EMEP protocol is wet-only sampling where the
sample funnel and bottle are covered by a lid, which opens
when rain starts. These instruments can be set up to collect
either hourly or daily – the latter being the EMEP standard
method. For other networks including the UK Precip-Net
(https://uk-air.defra.gov.uk) a bulk sampler, which is open
continuously, is used, providing lower temporal resolution
and measurements with higher uncertainties.

A study by Cape et al.88 assesses changes in orographic
enhancement at the one site in the UK which conducted long-
term measurements of both cloud and rain sampling and
found no trends in the cloud : rain scavenging ratios over the
1994–2008 period. However, this broad scale (5 km � 5 km)
resolution mapping and the measurements at one point cannot
address the potential risk at specic sites and ne scale
complexity. Using the same methodology, Tang et al.79 explored
the variability of NH3 in a Scottish upland landscape.
Substantial variability in NH3 air concentrations and dry
deposition was demonstrated within a 5 km � 5 km study area.
Ammonia concentrations were typically a factor of 4 larger in
the valley compared with the hill areas which correlated with
farming activities.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.4 Occult deposition

Fog water levels vary signicantly across a landscape depending
on wind exposure, orography and meteorology. It is therefore to
be expected that deposition of Nr pollutants via this route will
also be highly spatially variable. In high-elevation environments
cloud and fog water samples are typically 5 to 20 times more
concentrated in pollutants than rain water.89 Several papers
have studied aspects of sulphur pollution in Polish mountains
and typically, within individual mountain ranges in Poland,
precipitation totals show limited differences between 80 and
120% of the aerial average but fog water deposition in the same
area may differ, respectively, from 10% to 1000%.90 In the
Sudetes Mountains total pollutant deposition was composed of
around 30–40% by precipitation, 20–25% by dry deposition and
35–50% by direct fog/cloud deposition, while the associated
proportion at the nearby lowland sites were around 75%, 20%
and 5%, respectively.

Cloud water deposition to the surface can be measured
directly using micrometeorological methods and deposition
rates are straightforward to estimate as, unlike the trace Nr

gases and small particles, there is no surface resistance.91,92

Long term monitoring of cloud water and the Nr deposited
through this pathway is generally achieved by combining
surface sampling of the cloud water composition using passive
collectors with modelled deposition velocities, derived from the
micrometeorological studies.

Fog water is difficult to collect quantitatively, in a way that
reects the amount that is actually deposited, and the collected
volume varies greatly between collector types, more than fog-
water chemistry.93 Isil et al.94 reported one of the most
comprehensive studies of high elevation cloud water and PM
and gaseous pollutant concentrations and modelled deposition
uxes. In the high elevation sites, cloud deposition was domi-
nant; however, when (as in this study) NH3 is added to the total
dry Nr deposition budget, the contribution from dry is similar
to, or even greater than the contribution from the wet compo-
nent. The challenge of measuring quantitative fog and cloud
deposition uxes is large, however, and requires a programme
of monitoring which is undertaken in the US, but not currently
across Europe or in the UK.
2.5 Indirect and proxy deposition measurements

Newer, indirect methods which may be of use in understanding
deposition, and potentially suitable/adaptable to complex
terrain, include mapping of pollutant isotope distributions
through an environmental system (“isoscapes”).95 Bourgeois
et al.96 studied NO3

� export from montane (slopes of mountain)
streams using three isotopes in addition to standard chemical
analyses. They concluded that atmospheric uxes were under-
estimated in previous studies. However, the measurements re-
ported required intensive effort to collect and showed high
variability. Similarly, Tsunogai et al.97 indicated that atmo-
spheric nitrate in streams could be accurately measured. The
isoscape method (coupled with ne scale modelling and source
apportionment of wet and dry deposition) would be an indirect
approach to assess catchment scale deposition and contribute
Environ. Sci.: Atmos., 2022, 2, 829–851 | 835

https://uk-air.defra.gov.uk
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00012a


Environmental Science: Atmospheres Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

2.
11

.2
02

5 
03

:3
6:

07
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
to model validation and have the potential to identify local
enhancements due to the rough terrain – though it would not
mechanistically explain the cause of atmospheric enhance-
ment. This type of study requires both intensive eld work and
laboratory capability for large volumes of samples for isotopic
analysis.

The naturally occurring lead isotope 210Pb and the articial
radionuclide 137Cs attach themselves to ambient atmospheric
aerosol and the study of their deposition can provide insights
into the deposition of other ne aerosol compounds such as
NH4

+ and NO3
�. Because of their long half-life of 22.3 and 30.2

years, respectively, it is possible to use 210Pb and 137Cs inven-
tories of undisturbed soils to investigate the spatial pattern of
the accumulated deposited amount deriving from wet and dry
deposition. Likuku98 studied wet deposition of 210Pb over two
areas of contrasting topographies. The inventories of deposited
210Pb measured in moorland soils of mid-Wales sites increased
by a factor of 2.4 at or near the summit (741 m asl) of hills rising
from the West coast of Wales relative to values at the coast (�15
m asl), whereas rainfall increased by a factor of 1.8 over the
same height range. They did not partition the enhancement of
deposition between wet and dry deposition. On average, the
summit to valley ratio of 210Pb concentration in rainfall was
a factor of 1.3 due to scavenging of the feeder clouds by the
seeder rain. The long-term 210Pb wet deposition eld data could
be an important input parameter for modelling wet deposition
throughout the uplands of the UK and elsewhere where the
seeder–feeder process is a common occurrence, though there
are complexities and assumptions made. The 210Pb studies
show the long-term average scale of enhancement of wet
deposition by seeder–feeder processes,92,99,100 which is reason-
ably consistent with the CBED model (see Fig. 1). Further
studies include Mourne,101 Moghaddam,102 Choubedar103 and
Likuku104 which also report similar enhancements.

Pitcairn et al.105 studied the relationship between foliar N
content and Nr deposition across Scandinavia including regions
of complex terrain. The enhancement in Nr deposition by
topography and canopy effects was estimated using 210Pb
inventorying and ranged from 16–90% 210Pb enhancement.
Where foliar N-enhancement was measured between open and
forested at the elevated locations (2 sites) N enhancement in the
forested area over the open location was 8% and 23%. The study
highlights foliar N in a standardised plant as a further proxy for
Nr deposition, although co-varying factors that impact plant
growth (temperature, exposure to wind and sun) confound the
interpretation of eld data. The same applies to other bio-
indicators for Nr deposition such as the N content of mosses
and the presence of lichens,106 which have been used to
augment direct concentration measurements.107 Plants are
oenmore reliable accumulators of metals, which similar to the
210Pb budgets of soils, can provide information at least on the
relative spatial pattern of deposition of air pollutants across
variation of surface properties.108–111

Throughfall measurements derive total deposition from the
amount of pollutant that drips off vegetation and is collected by
throughfall and stemow (accounting for the quantity of water
and solutes that run down the stems of the trees) collectors. For
836 | Environ. Sci.: Atmos., 2022, 2, 829–851
many pollutants, including Nr, this requires a correction for the
amount that is likely to have been taken up into the plants via
the leaves and the amount that might have leached out of the
leaves.112,113 This correction is subject to large uncertainties and
depends on the state of the vegetation, but also the chemical
form of Nr. Ammonia, for example, can enter the leaves directly
in gaseous form via the stomata114 whereas aerosols or wet-
deposited material relies on transport via water lms.115

Nevertheless, throughfall measurements have been used to
assess small-scale variability in deposition, e.g. across forest
edges116 and in relation to mountain slope orientation.20 This
approach is only available for tall vegetation canopies, typically
forests, and therefore does not lend itself to much of the UK's
uplands.

Washings of real leaf surfaces and articial surface collectors
have been used to estimate dry and fog deposition during
periods without precipitation.117–119 Here real leaves are subject
to similar interferences with uptake, leaching and chemical
conversions as throughfall measurements, whilst articial
surfaces are oen a poor representation of the physico-chemical
properties and morphologies (e.g. microscopic hairs) that
govern the atmosphere–surface exchange of real plants.

Wind tunnel measurements have been used to examine
deposition over vegetation in general,120–123 but also to simpli-
ed complex terrain in order to separate processes and under-
stand the drivers of deposition in the landscape.124,125

3 Deposition: processes and models
3.1 Overview of research modelling pollutant deposition to
complex upland terrain

Literature specically related to modelling of Nr deposition in
complex terrain is very limited, but aspects of the problem
studied in other contexts can help inform a strategy to improve
Nr deposition modelling. For example, studies have looked at
the transport and deposition of radioactive material, seed and
pollen dispersal, as well as the spatial variability of snow
accumulation. Nr deposition occurs through different routes
(dry, wet and occult) as well as via different chemical forms. Fog
droplets behave very much like coarse particles,91 ammonium
and nitrate aerosols like ne particles and NH3, HNO3, NO2 and
HONO are gases. When transferring the results of these alter-
native studies to the problem of Nr deposition, it needs to be
considered that if the proxy is a particle (pollen, seed) the inertia
of particles means that, unlike gases, they do not always move
with the velocity of the local mean or the turbulent components
of the uid ow. This tends to result in enhanced deposition on
the windward side and reduced deposition on the leeward side
of hills.126

3.1.1 Dry deposition parameterisations. Any model that
predicts dry deposition needs to describe the interaction of the
various compounds with the surface elements. Conventionally,
dry deposition is modelled using either prescribed deposition
velocities (Vd ¼ � ux/concentration at a specied height above
the surface) or the resistance analogue,127 in which the deposi-
tion velocity is calculated as a series of, at a minimum, three
resistances: the aerodynamic resistance (Ra) which describes
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the transport from the height of the lowest model layer (zref) to
the ground through turbulent processes, a resistance that
describes the transport through the quasi-laminar boundary-
layer (Rb) and a canopy resistance (Rc) which describes the
interaction with the surface (leaves, ground). The latter may
again be prescribed for different compounds and ecosystem
types or parameterised, potentially as a network of various
resistances that describe different exchange pathways. The
height-dependent Ra is a function of the friction velocity (u*),
a measure of the efficiency with which momentum is trans-
ferred to the ground, and the surface roughness length (z0), as
well as atmospheric stability.

Gases overcome the quasi-laminar boundary-layers by
Brownian diffusion and this governs the parameterisation of Rb.
Particles have additional mechanisms to overcome the
boundary-layers (i.e. impaction, interception and gravitation
settling), and for particles, the concepts of Rb and Rc are typi-
cally replaced by alternative parameterisations that simulate
these processes. The concept of Ra still applies, except for the
additional need to describe the gravitation settling ux.

These standard concepts assume a large homogeneous
surface of a homogenous roughness height and constant uxes
between the surface and zref, and therefore need to be modied
to model dry deposition in complex terrain. The standard “at-
earth” relationships implicitly reect a certain evolution of the
above-canopy wind prole into the plant canopy and this prole
is modied through topographic effects and changes in vege-
tation. In addition, they only describe the vertical turbulent
transport to the ground, driven by large-scale average turbu-
lence. Complex terrain however additionally gives rise to hori-
zontal advection, locally increased turbulence generation and
inltration into canopies, and these processes can substantially
add to the scale of ux to the surface.128,129 Thus, the underlying
Monin-Obukhov Similarity Theory (MOST) is not strictly appli-
cable to atmospheric boundary layer ows in complex terrain.130

In addition to the single-layer (or “big-leaf”) deposition
models described above, a range of multi-layer exchange
models have been developed to describe the interactions with
different levels within the canopy131,132 and these oen relate the
collection efficiency of a given layer within the canopy to the
modelled wind prole. As long as these wind proles can be
predicted correctly these concepts can be extended to parame-
terise transport of scalars in complex environments. Whilst
signicant work has gone into the development of multi-layer
canopy exchange models for particles,133 work on multi-layer
modelling of gaseous Nr compounds such as ammonia is
particularly limited, andmodels would be poorly constrained by
measurements currently available.134

Realistically, in a spatially extensive model, the near-ground
and in-canopy wind velocity and turbulence proles are unlikely
to be resolvable explicitly. Hicks129 proposed an as-yet untested
approach based on McMillen,135 to increasingly reduce Ra at
locations with slopes exceeding 1 : 7. This approach assumes
that Rb remains unaffected by complex terrain.128 However, the
concept of a canopy value of Rb implicitly combines effects such
as the thickness of the quasi-laminar boundary layers that
surround surface elements (i.e. leaves) at different heights in
© 2022 The Author(s). Published by the Royal Society of Chemistry
the canopy and in-canopy transport and relate them to the
friction velocity above the canopy. The concept of a friction
velocity itself requires a height-invariant momentum ux it
therefore does not apply to complex terrain and the relationship
between the turbulence above and inside plant canopies is
modied by additional inltration of turbulence into the
canopy. Thus, it would be expected that Rb is also lowered
compared with its at-earth formulation.

3.1.2 Inferential deposition models. Inferential deposition
models are used to derive dry deposition in situations where
concentration is measured but the dry deposition ux is not.
This approach uses parameterisations of the factors controlling
dry deposition as described in the previous section. The infer-
ential approach requires meteorological parameters as inputs.
These can either be taken from direct measurements, predicted
using Numerical Weather Prediction (NWP) models, or para-
meterised from measurements. For example, wind speed,
surface roughness and atmospheric stability may be combined
to estimate the friction velocity needed to estimate Ra, Rb and Rc.

In the UK, a dry deposition map is routinely generated by
applying an inferential estimate of deposition ux to a spatially
interpolated concentration eld derived using the CBED
modelling system,23 the latter making use of measurements
from the UK National Ammonia Measurement and the Acid
Gases and Aerosols Monitoring networks. In the US, the
National Atmospheric Deposition Program (NADP) similarly
infers deposition elds, combining concentration measure-
ments of HNO3, NO3

�, NH4
+, SO2 and SO4

2� from the Clean Air
Status and Trends Network (CASTNET) with deposition veloci-
ties derived from the Community Multiscale Air Quality Model
(CMAQ).31,136 Deposition velocities are not measured routinely
and most available data are used to develop the model param-
eterisations, so the assessment of deposition velocity estimates
with independent measured values is not easily available.

A strength of the inferential approach is that it does not rely
on estimates of emissions, which are subject to large uncer-
tainties. A downside is that it is even more sensitive to the dry
and wet deposition parameterisations than deposition esti-
mates derived with ACTMs, which are by their nature mass-
conserved. For example, whilst in the inferential approach
a doubling of the deposition velocity infers twice the deposition,
this is not the case in ACTMs as deposition lowers the
concentration, and hence ux, downwind.

Differences in the parameterisations of the relevant proper-
ties of various surface types can lead to considerable differences
in the deposition rates predicted by different inferential models
even when assuming idealised at-earth conditions.81 This is
reected in the parameterisation of Rc for gases and the surface
value of Vd for particles. One study found uncertainties of
>200% for particle deposition velocity.8 This is partly due to
small-scale variability affecting the underlying ux database
fromwhich the parameterisations were developed. For example,
Brook et al.137 compared estimates of deposition velocities
derived from four measurement locations within 500 m of each
other and derived variability of�40% for O3 and SO2 and�90%
for aerosol SO4

2�. The variability was primarily attributed to
Environ. Sci.: Atmos., 2022, 2, 829–851 | 837
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complex terrain and abrupt changes in vegetation (i.e. differ-
ences between ux footprints or horizontal heterogeneity).

3.1.3 Pushing traditional atmospheric chemistry and
transport models to increasingly higher spatial resolution.
Numerical models are the standard tool to quantify deposition
over large spatial scales. Normally, the dry (and wet) deposition
of pollutants in general, and Nr in particular, is predicted using
atmospheric chemistry and transport models (ACTMs) that
simulate the pollutant emission, transport, chemical trans-
formation and deposition. Such models require the outputs
from a numerical weather prediction (NWP) model as an input,
which can be coupled to the ACTM online or offline.

Such models can be run from global to local scale. All
transport models include processes that are explicitly resolved
by the numerical solution of a set of differential equations over
a gridded model domain and represented by approximated
parameterisations at the sub-grid scale. There is an interplay
between the spatial and temporal resolution (time-step) of the
numerical solver in terms of computational effort and the
likelihood and speed of convergence of the numerical model.

As a result, the spatial resolution that can be achieved with
an ACTM is not just limited by computational resources and the
resolution of the input elds (e.g. emissions, land cover,
topography and meteorology) but also by model structure and
the scales over which the numerically resolved and para-
meterised processes can be applied. At a time when computa-
tional resources were more limited, ACTMs were originally
designed for fairly low-resolution applications, and resolutions
in the range of 25 to 5 km are common for annual regional or
country-wide simulations. At such resolution inadequacies in
resolving complex ows have been reported: Thompson et al.138

identied the inability of the underlying NWP model to resolve
upslope ows as a key uncertainty when modelling Nr deposi-
tion to Rocky Mountain National Park at 4 km � 4 km grid
resolution using the CAMxmodel. Using the samemodel Zhang
et al.139 assessed Nr deposition in the Greater Yellowstone area
at 12 km � 12 km grid resolution and noted meteorological
model overestimation of precipitation as a source of disagree-
ment between measured and modelled wet deposition. Diffi-
culty of modelling precipitation in complex terrain was
specically noted.140

The resolution to which model resolution can be pushed is
oen not well documented or may not have been fully estab-
lished. This applies to both the ACTM and the underlying NWP
model. For example, Viatte et al.141 applied the WRF-CHEM
model at a resolution down to 333 m � 333 m and then
switched to a different modelling approach (LES, see below) for
a nested domain at 111 m � 111 m resolution. Similarly, the
CMAQ modelling system has been available to be applied at
a resolution down to 1 km � 1 km,142,143 and Garcia-Menendez
et al.144 developed an adaptive grid version of CMAQ with
localised resolutions of 100 m � 100 m. Land use-specic dry
deposition estimates from the Surface Tiled Aerosol and
Gaseous Exchange (STAGE) option in CMAQ v5.3 (ref. 145) can
be applied to the underlying CMAQ land use data, e.g. 500 m
MODIS, 30 m National Land Cover Database (NLCD), to esti-
mate deposition at a ner spatial scale. In the UK, the highest
838 | Environ. Sci.: Atmos., 2022, 2, 829–851
resolution that has been achieved for full annual runs covering
the entire country appears to be 1 km � 1 km,146 using a high-
resolution implementation of the EMEP model, driven with
WRF meteorology.

Although horizontal grid resolutions down to about 300 m �
300 m are therefore achievable with a range of models, this does
not mean these models reect changes of all parameters at this
resolution. For example, even in the 1 km � 1 km application
the lowest vertical model layer of the EMEPmodel is still limited
to at least 45 m because in the tiling approach used: in the
EMEP and similar models, the grid-cell average concentration
and meteorology needs to be representative for all land-cover
types in the grid cell and is then extrapolated to the ground
for each tile with land-cover specic parameterisations. In
addition, the dry deposition is parameterised with the standard
“big-leaf” resistance analogue, which reects the deposition to
large, at and homogeneous surfaces using the same parame-
terisations as in the inferential approach outlined in the
previous section. Thus, current ACTMs do not account for
turbulence created by local terrain, the impacts of small-scale
heterogeneity on dry deposition or the horizontal transport
into plant canopies. Similarly, orographic impacts on wet
deposition are limited to those scales that are resolved by the
underlying NWP models, where the effective model resolution
typically exceeds the grid resolution by a factor of 5. The main
difference between ACTM and CBED estimates of Nr dep. in the
UK is due to wet deposition. The orographic enhancement
processes demonstrated in experimental and monitoring
studies seems to be the main contributor to this difference and
is explicitly included in CBED and not in the ACTMs.

Several approaches have been developed for Eulerian ACTMs
to provide higher resolution concentration (not deposition)
maps than their grid resolution can provide. For example, in
several studies local scale Gaussian plume dispersion models
such as ADMS or OPS-ST have been coupled to the coarser scale
model to simulate concentration elds along roads and near
point sources, including for Nr compounds such as NH3.147,148

These approaches use additional information on the source
location rather than the receptor sites and they are therefore
normally more suited to modelling the concentration and
deposition of pollutants that originate from complex line and
point sources rather than modelling the deposition to complex
terrain. In an alternative approach the grid average concentra-
tions provided by the ACTMs are remapped within a grid cell
using land use regression approaches. Neither approach utilises
higher-resolution turbulence data.

Several countries operate dispersion modelling systems,
such as NAME (Numerical Atmospheric-Dispersion Modelling
Environment) in the UK,149 WSPEEDI-II in Japan,150 based on
either Eulerian, Lagrangian, hybrid Eulerian/Lagrangian, or
Gaussian puff models. A widely used example of an Eulerian/
Gaussian puff modelling system is the CALMET/CALPUFF
modelling system,151 which was used, for example, to model
radionuclide deposition from the Chernobyl accident152 and
from a former uranium mill to complex terrain in Colorado,153

and to tested e.g. against the variability in 210Pb/137Cs deposi-
tion across a complex landscape in Italy.154 Another puff
© 2022 The Author(s). Published by the Royal Society of Chemistry
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modelling system for nuclear accident assessment is the
COMPLEX/TAIPUFF modelling system.155 By contrast, offline
Lagrangian models such as NAME use the ow eld from
a NWP and then virtually release into it a large number of
‘stochastic uid particles’ with a random walk element to slowly
build up a mean picture of transport and dispersion. These
models can be operated at fairly high resolution (e.g. 1 km � 1
km), and whilst their focus was initially on dispersion and
transport of chemically inert tracers and the deposition in
particular of particles, NAME has been developed further for
a range of air quality applications, including the modelling of
sulphur and nitrogen compounds. However, many Lagrangian
models are used for a wide range of applications including air
quality and have chemistry schemes as well as inert tracers, and
do represent deposition of gases as well as particles. The
‘stochastic uid particles’ are a computational concept and they
represent a certain mass of the specie(s), which could be gases
or particles. Such models have been used in complex terrain.
One such example is a modelling study of pollen dispersion in
a complex island environment.156,157 Viner and Arritt156 derived
a spatial pattern in pollen deposition due to terrain-induced up
and down-dras, predicting ‘gaps’ in deposition to the up-
slopes, the opposite of what was found in other studies.158,159

However, in their model, pollen was deemed deposited if it
came within 1 m of the ground, so their model lacked a mech-
anistic description of the turbulent deposition process itself.
Even where model resolution can be improved to improve the
transport in complex terrain, high resolution models still rely
on dry deposition process descriptions developed for at
terrain.

The higher the spatial resolution of the underlying NWP
model, the better, in principle, is its ability to predict orographic
clouds and precipitation. High horizontal resolution also
requires high vertical resolution and short model time-steps,
which increases computational cost. In principle, the Unied
Model of the UK Met Office, for example, can be operated at
high spatial horizontal resolution (e.g. 50 m) and the same is
true for WRF in LES mode.

However, although NWPmodels may be operational down to
high resolution, their Sub-grid Scale (SGS) components are not
necessarily capable of reproducing the physics that control the
ow at this scale130,160 reviewed current knowledge and
remaining challenges regarding the modelling (and measure-
ment) of dispersion in complex terrain, and pointed out that
advancements in the parameterizations for turbulence
processes suitable for complex terrain are urgently needed to
move NWPs to sub-kilometre resolutions (some wind farm
forecasts use such parameterizations). They also noted the
uncertainty of input data at this scale, such as vegetation and
soil characteristics and, in high terrain, snow cover. Without
enhanced capacity of Nr deposition measurements over
multiple complex terrains, parameterizations in models are still
assumed or averaged based on known land-use types.

Sensitivity studies suggest that a grid resolution of 1.5 km
predicts area-integrated rainfall over the Lake District to within
2%, whilst coarser resolutions of 12 and 40 km result in
a rainfall under-prediction of 11–24% and 33–48%,
© 2022 The Author(s). Published by the Royal Society of Chemistry
respectively.161 Nevertheless, even at the 1.5 km scale local
errors still occur due to unresolved peaks and valleys. The UK
Met Office has invested substantial modelling effort to improve
understanding of signicant rain events and ooding across
complex terrain and Roberts et al.162 demonstrated the benet
of coupling the high-resolution rainfall forecasts to the
Probability-Distributed Moisture (PDM) and the improvement
in timeliness of ood warning that might have been possible.

Whilst the prediction of transport and orographic rainfall
might be expected to improve with increased spatial resolution,
measurements are still lacking to ascertain that this is really the
case.

3.1.4 Modelling ows and pollutant transport over hills.
There is a signicant body of work that has investigated the
effect of hills on boundary layer ow, turbulence and uxes, and
the additional effect of vegetation as recently reviewed by Fin-
nigan et al.160 This work has not usually been motivated by an
interest in deposition modelling, but rather for informing
activities such as siting wind turbines and predicting wind-
driven erosion and sediment transport, as well as for inter-
preting micrometeorological (carbon) ux measurements made
under non-ideal conditions. Nevertheless, much of the under-
lying physics and methods are clearly applicable to deposition
problems also. Finnigan et al.160 distinguish in their review
between (a) investigations into the fundamental physical
processes leading to the development of (mostly analytical)
models for idealised hills, (b) development of Reynolds-
Averaged Navier–Stokes (RANS) models that solve the Navier–
Stokes equation based on (higher order) turbulence closure
schemes and (c) eddy-resolving large-eddy simulations (LES).
The review is comprehensive and not repeated here. Instead, we
are here focussing on the few studies that have explicitly
considered the deposition problem.

(i) Exploration of physics and analytical approaches. Hill
et al.163 modelled sulphate fog droplet deposition to Great Dun
Fell, a hill in the northern Pennines which was the subject of
intensive hill cap cloud experiments in the 1980s and 90s. The
focus of that study was on the cloud chemistry, but it had to
treat the deposition process as well. In their approach the ow
eld was generated with the 2-dimensional (linear) airow
model of Carruthers and Choularton164 and the droplet depo-
sition rate was considered to be limited only by turbulent
diffusion (i.e. Ra). The model was also coupled with a seeder–
feeder algorithm to model the wet deposition to an extended
area of complex topography.165 The model was later applied to
other study areas, such as Lower Silesia, Poland,166 and Snow-
donia, Wales.167

Stout et al.168 modelled particle deposition to a simplied
sinusoidal terrain, coupling a linear wave solution for the wind
ow with equations of particle motion to show that under
strong stratication regions of enhanced deposition occur on
the leeward side of the hills.

Whilst several studies have focussed on the ow and trans-
port of the pollutants, most have ignored the fact that the
standard description of the deposition process does not hold in
complex terrain (see Section 3.2.1). For aerosol deposition,169,170

investigated the interaction between the hill ow and the
Environ. Sci.: Atmos., 2022, 2, 829–851 | 839
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canopy with a 2-dimensional model that combined the multi-
layer dry deposition modelling approaches for particles of
Petroff et al.133 with modelling concepts for quantifying the
ows inside plant canopies over gentle hilly terrain.64,171,172 Their
model results suggest that aer the hill summit the rate of
deposition (deposition velocity, Vd) fell to 30% of its at terrain
value for super-micrometre particles, but that the hill summit
effect was smaller on sub-micrometre particles and may there-
fore the hill summit effect would be smaller for gases also. A
combination of wind tunnel experiments, analytical models
and LES comparisons for 2D and 3D hills covered with vegeta-
tion has shown signicant differences between ow patterns
and diffusion of particles (both heavy and light) over 2D and
axisymmetric hills with the same prole.173–176

(ii) Reynolds-averaged Navier–Stokes (RANS) models. These
types of closure models have developed continuously over the
past decades, for example through the introduction of higher-
order closure schemes and introduction of non-linear equa-
tions, which has gradually extended their range of applicability
to steeper slopes and across different atmospheric stability
regimes. However, RANS models continue to have problems
representing the ow created by abrupt surface features and/or
where ow separation occurs.

There are a large number of RANS models used for model-
ling dispersion in complex terrain, but few studies have
focussed on deposition and fewer still on Nr compounds
specically. Michioka et al.177 simulated dry and wet deposition
across idealised ridges and cone-shaped hills in an attempt to
reproduce the wind tunnel results of Parker and Kinnersley.125

They achieved reasonable agreement, but their use of a constant
deposition velocity again does not capture the impact of the
ow and turbulence eld on the deposition process itself. The
authors also note that because there are no reliable experi-
mental data for the wet deposition rate for a cone or a two-
dimensional ridge, the accuracy of their proposed wet deposi-
tion procedure has not yet been conrmed. They point out that,
to construct a reliable model, a comparison of the wet deposi-
tion obtained by the proposed wet deposition model with
observations is required. However ambitious eld experiments
to generate understanding of the processes and data for the
modellers to compare are needed to make signicant progress.

A number of higher resolution models have been developed
to model the ow and turbulence over complex terrain. One
example is the commercial semi-analytical FLOWSTAR
model,178 based on the theoretical work of Jackson and Hunt179

and Hunt et al.180 Coe et al.181 used FLOWSTAR to model occult
deposition to complex terrain. Whilst the model aimed to
reproduce the transport pattern, the deposition rate was taken
from micrometeorological ux measurements which were
necessarily taken over relatively at terrain. Therefore it does
not mechanistically account for the impact of topography on
the deposition velocity itself.

A number of studies have used models that use the Eulerian
ow elds from RANS models to drive a stochastic Lagrangian
particle model, similar to the larger scale models discussed
below. Using this approach, Ahmadi and Li182 simulated the
impact of buildings on size-segregated aerosol deposition.
840 | Environ. Sci.: Atmos., 2022, 2, 829–851
Arritt183 simulated sulphur dioxide (SO2) deposition from
a point source to complex terrain. As with the other studies,
though, the study used a at-earth representation for the
deposition rate.

Blocken et al.184 provided a review of the RANS studies that
existed at the time and noted that most dealt with isolated hills
rather than more complex situations, a situation that does not
appear to have changed. They themselves applied a model with
modied k-3 closure to simulate the wind ow in an area of
irregular hilly terrain in Galicia, Spain.

(iii) Large eddy simulation. Large-eddy simulation is
a computational uid dynamics (CFD) approach that, like NWP
models and RANS schemes, solves the Navier–Stokes equation
to derive the ow and turbulence eld, but unlike NWP and
RANS models attempts to resolve the motion of individual
turbulent eddy motions down to a speciable size below which
a sub-grid parameterisation comes into effect. WRF models can
be used as LES model as well as NWP models, which have
planetary boundary layer (PBL) schemes to address gaps in
turbulence spectra.

These models can explicitly resolve the impact of terrain,
obstacles, and changes in surface roughness down to a speci-
able scale and therefore offer advantages over RANS congu-
ration. They can also be embedded into other larger scale
models. However, they are computationally very demanding,
and studies have therefore focussed on small study volumes
and short-term simulations. Most applications of LES models
have been targeted at the simulation of cloud simulations over
complex terrain, turbulence and, in the area of air pollution,
concentration elds. They can be used, for example, to model
the turbulence within street canyons and its impact on
concentrations, which can vary greatly across the street canyon,
in response to wind direction.

LES has been used to model the wind ows and turbulence
elds over complex terrain. Wood185 summarised the
approaches available at the time and expansion of computa-
tional capability in the past 20 years have led to an increase in
the number of studies since. For example, Bhuiyan and Alam,186

Liu et al.187 and Yang et al.188 all modelled the ow over idealised
complex terrain, such as isolated hills and ridges.

LES studies aimed at simulating small-scale variations in dry
deposition are comparably rare, however: a number of studies
have applied LES to quantify the uptake of pollutants to urban
trees planted, e.g., within tree canopies.189

3.1.5 Modelling of wet deposition. The Parameter-elevation
Regression on Independent Slopes Model (PRISM190) adds
inuences of topographical and geographical features to the
mapping of wet deposition based on the measurements of the
US American National Atmospheric Deposition Program/
National Trends Network (NADP/NTN).191

In an alternative approach, the inferential UK CBED model
accounts for topographic enhancement of wet deposition by
estimating the fraction of annual precipitation that is due to
orographic enhancement by the seeder feeder process using
mapped precipitation (Met office) data. The additional precip-
itation in the uplands is assumed to be entirely due to seeder–
feeder scavenging of orographic cloud water whose
© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration exceeds that of the low-level precipitation eld
(by a factor of two) and derived from measurements described
by Dore et al.192,193

3.1.6 Parameterising the impact of complex topography in
large-scale models. The more sophisticated RANS models and
especially the LES models are currently too computationally
demanding to provide annual deposition maps at a national
scale. They are, however, suited to assess the importance of
orographic effects on deposition in small study areas or to
derive sub-grid parameterisations or meta-models which could
be used to develop simplied representations of the effects
suitable for use in larger scale ACTMs.

An example modelling system was described by Parker,159

who used a GIS system to combine empirical deposition
modication factors based on the wind tunnel work of Parker
and Kinnersley125 with high resolution DEM (Digital Elevation
Model) data to identify areas (slopes) in which particle dry
deposition would be expected to be enhanced or suppressed for
a given wind direction. Such a model could theoretically be
linked to a dispersion model such as NAME. Model predictions
compared favourably with a data set for deposition of radioac-
tive material to Cumbrian hills during the Windscale nuclear
accident derived by Argyraki et al.194 from 134Cs and 137Cs data
recorded by an aerial survey and corrected for subsequent
deposition from the Chernobyl accident.

In another scoping study, for the deposition parameter-
isation itself Hicks195 proposed a pragmatic approach to reduce
Ra in regions with slopes exceeding 1 in 7 as mentioned above,
but conceded that a validation measurement programme still
had to be devised.

Weathers et al.196 presented an empirical approach to model-
ling Nr and reactive sulphur (Sr) deposition to a mountainous
forested landscape, using a GIS implementation of a statistical
model in which a base deposition was modied by correction
factors that accounted for elevation, slope and aspect, topographic
exposure, forest type and tree characteristics. For this the scaling
factors were derived by applying a multi-linear statistical model to
the ratio between local deposition derived from throughfall
measurements and a ‘baseline’ deposition from a nearby NAPD/
CASTNET measurement site.

Following a similar approach, Kirchner et al.20 surveyed Nr

deposition along differently exposed slopes in the Bavarian Alps
via forest throughfall measurements and modelled the dry
deposition contributions at the sites with an inferential model
that used literature deposition rates, modied by a number of
semi-empirical correction factors that were meant to compen-
sate for inclination, wind exposure, frequency of inversions and
the frequency of upslope winds. Total correction factors ranged
from 0.5 to 2.1. The origin of the values used for these factors is
somewhat unclear. They refer to a publication of Benedict
et al.197 which reported observations of Nr species in Rocky
Mountain National Park. However, that study reports on the
impact of winds on concentrations (related to transport
patterns and air mass origin for that particular site) rather than
on deposition velocities. Nevertheless, Kircher et al.20 provide
another example of how, in principle, local site characteristics
may be used to derive correction factors for deposition rates.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Draaijers et al.116,198 developed an upscaling approach for the
related problem of deposition enhancements to forest edges for
Sr, Nr and base cations. They also used throughfall measure-
ments to derive aspect-specic enhancements factors across
forest edges, and then applied these to Dutch national forest
stand data to conclude that edge effects increase the national
total deposition of acidifying compounds to forest by 5–10%
and of sea salt particles by 20–25%.

Being derived from throughfall measurements these
approaches are subject to large uncertainties and they lend
themselves only to forest canopy and cannot easily be extended
to short vegetation where estimates of terrain-inuenced vari-
ation in deposition velocity are more difficult to obtain. In
addition, absolute deposition values derived in this way are
subject to uncertainties related to uptake, leaching and trans-
formations within the canopy (see Section 2.1).
3.2 Summary of status on model availability and
development to estimate dry deposition to complex terrain

The modelling of pollutant dry deposition to complex terrain
consists of three elements: (i) prediction of the ow and
turbulence eld, (ii) modelling of pollutant transport and
dispersion and (iii) modelling of the interaction with the
surface and plant canopies. In addition, for wet deposition the
models need to predict the presence of (iv) cloud and the
location and amount of precipitation and accurately simulate
(v) the washout/rainout processes.

Whilst both RANS and LES models have been developed to
achieve steps (i) and (ii) for limited areas in great detail, the
impact of complex terrain on the dry deposition process has
hardly been studied at all. In addition, most effort has gone into
modelling particles as a function of size, to simulate, for
example, nuclear accidents, industrial releases, pollen and seed
dispersal, erosion and dune dri. Nomechanistic work could be
identied that has looked at the interaction between hills, plant
and the dry deposition of gaseous pollutants.

Although the problem that current ACTM approaches
perform inadequately in complex upland terrain has been rec-
ognised widely in the literature, very few operational solutions
have been suggested that may be introduced into ACTMs to
represent these processes. In the short term a pragmatic
approach could be adopted in which “at earth” estimates of
deposition are modied for terrain inuences using heuristics
derived from eld measurements or from more computation-
ally intensive models. A limiting factor for this is the paucity of
measurements made in areas of non-at topography which
could be used to test models and derive heuristics and this is
again related to the difficulty of making reliable measurements
of all three types of deposition (dry, wet, cloud) at complex and
exposed sites.
4 Summarising discussion

The considerable body of peer-reviewed papers, reports and
other items reviewed in this study has highlighted both the
strengths and weaknesses in the tools available to scientists,
Environ. Sci.: Atmos., 2022, 2, 829–851 | 841
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regulators and policy makers. This review highlights that there
has not been a coherent global research effort to constrain the
uncertainties in Nr deposition over complex terrain, despite the
clearly identied risk of N deposition to ecosystems and water
quality. All evidence identied enhanced Nr deposition occurs
across complex terrain occurs, both locally (e.g. on windward
slopes and forest edges) and at the catchment scale, and the
magnitude of the enhancement is not known. The process is
especially important in uplands, where precipitation is
enhanced, and especially in the areas where annual precipita-
tion exceeds 1000 mm. In general, most biases in methods used
currently appear to lead to an under-prediction of Nr deposition
across complex terrain, with the exception of the emissions of
gaseous Nr compounds from surfaces (i.e. negative deposition
terms), which is also under-predicted in models and not
generally measured in complex terrain. The spatial variability
due to dry deposition and turbulence is important though there
is discussion in the community as to the relative magnitude of
this compared to the importance of the importance of the
seeder–feeder effect – in particular for deposition in the UK.
However further evidence is needed to prove this.

In order to understand the scale of the potential issue,
a highly speculative estimate of the magnitude of enhancement
compared to current understanding of the process for simple
terrain, for each type of Nr deposition, is summarised in Table 1.
Combining our current assessment of the likely scale of the
biases of the individual processes, and assuming equal contri-
butions of each process to deposition (though the authors note
that this will be variable dependent on location), this would lead
to a net increase of Nr deposition in complex terrain by a factor
of 1.4 to 3.6. This calculation is not tested and highly uncertain;
however, it is very likely that the Nr deposition across complex
terrain is underestimated and may be almost four times higher
than currently predicted in some circumstances. This calcula-
tion is done for the furthering of discussion of this topic and
should be rened in future work.

The damage costs of Nr pollution across both ecosystems
and human health and economies are well established.11 From
the literature assessed in this study there is clear evidence that
there is a signicant risk of enhanced Nr deposition, and hence
enhanced damage, in complex terrain via wet, dry and occult
deposition compared to the “at earth” case. Additional
complications also exist, such as NH3 gas deposition being
signicantly more damaging to plant life than deposition of an
equivalent amount of Nr via wet deposition or as aerosol.199 The
short and long-term effects of this enhanced deposition have
not been quantied in the UK; however, there are many studies
in the literature which identify ecosystem effects and water
quality. It is therefore reasonable to expect that there is an
additional risk due to complex terrain in the UK, particularly in
areas in proximity to high Nr emissions (such as NH3 point
sources).

Improvements in computational capacity and associated
developments in model development over the past 30 years now
permit terrain-resolving models to be operated at high resolu-
tion, at least over limited domains and time-spans. Most of the
model applications have focussed on concentrations, however,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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or the interpretation of uxes of compounds that are limited by
production/consumption (such as CO2). We only identied
a single effort169,170 that explicitly addressed the interaction
between hill ow and dry deposition where the ux is limited by
turbulence, in this case focussing on the deposition of particles
to forested terrain. Over the same time, there has been even less
improvement in ambient measurement approaches, e.g. for
measuring cloud and wet deposition under windy conditions, or
in methods to derive dry deposition uxes to complex terrain.
As a result, robust measurement data are lacking to validate any
emerging modelling approaches. Wind tunnel studies
addressing the effect of complex terrain on dry deposition
remain rare.

Expanded monitoring and additional process-level research,
including new wind tunnel studies, are both needed to better
understand deposition of reduced nitrogen compounds (NHx),
its contribution to total Nr deposition budgets, and the
processes by which it deposits to ecosystems. There is a case for
repeating the large-scale hill cloud experiments of the
1990s,200,201 with state-of-the-art instrumentation and moving
from single hills to larger areas of complex terrain, e.g. to study
the impact of hill chains. This would require a large community
effort. Experiments need to be designed to deliver quantitative
information, uxes and the factors driving them, for model
validation and to inform parameterisation of operational
models. In particular there is a high priority for establishment
of long-term sites for process level measurements of reactive
chemical uxes to serve the atmospheric chemistry and
ecological communities. However it is also noted that signi-
cant method innovation and adaptation may be required to
ensure the uncertainties in measurements are lower than the
magnitude of the uxes to be measured.
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