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h i g h l i g h t s

� We develop an approach for simulating [NHþ
4 ] in source-receptor models.

� We apply in the OPS model for the Netherlands.
� Validation shows an accuracy in the annual mean [NHþ

4 ] of ~85%.
� Future simulations (2020) show [NHþ

4 ] decreases of ~5e25%.
� Uncertainty of ~100% introduced by choice of meteorological fields.
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a b s t r a c t

We present a parameterization developed to simulate Ammonium particle (NH4
þ) concentrations in the

Operational Priority Substances (OPS) source-receptor model, without the necessity of using a detailed
chemical scheme. By using the ratios of the main pre-cursor gases SO2, NO2 and NH3, and utilising
calculations performed using a chemical box-model, we show that the parameterization can simulate
annual mean NH4

þ concentration fields to within ~15% of measured values at locations throughout the
Netherlands. Performing simulations for different decades, we find a strong correlation of simulated NH4

þ

distributions for both past (1993e1995) and present (2009e2012) time periods. Although the total
concentration of NH4

þ has decreased over the period, we find that the fraction of NH4
þ transported into

the Netherlands has increased from around 40% in the past to 50% for present-day. This is due to the
variable efficiency of mitigation practises across economic sectors. Performing simulations for the year
2020 using associated emission estimates, we show that there are generally decreases of ~8e25%
compared to present day concentrations. By altering the meteorological fields applied in the future
simulations, we show that a significant uncertainty of between ~50 and 100% exists on this estimated
NH4

þ distribution as a result of variability in the temperature dependent emission terms and relative
humidity. Therefore, any projections of future NH4

þ distributions should be performed using well chosen
meteorological fields representing recent meteorological situations.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The concentration of Secondary Inorganic Aerosol (SIA) particles
containing ammonium (i.e. ammonium bi-sulphate (NH4HSO4),

ammonium sulphate ((NH4)2SO4) and ammonium nitrate
(NH4NO3)) affects air quality, visibility and, ultimately, the acidifi-
cation and eutrophication of sensitive ecosystems and surface
waters via deposition (Bobbink et al., 1998; Stevens et al., 2010).
These particles are formed from the chemical oxidation and sub-
sequent aggregation of pre-cursor gases such as ammonia (NH3),
nitrogen dioxide (NO2) and sulphur dioxide (SO2) as a function of
both temperature (T) and relative humidity (RH). In Europe, there
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has been a steady decline in resident SO2 concentrations, and to a
lesser extent NO2 concentrations, over the last few decades
(Tørseth et al., 2012). This has resulted in the speciation of partic-
ulate ammonium (NH4

þ) being shifted away from the more stable
forms of NH4HSO4 and (NH4)2SO4, towards the less stable form of
NH4NO3, which may undergo evaporation back towards the pre-
cursor gases of nitric acid (HNO3) and NH3, depending on the
meteorological conditions (T, RH). The contribution of NH4

þ to-
wards the total mass of SIA in Europe is of the order of 10e20%
(Schaap et al., 2004).

In the Netherlands, the sectors responsible for the highest
emissions of the pre-cursor gases varies with respect to the
chemical species, with nitrogen oxides (NOx) predominantly orig-
inating from transport, NH3 from agricultural practices and SO2
from shipping and energy production (for examples see www.
emissieregistratie.nl). Therefore, the introduction of different
mitigation practices across sectors and changes in the growth of
each respective sector over time has resulted in a change in the
emission ratios between the respective pre-cursor gases, and thus
the efficiency of SIA formation. Although NH3 emissions in North-
ern Europe are thought to have been reduced over the last decade
(Skjøth and Geels, 2013), the threshold of the critical loads defined
for acidification and eutrophication are still frequently exceeded
(Beijk et al., 2009). This is in spite of a significant decrease in the
wet deposition of NH4

þ, nitrate (NO�
3 ) and sulphate (SO4

2�) over
the past few decades (van der Swaluw et al., 2011). Simulations
have indicated that ~65% of NHþ

4 particles are transported into the
Netherlands from neighbouring countries (Hendriks et al., 2013),
meaning that to achieve National Air Quality targets reductions
must bemade at European scale. Future emission estimates suggest
that the further reduction in NOx emissions will most likely
continue throughout the 21st century. For NH3, emissions are
strongly linked to regional temperatures and the intensification
and methodology of agricultural practices (Skjøth and Geels, 2013),
with a potential increase by ~50% at global scale by 2100 (Sutton
et al., 2013). However, non-linearities inherent in the formation
of SIA can lead to rather muted reductions in SIA concentrations, in
spite of significant reduction associated with the pre-cursor emis-
sions (Harrison et al., 2013), as has been found at both regional
(Fagerli and Aas, 2008) and global scales (Hauglustaine et al., 2014).
Therefore, assessing the changes in the concentration of NH4

þ

([NH4
þ]) in the Netherlands when accounting for future mitigation

strategies for the near future is warranted.
In this paper we investigate the potential changes in [NH4

þ] for
the Netherlands for time-slices across past and future decades as
simulated using the Operational Priority Substances model (OPS).
In Sect. 2, we describe the methodology used for deriving a
parameterization for calculating NH4

þ particle formation in OPS
using output taken from simulations performed with a chemical-
box model including SO4

2�- and NO�
3 particle formation, as well

as introducing the various sensitivity simulations that are used for
this study. In Sect. 3 we show the performance of the new NH4

þ

parameterization when compared to both historical (1990s) and
present-day (2009e2012) measurements taken throughout the
Netherlands. In Sect. 4 we show simulations performed for 2020
using state-of-the-art emission estimates and examine the ex-
pected changes in the temporal distribution of NH4

þ for the coming
decade. Finally, in Sect. 5, we present our conclusions.

2. Methodology

2.1. The OPS model

Here we use the OPS source-receptor model, which accounts for
the long-range transport, chemical formation and deposition of SIA.

The OPS model represents a combination of a Gaussian plume
model, for local-scale application, and a trajectory model for long-
range transport (van Jaarsveld and de Leeuw, 1993; van Jaarsveld,
2004). OPS has been applied for a number of previous studies
concerned with SIA (e.g. van Pul et al., 2004; Velders and Diederen,
2009; van der Swaluw et al., 2011). Themodel is drivenwith yearly-
specific meteorological fields provided by the Royal Netherlands
Meteorological Institute (KNMI), where values are binned into
distinct meteorological stability classes within OPS (van Jaarsveld
et al., 2004). Due to the large number of Lagrangian trajectories
employed in OPS, it is unrealistic to be able to model a full
description of tropospheric chemical processes online and preserve
the rather efficient runtime. Therefore, no explicit chemical scheme
is included and, thus, parameterizations are employed within OPS
for simulating the formation of SIA particles.

For NH4
þ we develop a new parameterization using a chemical

box-model to describe the formation of NH4HSO4, (NH4)2SO4 and
NH4NO3, as a function of the ratio of the three most important pre-
cursor gases (NH3, SO2 and NO2), hereafter referred to as NH3-
CONV. The rate of particle formation is subsequently converted
into a pseudo first-order formation rate expressed in terms of
percent conversion of NH3 per hour (%/hr). The OPSmodel accounts
for the effect of temperature on the emission of NH3 from agri-
cultural sources, where fluxes approximately double for every 5 �C
temperature increase as shown in Sutton et al. (2013). For NOx and
SO2 there is no corresponding temperature feedback on the emis-
sion fluxes as these species are predominantly released from
anthropogenic sources such as e.g. road transportation and energy
production, with biogenic NOx considered to be a relatively unim-
portant NOx source for Europe (Simpson, 1995).

The OPS model also uses annual mean background concentra-
tion maps for defining the temporal distribution of the precursor
species (and thus ratios) throughout the Netherlands at a 1 by 1 km
resolution for specific years (e.g. 1995, 2005) based on interpolated
measurements. These background concentrations are needed to
constrain the chemical calculations performed in OPS. Interpolation
for interstitial years means that the values used are yearly-specific.
Fig. 1 shows the temporal distribution of both [NO2]/[NH3] and
[SO2]/[NH3] (hereafter referred to as the C1 and C2 ratios)
throughout the Netherlands for the years 1994, 2005 and 2020,
respectively. The variability for each respective ratio for each in-
dividual year is provided in the inset, along with the number of
incidences that occur in each bin. These ratios are calculated using
the temporal distribution of each pre-cursor species defined in
background maps based on an iterative set of simulations using
OPS, and subsequently bias corrected using measurements taken
throughout the Netherlands. The 1 by 1 km grid is then filled by
interpolating values of such bias corrections to fill the whole
domain.

The distribution in the range of each of the ratios generally
follows the variability in the regional population density and in-
dustrial/agricultural activity, with higher NOx emissions towards
the west and higher NH3 emissions towards the east. This results in
a west-east gradient in values, where higher C1 and C2 ratios
(ranging between 10 and 30) occur around industrial and coastal
regions due to relatively low [NH3]. It should be noted that these
background maps were derived using simulations that did not
include oceanic emissions of NH3, although their influence on
resident [NH3] is implicitly included during the bias correction. The
decrease in the maximum values of C1 and C2 across the timeline
provides some indication as to the extent of mitigation of both NOx
and SO2 emissions in the Netherlands over the decade. These ratios
are then subsequently used in determining the rate of NH4

þ particle
formation in NH3eCONV. For a more comprehensive description of
the OPS model, including details of the meteorology, emissions and
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