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Abstract

Secondary inorganic aerosol components (sulfate, nitrate, and ammonium)
constitute a significant part of atmospheric PM mass and impact aerosol acidity.
Aerosol nitrate and ammonium are mainly formed through gas-to-particle conversion
processes of nitric acid (HNO3) and ammonia (NH3), while for sulfate the multiphase
oxidation of sulfur dioxide (SO2) is mainly responsible. Chemical transport models
(CTMs) have the tendency to overpredict fine nitrate aerosol levels in both U.S and
Europe. This in turn can also affect fine ammonium aerosol predictions since in fine
PM fraction nitrate partitions to the aerosol phase together with ammonium.
Responsible for these errors in CTMs predictions may be the effects of non-volatile
cations (NVCs) on fine PM levels and composition, which usually are not quantified
correctly due to urban dust levels underestimation, but also the errors in the prediction
of aerosol acidity. In addition, several Earth System Models (ESMs) usually neglect
inorganic aerosol thermodynamics due to the additional computational burden. In this
work, we use the PMCAMx CTM to quantify the effects of NVCs on fine PM levels
and composition and to gain a better understanding of aerosol acidity and its various
dependences. Also, ISORROPIA-lite, a simplified and lean version of the widely used
ISORROPIA-II inorganic aerosol thermodynamics model is presented. Compared to
its parent model, ISORROPIA-lite can simulate the effects of secondary organic
aerosol water on aerosol thermodynamics. These effects are also examined.
The first part of this thesis tests the hypothesis that errors in PM predictions by
CTMs, such as PMCAMx, occur at least partially due to the urban dust emissions
underestimation. The simulations suggest that the corresponding emissions are
underestimated in the official pan-European reported emissions by a factor of ten.
This hypothesis leads to improved PM10 predictions in all sites in Europe and
especially in urban areas reducing the PM10 bias by 23% and the error by 13%.
Simulations with the improved urban dust emissions indicate that PM1 nitrate, sulfate
and ammonium levels can decrease on average within 20% over the modeling
domain, while at the same time coarse levels can increase on average within 15% due
to the higher levels of urban dust.
In the second part of this thesis, aerosol acidity was simulated depending on
particle size, location and altitude over Europe during summer using the hybrid
ix

version of PMCAMx for the simulation of inorganic aerosol formation. Simulations
indicate that pH changes more with particle size in northern and southern Europe with
differences up to 1−4 pH units between sub- and super-micron particles, while the
average pH of PM1-2.5 can be as much as 1 unit higher than that of PM1. PM1 has the
most water over the continental region of Europe, while coarse particles have the most
water content in the marine and coastal areas due to the relatively higher levels of sea
salt. Particles acidity increases with altitude (0.5-2.5 units pH decrease over 2.5 km)
due to the decrease in aerosol liquid water content. Aerosol pH affects inorganic
nitrate with the highest average nitrate levels predicted for the PM1-5 range and over
locations where the pH exceeds 3. Dust increases aerosol pH for all particle sizes and
nitrate concentrations for supermicron range particles. This effect of dust depends on
calcium content.
Σhe hybrid version of aerosol dynamics in PMCAMx is also used in the third
part of this thesis to quantify aerosol acidity over the U.S during a wintertime and a
summertime period as a function of particle size and altitude. Average PM1 pH can be
higher up to 2 units during winter than summer due to the higher aerosol water levels
in the cold periods. For the supermicron range, pH values are predicted to be higher
during summer due to the higher concentrations of alkaline dust. Sub-micron aerosol
is more acidic than supermicron for both seasons with pH differences of up to 1−4
units. Acidity is predicted to increase with altitude by up to 1−1.5 units for PM1, and
2−2.5 units for PM1−10 in the first two kilometers due to the decrease of liquid water
content with height.
In the fourth part, ISORROPIA-lite, an accelerated and simplified version of
ISORROPIA-II aerosol thermodynamics model is presented and evaluated.
ISORROPIA-lite assumes that the aerosol exists in liquid form even at low relative
humidities (metastable state) and treats the aerosol thermodynamics using binary
activity coefficients from precalculated look-up tables. These assumptions speed up
the thermodynamic calculations by 35%. Application of ISORROPIA-lite in the
PMCAMx CTM accelerates the simulations by about 10% with changes in the
concentrations of the major aerosol components of less than 10% over Europe.
Compared to ISORROPIA-II, ISORROPIA-lite also simulates the effects of organic
water on aerosol thermodynamics. Simulation of these effects indicates an increase of
fine nitrate and ammonium concentrations within 1 μg m−3 in places where the
organic aerosol and RH levels are high.
x

In the fifth part, the effects of secondary organic aerosol water (SOAW) on
inorganic aerosol thermodynamics are studied using ISORROPIA-lite in PMCAMx
for a full year over United States. SOAW can increase annual average fine aerosol
water levels up to a factor of two when secondary organic aerosol (SOA) is a major
PM1 component. Total dry PM1 can increase up to 2 μg m−3 due to increased
partitioning of nitrate and ammonium (nitrate levels increase up to 200%) because of
the additional SOAW mass when RH levels and PM1 components concentrations are
high.
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Introduction
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1.1 Air pollution and atmospheric aerosols
Air pollutants (atmospheric gases and aerosols) are emitted by anthropogenic
activities and biogenic sources and at concentrations above their normal ambient
levels can have negative effect on humans, animals, and ecosystems (Seinfeld and
Pandis, 2006). The increasing intensity of human activities such as industrial
production, vehicle use, and domestic fuel burning for heating and other purposes
have increased the levels of air pollutants, air toxics and aerosols making air pollution
a matter of global concern.
Atmospheric aerosols or particulate matter (PM) are particles which are
suspended in air and can be found in the solid and/or liquid state. Their size ranges
from 1 nm to approximately 50 μm. Particles are characterized as fine (particles with
aerodynamic diameter less than 2.5 μm) and coarse (particles with aerodynamic
diameter from 2.5 to 10 μm).
Depending on the formation processes, PM is categorized as primary or
secondary. Primary aerosols are emitted directly in the particulate phase from various
natural (e.g., oceans, wildfires, vegetation, volcanic eruptions) and anthropogenic
(e.g., power generation, industry, transportation, residential wood combustion)
sources. Secondary PM is produced in the atmosphere through chemical reactions
involving gas-phase precursors such as nitrogen oxides (NOx), sulfur dioxide (SO2),
ammonia (NH3) and volatile organic compounds (VOCs). The removal of PM from
the atmosphere takes place by direct deposition on the Earth’s surface (dry deposition)
and by rain or snow (wet deposition) after the incorporation of the particles into rain
droplets either in cloud or below cloud. The mean lifetime of particles in the
troposphere varies from a few days to a few weeks depending on meteorology,
location and particle size. Major PM components include sulfate, nitrate, ammonium,
organic material, elemental carbon, sea salt, crustal species, other metal oxides and
water. Inorganic compounds often constitute 50% or even more of fine particulate
matter mass (Heitzenberg, 1989) with sulfate, ammonium, and nitrate being the
dominant ones in the sub-micrometer (PM1) fraction (Chow et al., 1994). These
inorganic compounds are mainly secondary (EPA, 1996) and are produced through
the chemical reactions of SO2, NOx and NH3 gas-phase precursors. Dust components
such as calcium, silicon, iron, aluminum and magnesium are found mainly in the
coarse PM fraction. Sodium and chloride are also significant components of coarse
3

PM found in substantial concentrations over the oceans and coastal areas (Wall et al.,
1988; Newberg et al., 2005; Budhavant et al., 2017). Sulfate, nitrate and ammonium
can be found in both the fine and coarse modes (Wall et al., 1988; Karydis et al.,
2010). Most of the coarse nitrate is produced from the chemical reactions of nitric
acid with sodium, calcium, magnesium, etc. (Karydis et al., 2011; Trump et al., 2015).
Atmospheric particles have serious adverse effects on human health. PM2.5 in
elevated concentrations increases morbidity and mortality (Schwartz et al., 1996;
Pope et al., 2009). Exposure to PM2.5 concentrations in outdoor air leads to about
100,000 deaths (and 725,000 years of life lost) annually in Europe (WHO, 2002). A
reduction of the ambient PM10 (particles with aerodynamic diameter less than 10 μm)
concentration by 5 μg m−3 can prevent between 3,000 and 8,000 early deaths annually
in Europe (Medina et al., 2004). Also, several epidemiological and toxicological
studies have shown that PM is associated with several cardiovascular and respiratory
diseases (Dockery et al., 1996; Gauderman et al., 2000; Bernard et a., 2001). Because
of the adverse effects of PM on human health, the European Environmental Agency
(EEA) and the U.S. Environmental Protection Agency (EPA) have developed
legislation which establishes health-based standards for PM. For Europe, the air
quality limits are currently 25 μg m−3 for annual average PM2.5 and 50 μg m−3 for
daily average (EEA, 2022). The U.S. limits are a lot stricter at 12 μg m−3 annual
average for PM2.5 which is the most dangerous size fraction and more relaxed for
PM10 at 150 μg m−3 daily average (EPA, 2021).
Particulate matter even at low concentrations impacts various physical and
chemical processes in the atmosphere. PM affects directly the Earth’s radiation
balance and therefore the climate of our planet because of its ability to scatter and
absorb light. Most atmospheric particles have a cooling effect (Seinfeld and Pandis,
2006). Particles containing black carbon are an exception because due to their high
absorption they have a net warming effect (Hansen et al., 2000).
In addition to this direct effect, particles can act as the condensation nuclei on
which cloud droplets form. The number and the size of cloud droplets are determined
by the size distribution and chemical composition of the aerosol in which the cloud
forms (Lohmann et al., 1999). In general, increases in particle number concentrations
lead to higher cloud droplet number concentrations and smaller size, and these in turn
result in increased cloud reflectivity and cloud lifetime thus cooling our planet
(Haywood and Boucher, 2000; Seinfeld and Pandis, 2006).
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Figure 1.1. Chemical composition of PM with diameter smaller than 1 μm obtained
from Aerosol Mass Spectrometer (AMS) measurements. The organic compounds are
represented in green colour, nitrates in blue, sulphates in red, ammonium in orange,
and chloride in magenta (Zhang et al., 2007).

Atmospheric particles can also reduce visibility and contribute to the haze
associated with urban and regional pollution (Seinfeld and Pandis, 2006). They are
also a major contributor to the formation of acid rain and acid fogs (Burtraw et al.,
2007).
PM composition can vary from one area to another depending on its sources
and chemical transformations in the atmosphere. The chemical composition of PM1
for some areas around the world is shown in Fig. 1.1. It is clear that sulfate, nitrate
and ammonium are a significant part of PM1 for almost all of the areas. These
components will be the major focus of this work.

1.2 Secondary inorganic aerosols
1.2.1 Aerosol sulfate
Sulfate is one of the major inorganic compounds of atmospheric PM. It is
mainly formed from sulfur dioxide (SO2) multiphase oxidation (Calvert et al., 1985).
More specifically, sulfuric acid is produced by the aqueous-phase oxidation of
dissolved SO2 by dissolved H2O2, O3, O2 (catalyzed by Fe3+), etc. as well as the gas5

phase oxidation of SO2 by the hydroxyl radical (OH). Sulfuric acid is transferred then
to the particulate phase due to its low saturation concentrations in the presence of
water in the atmosphere. Sulfate can react with NH3 and non-volatile cations (e.g.,
sodium, calcium, potassium, magnesium) forming the corresponding sulfate salts.

1.2.2 Aerosol nitrate
Nitrate is another significant component of PM in the atmosphere especially
over polluted areas. It is formed mainly from reactions of nitric acid with ammonia
and non-volatile cations. During daytime nitric acid is produced by the reaction of
NO2 with OH. During nighttime nitric acid is also produced but by another pathway
of chemical reactions. Nitrogen oxides (NOx) react with available O3 leading to nitrate
radicals (NO3) and after its reaction with NO2 to dinitrogen pentoxide (N2O5)
formation. Then, N2O5 can react homogeneously or heterogeneously with water to
form nitric acid (Joyce et al., 2014). Nitric acid can then be transferred to the particle
phase by reacting with NH3, NaCl, CaCO3, etc. forming the corresponding nitrate
salts.

1.2.3 Aerosol ammonium
Ammonium is also a major component of atmospheric PM formed from
reactions of ammonia (NH3) with the various acids produced in the atmosphere.
Ammonia is emitted mainly by anthropogenic activities such as agriculture, livestock
and biomass burning (Sutton et al., 2000) but also by biogenic sources (wild animals,
soil, etc.). Ammonium in atmospheric particles is predominantly present in the form
of ammonium sulfate and bisulfate, ammonium nitrate and ammonium chloride since
ammonia can react in the atmosphere with H2SO4, HNO3 and HCl respectively.

1.3 Aerosol acidity
Acidity is a key property of atmospheric PM which drives gas-particle
partitioning and heterogeneous chemistry (Pye et al., 2020). The pH of particles can
affect the nitrogen cycle through the HNO3/NO3− and NH3/NH4+ gas-particle
6

partitioning due to the large differences between gas and particle dry deposition rates
(Guo et al., 2017). Aerosol hygroscopicity and pH-dependent heterogeneous
atmospheric processes, such as oxidation of SO2 to sulfate, formation of secondary
organic aerosol and uptake of N2O5 on the particles can also be affected by aerosol
acidity (Huang et al., 2011; Hu et al., 2014). Acidic particles can damage building
materials and ecosystems through their deposition (Xue et al., 2011). The low pH of
PM increase the solubility of metals (e.g., iron and copper) affecting aerosol toxicity
and at the same time impacting the productivity and oxygen levels of the oceans
(Meskhidze et a., 2003; Nenes et al., 2011). Furthermore, strong aerosol acidity has
been linked to adverse health outcomes, like respiratory diseases (Raizenne et al.,
1996) and lung and laryngeal cancers in humans (Hsu et al., 2008). Fig. 1.2 illustrates
all these effects of aerosol acidity in the atmosphere, biosphere and marine
ecosystems.

Figure 1.2. Schematic of the processes affecting aerosol acidity and its effects in the
earth system (Pye al., 2020).
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Aerosol pH is directly linked to the liquid water content of particles. PM
constituents such as ammonium sulfate, ammonium nitrate, sodium chloride,
secondary organic aerosol are hygroscopic and have the ability to absorb water in the
aerosol phase which increases dramatically with relative humidity. The aerosol water
in turn affects the gas/particle partitioning of inorganic semi-volatiles components
(HNO3, NH3, and HCl). More aerosol water drives more of the gases to partition into
the aerosol phase to satisfy equilibrium. While the water associated with inorganic
aerosol has been studied extensively, secondary organic aerosol water (SOAW) has
been neglected in most studied so far and is not simulated by almost all atmospheric
chemical transport models (Guo et al., 2015; Bougiatioti et al., 2016).
Nitrate tends to partition to the aerosol phase when pH exceeds a threshold
value (between 1.5 and 3) (Meskhidze et al., 2003; Guo et al., 2016). More
specifically, if aerosol pH exceeds 2.5−3 units, the HNO3 formed from NOx chemistry
resides mainly in the particulate phase. For lower pH values (below 1.5−2), nitric acid
remains mainly in the gas phase. NH3 on the other hand resides mainly in the gas
phase when the aerosol pH exceeds the above threshold value and mainly in the
particle phase when aerosol acidity is high. However, there is a sensitivity window of
1 to 1.5 pH units between these high and low pH values in which nitrate and ammonia
can be found in significant concentrations in both the gas and particulate phases
(Vasilakos et al., 2018; Nenes et al., 2020). Atmospheric aerosol has often pH values
inside this sensitivity window and therefore in these cases the predictions of nitrate
and ammonium are sensitive in pH errors (Bougiatioti et al., 2016; Guo et al., 2015,
2017).
Inorganic cations in sea salt and mineral dust, such as Na+, Ca2+, K+ and Mg2+
can modulate aerosol acidity (Vasilakos et al., 2018). These non-volatile cations
reside mainly in coarse particles, with much lower concentrations in fine particles
(Seinfeld and Pandis, 2006), and can react with HNO3 and H2SO4 increasing the
particulate phase nitrate and sulfate respectively (Wang et al., 2012; Allen et al.,
2015). It is estimated that more than 40% of particulate nitrate and more than 10% of
particulate sulfate aerosol are associated with dust globally (Usher et al., 2003).
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1.4 Atmospheric chemical transport models
Chemical transport models (CTMs) are an important tool in our effort to
design effective control strategies for air quality improvement because they can link
emissions and meteorology to ambient pollutants concentrations. CTMs perform
detail simulations of the relevant physical and chemical atmospheric processes using
appropriate numerical algorithms, and can predict pollutant concentrations as a
function of space and time for a given set of pollutant emissions and meteorological
conditions (Seigneur and Moran, 2004).
Two subcategories of CTMs exist: the Lagrangian (or trajectory) and the
Eulerian models. Lagrangian models simulate the movements of individual air parcels
as they travel from sources to receptors (Fig. 1.3). In such models, transport processes
that are not simulated directly (e.g., vertical turbulent diffusion) may move pollutants
between parcels or change the parcels size.
Eulerian models simulate pollutants concentrations in a specific area. The
simplest form of an Eulerian model is the zero-dimensional box model. For more
accurate calculations and in order to cover a large area (Fig. 1.4), a three-dimensional
(3D) grid framework is used in Eulerian CTMs. For each grid cell, the relevant
chemical and physical transformations are simulated including the transport and
dispersion processes of air pollutants.

Figure 1.3. Schematic depiction of a Lagrangian box model (Skyllakou, 2017). A box
(left) is used to simulate the movement of an air parcel in the atmosphere. An example
of the trajectory of an air parcel leaving Egypt and arriving in Patras is shown in the
map. This trajectory is estimated by integrating the corresponding time-varying wind
field predicted by a meteorological model.
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Figure 1.4. Schematic depiction of an Eulerian model (Skyllakou, 2017).

CTMs have had difficulties in reproducing accurately the observed
concentrations of aerosol nitrate in both Europe and the U.S. Previous studies have
shown that CTMs tend to overpredict fine aerosol nitrate levels for different seasons
of the year (Karydis et al., 2007; Fountoukis et al., 2011; Heald et al., 2012; Walker et
al., 2012; Kelly et al., 2014; Im et al., 2015). This also affects the accuracy of
ammonium predictions since most of the nitrate in the submicron range exists as
ammonium nitrate. Uncertainties in the emission inventories of mainly NH3 but also
NOx are one of the reasons for these prediction errors. Also, meteorological
conditions such as ambient temperature and relative humidity affect the gas-particle
partitioning of HNO3/NO3− as well as aerosol pH (Guo et al., 2017), which is highly
influenced by sulfate aerosol. Another reason for the errors in nitrate predictions by
CTMs is the sensitivity of nitrate partitioning to the presence of coarse particles like
sea salt and dust. This in turn leads to a competition between fine and coarse particles
for the available nitric acid. Therefore, accurate simulation of the coarse particle
concentrations and composition as well as the corresponding mass transfer processes
to different particles is needed for the accurate simulation of the nitrate levels and size
distribution.
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1.5 Aerosol thermodynamic models
Aerosol thermodynamic models are a central part of atmospheric CTMs and
they are also used off-line with observed values to compute the composition, the
phase state and acidity of aerosols in equilibrium. They solve either a system of
several nonlinear algebraic equations or minimize the Gibbs free energy of the gasparticle system (Nenes et al., 1999). For these calculations, thermodynamic models
usually need the total concentrations (gas+aerosol) of inorganic components (e.g.,
HNO3, HCl, NH3, H2SO4, Na+, Ca2+, K+, Mg2+), the ambient temperature and relative
humidity. However, several CTMs and especially earth system models (ESMs) do no
simulate aerosol thermodynamics due to the additional computational burden (NRC,
2012).
Fine particles in the atmosphere are always at or close to thermodynamic
equilibrium with the gas phase since the time required to reach the equilibrium state is
of the order of a few minutes or less (Pye et al., 2020). Larger particles require much
longer times to reach thermodynamic equilibrium as the corresponding timescales are
of the order of hours. Due to these issues, to avoid biases in CTMs predictions for
coarse particles, explicit dynamic mass transfer calculation between the aerosol and
gas phases are recommended (Capaldo et al., 2000; Pilinis et al., 2000).

1.6 Thesis objectives
The main objectives of this work are to:
(1) Test the hypothesis that underestimation of urban dust emissions is responsible for
part of underprediction of observed PM10 levels.
(2) Study the impact of dust emissions in Europe on secondary inorganic aerosol
formation over the continent.
(3) Quantify the atmospheric aerosol acidity and its size-dependence over Europe and
the United States.
(4) Develop a computationally efficient accurate inorganic aerosol thermodynamics
model that can be used in Earth System Models to simulate aerosol nitrate.
(5) Examine the effects of secondary organic aerosol water on inorganic aerosol
thermodynamics.
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1.7 Overview of thesis
In Chapter 2 we test the hypothesis that urban dust emissions are responsible
for part of PM10 concentrations underprediction of PMCAMx and we use the hybrid
method for the simulation of inorganic aerosol formation to study the effects of urban
dust on secondary inorganic aerosol formation in Europe. The sensitivity of these
effects on dust composition was also examined.
Simulations of size-resolved aerosol pH over Europe using the hybrid method
of PMCAMx for the simulation of inorganic aerosol formation are presented in
Chapter 3. The variation of aerosol pH with time, height, and the presence/absence of
calcium and other dust components (Na+, K+ and Mg2+) were studied. Also, the
impact of acidity on the nitrate partitioning across all particle sizes was shown.
Chapter 4 summarizes our efforts to simulate size-resolved aerosol acidity in
the U.S using the hybrid method of PMCAMx for the simulation of inorganic aerosol
formation. The variation of the size-resolved aerosol pH with season (winter vs.
summer) and height but also the evaluation of our predictions against measurements
of daily PM2.5 concentration and composition were shown.
The development of ISORROPIA-lite, a comprehensive inorganic aerosol
thermodynamics model which includes secondary organic aerosol water (SOAW) in
thermodynamic calculations, is presented in Chapter 5. ISORROPIA-lite was
evaluated against its parent model ISORROPIA-II in terms of composition and
computational cost for European conditions both off-line and in PMCAMx. Also, the
effects of SOAW in inorganic aerosol thermodynamics were examined.
In Chapter 6 the variation of the effects of SOAW on fine aerosol levels and
composition were studied over the U.S with time and season by using ISORROPIAlite in PMCAMx.
The final conclusions and recommendations for future work are presented in
Chapter 7. A brief description of PMCAMx can be found in the Appendix.
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2.1 Abstract
Simulation of the concentration of urban dust and its interactions with other
inorganic components of particulate matter (nitrate, ammonium, sulfate) remains a
major modeling challenge. In this study the chemical transport model PMCAMx is
applied over Europe during the EUCAARI 2008 summer campaign. The default
emission inventory leads to significant underprediction of PM10 levels in both urban
and rural areas. We test the hypothesis that this is due to a large extent to an
underprediction of urban dust by increasing the corresponding emissions by a factor
of ten. This leads to improved PM10 predictions in all sites in Europe and especially in
urban areas. The PM10 fractional bias of the model decreased by 23% and the
fractional error by 13%. Average predicted PM1 nitrate decreases on average by 20%
over the modeling domain due to the increased urban dust. Fine nitrate reductions of
0.5−1 μg m−3 are predicted for areas of the Netherlands, Belgium, France and United
Kingdom. Fine ammonium and sulfate also decrease by 9% and 7.5% respectively,
when the higher urban dust emissions are used. At the same time predicted coarse
nitrate concentrations increase on average by 10% with absolute increases of 1.2 μg
m−3 in the Netherlands and Belgium and 1 μg m−3 in Paris. Coarse ammonium and
sulfate increase by 16% and 6% respectively due to the higher levels of urban dust.

2.2 Introduction
Atmospheric particulate matter from anthropogenic and natural sources has
adverse impacts on human health and contributes to climate change. Dust is a
significant component of atmospheric coarse particulate matter (particles with
diameter from 1 to 10 μm). Dust in urban areas is mainly emitted by transportation
through re-suspension (Amato et al., 2009, 2011; Karanasiou et al., 2011; Pant et al.,
2013; Querol et al., 2004; Viana et al., 2007; Athanasopoulou et al., 2010) and is
often called road dust. Road dust may dominate non-exhaust particulate matter
emissions in urban areas (Denier van der Gon et al., 2010, 2013; Amato, 2018).
Exposure to high dust levels can have negative effects on human health including
increases in hospital admissions (Chang et al., 2011) and respiratory problems for
children (Neisi et al., 2017; Keet et al., 2018). Agricultural operations such as
plowing, disking, harrowing, and harvesting also emit significant amounts of dust in
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rural areas (Winiwarter et al., 2009). Natural sources, such as wildfires, emit dust
through resuspension due to the intense turbulence that they generate (Wagner et al.,
2018). It is estimated that soil dust accounts for 10% of PM10 emissions during early
fire stages (Kavouras et al., 2012). Dust transport from deserts such as the Sahara is
another major natural source (Laurent et al., 2008). In this study we will focus on
periods during which Europe is not affected by transport of dust from the Sahara.
Dust is mainly inert, but also includes small amounts of Ca2+, Mg2+, K+, etc.
(Silva et al., 2000). These are chemically active and can participate in heterogeneous
reactions, for example forming nitrate or sulfate salts after reactions with HNO3 or
H2SO4 vapors (Karydis et al., 2010, 2011). These reactions can also affect indirectly
fine particulate matter by changing the fine nitrate and sulfate levels (Wang et al.,
2012; Karydis et al., 2011). Previous studies have shown that the simulation of these
dust effects with the proper emissions can considerably improve model predictions of
inorganic PM (Moya et al., 2002; Laskin et al., 2005; Hodzic et al., 2006; Fountoukis
et al., 2009; Karydis et al., 2010, 2011, 2016; Wang et al., 2012; Trump et al., 2015).
Trump et al. (2015) showed the importance of the interactions of coarse-mode cations
such as sodium from sea spray with nitric acid for the fine PM levels in coastal areas
of Europe.
Emission inventories for the EU member states include emissions by
automobile tire and brake wear and automobile road abrasion (Amato, 2018).
Resuspension of the deposited road dust by transportation is a reemission and is not
included in the reporting requirements of the EU member states (Amato, 2018). As a
result, road dust emissions are not included in most official European emission
inventories leading to a serious underestimation of urban dust. Patra et al. (2008)
found that coarse PM levels in Central London increase due to traffic by a factor of
1.5 to 13 due to resuspension of road dust. Athanasopoulou et al. (2010)
parameterized the road dust emissions for the city of Athens and estimated using the
chemical transport model CAMx that this source is responsible for 10-40% of the
PM10 over the city. Kauhaniemi et al. (2011) proposed and evaluated a vehicular dust
resuspension emission model in combination with a street canyon dispersion model in
Helsinki. Their predictions were found to be sensitive among others to precipitation.
Rzeszutek et al. (2019) reported improvements in the predictions of a street canyon
model, when road dust emissions were considered.
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In atmospheric chemical transport models (CTMs) the particulate and gas
phases are often assumed to be in equilibrium. This assumption may lead to errors
since the coarse particles usually need hours to reach equilibrium (Meng and Seinfeld,
1996; Karydis et al., 2011). Dynamic models simulate explicitly the mass transfer
between the gas phase and each particle group, minimizing this error. The hybrid
method (Karydis et al., 2010) combines both of these approaches assuming bulk
equilibrium for the fine aerosol (diameter up to 1 μm) and simulating the mass
transfer between the coarse aerosol and the gas phase using a dynamic approach
(Capaldo et al., 2000). This method is more computationally efficient than fully
dynamic approaches and more accurate than models that assume thermodynamic
equilibrium for particles of all sizes.
In this study we quantify the effect of urban dust emissions on PM10 levels but
also on the concentrations of the major inorganic PM components (sulfate, nitrate and
ammonium) in the fine and coarse modes.

2.3 Model description
PMCAMx is a three-dimensional chemical transport model (CTM) and the
research version of the publicity available CAMx model (Environ, 2003). It simulates
horizontal and vertical advection, horizontal and vertical dispersion, dry and wet
deposition and gas, aqueous, and aerosol chemistry. The gas-phase chemical
mechanism used includes 237 reactions of 18 radicals and 91 gases and is based on a
modified SAPRC mechanism (Carter, 2000; Environ, 2003). Furthermore, aqueousphase chemistry (Fahey and Pandis, 2001), inorganic aerosol formation (Gaydos et
al., 2003; Koo et al., 2003) and secondary organic aerosol formation (Lane et al.,
2008) are simulated. The organic vapors are assumed to be in pseudo-equilibrium
with the organic PM phase based on the Volatility Basis Set (VBS) framework (Lane
et al., 2008; Murphy and Pandis, 2009). The aerosol size and composition distribution
is described using 10 size bins with diameters from 40 nm to 40 μm. The aerosol
species simulated are primary and secondary organics, elemental carbon, crustal
species, sodium, chloride, sulfate, nitrate, ammonium, and water.
The formation of inorganic aerosol in PMCAMx can be simulated either with
the bulk equilibrium approach or the hybrid approach. The bulk equilibrium approach
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is based on the assumption that the bulk aerosol and gas phases are always in
equilibrium. The amount of each species transferred between the aerosol and gas
phases is determined by the thermodynamic equilibrium model ISORROPIA (Nenes
et al., 1998) which treats the thermodynamics of NH4+-Na+-SO42--HSO4--NO3--Cl-H2O aerosol systems. In the hybrid approach fine particles (diameter less than 1 μm)
are simulated assuming bulk equilibrium, while for the coarse particles (diameter
from 1 to 10 μm) the mass transfer between the gas and particle phases is simulated
explicitly (Capaldo et al., 2000) by using the MADM model of Pilinis et al. (2000) as
extended by Gaydos et al. (2003). The thermodynamic equilibrium model
ISORROPIA-II (Fountoukis and Nenes 2007), which treats the thermodynamics of
Ca2+-K+-Mg2+-NH4+ -Na+-SO42--HSO4--NO3--Cl--H2O aerosol systems, is used for the
calculation of the equilibrium vapor pressures of HNO3, NH3, HCl, and also the
aerosol water concentration in this case.

2.4 Model application
The simulation period is the EUCAARI summer intensive measurement
period during May 2008. The modeling domain is a region of 5400 × 5832 km2,
including all of Europe with 36 × 36 km grid resolution and 14 vertical layers with a
total height of 6 km above ground level (Fig. 2.1). Dust PM10 concentrations at the
boundaries of the domain are considered constant with typical small values and
invariant with height and along each boundary. In the north and west boundaries PM10
dust concentrations are assumed to be 0.3 μg m−3, while in the south and east equal to
1 μg m−3. Inputs to the model such as vertical diffusivity, horizontal wind components, pressure, temperature, water vapor, clouds and rainfall are provided by the Weather Research and Forecasting (WRF) meteorological model (Skamarock et al., 2008).
The emission inventory used for all PM components including dust is the
EUCAARI Pan European emission inventory (Kulmala et al., 2011), based on the
IIASA’s GAINS inventory (Klimont et al., 2002; Kupiainen and Klimont, 2004). Dust
emissions were separated from those of other PM components and the distribution of
dust particles has been improved. The default dust emission inventory includes dust
emissions from agricultural operations, non-exhaust road transport and wildfires. Dust
is assumed to represent 23% of the total PM1 emissions by agriculture (Trippetta et

24

al., 2016) and 3% of total PM1 emissions by non-exhaust road transport (Amato et al.,
2009). The PM1-10 fraction of dust emissions is calculated based on the dust size
distribution of Bessagnet et al. (2008). Agricultural dust emissions for Spain, Italy,
Greece, Romania and Czech Republic have been added in the corresponding
agricultural areas assuming a mean dust emission rate equal to 0.33 kg d−1 km−2. The
agricultural areas have been determined based on the spatial distribution of ammonia
emissions for these countries. Emissions by wildfires are taken from IS4FIRES
(Sofiev et al., 2009) and the size and composition distribution of PM10 is based on
Andreae and Merlet (2001). The PM2.5-10 fraction accounts for about 25% of the
emissions by wildfires.
Resuspended road dust emissions by transportation have been added in the
inventory since they were not included the original (Amato, 2018). These emissions
were estimated, as a zeroth order approximation, to be ten times the non-exhaust road
transport emissions (Kupiainen and Pirjola, 2011; Patra et al., 2008; Amato, 2018) in
the original emission inventory. These dust emissions are implicitly accounting also
for other urban dust sources.
The spatial distribution of dust emissions for the improved emission inventory
is shown in Fig. 2.2. Table 2.1 shows a summary of the default (low) and improved
(high) dust emission rates for the major sources of dust. Calcium, magnesium,
potassium, and sodium are assumed to represent a constant fraction of mineral dust
mass: 2.4% for Ca2+, 1.5% for K+, 1.2% for Na+ and 0.9% for Mg2+, based on Sposito
(1989) and Karydis et al. (2016). Table 2.2 also includes a summary of the emissions
of trace elements.

Figure 2.1. The modeling domain and the location of the PM10 monitoring sites used
for the model evaluation (red dots).
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Figure 2.2. Spatial distribution of PM10 dust emissions in the high dust emission
inventory for the period of 1-29 May 2008 a) wildfires, b) road transport, c)
agricultural and, d) total.

Details of the rest of the aerosol and gas emissions are described in Fountoukis
et al. (2011). More details about the initial EUCAARI TNO emissions are available in
Visschedijk et al. (2007) and Kulmala et al. (2011).

Table 2.1 Domain PM10 dust emissions in the inventories used in this study.
PM10 dust emissions (tons d−1)
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Source type

Low dust emissions

High dust emissions

Road transport

1509

15090

Agriculture

3185

3517

Wildfires

493

493

Total

5187

19100

Daily average measurements of PM10 concentrations from 43 sites are used for
the evaluation of the PMCAMx predictions. The predicted PM10 concentration is
calculated assuming that there is zero water in the measured PM10 mass. The location
and the main characteristics of the stations are shown in Fig. 2.1 and Table 2.3
respectively. The fractional bias and fractional error of the model predictions are used
as the metrics for the model evaluation. Fine aerosol mode PMCAMx predictions
have been evaluated by Fountoukis et al. (2011; 2014). Morris et al. (2005), proposed
four model performance levels: “excellent” (fractional bias ≤ ±15 % and fractional
error ≤ 35 %), “good” (fractional bias ≤ ±30 % and fractional error ≤ 50 %),
“average” (fractional bias ≤ ±60 % and fractional error ≤ 75 %), and “problematic”
(fractional bias ≥ ± 60 % and fractional error ≥ 75 %).

2.5 Model predictions and evaluation
Predicted average ground-level PM10 dust concentrations using the default
dust emissions are generally low, with average concentrations varying from 0.5 to 1
μg m−3 over most of Europe except in the Netherlands and Belgium where the
concentrations exceed 4 μg m−3 due to high agricultural emissions (Fig 2.3a). PM10
concentrations are high over the Mediterranean Sea and over parts of the Atlantic due
to high sea-salt levels in these areas (Fig. 2.3b).

Table 2.2 Total emissions of trace elements in the inventories used in this study.
PM10 emissions (tons d−1)
Dust components

Low dust emissions

High dust emissions

Na+

37702

37932

Ca2+

125

458

K+

78

287

47

172

2+

Mg
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Table 2.3 Main characteristics of the selected background monitoring sites.
Location (Country)
Montelibretti (Italy)
Paris (France)
Pireus (Greece)
London (United Kingdom)
Prague (Czech Republic)
Bucharest (Romania)
Patras (Greece)
Caldarola (Italy)
Arnesano Riesci (Italy)
Via dei Mille (Italy)
Bournemouth (United Kingdom)
Peyrusse-Vieille (France)
Finokalia (Greece)
Iskrba (Slovenia)
Diabla Gora (Poland)
Onsala (Sweeden)
Niembro (Spain)
Cap de Creus (Spain)
Zoebelboden (Austria)
Churanov (Czech Republic)
Schauinsland (Germany)
Schmücke (Germany)
Illmitz (Austria)
Vorhegg (Austria)
Payerne (Switzerland)
Tanikon (Switzerland)
Chaumont (Switzerland)
Rigi (Switzerland)
Agia Marina (Cyprus)
Westerland (Germany)
Waldhof (Germany)
Neuglobsow (Germany)
Zingst (Germany)
Keldsnor (Denmark)
Viznar (Spain)
Barcarrota (Spain)
Els Torms (Spain)
Auchencorth Moss (United Kingdom)
CISI (Italy)
Rucava (Latvia)
Zoseni (Latvia)
Citignano casa stabbi (Italy)
Fontechiari (Italy)
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Type of area
suburban
urban
urban
urban
urban
urban
urban
urban
suburban
urban
urban
rural
remote
remote
remote
remote
remote
remote
remote
remote
remote
remote
rural
remote
rural
rural
rural
remote
rural
rural
rural
remote
rural
rural
rural
rural
rural
rural
rural
rural
rural
rural
rural

Region
south
north
south
north
north
south
south
south
south
south
north
south
south
south
north
north
north
south
north
north
north
north
north
north
north
north
north
north
south
north
north
north
north
north
south
south
south
north
south
north
north
south
south

Latitude
42.1
48.8
37.9
51.5
50.0
44.4
38.2
41.1
40.3
40.6
50.7
43.6
35.3
45.5
54.1
57.3
43.4
42.3
47.8
49.0
47.9
50.6
47.7
46.6
46.8
47.4
47.0
47.0
35.0
54.9
52.8
53.1
54.4
54.7
37.2
38.4
41.4
55.7
40.5
56.1
57.1
43.6
41.6

Longitude
12.6
2.30
23.6
−0.11
14.4
26.1
21.7
16.8
18.1
17.9
−1.9
0.18
25.6
14.8
22.0
11.9
−4.85
3.31
14.4
13.6
7.90
10.7
16.7
12.9
6.94
8.90
6.97
8.46
33.0
8.31
10.7
13.0
12.7
10.7
−3.53
−6.92
0.71
−3.24
17.2
21.1
25.9
11.9
13.6

Figure 2.3. Predicted average ground level concentrations of a) PM10 dust, b) total
PM10 (in μg m−3) with the default emission inventory and c) PM10 dust, d) total PM10
(in μg m−3) with the improved emission inventory during May 2008.

Table 2.4 The evaluation of PMCAMx against daily average PM10 measurements.
Low dust emissions
Area

High dust emissions

Number of

Fractional

Fractional

Fractional

Fractional

measurements

bias

error

bias

error

All sites

1136

−0.41

0.57

−0.29

0.52

Remote sites

364

−0.32

0.50

−0.24

0.48

Rural sites

505

−0.34

0.55

−0.25

0.51

Urban sites

267

−0.67

0.72

−0.44

0.59

Northern Europe

694

−0.32

0.53

−0.19

0.49

Southern Europe

442

−0.56

0.63

−0.45

0.57
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The predicted average ground level concentrations of PM10 dust using the
improved dust emissions are shown in Fig 2.3c. Predicted dust concentrations
increased especially in the United Kingdom, Italy, France, Netherlands, Belgium and
Germany exceeding 4 μg m−3. Total PM10 concentrations are predicted to be high in
urban areas of Europe, such as Paris, Madrid, London, etc. and over the
Mediterranean Sea and parts of the Atlantic due to high sea salt levels (Fig. 2.3d).
The model using the default dust emissions underpredicts PM10 with a
fractional bias equal to −0.41 and a fractional error equal to 0.57 (Table 2.4). This
performance for PM10 is considered average based on the Morris et al. (2005) criteria.
Using the improved dust emissions, the model’s PM10 performance becomes close to
good as its fractional bias is reduced to −0.29 and the fractional error is also reduced
to 0.52 (Table 2.4). The corresponding graphs can be found in Fig. 2.4. Given that the
change in dust emissions was mostly in urban areas we examine next the model
performance separately in remote, rural and urban areas.
Remote areas: The relatively low PM10 concentrations in the remote stations are
reproduced reasonably well by PMCAMx in both simulations (Fig. 2.5). The
fractional bias of the model with the default dust emissions is −0.32, the fractional
error is 0.50 (Table 2.4) and the model performance is average to good. Using the
improved dust emissions, the fractional bias of the model is reduced to −0.24 and the
fractional error is also reduced to 0.48 (Table 2.4) with the PMCAMx PM10
performance becoming good. Dust represents 14% of the PM10 in these stations
according to PMCAMx using the improved dust emissions.

Figure 2.4. Comparison of predicted and observed daily average PM10 concentrations
for all 43 monitoring stations: a) with the default dust emissions and, b) with the
improved dust emission inventory.
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Figure 2.5. Comparison of predicted and observed daily average PM10 concentrations
for the remote (a and b), rural (c and d), and urban (e and f) stations for the default (a,
c, and e) and the improved urban dust emissions (b, d, and f).

Rural areas: Using the improved dust emissions, the model performance improved
to almost good from average (Fig. 2.5), since the fractional bias of the model
decreased from −0.34 to −0.25 and the fractional error from 0.55 to 0.51 compared to
the simulation with the default emissions (Table 2.4). In these areas, dust is predicted
to represent on average 15% of PM10 during the simulated period.
Urban areas: The model performance improved dramatically from problematic to
average in urban sites with the use of the improved dust emissions (Fig. 2.5). The
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PM10 fractional bias was reduced from −0.69 to −0.44 and the fractional error from
0.72 to 0.59. This supports our hypothesis that urban dust emissions are seriously
underestimated in the default inventory and that our estimates in the improved
inventory have at least the correct order of magnitude. In these stations, dust accounts
for about 30% of total PM10 according to PMCAMx.
We also examined if the improved emissions are applicable to different areas
of Europe given their different climate. To test this, the PMCAMx predictions were
evaluated separately for sites in northern and southern Europe.
Northern Europe: Using the improved dust emission inventory, the fractional bias
of the model PM10 predictions decreased from –0.32 to −0.19 and the fractional error
from 0.53 to 0.49 (Table 2.4). The performance of PMCAMx for PM10 improved
from average to good (Fig. 2.6). This suggests that the increased emissions probably
apply to northern Europe too.

Figure 2.6. Comparison of predicted and observed daily average PM10 concentrations
for the stations in Northern Europe (a and b) and in Southern Europe (c and d) for the
default (a and c) and the improved urban dust emissions (b and d).
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Southern Europe: The fractional bias of PM10 decreased from −0.56 to −0.45 and
the fractional error from 0.63 to 0.57 when the improved dust emissions were used
instead of the default ones (Table 2.4). Despite the improvement the model
performance remained average in this region (Fig. 2.6).

2.5.1 Effect of PM water
The gravimetric PM10 measurements are performed at close to 50% relative
humidity (RH), so some of the measured PM10 is water. This introduces a positive
measurement bias and could be responsible for part of the model underprediction of
PM10 (Tsyro, 2005). The evaluation of the model was repeated, this time after
estimating the PM10 water content at 50% and 60% RH using the ISORROPIA
thermodynamic model (Nenes et al., 1998) offline, and adding this water to the
PMCAMx predictions of PM10.
Assuming that the RH during the measurements is 50% the mean PM10 water
content concentration is 0.63 μg m−3 in the aerosol samples from the 43 sites in
Europe. For the improved dust emissions, the PMCAMx PM10 fractional bias
decreased from −0.29 to −0.25 and the fractional error from 0.52 to 0.51. For 60%
RH, the mean PM10 water content concentration increased by a factor of five to 3.3 μg
m−3. As a result, the fractional bias of the model decreased to −0.10 and the fractional
error slightly decreased to 0.48. For both RH cases the model performance is
considered good. The above results underline the importance of the measurement RH
in model evaluation for PM10 especially if values above 50% are used.

2.6 Effects of dust on other PM components
The predicted average concentrations of PM1 nitrate, sulfate, ammonium,
chloride, and sodium over May 2008 using the improved dust emissions are shown in
Fig. 2.7. The highest predicted nitrate concentrations are over the Netherlands,
Belgium and Northern France (over 4 μg m-3). Lower concentrations are predicted
over the rest of Europe. The highest sulfate concentrations are over the Mediterranean
and neighboring countries such as Italy and Greece (over 4 μg m-3). Ammonium is
enhanced significantly in the areas with high nitrate levels (up to 2 μg m-3) and it
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exists mainly as ammonium nitrate and ammonium sulfate. Fine chloride and sodium
concentrations are less than 0.5 μg m-3 in most of Europe with higher levels over
water.

Figure 2.7. Predicted PMCAMx average ground level concentrations of PM1 a)
nitrate, b) sulfate, c) ammonium, d) chloride, and e) sodium (in μg m−3) during May
2008.
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Figure 2.8. Predicted PMCAMx average ground level concentrations of PM1-10 a)
nitrate, b) sulfate, c) ammonium, d) sodium, e) chloride, f) calcium, g) potassium, and
h) magnesium (in μg m−3) during May 2008.
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The predicted average concentrations of coarse (PM1-10) nitrate, sulfate,
ammonium, sodium, chloride, calcium, potassium, and magnesium are shown in Fig.
2.8. The spatial distribution of calcium, potassium, and magnesium is similar to that
of dust due to their common origin. Potassium, and magnesium average
concentrations are generally lower (up to 0.3 and 0.1 μg m-3 respectively) than
calcium (up to 0.5 μg m-3).

Figure 2.9. Concentrations change (in μg m−3) of PM1 and PM1-10 a), b) nitrate, c), d)
sulfate, and e), f) ammonium due to dust aerosol chemistry during May 2008. A
positive change corresponds to an increase. A negative change corresponds to a
decrease.
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To quantify the effects of mineral dust components (Na+, Ca2+, K+, Mg2+) on
the rest of the inorganic aerosol components, we performed an additional simulation
turning off the dust aerosol chemistry, assuming that all of the dust is inert. The
predicted average concentration changes of fine and coarse sulfate, nitrate, and
ammonium due to the interactions of the dust components with sulfate, nitrate, and
ammonium are shown in Fig. 2.9. Nitrate PM1 decreases due to dust on average by
20% over the modeling domain. More specifically, nitrate decreases by approximately
1 μg m-3 in the Netherlands and Belgium, by 0.5 μg m-3 in northern France and parts
of the United Kingdom, while in the rest of Europe smaller decreases are predicted.
Fine ammonium decreases on average by 9% over the modeling domain. It decreases
by 0.4 μg m-3 (~16%) in the same areas as nitrate does, and less than 0.1 μg m-3 (less
than 10%) in the rest of Europe. Sulfate PM1 decreases slightly over the modeling
domain (7.5% on average).
Coarse (PM1-10) nitrate ground level concentrations increased on average 10%
over the modeling domain due to dust. More specific, nitrate increased by
approximately 1.2 μg m-3 in the Netherlands and Belgium and 1 μg m-3 in Paris. In the
rest of the modeling domain smaller increases are predicted (less than 0.6 μg m-3).
Coarse sulfate concentrations increased and the average change is 6%. Coarse
ammonium increased on average 16%, mainly in marine areas.
Accounting for dust aerosol chemistry in our simulations leads to decreases of
the concentrations of nitrate, ammonium and sulfate in the fine particles and increases
in the same concentrations in the coarse particles. This has a significant indirect effect
on both the fine PM concentrations but also on the overall particle size distribution.

2.7 Sensitivity to dust composition
A sensitivity test was performed, in which the mass fractions of Ca+2, K+,
Mg2+, Na+ in the emitted dust were increased by a factor of two. Calcium, potassium,
and magnesium average concentrations almost doubled compared with the base case
simulation.
Fine nitrate decreased on average by 0.4 μg m-3 in Belgium and Netherlands,
while in the rest of Europe smaller decreases up to 0.3 μg m-3 are predicted (Fig.
2.10a). Fine sulfate, slightly decreased on average less than 0.01 μg m-3 over Europe
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Figure 2.10. Concentrations change (in μg m−3) of PM1 and PM1-10 a), b) nitrate, c),
d) sulfate, and e), f) ammonium during May 2008 after increasing emissions of trace
elements by a factor of two. A positive change corresponds to an increase. A negative
change corresponds to a decrease.

(Fig 2.10c), while fine ammonium decreased on average by 0.3 μg m-3 in the same
areas as nitrate does (Fig 2.10e). Coarse nitrate average concentrations increased on
average by 0.7 μg m-3 in Belgium and Netherlands, while in the rest of Europe smaller
increases up to 0.5 μg m-3 are predicted after increasing the Ca2+, K+, Mg2+, and Na+
mass fraction in the emitted dust (Fig. 2.10b). Coarse sulfate and ammonium slightly
increased (Figs 2.10d, f). Nitrate concentrations were affected the most by the dust

38

composition. Fine nitrate decreased on average 6% over the modeling domain, while
coarse nitrate increased on average 7%.

2.8 Conclusions
Two dust emissions inventories (one with low and an improved one with high
dust emissions from road resuspension) are used as inputs to PMCAMx for the
simulation of the PM concentration and composition over Europe during a late
spring/early summer period. Use of the default dust emissions leads to a significant
underprediction of PM10 levels, with a fractional bias of approximately −40% and a
fractional error of 57%. When the improved dust emissions inventory is used the
fractional bias is reduced to −29% and the fractional error to 52%. The PMCAMx
performance improved both in northern and southern Europe, but also in remote, rural
and mainly in urban areas with the improved dust emissions.
Accounting for residual water in the measured PM10 assuming 50% RH, the
fractional bias is reduced to −25% and the fractional error to 51%. Assuming a 60%
RH during the PM10 measurements, the fractional bias and error are reduced to −10%
and 48% respectively, pointing out the importance of measurement RH in model
evaluation for PM10. While the residual water could explain part of the remaining
negative bias of the PM10 predictions of PMCAMx there is a number of other
potential reasons for this behavior. The urban but also the rural dust emissions may be
still underestimated, there are always potential biases due to the meteorological
predictions (e.g., mixing heights), but also errors in the predictions of the other major
PM10 components (organics, sulfates, nitrates, ammonium, etc.).
Average PM1 concentrations of nitrate decreased by 20% due to dust aerosol
chemistry, while average fine ammonium and sulfate decreased by 9% and 7.5%
respectively over the modeling domain. Average PM1-10 concentrations increased
10%, 6% and 16% for nitrate, sulfate, and ammonium respectively. These results are
sensitive not only to the absolute dust emissions but also to the dust composition and
its specifically its content of soluble cations like Ca2+, K+, Mg2+, and Na+.
This work underlines the need to revisit carefully the emissions of PM by
resuspension due to vehicles in Europe. Its importance appears to be seriously
underestimated.
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3.1 Abstract
The dependence of aerosol acidity on particle size, location and altitude over
Europe during a summertime period is investigated using the hybrid version of
aerosol dynamics in the chemical transport model PMCAMx. The pH changes more
with particle size in northern and southern Europe owing to the enhanced presence of
non-volatile cations (Na, Ca, K, Mg) in the larger particles. Differences of up to 1−4
pH units are predicted between sub- and super-micron particles, while the average pH
of PM1-2.5 can be as much as 1 unit higher than that of PM1. Most aerosol water over
continental Europe is associated with PM1, while coarse particles dominate the water
content in the marine and coastal areas due to the relatively higher levels of
hygroscopic sea salt. Particles of all sizes become increasingly acidic with altitude
(0.5-2.5 units pH decrease over 2.5 km) primarily because of the decrease in aerosol
liquid water content (driven by humidity changes) with height. Inorganic nitrate is
strongly affected by aerosol pH with the highest average nitrate levels predicted for
the PM1-5 range and over locations where the pH exceeds 3. Dust tends to increase
aerosol pH for all particle sizes and nitrate concentrations for supermicron range
particles. This effect of dust is quite sensitive to its calcium content. The sizedependent pH differences carry important implications for pH-sensitive processes in
the aerosol.

3.2 Introduction
Acidity is an aerosol property of central importance driving gas-particle
partitioning and heterogeneous chemistry (Pye et al., 2020). pH affects the formation
of semi-volatile particulate matter and the nitrogen cycle by modulating HNO3/NO3and NH3/NH4+ gas-particle partitioning (Meskhidze et al., 2003; Guo et al., 2017;
Nenes et al., 2020). Aerosol acidity can influence pH-dependent heterogeneous
atmospheric processes, like oxidation of SO2 to sulfate, formation of secondary
organic aerosol and uptake of N2O5 on particles (Huang et al., 2011) and also
influences aerosol hygroscopicity (Hu et al., 2014). Deposition of acidic particles
causes damage on building materials, forests, and aquatic ecosystems (Xue et al.,
2011). Aerosol pH can change the solubility of metals, such as iron and copper, which
have been linked to aerosol toxicity, and at the same time affects nutrient distributions
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with impacts on photosynthesis productivity and ocean oxygen levels (Meskhidze et
al., 2003; Nenes et al., 2011). Adverse health outcomes have been linked to aerosol
acidity, including respiratory diseases (Raizenne et al., 1996), oxidative stress (Fang
et al., 2017) and lung and laryngeal cancers (Hsu et al., 2008).
The nitrate partitioning to the aerosol phase is favored when pH exceeds a
threshold value (between 1.5 and 3) that depends logarithmically on liquid water
content and temperature (Meskhidze et al., 2003; Guo et al., 2016; Nenes et al., 2020).
If aerosol pH is high enough (typically above 2.5 to 3), aerosol nitrate formation is
favored, as most of the total nitrate formed from NOx chemistry resides in the aerosol
phase. For lower pH values (below 1.5 to 2), formation of aerosol nitrate is not
favored and remains in the gas phase as HNO3. Between these pH value limits, a
sensitivity window (of 1 to 1.5 pH units) exists in which nitrate can be found either as
gas or as aerosol (Vasilakos et al., 2018; Nenes et al., 2020). Atmospheric aerosol has
often pH values inside this sensitivity window, for which pH errors could translate to
importance biases in aerosol composition (Bougiatioti et al., 2016; Guo et al., 2015,
2017; Vasilakos et al., 2018).
Aerosol acidity and partitioning of semi-volatile species, like nitrate, can be
modulated by the presence of soluble inorganic cations of sea salt and mineral dust,
such as Na+, K+, Ca2+ and Mg2+ (Vasilakos et al., 2018). These non-volatile cations
(NVCs) tend to reside in the coarse mode of ambient aerosol (sea salt, dust), with
much lower concentration in smaller particles (Seinfeld and Pandis, 2006). Chemical
transport models tend to overpredict aerosol inorganic nitrate levels in both US and
Europe (Yu et al., 2005; Pye et al., 2009; Fountoukis et al., 2011; Tuccella et al.,
2012; Heald et al., 2012; Walker et al., 2012; Im et al., 2015; Ciarelli et al., 2016;
Bian et al., 2017; Zakoura and Pandis, 2018). One of the reasons for these errors is
that these models do not simulate properly the aerosol acidity introducing errors in
gas-particle partitioning of semi-volatile species, often affecting predictions of
inorganic nitrate (Vasilakos et al., 2018).
The effect of amines and organic acids on pH is usually neglected in efforts to
simulate aerosol pH (Pye et al., 2020). In areas with high organic aerosol
concentrations and relatively low inorganic ion levels, organics could play a nonnegligible role in determining particle pH (Bougiatioti et al., 2016). The aerosol pH
has been estimated combining field measurements and aerosol thermodynamic
models. Katoshevski et al. (1999) predicted that the pH of the submicrometer marine
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aerosol is several units lower than that of the supermicrometer particles. pH was
estimated to be 0 to 2 for the accumulation mode and 2−5 for the coarse mode
particles using aerosol and gas phase data collected over the Southern Ocean in
combination with the EQUISOLV ΙΙ model (Fridlind and Jacobson, 2000). Keene et
al. (2004) calculated mean pH, ranging from 2.6 to 3.9, for 0.75−25 μm particles
based on measurements by an impactor for aerosols and Teflon filters for gases in
New England during summer. PM2.5 pH was calculated with ISORROPIA II in
Beijing during all seasons in 2016/17 with values ranging from 3.8 to 4.5 (Ding et al.,
2019). Guo et al. (2015) estimated that PM1 particle pH varied from 0.5 to 2 in the
summer and 1 to 3 in the winter in the Southeastern US. PM1 pH was estimated for
the northeastern US and its mean value was 0.77 (Guo et al., 2016). PM2.5 pH values
of 0−2 were estimated combining ISORROPIA II and data collected at a rural
southeastern US site during summer 2013 (Weber et al., 2016). Based on impactor
measurements in Atlanta, GA during the spring of 2015, Fang et al. (2017) calculated
a mean pH value of 3.5 for the coarse mode particles using the ISORROPIA II model.
Guo et al. (2017) calculated PM1 and PM2.5 pH (equal to 1.9 and 2.7) from
measurements during the CalNex study in combination with ISORROPIA II. An
average PM1 pH equal to 2.2 was estimated in a rural southeastern US site using
ISORROPIA II (Nah et al., 2018). Vasilakos et al. (2018) used the three-dimensional
chemical transport model, CMAQ, along with ISORROPIA II, to predict the annual
average PM2.5 pH over the Eastern US for 2001 and 2011 (pH equal to 1.6 and 2.5,
respectively). Bougiatioti et al. (2016) calculated PM1 pH (between -0.97 and 3.75)
using ISORROPIA II in the eastern Mediterranean. Squizzato et al. (2013) estimated a
mean PM2.5 pH value equal to 3.1 over Po Valley, Italy during 2009 based on filter
measurements using the E-AIM thermodynamic model. A comprehensive survey of
pH studies to date including observation-based aerosol pH estimates at sites around
the world can be found in Pye et al., (2020).
Most of the previous studies focused on the average pH of a particular size
range neglecting potential pH variation with particle diameter. There is evidence that
pH may vary by as much as 6 units between particle diameters of 0.1 μm to 10 μm
(Fang et al., 2017; Ding et al., 2019). The majority of previous work has focused on
select locations in the US, Canada and Asia and there is still little information about
Europe. Also, there is only one study that links aerosol acidity with altitude (Guo et
al., 2016), indicating the need for further investigation.
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The aim of our work is to investigate the size-dependent aerosol pH over
Europe. For this purpose, the Particulate Matter Comprehensive Air quality Model
with extensions, PMCAMx, including the thermodynamic model ISORROPIA II, was
used. Europe is particularly interesting, owing to the large concentration of NH3,
nitrate, sulfate and dust across all sizes. The role of dust, Ca2+ and the variation of
aerosol pH with altitude are analyzed in detail.

3.3 Model description
PMCAMx (Tsimpidi et al., 2010; Karydis et al., 2010) is based on the CAMx
air quality model (Environ, 2003) to simulate the processes of horizontal and vertical
advection, horizontal and vertical diffusion, wet and dry deposition, gas and aqueousphase chemistry. A sectional approach is used to dynamically track the evolution of
the aerosol mass and composition distribution across 10 size sections covering a
diameter range from 40 nm to 40 μm. The first five size bins represent the PM1
fraction, while 3 size bins are used to describe the PM1−10 fraction (PM1−2.5, PM2.5−5,
PM5−10). The model assumes that each size section is internally mixed; therefore all
particles in that size range have the same composition. The aerosol components
modeled include sulfate, nitrate, ammonium, sodium, chloride, calcium, potassium,
magnesium, other inert crustal material, elemental carbon, water, primary and
secondary organic species. The thermodynamics of inorganic aerosol species treated
using the ISORROPIA-II model (Fountoukis and Nenes, 2007), assuming that the
aerosol exists only in liquid form and is therefore in a metastable equilibrium state at
low relative humidity. The gas-phase chemical mechanism used in this application is
based on the SAPRC mechanism (Carter, 2000; Environ, 2003). The version of
SAPRC mechanism used here includes 237 reactions of 91 gases, 18 radicals and 37
aerosol species. Additional details regarding PMCAMx are provided in Fountoukis et
al. (2011).
We use a hybrid approach to model inorganic aerosol mass transfer, where for
particles with dry diameters less than 1 μm bulk equilibrium is assumed. For larger
particles, the mass transfer to each size section is simulated by using the
Multicomponent Aerosol Dynamics Model (Pilinis et al., 2000) as extended by
Gaydos et al. (2003) for metastable aerosol. Two additional modifications in the

52

Gaydos et al. (2003) algorithm have been made in this work. The first is that Ca2+, K+,
and Mg2+ have been added to the various ionic balances in the algorithm and the
corresponding mass transfer constraints. The second is that the mass transfer model
now includes an explicit constraint that nitric and hydrochloric acid do not condense
when ammonia is condensing until the system equilibrates using the acidity as a
driving force as described by Gaydos et al. (2003).
pH is calculated in this work for particles smaller than 1 μm, 1−2.5 μm, 2.5−5
μm and 5−10 μm, using a molal definition consistent with the pHF definition of Pye et
al. (2020):
 1000  H   
 
pH   log10 

W  


(3.1)

where [H+] and [W] are the concentrations of particle hydronium ion and inorganic
particle water in μg m−3. The water associated with organics is neglected in our study,
as it has been shown that it has minor influence on the estimated pH (Guo et al., 2015;
Battaglia et al., 2019).

3.4 Model application
PMCAMx was applied over Europe, during the EUCAARI summer intensive
campaign in May 2008 for which the model has been evaluated in previous work
(Fountoukis et al, 2011). The domain covers a 5400 km × 5832 km region with 36 km
× 36 km grid resolution and 14 vertical layers extending up to 6 km. Inputs to the
model include horizontal wind components, vertical diffusivity, temperature, pressure,
water vapor, clouds and rainfall, all generated using the Weather Research and
Forecast (WRF) meteorological model (Skamarock et al., 2005). Anthropogenic gasphase emissions include land emissions from the GEMS dataset (Visschedijk et al.,
2007) as well as international shipping emissions. Anthropogenic particulate
emissions of organic and elemental carbon were obtained from the EUCAARI PanEuropean Carbonaceous Aerosol Inventory (Kulmala et al., 2009). Industrial,
domestic, agricultural and traffic emission sources are included in the two inventories.
Biogenic emissions were based on MEGAN (Guenther et al., 2006), and sea salt
emission inventories were developed using the approach of O’Dowd et al. (2008).
Urban dust emissions were based on the work of Kakavas et al. (2021), assuming that
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Table 3.1 Concentrations of PM10 dust and its components at the boundaries of the
domain.
Species

North

South

East

West

Dust

0.282

0.94

0.94

0.282

Calcium

0.0072

0.024

0.024

0.0072

Potassium

0.0045

0.015

0.015

0.0045

Sodium

0.0736

0.038

0.038

0.0736

Magnesium

0.0027

0.009

0.009

0.0027

calcium, potassium, magnesium and sodium represented 2.4%, 1.5%, 0.9%, and 1.2%
of the emitted mineral dust, respectively (Sposito, 1989). A reliable Saharan dust
emissions inventory was not available; therefore the African region is excluded from
the simulation analysis. Additionally, we focused on period during which the impact
of Saharan dust in Europe is minimal. The concentrations of dust and its components
at the boundaries of the domain are considered constant and invariant with height and
along each boundary (Table 3.1). More information about the inputs of PMCAMx
during the simulated period can be found in Fountoukis et al. (2011) and Kakavas et
al. (2021).
Three simulations were performed. The first was the “base case” simulation
and included all emissions described above. Two other simulations were carried out
and compared with the “base case” to understand how non-volatile compounds
(NVCs) in dust affect water uptake and aerosol pH: one where dust lacks any nonvolatile soluble cations (“inert dust” simulation) and one where we neglect calcium
(“no calcium” simulation) from the “base case” simulation. Calcium is the major
NVC in dust and compared to the other NVCs it can react with sulfate ions and form
insoluble CaSO4, which precipitates out of the aerosol aqueous phase and remains
insoluble under subsaturated conditions − even for metastable aerosol (Fountoukis
and Nenes, 2007). Particles in each size section can contain both insoluble and soluble
material. Therefore, the insoluble CaSO4 is treated as such by ISORROPIA-II. This
unique interaction implies that calcium, if present in sufficient amounts, can reduce
aerosol sulfate and reduce acidity, but at the same time reduce hygroscopicity that
promotes acidity − in a way that is not obvious by just comparing the base case
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simulation with the “inert dust” simulation. In all simulations, the total dust mass
emissions were the same and only its assumed composition varied.

3.5 Results and discussion
3.5.1 Size dependence of aerosol pH
The average ground level pH predictions for different size ranges are
presented in Fig. 3.1. The domain-average ground level pH is 2.05 for PM1, 2.65 for
PM1−2.5, 3.2 for PM2.5−5 and 3.35 for PM5−10. Higher pH values for all particle sizes
are predicted over the Atlantic due to the presence of sea salt and the systematically
higher RH and liquid water content – all of which act to reduce aerosol acidity. The
acidity is higher over the Mediterranean, especially its eastern part, due to the higher
sulfate and nitrate levels in that region. However, the fine particles over the Atlantic
are also predicted to be quite acidic, especially in the south. High pH is also predicted
for parts of central and northern Europe due to the corresponding ammonia but also
the effect of the alkaline dust particles. The pH of marine aerosol increases with
particle size, with the highest value equal to 4.5 for the 2.5−5 μm and 5−10 μm
ranges, as sea salt is emitted mainly at the super-micron range and is the main aerosol
component in these areas. Over the continental region, average PM1 pH ranges
between 1 to 3.5 with the highest values in the northern coastal parts of Europe and
northern Italy; in these regions, acidity is reduced by the high levels of NH3 present
from agriculture and livestock emissions combined with high NOx and RH levels
(Guo et al., 2018; Masiol et al., 2020). PM1−2.5 is less acidic with pH values from 1.5
to 4 over the continental region with the higher values in the northern coastal areas of
Europe extending from France to Denmark. The average pH increases further in the
2.5−5 μm range being equal to 2−3.5 over the continental regions and reaching values
up to 4−5 in the coastal areas of the Netherlands, Belgium, France, and Denmark.
Average PM5−10 pH increases over the continental region compared to PM2.5−5,
especially in northern Europe, and the highest pH values (4.5−5) are predicted for the
same regions. The largest pH changes across size occur for regions where fine-mode
aerosol acidity is dominated by the NH3−sulfate system (i.e., relatively lower NH3
levels – so that aerosol nitrate is low; Guo et al., 2018), and the largest sizes contain
large amounts of NVCs from sea salt and dust.
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Figure 3.1. Average ground level aerosol pH predictions for a) PM1, b) PM1−2.5, c)
PM2.5−5, and d) PM5−10 for the base case simulation over Europe during May 2008.

Squizzato et al. (2013) calculated PM2.5 pH equal to 2.3 and Masiol et al.
(2020) equal to 2.2 in the Po Valley, Italy during the summer of 2009 and 2012,
respectively. The predicted pH by PMCAMx is a little higher and equal to
approximately 3.3. Guo et al. (2018) estimated that the PM2.5 pH was equal to 3.3 in
Cabauw, Netherlands during summer 2013, based on measurements and
thermodynamic modeling. PMCAMx predicts a PM2.5 pH equal to 3.4 in this area
during the summer. These discrepancies could be partially due to the different periods
compared as the aerosol pH can be sensitive to small changes in composition but also
to meteorology (e.g. relative humidity). Nonetheless, these comparisons, even if they
involve different years, suggest that the model predictions are reasonable. Bougiatioti
et al. (2016) determined through thermodynamic analysis of observations with
ISORROPIA-II that the PM1 pH in Finokalia, Crete is equal to 1.3 which agrees with
our predictions.
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Figure 3.2. Absolute difference of average ground level pH between PM1−2.5 and PM1
for the base case simulation during May 2008.

The pH of PM2.5 has often been the focus of previous measurement studies,
due to the availability of the corresponding filter samples. However, the pH in the
1−2.5 range can be quite different from that in the sub-micrometer range (Fang et al.,
2017; Ding et al., 2019). This difference may have important implications for aerosol
toxicity, metal solubility, nitrate partitioning and other processes. The difference of
average ground level aerosol pH predictions between PM1−2.5 and PM1 is shown in
Fig. 3.2. The pH of these size ranges can differ up to 1.2 units over the continental
region due to the effect of NVCs from dust in the PM1−2.5. This difference is predicted
to be smaller over most marine areas (up to 1 unit).
Particle water concentrations for the different particle sizes are shown in Fig.
3.3. PM1 has the most water, compared to the other size fractions over the continental
region. The coarse particles in PM1−2.5 and PM2.5−5 have the most water in the marine
areas because of the sea salt, which is found in higher levels in these particles, and
exhibits the highest hygroscopicity – compared to all other inorganic salts found in
aerosol. Water levels for all particle sizes are higher at areas closer to the sea, owing
to the relatively high dry aerosol mass concentration combined with the high RH
typically associated with the marine environments; in just the 2.5−5 μm size range
alone, water content exceeds 20 μg m−3.
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Figure 3.3. Average ground level aerosol water predictions (in μg m−3) for a) PM1, b)
PM1−2.5, c) PM2.5−5, and d) PM5−10 for the base case simulation over Europe during
May 2008.

Figure 3.4. Average ground level aerosol dust predictions (in μg m−3) for a) PM1, b)
PM1−2.5, c) PM2.5−5, and d) PM5−10 for the base case simulation during May 2008.
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Northern Scotland is predicted to have lower pH values compared to the rest
of Great Britain for all size ranges during the simulated period. This happens because
particles across all sizes have lower water content (Fig. 3.3) in this area. Also, the
predicted dust concentrations are lower than the rest of Great Britain (Fig. 3.4). The
lower aerosol water content and lower dust concentrations lead to more acidic
particles in northern Scotland for all size ranges according to PMCAMx.

3.5.2 Temporal evolution of pH
To study the temporal evolution of pH, eight sites (Fig. 3.5) with different
characteristics were selected based on their different type, location and dust−sea salt
levels (Table 3.2). Finokalia, has the lowest PM1 pH of all examined locations with a
value equal to 1.3 (Fig. 3.6). During most of the time the PM1 pH in that area in the
eastern Mediterranean is predicted to be within 0.1−0.2 units of its average even if
there are limited periods with both very low (pH = 0.3) and high (pH = 7.7) hourly
average pH (not shown). The predicted pH for larger particles is higher but remains
the lowest of the examined group of sites due to the high sulfate levels in the area.
This site is affected by both relatively dry air masses with continental aerosol
characteristics and by air masses with relatively high sea salt and dust levels as well
as biomass burning influences (Bougiatioti et al., 2016). Cabauw, on the other hand,
has the highest average PM1 pH (3.0) with hourly average values ranging between 1.5

Figure 3.5. Position of the examined eight different sites.
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Table 3.2 Characteristics of the eight selected sites.
Site

Remote

Low

High

Location in
Europe
South

Cabauw, Netherlands

Rural

High

Low

North

Melpitz, Germany

Rural

High

Low

North

Mace Head, Ireland

Coastal rural

Low

High

North-west

Bologna, Italy

Urban

High

Low

South

Brussels, Belgium

Urban

High

Low

North

Paris, France

Urban

High

Low

West

Iza, Ukraine

Rural

Low

Low

East

Finokalia, Greece

Type of site

Dust levels Sea salt levels

and 4.5. The distribution of pH values of the 1−2.5 μm diameter particles moves to
higher values (less acidic particles) for all sites compared to the sub-micrometer
particles. The pH values of all sites for the 2.5−5 μm range are similar to those in the
5−10 μm range and higher than the fine aerosol pH values.

Figure 3.6. Box plots for hourly pH values for the examined particle size ranges and
for the eight different sites for the base case simulation. The red line represents the
median, the star is the mean value, the upper box line is the upper quartile (75%), the
lower box line is the lower quartile (25%) of the pH distribution. The upper whisker
line is for the 90% of the pH distribution and the lower whisker line for the 10%.
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The pH diurnal profiles for Cabauw, Melpitz, Paris, and Finokalia are shown
in Fig. 3.7. These sites were selected based on their different type, location and
dust/sea salt levels (Table 3.2) – and because ambient pH data are available for most
of them (Pye et al., 2020). pH follows similar trends for all particle sizes at each of
the four sites. Cabauw is characterized by lower PM1 and PM1−2.5 pH during the
afternoon and relatively constant average diurnal PM2.5−5 and PM5−10 with slightly
higher values early in the morning. The average pH in Melpitz is characterized for all
particle sizes by early morning and evening peaks and a strong afternoon minimum.
The behavior in Paris is similar to that in Melpitz, but the variation in PM1−2.5 is
predicted to be stronger than in other size ranges due to the combined effects of
photochemistry, relative humidity and urban dust emissions. The average pH at the
remote site of Finokalia has the lowest variability of all four sites. It has a little higher
values during the night and lower during the day. These variations are caused by a
variety of factors including the relative humidity (that is higher during the early
morning, leading to higher liquid water content and higher pH), the temperature
(which tends to evaporate nitrate), and mixing height variation (which in turn tends to
affect precursor concentrations). The aerosol pH diurnal profiles at the four examined
sites of our study follow the same pattern as the corresponding RH diurnal profiles,
underlining the importance of RH as a driver of these average variations (Fig. 3.8).

3.5.3 pH variation with height
All the results presented so far are for the ground level (lowest 50 m). The
predicted aerosol water content for all size ranges decreases with altitude (Fig. 3.9).
This is mainly due to the decrease of the relative humidity and aerosol concentrations
with altitude (Mishra et al., 2015; Wang et al., 2018). As height increases, pH values
for all particle sizes decrease, due to the reduction of aerosol water per unit mass of
dry aerosol, with height (Fig. 3.10) – which is exclusively an effect of relative
humidity decrease. A secondary effect is that the lower concentration of aerosol tends
to drive partitioning of semi-volatile species (nitrate, ammonium) to the gas phase
(Nenes et al., 2020). As a result, particles of all sizes that are acidic at ground level
become more acidic when they move higher in the atmosphere.
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Figure 3.7. Average pH diurnal profiles for a) Cabauw, Netherlands; b) Melpitz,
Germany; c) Paris, France; and d) Finokalia, Greece, for the four particle size ranges
for the base case simulation during May 2008.

Figure 3.8. Relative humidity (RH) diurnal profiles for a) Cabauw, Netherlands; b)
Melpitz, Germany; c) Paris, France; and d) Finokalia, Greece.
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Figure 3.9. Average predicted aerosol water content (in μg m−3) for different size
ranges and altitudes: a), b), c), d), e) for PM1, f), g), h), i), j) for PM1−2.5, k), l), m),
n), o) for PM2.5−5, p), q), r), s) t) for PM5−10 for altitudes: 50−140 m, 250−380 m,
550−780 m, 1000−1500 m, and 2000−2500 m for the base case simulation during
May 2008.

For PM1, in the less acidic areas over Europe the pH decreases from 3−3.5
near the ground to around 2−2.5 at 2.5 km altitude. For PM1−2.5, the reduction is even
larger, since the pH values decrease from 3.5−4.0 at the ground to 1.5−2.0 at 2.5 km
(the larger drop in pH is a result of the evaporation of nitrate aerosol and the decrease
of liquid water content). Similar decreases of 2−2.5 pH units are predicted for the
coarse particles in the first 2.5 km of the atmosphere in areas over land. The predicted
decrease in aerosol water content and pH for the super-micrometer particles is even
more pronounced in the marine atmosphere and coastal areas due to the high levels of
sea salt near the ground.
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Figure 3.10. Average predicted aerosol pH as a function of size and altitude: a), b),
c), d), e), f) for PM1, g), h), i), j), k), l) for PM1−2.5, m), n) o), p), q), r) for PM2.5−5, s),
t), u), v), w), x) for PM5−10 at 0−50 m, 50−140 m, 250−380 m, 550−780 m,
1000−1500 m, and 2000−2500 m for the base case simulation during May 2008.

This reduction of pH with altitude is smaller for the PM1 size range in the marine
atmosphere. A comparison of the average vertical profiles for the inorganic aerosol
components is shown in Fountoukis et al. (2011). The measured reduction of PM1
nitrate levels over central and northern Europe from their maximum near the ground
to close to zero at 3−4 km was reproduced well on average by PMCAMx.

3.5.4 Effect of aerosol pH on inorganic nitrate
The model predicts significant concentrations of inorganic nitrate both in
central Europe and in parts of northern and southern Europe (Figure 3.11). PMCAMx
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does not simulate the concentrations of organonitrates. The high ammonia levels
together with the high-NOx emissions and photochemistry over Belgium, the
Netherlands and the UK according to PMCAMx result in high levels of nitrate both in
the fine and coarse particles in these areas. In parts of southern Europe, the relatively
high sea salt concentrations result in modest levels of coarse nitrate in areas with very
low or zero levels of fine nitrate. High average nitrate levels are predicted in several
areas in which the pH exceeds 2.5 are predicted for the 1−2.5 μm size range (Fig.
3.11). Nitrate partitioning to the aerosol phase is favored at these higher pH (Guo et
al., 2016; Vasilakos et al., 2018). At the same time, the mass transfer of the produced
nitric acid to the aerosol phase is faster for the particles in the 1−2.5 μm range
compared to those in the PM2.5−5 and PM5−10 range also contributing to higher
concentration. Finally, the removal of the larger particles from the atmosphere is
faster adding one more reason for the maximum of the nitrate size distribution.
Modest nitrate levels are predicted in central Europe during this period because both
nitric acid and ammonia levels were modest and the temperature was relatively high.

Figure 3.11. Average ground level aerosol nitrate predictions (in μg m−3) for a) PM1,
b) PM1-2.5, c) PM2.5-5, and d) PM5-10 for the base case simulation during May 2008.
Different scales are used.
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The size-dependent average nitrate diurnal profiles for Cabauw, Melpitz,
Paris, and Finokalia, are shown in Fig. 3.12. In Cabauw, predicted total nitrate levels
start to increase early in the morning and peak around 9:00 UTC. Lower values are
predicted during midday and early afternoon, with fine nitrate starting to increase in
the early evening. Most of this variation is due to the formation of ammonium nitrate
in the PM1 size range. The increase in PM1 nitrate is accompanied by an increase in
the ammonium levels (Fig. 3.13) in this area that is characterized by high ammonia
concentrations. Predicted supermicrometer nitrate levels are less variable (in absolute
terms) during the day. In Cabauw, coarse particles have on average pH above 2.5
throughout the day (Figure 3.7a), favoring the partitioning of nitrate to the aerosol
phase forming also coarse ammonium nitrate. The predicted average PM1 nitrate
diurnal variation is in very good agreement with the measurements in that site during
the EUCAARI campaign (Figure 3.14).

Figure 3.12. PM1, PM1−2.5, PM2.5−5, and PM5−10 nitrate diurnal profiles for a) Cabauw,
Netherlands; b) Melpitz, Germany; c) Paris, France; and d) Finokalia, Greece, for the
base case simulation during May 2008.
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Figure 3.13. PM1, PM1−2.5, PM2.5−5, and PM5−10 ammonium diurnal profiles for a)
Cabauw, Netherlands; b) Melpitz, Germany; c) Paris, France; and d) Finokalia,
Greece, for the base case simulation during May 2008.

Figure 3.14. Predicted (solid line) and observed (dotted line) PM1 nitrate average
diurnal profile in Cabauw, Netherlands during May 2008.
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In Melpitz, the predicted behavior of nitrate is almost the same as in Cabauw,
but with lower fine nitrate levels (Fig. 3.12). PM1 nitrate peaks early in the morning
with peaks in coarse nitrate a few hours later. The peak in fine nitrate is at the same
period as the pH in this range, while for the coarse particles it is a few hours later due
to the delays in mass transfer to the larger particles. Nitrate levels in all size ranges
are predicted to decrease during the afternoon with nitrate reaching a minimum in the
late afternoon. The predicted diurnal pattern is the same as the observed values but the
model tends to overpredict nitrate in this area by approximately 0.5 μg m−3. The
behavior of nitrate in the fine and coarse particles in Paris is quite similar to that in
Melpitz reflecting the similarity in the behavior of pH. Nitrate in all size sections
peaks in the early morning and has a minimum in the afternoon. The main difference
in this case is that there is more nitrate in the coarse particles due to the higher
predicted levels of dust in this megacity. In Finokalia, the predicted fine nitrate is
quite low reaching a peak of approximately 0.2 μg m−3 at 11:00 UTC. These very low
levels are consistent with the corresponding measurements of very low fine nitrate
(approximately 0.1 μg m−3) in this area during this summertime period. The nitrate in
the coarse particles is significantly higher and peaks a few hours later, increases
gradually in all sizes during the morning, reaches its maximum values in the afternoon
and then gradually decreases. These higher levels of coarse nitrate exceeding 1 μg m−3
are consistent with the 1−2 μg m−3 of coarse nitrate measured in Finokalia during this
EUCAARI campaign. So PMCAMx reproduces the size distribution of nitrate in this
area, with practically all of the mass in the supermicrometer range well.

3.5.5 Effect of dust composition on particle pH
The impact of the NVCs from dust on pH can be quantified comparing the
results of the simulation in which the dust was assumed to be inert with the base case
simulation. The NVCs in dust affect directly and indirectly the aerosol water content
for both the fine and coarse particles (Fig. 3.15). The predicted dust concentrations are
shown in Fig. 3.4 and their effects on aerosol water in the different size sections are
predicted to be both positive and negative. This complex picture is due to series of
effects of the dust NVCs on the particle composition. In general, the presence of dust
causes an increase in coarse nitrate and a reduction in fine nitrate. At the same time,

68

there is increase water absorption by the coarse particles. These effects dominate near
the sources of dust, but at the same there is an increase in removal rates of the nitrates,
leading to reductions further downwind of their sources. The result of these processes
is reductions in fine nitrate in most areas of continental Europe (Fig. 3.16)
accompanied by a reduction in fine aerosol water. However, there are some reductions
of PM1 water due to the presence of the NVCs in marine areas. On the other hand, for
the larger coarse particles the presence of the dust NVCs leads to an increase in
aerosol water practically everywhere. For the particles in the intermediate size ranges
(PM1−2.5 and PM2.5−5), the effects of dust NVCs on aerosol water are mixed, with both
increases and decreases predicted due to changes in the total concentrations and size
distributions of the water-soluble aerosol components. These results highlight the
complex effect of the coarse dust particles on aerosol water and its size distribution.

Figure 3.15. Change (base case minus inert dust case) in average ground level aerosol
water (in μg m−3) for a) PM1, b) PM1−2.5, c) PM2.5−5, and d) PM5−10 during May 2008.
A positive value indicates that the dust components cause an increase in water and a
negative corresponds to a decrease. Different scales are used.
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Figure 3.16. Change (base case minus inert dust case) in average ground level aerosol
nitrate (in μg m−3) for a) PM1, b) PM1−2.5, c) PM2.5−5, and d) PM5−10 during May 2008.
A positive value indicates that the dust components cause an increase in nitrate and a
negative corresponds to a decrease. Different scales are used.

The predicted aerosol pH is lower in all particle sizes for the inert dust case
compared to the base case simulation (Fig. 3.17). The soluble NVCs in dust tend to
increase pH, because due to their lack of volatility they irreversibly neutralize sulfates
ions. NVCs also tend to elevate aerosol water in a way that leads to pH increase,
directly through their hygroscopicity and indirectly through promoting the
condensation of aerosol nitrate and its associated water content (Guo et al., 2018).
PM1 is slightly affected, because it contains small amounts of dust. The average PM 1
pH changes due to dust by less than 0.05 units. The corresponding pH increase is
around 0.1 units for PM1−2.5, 0.2−1 units for PM2.5−5 and 0.3−1 units for PM5−10.
The effects of dust on pH and aerosol water are reflected on the predicted
aerosol nitrate. Nitrate in the submicron range increases and for bigger particle sizes
decreases when dust is assumed to be inert (Fig. 3.16). The average effect of dust on
70

submicrometer nitrate is negligible in several areas, but there are significant effects in
the Netherlands and the surrounding areas. The dust is predicted to cause average
increases of PM1−2.5, PM2.5−5 and PM5−10 nitrate up to 0.01 μg m−3, 0.1 μg m−3 and
0.08 μg m−3, respectively in parts of northern Europe with higher dust levels and also
Italy. This nonlinear impact of relatively minor amounts of NVCs from dust occurs
because relatively small changes in aerosol pH, when occurring in the “pH sensitivity
window” of nitrate partitioning, can lead to large responses in nitrate uptake
(Vasilakos et al., 2018).

Figure 3.17. Increase in average ground level aerosol pH for a) PM1, b) PM1−2.5, c)
PM2.5−5, and d) PM5−10 for the base case simulation compared to the inert dust case
during May 2008.
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Figure 3.18. Increase in average ground level aerosol pH for a) PM1, b) PM1−2.5, c)
PM2.5−5, and d) PM5−10 for the base case simulation compared to the case when
calcium is neglected during May 2008.

If only calcium is neglected in the simulation, aerosol pH decreases for all
particle sizes compared to the base case simulation (Fig. 3.18). This decrease varies
from 0.01 to 0.03 units for PM1, 0.05−0.1 units for PM1−2.5, 0.1−0.7 for PM2.5−5, and
0.4−0.7 for PM5−10 over continental Europe. The highest pH differences are predicted
for the coarse particles, consistent with that the coarse particles are richest in calcium.
Considering the possible effects calcium can have on soluble sulfate and water
uptake, the simulations suggests that the primary effect of calcium is through its
action as a soluble ion.

3.6 Conclusions
The size-dependent aerosol pH was simulated over Europe during an early
summer period. We find that fine mode aerosol is persistently more acidic than coarse
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mode particles. The size dependence of pH is strongest in northern and southern
Europe, where the difference can be as large as 2 units between submicron and 10 μm
particles. This difference is reduced over other continental regions, but can still be as
large as 1 pH unit between PM1 and PM1−2.5. PM1 has the most water over continental
areas, while coarse PM has the most water in marine and coastal areas.
Particles of all sizes become increasingly acidic with altitude owing to the
reduction of aerosol water levels with height and volatilization of particulate
ammonium and nitrate due to dilution. The highest pH decrease between the ground
and 2.5 km altitude is 1−1.5 units for PM1, 2−2.5 units for PM1−2.5, PM2.5−5 and
PM5−10. The largest drop in pH is observed for the PM1−2.5 fraction, because it
coincides with where aerosol nitrate resides most – hence its evaporation with altitude
tends to have a larger impact on pH than reductions of liquid water from the RH effect
alone.
The nitrate concentration tends to peak a few hours later than the pH in most
sites due to the time required for the production of nitric acid and its partitioning to
the aerosol phase. If aerosol pH becomes low enough to impede fine mode nitrate
formation, its preferential condensation to larger sizes tends to increase the pH
difference between fine and coarse particles.
The water soluble components of dust have a rather complex effect on aerosol
water causing both increases and decreases in the aerosol water levels. The average
increase in water levels ranges from 0.1 to 1.5 μg m−3 with the highest change for
PM5−10 in parts of northern Europe. Dust causes an increase in aerosol pH for all
particle sizes with higher effects in the coarse particles. This effect can be more than 1
pH unit. This increase in pH is accompanied by increases in aerosol nitrate. This
effect of dust is mainly due to its calcium content, suggesting the importance of
simulating accurately not only the dust concentration, but also the calcium levels. This
study focused on periods during which the impact of Saharan dust on Europe was
minimal and the predicted dust was dominated by local sources. The effect of Saharan
dust on the aerosol pH of Europe is expected to be even more important than our
results indicate and will be the topic of future work.
This study shows that aerosol acidity and liquid water content changes
considerably across size, location, time and height over Europe. These changes will
impact aerosol formation and its response to emissions controls, solubility of aerosol
trace metals and deposition. With this realization, aerosol pH and liquid water content
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emerge as powerful aerosol state variables (Nenes et al., 2020) that could help
elucidate the complex impacts of aerosol on public health, ecosystems and climate.
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Chapter 4

Size-resolved aerosol acidity over the US during
winter and summer
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4.1 Abstract
Acidity is an important property of atmospheric aerosols impacting a series of
related processes. In this work, we use the hybrid version of aerosol dynamics in
PMCAMx chemical transport model to quantify aerosol acidity over the U.S during a
wintertime and a summertime period as a function of particle size and altitude.
Average PM1 pH can be higher up to 2 units during winter than summer due to the
higher aerosol water levels in the cold periods. For the supermicron range, pH values
are predicted to be higher during summer due to the higher concentrations of alkaline
dust. Sub-micron aerosol is more acidic than supermicron for both seasons with pH
differences of up to 1−4 units. Acidity is predicted to increase with altitude by up to
1−1.5 units for PM1, and 2−2.5 units for PM1−10 in the first two kilometers due to the
decrease of liquid water content with height.

4.2 Introduction
Acidity is a key property of the atmospheric aerosol affecting many
atmospheric processes like gas-particle partitioning of semi-volatile compounds, the
nitrogen cycle, oxidation of SO2 to sulfate, secondary organic aerosol formation,
heterogeneous chemistry and aerosol properties like hygroscopicity (Hu et al., 2014;
Guo et al., 2017; Nenes et al., 2020; Pye et al., 2020; Nenes et al., 2021). Acidic
particles increase the solubility of metals (e.g., copper and iron) affecting aerosol
toxicity and at the same time impact the oxygen levels of the oceans (Meskhidze et
al., 2003; Nenes et al., 2011; Ito et al., 2016). Previous studies have also linked
aerosol acidity to adverse health impacts including diseases in the respiratory system,
oxidative stress, and lung and laryngeal cancers (Raizenne et al., 1996; Hsu et al.,
2008; Fang et al., 2017).
Aerosol pH is one of the driving forces for the gas-particle partitioning of
inorganic semi-volatiles aerosol components (HNO3, NH3 and HCl). Nitrate and
chloride reside mainly in the particulate phase when the pH is high enough (exceeds
3), and mainly in the gas-phase when pH is 1.5 or less. These pH limit values depend
on temperature and liquid water content (Nenes et al., 2020). On the contrary,
ammonia resides mainly in the gas-phase for high pH values and in the particulate
phase for low ones (Nenes et al., 2020). A sensitivity window of 1−1.5 units is present
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between these pH limits, in which the inorganic semi-volatiles can be found either in
the particulate or in the gas phase (Vasilakos et al., 2018; Nenes et al., 2020).
Inaccurate pH predictions in this sensitivity window can introduce biases in the
corresponding predictions of the mass and chemical composition of atmospheric
aerosols (Guo et al., 2017; Vasilakos et al., 2018).
Chemical transport models (CTMs) often overpredict fine inorganic nitrate
aerosol levels in U.S and Europe (Yu et al., 2005; Pye et al., 2009; Fountoukis et al.,
2011; Heald et al., 2012; Walker et al., 2012; Im et al., 2015; Ciarelli et al., 2016;
Bian et al., 2017; Zakoura and Pandis, 2018). These biases could be partially due to
errors in the simulated aerosol pH (Vasilakos et al., 2018). Errors in the predicted
levels of non-volatile cations (NVCs) could also contribute to the corresponding
biases. Sodium (Na+) from sea salt and dust components (Ca2+, Mg2+), which reside
mainly in the coarse fraction of PM (Seinfeld and Pandis, 2006), can react with the
available nitric acid in the atmosphere affecting indirectly the fine nitrate aerosol
levels and composition (Trump et al., 2015; Kakavas and Pandis, 2021) and at the
same time the aerosol acidity. Overestimation of NH3 emissions and overprediction of
HNO3 formation rates during nighttime can also lead to nitrate overpredictions by
CTMs.
Aerosol pH changes seasonally due among others to temperature which has a
significant effect on nitrate partitioning (Guo et al., 2015, 2016, 2017; Pye et al.,
2020). Nitrate tends to reside mainly in the particulate phase at low temperature and
in the gas phase for high. In general, sub-micron range particles (PM1) are
characterized by higher acidity than supermicrometer aerosol because coarse particles
have higher levels of non-volatile cations (Katoshevski et al., 1999; Pye et al., 2020;
Kakavas et al., 2021). It has been suggested that aerosol acidity will tend to increase
with altitude due to lower aerosol water content in these regions of the atmosphere
with lower average relative humidity compared to the ground (Mishra et al., 2015;
Guo et al., 2016; Wang et al., 2018; Kakavas et al., 2021). Another factor that can
contribute to lower pH values aloft is that inorganic acids with tend to partition to the
gas phase in these cleaner parts of the atmosphere.
In this work we use the PMCAMx model to simulate size-resolved aerosol pH
over the U.S for two different seasons (winter and summer). The variation of aerosol
acidity with season and altitude are examined for all particle size ranges in an effort to
better understand the variability if this important aerosol property.
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4.3 Model description
PMCAMx (Karydis et al., 2010; Tsimpidi et al., 2010) is the research version
of CAMx model (Environ, 2006). It simulates anthropogenic and biogenic emissions,
horizontal and vertical advection, horizontal and vertical diffusion, dry and wet
deposition, and aqueous, gas and aerosol-phase chemistry. A 10-size section
representation is used to describe the distribution of aerosol mass and composition
covering a diameter range from 40 nm to 40 μm assuming that each size section is
internally mixed. The modeled aerosol components include sulfate, nitrate,
ammonium, sodium, chloride, potassium, calcium, magnesium, other inert crustal
species, elemental carbon, primary and secondary organic species and water. For the
thermodynamic calculations of inorganic aerosol species, the ISORROPIA-II
(Fountoukis and Nenes, 2007) model is used assuming that the aerosol exists in liquid
form even at low RHs (metastable state). A modified version of SAPRC (Carter,
2000) mechanism which includes 237 reactions of 91 gases, 18 radicals and 40
aerosol species is used to simulate the gas-phase chemistry. A detailed description of
PMCAMx can be found in Fountoukis et al. (2011).
The hybrid approach is used for the simulation of inorganic aerosol formation.
For fine (PM1) particles, bulk equilibrium is assumed, while for larger particles the
Multicomponent Aerosol Dynamics Model (MADM) (Pilinis et al., 2000) as extended
by Gaydos et al. (2003) for liquid aerosol is used to simulate the mass transfer to each
size section.
Two modifications to MADM were made in this work to improve the accuracy
of the simulated pH. The first modification is related to the accuracy of the dynamic
solution. Gaydos et al. (2003) used an absolute error tolerance of 10−4 μg m−3 for the
accuracy of the corresponding differential equation. In this work, the absolute error
tolerance is continuously calculated based on the water concentration and the
hydrogen ion concentration of the three coarse aerosol sections. The tolerance
decreases to 10−7 μg m−3 (for 0.1 μg m−3 for water and pH=5) as the minimum water
concentration of three sections and the H+ concentration decrease. This way we can
accurate predict aerosol pH up to approximately 5 units for each coarse size section.
For higher pH values we assumed a pH value equal to 5−5.5 units. For lower water
concentrations than the threshold value of 0.1 μg m−3 the absolute error tolerance was
assumed equal to 10−4 μg m−3 and the pH is not reported. The second extension was
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the addition of the concentrations of Ca2+, K+, Mg2+ to the various ionic balances and
the corresponding mass transfer constraints inside MADM. Only Na+ was included in
the original MADM.
pH in this work is calculated for PM1, PM1−2.5, PM2.5−5, and PM5−10 using the
pHF definition of Pye et al. (2020) as described by Kakavas et al. (2021). The organic
aerosol water is not considered in these pH calculations since previous studies have
shown that it has a minor impact (Guo et al., 2015; Bougiatioti et al., 2016; Battaglia
et al, 2019).

4.4 Model application
PMCAMx was applied over the continental United States during February and
July 2017. The modeling domain covers a region of 4752 × 2952 km2 including
northern Mexico and southern Canada. A grid resolution with horizontal dimensions
of 36 × 36 km was used. The modeling domain has 14 vertical layers extending up to
6 km.

Table 4.1 Concentrations of PM10 inorganic components used at the boundaries of the
domain.
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Species

North
(μg m−3)

South
(μg m−3)

East
(μg m−3)

West
(μg m−3)

Sulfate

0.53

0.68

0.68

0.68

Nitrate

0.034

0.018

0.018

0.018

Ammonium

0.45

0.59

0.59

0.59

Dust

0.7

0.7

0.7

0.7

Sodium

0.1

0.68

0.68

0.68

Chloride

0.22

1.14

1.14

1.14

The ground-level PM10 concentrations of the inorganic components at the
boundaries of the domain used in this study are shown in Table 4.1. The same
boundary conditions were applied for the upper layers assuming a constant mixing
ratio. Meteorological inputs to the model were generated using the Weather Research
and Forecasting (WRF v3.6.1) model operating at a horizontal resolution of 12 km
over the whole modeling domain and include: horizontal wind components, vertical
diffusivity, pressure, temperature, water vapor, clouds and rainfall.
The anthropogenic emissions were calculated using the EPA’s emission
modeling platform (v6.3) for the National Emissions Inventory (NEI) for 2011 (Eyth
and Vukovich, 2016) using the projected values of 2017. Calcium, potassium,
magnesium, and sodium were assumed to represent 5.9%, 2.7%, 1.9 %, and 1.5%
respectively of the emitted mineral dust (Reynolds et al., 2006; Karydis et al., 2016).
More details about the inputs of the simulations can be found in Garcia Rivera et al.
(2022).

4.5 Results
4.5.1 Size and seasonal dependence of aerosol pH
The average ground level pH predictions for different size ranges during the
simulated periods are shown in Fig. 4.1. In some regions, the pH was not calculated
for more than 75% of the time (Fig. 4.2) due to low aerosol water concentrations (less
than 0.1 μg m−3) in that size range and therefore an average is not reported.
The domain average ground level pH during wintertime is 2.7 for PM1, 3.6 for
PM1−2.5, 4.3 for PM2.5−5, and 4.3 for PM5−10. During summertime, PM1 has on average
a lower pH than during winter and equal to 2.1, while the coarse PM is more alkaline
on average with a pH equal to 3.9 for PM1−2.5, 4.6 for PM2.5−5, and 4.5 for PM5−10.
Higher pH values are predicted during wintertime for PM1 due to higher
concentrations of aerosol water. However, for coarse particles, higher pH values are
predicted during summertime (especially over the western U.S) because of the higher
concentrations of alkaline dust (Fig. 4.3).
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Figure 4.1. Average ground level aerosol pH predictions for a) PM1, b) PM1−2.5, c)
PM2.5−5, and d) PM5−10 over U.S during February and July 2017. The white color
corresponds to areas with uncertain pH prediction due to low aerosol water levels.

Figure 4.2. Percentage of the simulated time that minimum water concentration is
higher than 0.1 μg m−3 and pH predictions are averaged over U.S during a) February
and b) July 2017.
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For both seasons the acidity is higher over the eastern part of U.S due to the
higher levels of sulfate in that region. For marine areas, the average PM1 pH ranges
from 2 to 3.5 increasing with particle size up to 4.5 for PM2.5−5 and PM5−10 over the
Atlantic due to the higher concentrations of sea salt, which is mainly emitted in the
supermicrometer range. Over the continental U.S, average PM1 pH ranges from 2 to 4
during wintertime and from 1 to 3.5 during summertime with highest values in the
north-eastern part of U.S and California due to the higher agriculture and livestock
NH3 emissions combined with high RH levels in these regions. PM1−2.5 is less acidic
than PM1 for both seasons with pH values from 2 to 5 with higher values in the
central U.S, Texas and California. The average pH increases further in the 2.5−5 μm
and 5−10 μm size ranges with values from 3.5 to 5 over the eastern U.S and from 5 to
5.5 over the rest of the country.

Figure 4.3. Average ground level dust aerosol predictions (in μg m−3) for a) PM1, b)
PM1−2.5, c) PM2.5−5, and d) PM5−10 over U.S during February and July 2017.
89

Guo et al. (2015) reported a PM2.5 pH equal to 1.1−1.3 during the summer of
2012 and approximately 2 during the winter of 2012 in the southeastern U.S. The
corresponding pH values in PMCAMx in this region are a little higher and equal to
2−2.5 during summer and 2.5−3 during winter. Also, Guo et al. (2017) estimated that
the PM1 pH was equal to 1.9 in Pasadena, CA, during the summer of 2010. PMCAMx
predicts an average PM1 pH equal to 3.5 in this area during the summer. Fang et al.
(2017) calculated a mean pH value of 1.5 for PM1 and 3.5 for the coarse mode
particles in Atlanta, GA, during the spring of 2016. The corresponding predictions
from PMCAMx are 2.5 during summer and 3 during winter for PM1, while for the
coarse particles the predicted pH is 4−4.5 for both seasons. Nah et al. (2018)
estimated an average PM1 pH equal to 2.2 in a rural site of Georgia (Yorkville) during
summer 2016 which agrees with the PMCAMx predictions.

Figure 4.4. Average ground level aerosol water predictions (in μg m−3) for a) PM1, b)
PM1−2.5, c) PM2.5−5, and d) PM5−10 over U.S during February and July 2017.
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These comparisons indicate that there are some discrepancies in our predictions which
could be partially explained by the comparison of different periods (e.g., different
aerosol composition and RH levels) and the fact that our pH predictions are only for
periods with liquid water content higher than 0.1 μg m−3. However, they do suggest
that the model predictions are quite reasonable.
Aerosol water concentrations for the different size range of particles are
shown in Fig. 4.4. In general, predicted aerosol water concentrations are lower during
summertime for all particle sizes due to the higher temperatures which also lead to
lower RH. PM1 has the most water over the continental region for both periods,
especially over the eastern part of the U.S where concentrations of sulfate, nitrate and
ammonium are higher. Aerosol water concentrations are also high for all particle sizes
in several marine areas because of the higher concentrations of hygroscopic sea salt
combined with the higher RH levels in such environments. However, the aerosol mass
concentrations can be low in such areas leading to lower absolute aerosol water levels.

4.5.2 pH variation with altitude
The results presented so far are for the ground level (0−20 m). At higher
altitudes PMCAMx predicts that pH values decrease for all particle sizes for both
seasons (Figs. 4.5 and 4.6) due to the reduction of aerosol water content for all size
ranges (Figs. 4.7 and 4.8), which occurs mainly because of the lower RH and aerosol
levels at higher altitudes (Guo et al., 2016; Kakavas et al., 2021). Also, partially
responsible for these pH decreases with altitude is the partitioning of semi-volatile
species (nitrate, ammonium), which reside mainly in the gas phase at these cleaner
parts of the atmosphere (Nenes et al., 2020).
During wintertime, PM1 pH in the less acidic areas over the continental U.S
decreases from 3.5−4 near the ground to around 2.5−3 at approximately 2 km altitude
(Fig. 4.5). For the same areas during summer the average PM1 pH decreases from
3−3.5 to 2−2.5 (Fig. 4.6). Higher reductions up to 2 units are predicted for PM1−2.5 pH
for both seasons. Similar decreases of 2–2.5 pH units are predicted for the coarse
particles in the first 2 km of the atmosphere in areas over the continental region.
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Figure 4.5. Average predicted aerosol pH as a function of size and altitude: (a−f) for
PM1, (g−l) for PM1−2.5, (m−r) for PM2.5−5, and (s−x) for PM5−10 at 0−20, 20−40,
80−160, 320−480, 640−980, and 1340−1720 m during February 2017. The white
color corresponds to areas with uncertain pH prediction due to low aerosol water
levels.
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Figure 4.6. Average predicted aerosol pH as a function of size and altitude: (a−f) for
PM1, (g−l) for PM1−2.5, (m−r) for PM2.5−5, and (s−x) for PM5−10 at 0−20, 20−40,
80−160, 320−480, 640−980, and 1340−1720 m during July 2017. The white color
corresponds to areas with uncertain pH prediction due to low aerosol water levels.
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Figure 4.7. Average predicted aerosol water concentrations (in μg m−3) as a function
of size and altitude: (a−f) for PM1, (g−l) for PM1−2.5, (m−r) for PM2.5−5, and (s−x) for
PM5−10 at 0−20, 20−40, 80−160, 320−480, 640−980, and 1340−1720 m during
February 2017.
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Figure 4.8. Average predicted aerosol water concentrations (in μg m−3) as a function
of size and altitude: (a−f) for PM1, (g−l) for PM1−2.5, (m−r) for PM2.5−5, and (s−x) for
PM5−10 at 0−20, 20−40, 80−160, 320−480, 640−980, and 1340−1720 m during July
2017.

4.5.3 Acidity and secondary inorganic aerosol
The average predicted ground level sulfate concentrations for different size
ranges during wintertime and summertime period are shown in Fig. 4.9. Higher
aerosol sulfate concentrations are predicted for both seasons over the eastern part of
U.S for all particle sizes due to higher SO2 emissions in these areas. The higher the
sulfate levels the higher the aerosol acidity in these regions (Fig. 4.1). Most of sulfate
aerosol exists as ammonium sulfate in fine PM, while dust non-volatile cations
(especially calcium) react with the available sulfuric acid forming the corresponding
salts in the coarse mode.
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Figure 4.9. Average ground level sulfate aerosol predictions (in μg m−3) for a) PM1,
b) PM1−2.5, c) PM2.5−5, and d) PM5−10 over U.S during February and July 2017.
Different scales are used.

Higher average nitrate levels are predicted in several areas in which the pH
exceeds 3 for both seasons (Fig. 4.10). However, when the pH is below 2 (e.g., for
PM1 during summer) nitric acid resides mainly in the gas-phase and aerosol nitrate
levels are low or zero. During winter, nitrate concentrations are higher in PM1 than in
the coarse PM due to the lower temperatures which rapidly drive nitric acid
partitioning to the aerosol phase mainly as ammonium nitrate. However, significant
concentrations of nitrate are also predicted in the PM1−5 range because of the reaction
of nitric acid with dust non-volatile cations and sodium from sea salt over the marine
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and coastal areas. The same applies also during summer for the PM1−5 range. During
summer, the higher temperatures lead to evaporation of nitrate from the PM1 range
and its partitioning to the gas phase. PM5−10 nitrate concentrations are the lowest for
both seasons due to the mass transfer, which is slower for larger particles and to the
faster removal of the larger particles (Kakavas et al., 2021). All these factors result in
a nitrate size distribution that is highly season-dependent and is affected by the
aerosol pH and non-volatile cations concentrations.

Figure 4.10. Average ground level nitrate aerosol predictions (in μg m−3) for a) PM1,
b) PM1−2.5, c) PM2.5−5, and d) PM5−10 over U.S during February and July 2017.
Different scales are used.

97

Figure 4.11. Average ground level ammonium aerosol predictions (in μg m−3) for a)
PM1, b) PM1−2.5, c) PM2.5−5, and d) PM5−10 over U.S during February and July 2017.
Different scales are used.

Average ammonium concentrations are higher in fine particles for both
seasons (Fig. 4.11) over the areas with high NH3 emissions and exist mainly as
ammonium sulfate and ammonium nitrate.

4.5.4 Evaluation of the model predictions
PMCAMx was evaluated against daily average ground level measurements of
PM2.5 concentration and composition from the EPA-CSN network. The metrics used
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to evaluate our predictions include the mean bias (MB), the mean absolute gross error
(ME), the fractional bias (FB), and the fractional error (FE) (Fountoukis et al., 2011):

MB 

1 n
  Pi  Oi 
n i 1

(4.1)

ME 

1 n
 Pi  Oi
n i 1

(4.2)

FB 

2 n  Pi  Oi 

n n 1  Pi  Oi 

(4.3)

FE 

2 n Pi  Oi

n n 1  Pi  Oi 

(4.4)

where Pi represents the predicted value, Oi is the corresponding observed value, and n
is the total number of measurements. The results of the evaluation are summarized in
Table 4.2 for both February and July 2017.

Table 4.2 Evaluation metrics for daily average concentrations of PM2.5 and for its
major inorganic components during February and July 2017.
PM2.5

PM2.5

PM2.5

Total

Sulfate

Nitrate

Ammonium

PM2.5

February 2017
Number of measurements

778

773

718

4106

MB (µg m−3)

0.33

0.32

0.34

0.59

ME (µg m )

0.57

0.98

0.5

3.46

FB

0.48

0.45

0.69

0.17

FE

0.6

0.71

0.8

0.42

585

585

565

4015

MB (µg m−3)

−0.05

0.15

0.14

−2.2

ME (µg m−3)

0.45

0.34

0.24

3.57

FB

0.02

0.04

0.53

−0.21

FE

0.4

0.66

0.75

0.42

−3

July 2017
Number of measurements
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Figure 4.12. Comparison of PMCAMx predicted concentrations of PM2.5 a) sulfate,
b) nitrate, c) ammonium, and d) total with measurements from EPA-CSN sites during
February and July 2017.
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In general, PMCAMx has the tendency to overpredict sulfate, nitrate, and
ammonium concentrations for both months (Fig. 4.12). Total PM2.5 is overpredicted
during wintertime and underpredicted during summertime.

4.6 Conclusions
Size-resolved aerosol pH was simulated over U.S during wintertime and
summertime period. Submicron aerosol is more acidic than coarse particles for both
seasons with pH differences as large as 4 units (e.g., during summer). Also, pH
differences up to 2 units were predicted for PM1 between wintertime and summertime
period due to the lower temperatures during winter which result in higher
concentrations of aerosol water. For coarse particles, pH values were higher during
summertime (especially over western U.S) because of the higher concentrations of
alkaline dust. PM1 has the highest water levels over the continental region during both
periods, while higher concentrations were predicted for coarse particles over the
marine and coastal areas due to the higher levels of sea salt.
Acidity of all particle sizes increases with altitude for both seasons due to the
reduction of aerosol water and PM levels with height, which drives nitrate and
ammonium to the gas phase. pH can differ up to 1−1.5 units for PM1, and 2−2.5 units
for coarse aerosol between the ground level and approximately 2 km altitude for both
seasons.
Nitrate levels were higher in regions where aerosol pH exceeded 3 units and
lower where it was below 2 for both seasons. Most of the PM1 nitrate exists as
ammonium nitrate. Dust non-volatile cations and sodium from sea salt react with the
available nitric and sulfuric acid transferring nitrate and sulfate aerosol to coarse
mode PM.
The results of our simulations indicate that aerosol acidity and liquid water
content change with size, season, and altitude over U.S impacting at the same time
aerosol formation, emissions control strategies, the solubility of metals, and nitrogen
deposition (Nenes et al., 2020; 2021).
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5.1 Abstract
Aerosol simulations especially for Earth System Models require a
thermodynamics module with a good compromise between rigor and computational
efficiency. We present and evaluate ISORROPIA-lite, an accelerated and simplified
version of the widely used ISORROPIA-II v.2.3 aerosol thermodynamics model,
expanded to include the effects of water uptake from organics and an updated
interface communicating simulation diagnostics and information. ISORROPIA-lite
assumes the aerosol is in metastable equilibrium (i.e., salts do not precipitate from
supersaturated
+

+

Na −NH4 −SO4

solutions)
2−

and

treats

the

−NO3−−Cl−−Ca2+−K+−Mg2+−Organics−H2O

thermodynamics

of

aerosol using binary

activity coefficients from precalculated look-up tables. Off-line comparison between
ISORROPIA-II and ISORROPIA-lite (without organic water effects) for more than
330,000 atmospherically-relevant states demonstrated that i) ISORROPIA-lite
provides virtually identical results with ISORROPIA-II in metastable mode and ii)
differences between stable mode ISORROPIA-II and ISORROPIA-lite are less than
25% for the concentrations of the various semivolatile aerosol components and
similar to the differences between stable and metastable modes of ISORROPIA-II.
Using ISORROPIA-lite reduced computational cost by 35% compared to
ISORROPIA-II simulations in stable mode with online calculation of binary activity
coefficients. Application of ISORROPIA-lite in the PMCAMx chemical transport
model accelerated the 3D simulations by about 10% compared to using ISORROPIAII in stable mode with changes in the concentrations of the major aerosol components
of less than 10%. Simulations considering the effects of the organic aerosol water did
not slow down ISORROPIA-lite but increased the concentrations of the inorganic
semivolatile components especially at nighttime. The temporal evolution shown that
organic water could highly contribute to the total PM1 water mass and increase the
concentrations of fine nitrate and ammonium within 1 μg m−3 in places where the
organic aerosol and RH levels are high.

5.2 Introduction
Atmospheric particulate matter (PM) is composed of inorganic salts, organic
compounds and elemental carbon, oxides of trace metals, crustal material and water.
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Inorganic salts often constitute 50% or more of fine particulate matter (particles with
diameter less than 2.5 μm) with sulfate (SO42−), bisulfate (HSO4−), ammonium
(NH4+), nitrate (NO3−), chloride (Cl−) and sodium (Na+) ions being the dominant ones
(Heitzenberg, 1989; Fountoukis and Nenes, 2007). Additionally, the potassium cation,
K+, often dominant in the fine aerosol mode in case of biomass burning events, was
used in the study of Metzger et al. (2006), who investigated the importance of mineral
cations and organic acids in the gas-aerosol partitioning of reactive nitrogen
compounds. Dust components such as Ca2+, and Mg2+ together with hygroscopic sea
salt (Na+, Cl−) are found mainly in the coarse PM fraction. The inorganic fraction is
often responsible for most of the water uptake by fine PM and therefore for a large
fraction of the interactions between aerosols and atmospheric radiation (Burgos et al.,
2019). The inorganic fraction largely controls the aerosol pH, which together with
aerosol water determine the sensitivity of PM to precursor emissions, chemical
reaction rates (Tilgner et al., 2021) and shape the many impacts aerosol has on
climate, public health and ecosystem productivity (Pye et al., 2020; Baker et al.,
2021).
Computing the phase state and composition of aerosols in thermodynamic
equilibrium is a complex computational problem, because it involves the solution of a
system of several nonlinear algebraic equations or the minimization of the free energy
of the gas-particle system (Nenes et al., 1999). Several thermodynamic equilibrium
models have been developed over the last four decades, treating different sets of
aerosol components and using different thermodynamic and numerical approaches.
Characteristic examples include EQUIL (Basset and Seinfeld, 1983), SEQUILIB
(Pilinis et al., 1987), SCAPE2 (Kim et al., 1995), ISORROPIA (Nenes et al., 1998),
EQUISOLV II (Jacobson, 1999), GFEMN (Ansari and Pandis, 1999a, b), AIM2
(Wexler and Clegg, 2002), EQSAM (Metzger et al., 2002a, b), UHAERO (Amundson
et al., 2006), ISORROPIA-II (Fountoukis and Nenes, 2007), and EQSAM4clim
(Metzger et al., 2016).
One of most important challenges that thermodynamic models face regards the
phase diagram used to determine the possible species present. Typically models either
allow for salts to precipitate out of solution when supersaturated (“stable solution”) or
allow salts to remain in-solution even if supersaturated (“metastable solution”). These
two treatments give identical solutions when the humidity exceeds the deliquescence
point of the major salts in solution (typically ammonium nitrate and sulfate, i.e.,
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around 70%), while the two solutions increasingly diverge as humidity levels
decrease. The metastable equilibrium solution leads to higher concentrations of
aerosol water compared to stable aerosol, especially at intermediate humidity levels
(30-70%). This in turn affects the size, lifetime (e.g., Song et al., 2019) and scattering
efficiency of particles (e.g., Bougiatioti et al., 2016). Observations suggest that
metastable states may be ubiquitous in aerosol (e.g., Rood et al., 1989; Tang et al.,
1995), as aerosol liquid water and semi-volatile partitioning of ammonia and nitrate is
consistent with metastable states down to 40% RH in many field observations (Guo et
al., 2015; Bougiatioti et al., 2016; Guo et al., 2018). The presence of multiple
dissolved salts and organic species depresses the water activity in aerosol, forming
eutectic mixtures that can be thermodynamically stable at much lower humidity than
expected from the deliquescence humidity of each of the individual components in the
aerosol (Brooks et al., 2002; Bertram et al., 2011; Peckhaus et al., 2012). This
phenomenon, known as “mutual deliquescence” (Wexler and Seinfeld, 1991), can
greatly promote the presence of thermodynamically stable water in aerosol down to
low RH and tends to support a “metastable-like” liquid water content and
thermodynamic state (Brooks et al., 2003; Parsons et al., 2004).
Organic aerosol, although less hygroscopic than inorganic aerosol, could also
contribute significantly to the total aerosol water (Guo et al., 2015; Bougiatioti et al.,
2016; Jathar et al., 2016; Jin et al., 2020). This aerosol water due to the organics
further promotes a “metastable-like” aerosol state. Furthermore, the added water can
induce secondary inorganic aerosol formation since the additional water mass drives
more of the gas phase components to partition to the aerosol to satisfy equilibrium
(e.g., Ansari and Pandis, 2000a). These feedbacks are usually not treated in
thermodynamic modules and are not considered in chemical transport models.
While adoption of thermodynamic modules at present is standard for all
regional chemical transport models, they are not included in many of the Earth
System Models used in the IPCC or other assessments. For example, EC-Earth
(Hazeleger et al., 2011) and ECHAM (Roeckner et al., 2003) do not simulate aerosol
thermodynamics, while NorESM (Bentsen et al., 2013; Iversen et al., 2013) uses a
zeroth-order estimate for aerosol nitrate formation (Kirkevåg et al., 2013). ESMs
could benefit from the improved simulation of aerosol thermodynamics, as simplified
parameterizations of nitrate uptake and hygroscopicity may lead to errors in simulated
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light scattering and associated climate forcing (Burgos et al., 2020). Metzger et al.
(2018) also pointed out the importance of aerosol water for climate studies.
Part of the delay to adopt thermodynamic modules in ESMs is related to their
complex model development cycle (NRC, 2012). Computational time is another
important factor as thermodynamic calculations need to be repeated billions of times
(or more) in such frameworks and can significantly increase their computational
burden. The first generations of aerosol thermodynamics models paid little attention
to computational efficiency, and were too expensive for use in 3D frameworks.
Subsequent efforts however improved solution algorithms and simplified calculations
so that modules were fast enough to enable their integration in 3D frameworks.
ISORROPIA-II (Fountoukis and Nenes, 2007) is, together with EQSAM, one of the
most widely used thermodynamic modules currently, largely because it provides a
good balance between comprehensive treatment of inorganic aerosol thermodynamics
and simplifications and algorithms that are computationally efficient. Furthermore,
ISORROPIA-II can consider the major inorganic ions present in aerosol, treat both
stable and metastable states and solve for two classes of problems: the gas-phase
equilibrium partitioning (“forward”) problem, and the equilibrium vapor pressure
calculation (“reverse”) problem, based on aerosol composition alone. The latter is
needed when long equilibration timescales demand explicit dynamic mass transfer
calculations between the aerosol and gas phases (Capaldo et al., 2000; Pilinis et al.,
2000; Kakavas et al., 2021).
Despite the previous efforts to produce both accurate and computational
efficient aerosol thermodynamics modules, additional improvements are desired to
increase their suitability for the computationally demanding long simulations of
ESMs. One approach is to simplify the phase diagram, assuming that the aerosol is
always in metastable state, especially given the observational support to date. This
assumption may speed up calculations at intermediate RH, where the precipitation of
salts out of supersaturated aerosol requires the expensive solution of multiple
equations. Also, at lower RH, where there is lack of an aqueous phase, the simulation
surface of solid aerosols is discontinuous which may cause numerical instabilities in
the host model. Although stable aerosol may exhibit higher concentrations of aerosol
ammonium and nitrate at humidity below 50% (Ansari and Pandis, 2000b; Moya et
al., 2007; Fountoukis et al., 2009), aerosol-gas partitioning may be somewhat
insensitive to the actual phase state at intermittent to low RH in most of the
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atmosphere, given that the nitrate partitioning strongly shifts to the aerosol phase at
low temperatures (Guo et al., 2017). This is supported by Karydis et al. (2016), who
showed with the EMAC global model that the tropospheric burden of nitrate aerosol
decreases by just 2% when the aerosol is assumed to be in a metastable state.
All the above suggest that simplified thermodynamic modules which assume
metastable aerosol may be an appropriate choice for ESMs and CTMs. Towards this,
Metzger

et

al.

(2016)

developed

the

EQSAM4clim

module

based

on

parameterizations that eliminate the need for iterations. Replacing ISORROPIA with
EQSAM4clim in CAMx, Koo et al. (2020) reported a reduction in computational time
by 4% during winter and 7% during summer assuming metastable aerosols.
We build upon these findings and test whether assuming metastable aerosol
and other simplifications in ISORROPIA-II can accelerate the calculations of 3D
models without substantial impacts on their results. From these efforts, a new
thermodynamics module, ISORROPIA-lite is developed that solves only the
metastable state problem and always uses pre-calculated tables of binary activity
coefficients to boost computational efficiency. It also simulates the effects of the
organic aerosol water in the partitioning of the inorganic components. The predictions
of ISORROPIA-lite are first compared against the predictions of ISORROPIA-II in
stable mode (with the complete activity coefficient module), without organic aerosol
water effects. Evaluations involve differences in predicted composition and
computational cost, and are carried out off-line and in the chemical transport model
PMCAMx. Then the effect of organic aerosol on the partitioning of inorganic species
is studied.

5.3 Model description
5.3.1 The baseline ISORROPIA-II model
ISORROPIA-II and its latest version 2.3 (Fountoukis and Nenes, 2007;
http://isorropia.epfl.ch) is the base model used a starting point for the ISORROPIAlite development. The current version contains all fixes to bugs identified in earlier
versions of ISORROPIA-II (see http://isorropia.epfl.ch and Song et al., 2018). The
“baseline” ISORROPIA-II model simulation used hereon explicitly calculates the
activity coefficients of mixtures and also assumes that the aerosol is always in a stable
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state, therefore it is solid at RH below the mutual deliquescence RH of its
components. The module is tested in the gas-aerosol partitioning (“forward”) mode.

5.3.2 From ISORROPIA-II to ISORROPIA-lite
ISORROPIA-lite is based on the ISORROPIA-II (Fountoukis and Nenes,
2007) code, hence it treats the thermodynamics of aerosol containing Ca2+, K+, Mg2+,
SO42−, Na+, NH4+, NO3−, Cl−, H2O and their equilibrium with gas-phase HNO3, NH3,
HCl and H2O. A series of simplifications that reduce size and increase computational
efficiency have been implemented in ISORROPIA-lite. The aerosol is assumed to be
only in a metastable state, so all routines related to the stable state solution
(solid+liquid aerosol) from the original code of ISORROPIA-II have been removed.
The only solid salt that is allowed to form in ISORROPIA-lite is calcium sulfate
(CaSO4), as it is virtually insoluble for most atmospheric humidities and
spontaneously precipitates out of solution. The remaining salts that can form are
assumed to be completely deliquesced. Further simplifications address the calculation
of binary activity coefficients. In ISORROPIA-II, the coefficients for specific ionic
pairs (Kusik and Meissner, 1978) can be computed during runtime or obtained from
precalculated tables. In ISORROPIA-lite, only precalculated tables are used.
However, the calculation of multicomponent activity coefficients is still done during
runtime with the Bromley (1973) method.
ISORROPIA-lite includes one important extension over ISORROPIA-II, in
that it allows organic aerosol to perturb the inorganic equilibria by contributing
additional aerosol water over that from the inorganic species alone. This organic
aerosol water, Wo, is calculated by using the κ hygroscopicity parameter (Petters and
Kreidenweis, 2007) based on the relative humidity and the mass of organic
compounds within the inorganic aerosol phase:
W 

w
Co 
,
  1

 1

 RH


where ρw is the density of water and ρo the density, Co the concentration and κ the
hygroscopicity parameter of the organic aerosol. Wo is calculated every time the
ISORROPIA-lite solution algorithm requests calculation of aerosol water, and is
added to the water computed from the other inorganic components using the
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(5.1)

Zdanovskii, Stokes, and Robinson (ZSR) equation. This additional aerosol water Wo
increases the total aerosol water and tends to slightly elevate the aerosol pH. Both
these effects in turn affect the partitioning of the inorganic semi-volatile species.
Organic effects on the activity coefficient of inorganic species are not considered
because previous work has shown that they are of secondary importance – at least for
aerosol pH (e.g., Battaglia et al., 2019; Pye et al., 2020).
ISORROPIA-lite v1.0 can be used to solve the partitioning (forward) problem.
The known quantities (inputs) are RH, temperature (T), the organic aerosol
concentration, hygroscopicity parameter κ and density and the total (gas+aerosol)
concentrations of ammonia, sulfuric acid, sodium, hydrochloric acid, nitric acid,
calcium, potassium, and magnesium. The appropriate set of equilibrium equations are
solved together with electroneutrality, water activity equations and mass conservation
in order to compute the concentrations of species at thermodynamic equilibrium.
Details on the thermodynamic properties of the modeled species, the equilibrium
reactions and constants and the thermodynamic equilibrium calculations of inorganic
species can be found in Fountoukis and Nenes (2007).

5.3.3 PMCAMx description and application
PMCAMx is the research version of the publicity available CAMx model
(Environ, 2003). It simulates vertical and horizontal advection, vertical and horizontal
dispersion, dry and wet deposition and gas, aqueous, and aerosol chemistry. The gasphase chemical mechanism used here is a modified SAPRC mechanism to account for
the VBS treatment of the secondary organic aerosol and it includes 237 reactions of
18 radicals and 91 gases (Carter, 2000; Environ, 2003). The aerosol size and
composition distribution is described using 10 size bins with diameters from 40 nm to
40 μm. The model assumes that all particles in each size bin have the same
composition. The aerosol species simulated are primary and secondary organics,
elemental carbon, crustal species, sodium, chloride, sulfate, nitrate, ammonium,
calcium, potassium, magnesium and water. In this application of PMCAMx, we use
the bulk equilibrium assumption; therefore the bulk aerosol and gas phases are
assumed to be always in equilibrium.
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PMCAMx was applied over Europe during May 2008, which is the EUCAARI
summer intensive measurement period. The modeling domain, including all of
Europe, is a region of 5400 × 5832 km2. The grid resolution used is 36 km × 36 km
(24,300 cells per layer) and there are 14 vertical layers with the total height extending
up to 6 km above ground level. Inputs to the model such as horizontal wind
components, vertical diffusivity, temperature, pressure, water vapor, rainfall, and
clouds are provided by the Weather Research and Forecasting (WRF) meteorological
model (Skamarock et al., 2008). Land emissions from the GEMS dataset (Visschedijk
et al., 2007) and international shipping emissions were included in the anthropogenic
gas-phase emissions. Anthropogenic particulate emissions include the elemental and
organic carbon emissions (Kulmala et al., 2009) and the urban dust emissions
(Kakavas and Pandis, 2021). Biogenic emissions were based on MEGAN (Guenther
et al., 2006). Sea-salt emissions were developed using the approach of O’Dowd et al.
(2008). More details about the inputs can be found in Fountoukis et al. (2011) and
Kakavas and Pandis (2021).
The results of this simulation were used for the online and off-line evaluation
of ISORROPIA-lite. Because the thermodynamic calculations in this application of
PMCAMx are performed assuming always equilibrium between PM10 and the gas
phase, the monthly average PM10 concentrations of each cell of each atmospheric
level of PMCAMx, including ground level, were used to create an input file for offline ISORROPIA-lite and ISORROPIA-II forward mode simulations. Also for this,
the predicted gas concentrations of nitric acid, ammonia, hydrochloric acid and
sulfuric acid were added to the particulate phase concentrations together with the
simulated RH and temperature. The organic aerosol concentrations are not included at
first to focus on the differences between ISORROPIA-lite and ISORROPIA-II from
the assumption of aerosol state and binary activity coefficient approach. This test is
atmospherically-relevant because it includes atmospheric states encountered over a
continental scale, including terrestrial and marine environments.

118

5.4 Results and discussion
5.4.1 ISORROPIA-lite off-line evaluation
5.4.1.1 Computational requirements
ISORROPIA-lite was first evaluated off-line against ISORROPIA-II in stable
mode (with online binary activity coefficients calculation) for a standard set of
conditions (Table 5.1). 331,520 tests were performed covering fully the corresponding
chemical and meteorological space. All the timing tests were performed on a
computer with two Intel Xeon Silver 4110 CPU 2.1 GHz and 64 GB of RAM.
ISORROPIA-II required 6.5 CPU s, 52% more than the 4.2 CPU s required by
ISORROPIA-lite. Therefore, replacing ISORROPIA-II by ISORROPIA-lite, for these
tests at least will result in a reduction of the corresponding computational cost by
approximately 35%. Running ISORROPIA-lite using online calculation of binary
activity coefficients slowed down the calculations by 26%.

Table 5.1 Range of concentrations for species in the off-line analysis.
Na+

H2SO4

NH3

HNO3

HCl

Ca2+

K+

Mg2+

RH

T

(μg m−3)

(μg m−3)

(μg m−3)

(μg m−3)

(μg m−3)

(μg m−3)

(μg m−3)

(μg m−3)

(%)

(K)

Standard set of conditionsa
Min

0.024

0.52

0.28

0.04

0.02

0.003

0.002

0.001

10.6

236

Max

5.4

10.3

13.5

9.2

8.5

0.53

0.33

0.2

96

306

European conditionsb
Min

0.06

0.57

0.28

0.06

0.03

0.003

0.002

0.001

12

265

Max

5.4

7.4

13.5

9.1

8.5

0.53

0.33

0.2

96

306

a

331,520 tests

b

23,680 tests
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In the second off-line test we used the predictions of PMCAMx at ground
level over Europe for May 2008, a total of over 23,000 points as inputs for
ISORROPIA-II in stable mode and ISORROPIA-lite. These cases are studied
separately because of their relevance to near ground air quality and human health. For
this second test ISORROPIA-II required 55% more CPU time than ISORROPIA-lite
(0.42 versus 0.27 s). The acceleration of the calculations by ISORROPIA-lite was the
same as the first test and equal to 35% of the time required by ISORROPIA-II. The
use of the look-up tables of the binary activity coefficients reduced the CPU time by
18% of ISORROPIA-II and the simplification of the metastable state contributed
another 17%.
Differences in the frequency of occurrence of conditions suitable for the
formation of a stable aerosol state (solid+liquid particles) but also for the activity
coefficients calculation at lower temperatures are responsible for the differences in the
computational performance of the two thermodynamic models. The higher the
frequency of such conditions the higher the computational savings offered by the new
module. The calculation of the organic aerosol water has a negligible effect on the
computational speed of ISORROPIA-lite (not shown).

5.4.1.2 Comparison of ISORROPIA-lite against ISORROPIA-II
We use as metrics for the comparison of the predictions of the various models
the normalized mean bias (NMB) and the normalized mean error (NME), defined as:
n

NMB j 

 C
i 1

 Ci , j II 

lite

i, j

(5.2)

n

C

II

i, j

i 1

n

NME j 

C
i 1

 Ci , j II

lite

i, j

(5.3)

n

C
i 1

II

i, j

where Ci,jlite and Ci,jII are the corresponding concentrations of species j predicted by
each model for test case i and n is the total number of test cases examined.
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Table 5.2 Normalized mean biases and normalized mean errors for the off-line tests.
NH4+

Cl−

H+

NO3−

HNO3 (g)

HCl (g)

NH3 (g)

H2O

Dry PM

ISORROPIA-lite versus ISORROPIA-II (stable mode, online act. coef.)
Standard set of conditions
NMB (%)

7.8

8.4

135

24

−22

−6.2

−11

42

4.5

NME (%)

8.2

10

137

24

22

7.5

11

42

4.7

European conditions
NMB (%)

7.7

3.8

64

13

−21

−4.3

−5.5

13

3.1

NME (%)

8.2

4.2

68

13

21

4.7

5.8

13

3.2

ISORROPIA-II (stable mode, tables) versus ISORROPIA-II (stable mode, online act. coef.)
Standard set of conditions
NMB (%)

−0.2

−0.4

1.4

−0.4

0.4

0.3

0.3

−1.5

−0.1

NME (%)

1.4

1.2

12

4.4

4.2

0.9

1.9

2.3

0.8

European conditions
NMB (%)

−1.6

−0.9

−3.6

−2.5

4.1

1

1.2

−2.1

−0.6

NME (%)

2.5

1.3

9.2

4.1

6.6

1.4

1.8

2.4

1

ISORROPIA-II (metastable mode, online act. coef.) versus ISORROPIA-II (stable mode,
online act. coef.)
Standard set of conditions
NMB (%)

7.9

8.6

136

24

−22

−6.4

−11

42

4.5

NME (%)

8.1

9.9

137

24

22

7.3

11

42

4.6

European conditions
NMB (%)

8.7

4.1

65

15

−24

−4.6

−6.2

13

3.5

NME (%)

8.7

4.1

65

15

24

4.6

6.2

13

3.5

ISORROPIA-lite (organic aerosol water presence versus absence)
Standard set of conditions
NMB (%)

1.8

3.9

6.7

2.6

−3.9

−3.3

−2.9

12

0.9

NME (%)

1.8

3.9

8.1

2.6

3.9

3.3

2.9

12

0.9

European conditions
NMB (%)

2.5

2.3

7

2.3

−5.3

−2.8

−2.1

8.2

1

NME (%)

2.5

2.3

8.5

2.3

5.3

2.8

2.1

8.2

1

121

Figure 5.1. Comparison of the particulate and gas-phase concentrations predicted by
ISORROPIA-II in stable mode (with online binary activity coefficients calculation)
and ISORROPIA-lite for the off-line simulations for the standard (black) and
European (red) set of conditions: a) ammonium, b) nitrate, c) chloride, d) dry PM, e)
water, f) hydrogen ion, g) hydrochloric acid, h) nitric acid, and i) ammonia. There are
331,520 points in these graphs.
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The predictions of ISORROPIA-lite (without organic aerosol water) were first
compared with those of ISORROPIA-II in stable mode (with online calculation of
binary activity coefficients) model for both off-line tests. The discrepancies between
the ISORROPIA-lite and ISORROPIA-II predictions for the concentrations of the
various semivolatile aerosol components are all less than 25% (Table 5.2). They are
lower for chloride and ammonium and higher for nitrate and water. For the gas phase
components, they are also less than 25% (Table 5.2). For gas-phase ammonia and
hydrochloric acid they are 10% or less and for nitric acid they are less than 25%.
These differences are mainly found at low to intermediate RHs, when the stable mode
solution contains both a solid and a liquid phase. Please note that for many of these
conditions, the metastable solution may reflect better the ambient aerosol state; these
discrepancies should therefore not be interpreted as ISORROPIA-lite errors but
uncertainty due to its phase state.
For both set of conditions (standard and European), ISORROPIA-lite tends to
predict higher amounts of inorganic aerosol and lower concentrations of inorganic
gases than ISORROPIA-II in stable mode (Fig. 5.1). The mean errors are small and
range from 4.2% for chloride, to 24% for nitrate. For water, the mean error was 42%
for the standard set of conditions and 14% for the European set. The highest
discrepancies are found for the hydrogen ion (H+) predictions (137% for the standard
set, 68% for the European ground set), which translates to a pH uncertainty of
approximately 0.15 units.
The effect of changing both the binary activity coefficient calculations and
metastable state assumption, on the predictions of ISORROPIA-II and the
discrepancies with ISORROPIA-lite is quantified one change at a time. The
introduction of the pre-calculated tables has a small effect on ISORROPIA-II (stable
mode) predictions for both set of conditions with mean errors varying from 1.2% for
chloride to 6.6% for nitric acid (Table 5.2). Even for [H+], the mean error is equal to
12% for the standard set and 9.2% for the European conditions (Fig. 5.2). The
simplification leads to slightly lower predicted concentrations with biases less than
2.5% for all the major aerosol components and water, and slightly higher
concentrations (biases less than 4.1%) for all the inorganic gases. These results
strongly suggest that pre-calculated binary activity coefficient tables introduce small
errors in both set of conditions and represent a relatively safe way to speed up the
calculations.
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Figure 5.2. Comparison of the particulate and gas-phase concentrations predicted by
ISORROPIA-II in stable mode with online binary activity coefficients calculation and
with pre-calculated tables for the off-line simulations for the standard (black) and
European (red) set of conditions: a) ammonium, b) nitrate, c) chloride, d) dry PM, e)
water, f) hydrogen ion, g) hydrochloric acid, h) nitric acid, and i) ammonia. There are
331,520 points in these graphs.
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Figure 5.3. Comparison of the particulate and gas-phase concentrations predicted by
ISORROPIA-II (with online binary activity coefficients calculation) in stable and
metastable mode for the off-line simulations for the standard (black) and European
(red) set of conditions: a) ammonium, b) nitrate, c) chloride, d) dry PM, e) water, f)
hydrogen ion, g) hydrochloric acid, h) nitric acid, and i) ammonia. There are 331,520
points in these graphs.
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As expected, the assumption of metastable aerosol for all RH conditions has
the largest impact on simulated concentrations. The comparison of a version of
ISORROPIA-II which uses the complete activity coefficient module in stable and
metastable mode was used for the analysis. For both set of conditions, the normalized
mean errors range from 4.1% for chloride to 24% for nitric acid (Table 5.2). Water
mean error was equal to 42% for the standard set of conditions and 13% for the
European ground conditions. The highest discrepancy (137% for the standard set,
65% for the European set) was found for [H+] (Fig. 5.3). Therefore, the assumed
metastable equilibrium state is mainly responsible for the differences of the
predictions of the two thermodynamic modules and their respective configuration.
The upper levels of the atmosphere, included in the standard set of conditions,
are characterized by lower RHs and temperatures than at ground level – and with it,
the frequency where the metastable and stable assumptions differ. Ιn both sets of
conditions, the greatest discrepancies were found in water and hydrogen ion levels
because the stable state solution of ISORROPIA-II at low RH predicts solid aerosol
where water and [H+] do not exist (and for the sake of comparison were set equal to
zero), and ISORROPIA-lite always predicts an aqueous solution.

5.4.2 ISORROPIA-II vs. ISORROPIA-lite in PMCAMx
Fig. 5.4 presents the predicted ground level concentrations of the major
inorganic PM components by PMCAMx using ISORROPIA-II in stable mode (with
the complete activity coefficient module) and the corresponding changes when
ISORROPIA-lite (without organic aerosol water effects) is used.
Sodium and chloride concentrations are higher over the sea, because they are
the major components of sea salt, and lower over continental Europe. When
ISORROPIA-lite was used for the simulation of aerosol thermodynamics in
PMCAMx, predicted sodium and chloride concentrations decreased on average by
approximately 0.6%. The low maximum difference of 0.2 μg m−3 over the central Me
diterranean Sea occurs because metastable state particles have more water, are larger
and hence have a higher deposition velocity.
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Figure 5.4. Average ground-level PM10 concentrations (in μg m−3) of a) sodium, b)
chloride, c) nitrate, d) ammonium, e) sulfate, and f) water using ISORROPIA-II in
stable mode with online calculation of binary activity coefficients and ISORROPIAlite without organic water during May 2008.
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Predicted nitrate concentrations exceed 7 μg m−3 over the Netherlands,
Belgium, United Kingdom, and northern France, while for the rest of Europe lower
concentrations are predicted (up to 3 μg m−3) when ISORROPIA-II in stable mode is
used. Using ISORROPIA-lite caused an increase on average nitrate concentration of
approximately 10%. More specifically, average nitrate increased up to 0.4 μg m−3
over most of continental Europe except Belgium and Netherlands, where an average
decrease of 0.1 μg m−3 is predicted. In Belgium and Netherlands, nitrate resides
mainly in the particulate phase and the RH is generally high enough so that changes in
liquid water content have minor impact on nitrate, while in other European locations,
changes have a stronger impact.
Ammonium levels up to 3.5 μg m−3 are predicted in areas with high nitrate
concentrations when ISORROPIA-II in stable mode is used, existing mainly as
ammonium sulfate, ammonium nitrate and ammonium chloride. Ammonium
increased on average by 2% when we used ISORROPIA-lite. More specifically,
average ammonium concentrations increased up to 0.1 μg m−3 and decreased by 0.05
μg m−3 in the same areas where nitrate did. Compared to nitrate, ammonium in
Belgium and the Netherlands resides mainly in the gas-phase. Therefore, in such
cases, changes in the liquid water content have minor impact on ammonium (Nenes et
al., 2020), while for the rest of Europe a stronger impact emerges.
Sulfate concentrations using ISORROPIA-II in stable mode are high over the
Mediterranean and neighboring countries such as Italy and Greece (up to 6 μg m−3),
while for the rest of Europe concentrations less than 5 μg m−3 are predicted. Using
ISORROPIA-lite caused a negligible sulfate decrease over the Mediterranean Sea of
0.02 μg m−3 and a negligible increase of 0.01 μg m−3 over continental Europe.
Water concentrations are enhanced over the marine areas because of the
higher concentrations of hygroscopic sea salt, while over continental Europe are
lower. As expected, due to the assumed metastable state of ISORROPIA-lite for low
RH values, water concentrations are on average higher than for the ISORROPIA-II
simulations by 6.5%. More specifically, an average increase of 1−2.5 μg m−3 is
predicted over continental Europe, while over the Mediterranean Sea higher increases
are predicted (up to 7 μg m−3). The existence of high concentrations of hygroscopic
sea salt together with enough RH values below the deliquescence point of NaCl are
responsible for the higher increases over the sea.
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Hydrochloric acid is predicted to have higher concentrations over water
especially in the Mediterranean Sea (up to 0.5 ppb), while in the rest of Europe less
than 0.25 ppb are predicted when ISORROPIA-II in stable mode is used (Fig. 5.5).
Sodium chloride (NaCl), which concentrations are higher over the water (e.g.,
Mediterranean Sea), reacts with the available nitric acid driving some of the existing
chloride in the gas-phase. When ISORROPIA-lite is used, average hydrochloric acid
concentration decreased by 0.8%, especially over the Mediterranean Sea and northern
Italy. The average concentration differences are very low (up to 0.015 ppb in
Mediterranean) and occur because the additional water mass, predicted by the
metastable state, drove more of the gas phase to partition to the aerosol to satisfy
equilibrium.

Figure 5.5. Average predicted ground-level concentrations (in ppb) of a) hydrochloric
acid, b) nitric acid and c) ammonia using ISORROPIA-II in stable mode with online
calculation of binary activity coefficients and ISORROPIA-lite without organic water
during May 2008.
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Nitric acid concentrations are higher over the Mediterranean Sea (up to 2 ppb)
than the rest of Europe, where concentrations less than 1 ppb are mostly predicted
(Fig. 5.5). Using ISORROPIA-lite caused an average decrease of 2%. Average nitric
acid concentrations increased by 0.07 ppb over the Belgium, northern Italy and
Netherlands, while in the rest of Europe, decreases up to 0.07 ppb are predicted.
These results are consistent with the predicted PM nitrate behavior since when there is
a decrease of the gas phase concentration, an increase of the particulate phase is
predicted and vice versa. Changes in liquid water content have a minor impact on
nitric acid levels.
Average ammonia concentrations are higher over Belgium, Netherlands,
northern France and northern Italy mainly because of high agricultural emissions (Fig.
5.5). When ISORROPIA-lite is used, ammonia decreased by 2% on average. As
expected, ammonia increased by 0.07 ppb over Belgium and Netherlands, while in the
rest of Europe decreases up to 0.07 ppb are predicted.
The computational time needed for the entire simulation during May 2008 by
PMCAMx using ISORROPIA-II in stable mode and with the complete activity
coefficient module was 64 CPU h. Using ISORROPIA-lite for the simulation of
aerosol thermodynamics in PMCAMx reduced the required computational time by
approximately 6 CPU h (9% reduction).
In general, the higher levels of aerosol water associated with the metastable
state drive more of the semi-volatile gases to the aerosol to satisfy equilibrium.
However, there are places such as Belgium and the Netherlands with high enough RH
values, where nitrate resides mainly in the particulate and ammonium in the gasphase, so that the changes in liquid water content have a minor impact (Nenes et al.,
2020). Nevertheless, the average predicted concentration differences between
ISORROPIA-II and ISORROPIA-lite is minor for all inorganic species in the aerosol
phase.

5.4.3 The effects of organic water on the thermodynamic solution
5.4.3.1 Effects for equilibrium partitioning of PM10
For the calculation of the organic aerosol water in ISORROPIA-lite we
assumed that secondary organic aerosol (SOA) constitutes the only hygroscopic
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component of organic aerosol, with a hygroscopicity parameter κ equal to 0.15 and
density equal to 1 g cm−3 (Cerully et al., 2015). Predictions of ISORROPIA-lite with
and without the effects of organic aerosol water were first evaluated off-line (Fig.
5.6). The differences of the concentrations of the semivolatile aerosol components are
on average less than 5% (Table 5.2). For both set of conditions, the presence of
organic aerosol water leads to higher amounts of inorganic aerosol and lower
concentrations of inorganic gases. The additional water mass of the organic aerosol
drives more of the gas phase to partition to the aerosol to satisfy equilibrium. The
mean differences are small, ranging from 1.8% for ammonium to 5.3% for nitric acid.
The additional organic aerosol water is on average 12% of the inorganic for the
standard set of conditions and 8% for the European. For hydrogen ion (H+), the
predicted concentration differences correspond up to 0.05 pH units. Similar low pH
differences also occur when we assume that the organic water is additive and affects
pH without feedbacks on inorganic semivolatiles (e.g., Bougiatioti et al., 2016).
The predicted ground level concentrations of the major inorganic PM
components by PMCAMx using ISORROPIA-lite when the organic aerosol water is
absent in the simulations and the corresponding changes when is present are shown in
Fig. 5.7. As expected, sulfate is not affected from the presence of the additional water
mass of the organic aerosol. Sodium concentrations when the organic aerosol water is
present in the simulation decreased on average by approximately 0.2% due to the
increase of the dry deposition rate. Some of the chloride deposited together with
sodium, but the presence of additional organic aerosol water over the sea drove more
of the gas phase to the aerosol. Therefore, chloride concentrations increased on
average by 0.3% with a maximum negligible difference of 0.02 μg m−3 over southern
Atlantic. Predicted nitrate concentrations increased on average by approximately 4%.
More specifically, nitrate increased over continental Europe by 0.25 μg m−3 with
highest average increases over Belgium, northern France, and Netherlands.
Ammonium increased on average by approximately 1% when the organic aerosol
water is present in the simulation with average concentration increases up to 0.08 μg
m−3 in the same areas where nitrate did.
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Figure 5.6. Comparison of the particulate and gas-phase concentrations predicted by
ISORROPIA-lite when the organic aerosol water is present and absent for the off-line
simulations for the standard (black) and European (red) set of conditions: a)
ammonium, b) nitrate, c) chloride, d) dry PM, e) water, f) hydrogen ion, g)
hydrochloric acid, h) nitric acid, and i) ammonia. There are 331,520 points in these
graphs.
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Figure 5.7. Average ground-level PM10 concentrations (in μg m−3) of a) sodium, b)
chloride, c) nitrate, d) ammonium, e) sulfate, and f) water using ISORROPIA-lite
when the organic aerosol water is absent and present in the simulation during May
2008.
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Figure 5.8. Average predicted ground-level concentrations (in ppb) of a) hydrochloric
acid, b) nitric acid and c) ammonia using ISORROPIA-lite when the organic aerosol
water is absent and present in the simulation during May 2008.

Hydrochloric acid concentrations in the presence of the additional water mass
decreased on average by 1.5%, especially over the sea part of Europe, where average
decreases of approximately 0.01 ppb are predicted (Fig. 5.8). Nitric acid
concentrations when the organic aerosol water is present in the simulation as expected
decreased on average by 1%. Average nitric acid concentrations decreased by 0.04
ppb over the Belgium, Italy and Netherlands, while in the rest of Europe small
decreases up to 0.03 ppb are predicted (Fig. 5.8). Ammonia concentrations decreased
on average by 0.9%. More specifically, ammonia decreased by 0.1 ppb over Belgium,
northern France and Netherlands, while in the rest of Europe decreases up to 0.08 ppb
are predicted (Fig. 5.8). The results are consistent with the predicted PM behavior
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since when there is a decrease of the gas phase concentration, an increase of the
particulate phase is predicted and vice versa.
As expected, due to the additional water mass of the organic aerosol, water
concentration increased on average by 8% over the modeling domain with an average
increase of 1−4 μg m−3 over continental Europe and 8 μg m−3 over the Atlantic sea.
The additional water mass is mostly in the fine fraction since it is related to secondary
organic aerosol water which has condensed mostly on the accumulation mode.

5.4.3.2 Effects on PM1 aerosol
In this section we focus on PM1 instead of PM10 because the most important
effects of aerosol water due to the organic are expected in this size range. The
predicted ground level PM1 concentrations by PMCAMx using ISORROPIA-lite
when the organic aerosol water is absent in the simulations and the corresponding
changes when it is present are shown in Fig. 5.9. Fine sodium decreased over the sea
on average by approximately 1% when the organic aerosol water is present in the
simulation, due to the size increase of particles caused by the additional organic
water. Fine chloride concentrations increased on average by 3% with a maximum
difference of only 0.005 μg m−3 over continental Europe. Predicted PM1 nitrate and
ammonium concentrations increased on average by 6% and 1% respectively when the
organic aerosol water is present in the simulation with the same absolute
concentration increases of these of PM10, while PM1 sulfate decreased on average by
less than 0.1% with a maximum difference of only 0.005 μg m−3 over continental
Europe and Atlantic ocean. The additional organic aerosol water increased fine water
concentrations on average by 29%.
Together with average changes we also focus on the temporal variation of the
effects on four sites (Paris, Melpitz, Cabauw, and Finokalia) with different
characteristics (Table 5.3). Σhe PM1 water concentrations in all sites are quite variable
ranging from close to zero to above 100 μg m−3 when the RH approaches 100% (Fig.
5.10). The presence of organic aerosol water as expected increased PM1 water
concentrations in all sites.
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Figure 5.9. Average ground-level PM1 concentrations (in μg m−3) of a) sodium, b)
chloride, c) nitrate, d) ammonium, e) sulfate, and f) water using ISORROPIA-lite
when the organic aerosol water is absent and present in the simulation during May
2008.
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Table 5.3 Characteristics of the four selected sites.
Site

Type of
site

SOA
levels

Ammonium
levels

Nitrate
levels

Sulfate
levels

RH
levels

Finokalia, Greece

Remote

High

Modest

Low

High

High

Location
in
Europe
South

Cabauw, Netherlands

Rural

High

High

High

High

High

North

Melpitz, Germany

Rural

High

Modest

High

High

High

North

Paris, France

Urban

High

Modest

High

High

High

West

Figure 5.10. PM1 water concentration (in μg m−3) when the organic aerosol water is
absent (black) and the corresponding concentration difference when is present (red) in
the simulation for a) Cabauw, Netherlands; b) Finokalia, Greece; c) Melpitz,
Germany; and d) Paris, France during May 2008.
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Figure 5.11. PM1 nitrate concentration (in μg m−3) when the organic aerosol water is
absent (black) and the corresponding concentration difference when is present (red) in
the simulation for a) Cabauw, Netherlands; b) Finokalia, Greece; c) Melpitz,
Germany; and d) Paris, France during May 2008.

Water increases of a few μg m−3 are predicted during most of the days and sites.
During the high RH periods PM1 water increased up to 35 μg m−3 in Cabauw and
Finokalia, 40 μg m−3 in Melpitz and 100 μg m−3 in Paris (not shown).
For PM1 nitrate, concentrations up to 10 μg m−3 are predicted in Cabauw, up
to 2 μg m−3 in Finokalia, and up to 7 μg m−3 in Melpitz and Paris (Fig. 5.11). The
presence of the additional water mass affected PM1 nitrate especially in Cabauw,
where increases up to 0.7 μg m−3 are predicted during most of the time and up to 1 μg
m−3 during the last day of the month. As for Cabauw, increases up to 0.7 μg m−3
occurred in Melpitz and Paris, while fine nitrate in Finokalia did not change during
most of the time with the exception of a couple of periods during which changes of
0.1 μg m−3 are predicted.
Fine ammonium concentrations reach values of approximately 5 μg m−3 in
Cabauw, 2.5 μg m−3 in Finokalia, 4 μg m−3 in Melpitz, and 3 μg m−3 in Paris during
May 2008 (Fig. 5.12). When the organic water effects are considered, PM1
ammonium concentrations increase up to 0.3 μg m−3 for Cabauw, Melpitz, and Paris,
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Figure 5.12. PM1 ammonium concentration (in μg m−3) when the organic aerosol
water is absent (black) and the corresponding concentration difference when is
present (red) in the simulation for a) Cabauw, Netherlands; b) Finokalia, Greece; c)
Melpitz, Germany; and d) Paris, France during May 2008.

while in Finokalia, PM1 ammonium is virtually unaffected. The increases occurred at
the same time the corresponding ones of fine nitrate did.
Temporal profiles of PM1 components during the simulation period indicated
that secondary organic aerosol water could contribute to the total PM1 aerosol water
content and influence fine nitrate and ammonium concentrations especially at
nighttime. Fine chloride concentrations are not expected to change significantly with
time, especially in the examined sites (characterized by low chloride levels), affected
by the organic aerosol water. However, they could be affected in other locations –
especially urban environments during biomass burning periods, where organic comp
ounds and chloride salts can constitute a considerable fraction of submicron aerosol
(Metzger et al., 2006; Fountoukis et al., 2009; Gunthe et al., 2021).
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5.5 Conclusions
ISORROPIA-lite, a computationally efficient aerosol equilibrium module for
large-scale models that treats the thermodynamics of Na+− NH4+− SO42−− NO3−−
Cl−− Ca2+− K+− Mg2+− Organics− H2O aerosol systems is developed. The new
module is based on ISORROPIA-II version 2.3 with extensions to include the effects
of organic water uptake on inorganic partitioning. To increase computational speed
and reduce code size, ISORROPIA-lite assumes that the aerosol is always in
metastable equilibrium and precalculated tables are used for the binary activity
coefficients. Compared to ISORROPIA-II, ISORROPIA-lite is 35% faster and
accelerates PMCAMx 3D simulations by approximately 10%.
In terms of composition, for the partitioning (forward) problem, the
discrepancies between ISORROPIA-lite (without organic aerosol water) and
ISORROPIA-II (stable mode) predictions for the concentrations of the various
semivolatile aerosol components were generally low (less than 25%) in the off-line
tests. In PMCAMx, the results indicated that the major aerosol species concentrations
agree to within 10%. Most of these differences in the predictions of the two modules
were found at the low to intermediate RH range. However, these discrepancies should
not be viewed as errors of ISORROPIA-lite, since in some cases the metastable state
may be closer to truth.
Considering organic aerosol water effects in ISORROPIA-lite simulations
increased the concentrations of total PM1 water, nitrate and ammonium and decreased
the corresponding gas phase of inorganic semivolatiles since the additional water
mass drives more of the gas phase components to partition to the aerosol to satisfy
equilibrium. Temporal profiles indicated that organic aerosol water could contribute
to the total aerosol water content and increase fine nitrate (up to 1 μg m−3) and
ammonium (up to 0.3 μg m−3) concentrations especially at nighttime in places
characterized by high RH and organic aerosol levels. On a domain and simulation
average the changes were of the order of 30% for fine water and a few percent for the
major inorganic aerosol components in the simulated period. The effects of the
organic aerosol water in aerosol partitioning in other periods and areas will be the
topic of future work with ISORROPIA-lite.
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6.1 Abstract
Water is a key component of atmospheric aerosol, affecting many aerosol
processes including gas/particle partitioning of semi-volatile compounds. Water
related to secondary organic aerosol (SOAW) is often neglected in atmospheric
chemical transport models and is not considered in gas-to-particle partitioning
calculations for inorganic species. We use a new inorganic aerosol thermodynamics
model, ISORROPIA-lite, which considers the effects of SOAW, to perform chemical
transport model simulations for a year over the continental United States to quantify
its effects on aerosol mass concentration and composition. SOAW can increase
average fine aerosol water levels up to a factor of two when secondary organic aerosol
(SOA) is a major PM1 component. This is often the case in the south-eastern U.S
where SOA concentrations are higher. Although the annual average impact of this
added water on total dry PM1 concentrations due to increased partitioning of nitrate
and ammonium is small (up to 0.1 μg m−3), total dry PM1 increases of up to 2 μg m−3
(with nitrate levels increases up to 200%) can occur when RH levels and PM 1
concentrations are high.

6.2 Introduction
Fine atmospheric particulate matter with aerodynamic diameter smaller than
2.5 μm (PM2.5) has adverse effects on public health, climate and ecosystem
productivity (Pye et al., 2020; Baker et al., 2021; Guo et al., 2021). PM2.5 is composed
of thousands of organic compounds, black carbon (BC), and inorganic components
such as sulfate (SO42−), nitrate (NO3−), ammonium (NH4+) and chloride (Cl−)
(Seinfeld and Pandis, 2006). Potassium (K+) levels can also be significant during
biomass burning events (Zhang et al., 2015; Pye et al., 2020). Ambient aerosol is
mostly composed of water which is determined by the chemical equilibrium of water
vapor with the aerosol constituents (Liao and Seinfeld, 2005; Carlton and Turpin,
2013; Guo et al., 2015; Bougiatioti et al., 2016; Nguyen et al., 2016; Guo et al., 2017;
Song et al., 2018; Pye et al., 2020).
The hygroscopicity parameter (κ), which expresses the ability of a PM
component to absorb water, is an effective approach for the parameterization of the
water uptake of atmospheric PM that is a mixture of organic and inorganic species
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(Petters and Kreidenweis, 2007). Although organic aerosol (OA) is less hygroscopic
than inorganic salts, it can still contribute significantly to the total aerosol water (Guo
et al., 2015; Bougiatioti et al., 2016; Jathar et al., 2016) or can even become the
dominant contributor at lower ambient relative humidity (Jin et al., 2020). Previous
studies have demonstrated that secondary organic aerosol (SOA) is a lot more
hygroscopic than primary organic aerosol (POA) and is mainly responsible for the
corresponding OA water (Koehler et al., 2009; Jathar et al., 2016).
SOAW can enhance secondary inorganic aerosol concentrations assisting in
their partitioning in the particulate phase to satisfy equilibrium. However, such effects
are not considered in thermodynamic modules used for the simulation of gas-toparticle partitioning of inorganic species in chemical transport models. Evidence
exists however that fine aerosol nitrate and ammonium concentrations can increase in
areas with high organic aerosol and RH levels (Kakavas et al., 2022). The importance
of these SOAW impacts on secondary aerosol formation has not been systematically
studied and is the focus of this work.
We use a new aerosol thermodynamics model, ISORROPIA-lite (Kakavas et
al., 2022), to simulate SOAW effects on the partitioning of the inorganic components,
for a year over the continental United States. The model performance has been
evaluated for fine PM and its components for the examined period by Skyllakou et al.
(2021). The aim of our work is to quantify the SOAW contribution to the total fine
PM water and to study its effects on inorganic aerosol thermodynamics and total dry
fine PM levels and composition.

6.3 Methods
6.3.1 ISORROPIA-lite
ISORROPIA-lite is a lean and accelerated version of the widely used
ISORROPIA-II (Fountoukis and Nenes, 2007) aerosol thermodynamics model. It
assumes that the aerosol exists only in the metastable state at low RH and the activity
coefficients of ionic pairs are always obtained from precalculated look-up tables. It
estimates aerosol water associated with each one of the aerosol components.
Furthermore, ISORROPIA-lite has an important additional feature compared to
ISORROPIA-II, as it considers the effects of SOAW on inorganic aerosol
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thermodynamics. The resulting increase of the total water mass drives more of the
water-soluble gaseous species to the particle phase to satisfy equilibrium. SOAW,
WSOA, in ISORROPIA-lite is calculated using the well-established κ-Kohler theory of
Petters and Kreidenweis (2007):
WSOA 

w
CSOA
 SOA  1

 1

 RH


(6.1)

where ρw is the density of water, ρSOA the SOA density, CSOA the SOA concentration, κ
the SOA hygroscopicity parameter and RH the relative humidity in the 0−1 scale.
More details about the ISORROPIA-lite can be found in Kakavas et al. (2022).

6.3.2 PMCAMx description and application
PMCAMx (Karydis et al., 2010; Tsimpidi et al., 2010) is a three dimensional
chemical transport model based on CAMx (Environ, 2006), which simulates
horizontal and vertical advection and dispersion, dry and wet deposition, as well as
aqueous, gas, and aerosol chemistry. The mechanism used in this work for gas-phase
chemistry simulations is the Carbon Bond 05 (CB5) (Yarwood et al., 2005) and
includes 190 reactions of 79 gas species. To describe the aerosol size and composition
distribution 10-size sections (from 40 nm to 40 μm) are used assuming that all
particles in each size bin have the same composition. Equilibrium is always assumed
between the bulk aerosol and gas phases. The partitioning of semi-volatile inorganic
species between the gas and particulate phases is simulated by ISORROPIA-lite.
Weighting factors based on each size bin’s effective surface area are used to distribute
to the various size bins the mass transferred between the two phases in each time step
(Pandis et al., 1993). For the simulation of organic aerosols, the volatility basis set
approach (Donahue et al., 2006) is used. POA is simulated using eight volatility bins
(from 10−1 to 106 µg m−3) at 298 K, while for SOA four volatility bins (1, 10, 102,
103 µg m−3) at 298 K are used (Murphy et al., 2010). For the major point sources, the
NOx plumes are simulated using the Plume-in-Grid (PiG) approach (Karamchandani
et al., 2011; Zakoura and Pandis, 2019).
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Figure 6.1. PMCAMx modeling domain and position of the four examined sites.

We applied PMCAMx over the continental United States during 2010. The
modeling domain includes northern Mexico and southern Canada and covers a 4752 ×
2952 km2 region (Fig. 6.1). The model grid consists of 10,824 cells with horizontal
dimensions of 36 × 36 km. The meteorological inputs were provided by the Weather
Research Forecasting model (WRF v3.6.1) using a horizontal resolution of 12 ×
12 km. The gaseous and primary particle emissions were developed by Xing et
al. (2013). More details about the meteorological inputs and the emissions can be
found in Skyllakou et al. (2021).
To quantify the SOAW effects on inorganic aerosol thermodynamics three
simulations were performed. The first was a simulation neglecting SOAW and
including only inorganic aerosol water. Two additional simulations were performed:
one where κ of SOA was assumed to be equal to 0.1 and one with κ=0.2 to examine
how SOA hygroscopicity affects total fine aerosol water content and PM levels and
composition. A SOA density of 1 g cm−3 was assumed in the simulations. The SOA
exists mostly in submicrometer particles so our subsequent study focuses on PM1.
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6.4 Results
6.4.1 Effects of SOAW on PM1 water levels
The annual average PM1 water ground-level concentrations neglecting SOAW
are shown in Fig. 6.2. Higher PM1 water concentrations from 8 to 18 μg m−3 are
predicted in the north-eastern part of the US due to the higher inorganic PM1
concentrations (Fig. 6.3) and RH levels in that area. When SOAW is present in the
simulations, total PM1 water levels increase everywhere with higher fractional
increases in the south-eastern US (up to 50% when κ=0.1 and up to 100% when κ=0.2
in Alabama and north-western Mexico) due to higher SOA levels (Fig. 6.4). In the
north-eastern US, lower fractional increases are predicted (10−15% when κ=0.1 and
20−30% when κ=0.2). In general, assuming a κ of SOA equal to 0.2 instead of 0.1
increases the corresponding amount of SOAW by about a factor of two. Fig. 6.2
shows the distributions of fractional increase change in the annual PM1 water levels at
ground level from SOAW. Total PM1 water average concentrations increase from 20
to 30% in about 60% of the modeling domain when κ=0.1. For κ=0.2, the
corresponding increase is from 40 to 60%.

Figure 6.2. Maps of: a) annual average PM1 water ground-level concentrations
neglecting SOAW, b) annual average fractional increase of PM1 water when SOAW
is present in the simulations with κ=0.1 and, c) with κ=0.2 during 2010. The
probability density as a function of fractional increase in the annual PM1 water
concentrations due to SOAW when: d) κ=0.1 and e) κ=0.2 is shown.
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Figure 6.3. Annual average ground-level concentrations (in μg m−3) of PM1: a)
nitrate, b) ammonium, c) sulfate, and d) chloride neglecting SOAW and the annual
concentration changes when SOAW is present in the simulations with κ=0.1 and
κ=0.2. A positive change corresponds to an increase. A negative change corresponds
to a decrease.

156

Predicted SOA levels are higher during summertime (Fig. 6.4) since the
emissions and oxidation rates of volatile organic compounds (VOCs) are higher
(Zhang et al., 2013; Freney et al., 2014; Skyllakou et al., 2014; Fountoukis et al.,
2016). However, even during wintertime fresh biomass burning emissions exposed to
NO2 and O3 can form significant amounts of SOA in periods with low OH levels
(Kodros et al., 2020). Higher total PM1 water concentrations are predicted during
winter (Fig. 6.5) since the RH levels and inorganic fine aerosol concentrations are
higher; especially nitrate and chloride which increasingly partition to the aerosol
phase as temperature decreases (Guo et al., 2017). Higher fractional increases in fine
aerosol water levels (up to 5 times) due to SOAW are predicted during summer in the
south-eastern part of US where SOA concentrations are higher. This corresponds to
increases to average fine aerosol water concentrations up to 8 μg m−3.

Figure 6.4. Average ground-level concentrations (in μg m−3) of PM1 SOA: a) annual,
b) during autumn, c) during winter, d) during spring, and e) during summer of 2010.
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Figure 6.5. Average ground-level concentrations of PM1 water neglecting SOAW (in
μg m−3) and the fractional increase when SOAW is present in the simulations with
κ=0.1 and κ=0.2 during: a) autumn, b) winter, c) spring, and d) summer of 2010.
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Figure 6.6. Annual average contribution to total PM1 water concentrations from: a)
SOAW, b) ammonium nitrate water, and c) ammonium sulfate water when SOAW is
present in the simulations with κ=0.1 and with κ=0.2 during 2010.

Ammonium nitrate and ammonium sulfate are the inorganic salts that
contribute the most to the total PM1 water levels (Fig. 6.6). SOAW also contributes
significantly to the total PM1 water levels especially in the south-eastern US (about 30
and 50% of total PM1 water when κ=0.1 and κ=0.2 respectively), when the mass
fraction of SOA in dry PM1 exceeds 30%.

6.4.2 Effects of SOAW on total dry PM1 levels
Higher dry PM1 concentrations are predicted for the eastern part of the US (up
to 15 μg m−3) in the base case (Fig. 6.7). These dry PM1 levels increase slightly up to
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0.6% and 1.2% due to SOAW when κ=0.1 and κ=0.2 for SOA is assumed. The
highest annual average fractional increase in total dry PM1 levels is predicted in
California (1% when κ=0.1 and 2% when κ=0.2). The probability density (Fig. 6.7)
indicates that in about 60% of the modeling domain total dry fine aerosol
concentrations increase up to 0.3% when κ=0.1. For κ=0.2, the corresponding increase
is from 0.4 to 2%. The areas of the highest PM1 increase correspond to regions where
aerosol pH tends to be relatively high (Pye et al., 2020). In these areas, nitric acid and
ammonia can condense and increase aerosol mass because of the increase in water
from the SOA. Because of this partitioning change, the predicted gas-phase
concentrations of semi-volatile inorganic components decreased on average when
SOAW was considered (Fig. 6.8). SOAW had a negligible absolute impact on the
small fine chloride concentrations in this period (Fig. 6.3). However, in periods during
which chloride salts and SOA contribute significantly to the total dry (e.g. during
intense biomass burning periods), fine chloride concentrations could also change
(Metzger et al., 2006; Fountoukis et al., 2009; Gunthe et al., 2021).

Figure 6.7. Maps of: a) annual average total dry PM1 ground-level concentrations
neglecting SOAW, b) annual average fractional increase of total dry PM1 when
SOAW is present in the simulations with κ=0.1 and, c) with κ=0.2 during 2010. The
probability density as a function of fractional increase in the annual total dry PM 1
concentrations due to SOAW when: d) κ=0.1 and e) κ=0.2 is shown.
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Figure 6.8. Annual average ground-level concentrations (in ppb) of gas phase: a)
nitric acid, b) ammonia, and c) hydrochloric acid neglecting SOAW and the annual
concentration changes when SOAW is present in the simulations with κ=0.1 and
κ=0.2. A negative change corresponds to a decrease.

6.4.3 Effects of SOAW on PM1 components
The annual average results indicate that SOAW mainly affects fine aerosol
water levels. To better analyze the effects of SOAW we focus on the temporal
evolution of the predicted levels of PM1 components in four sites (Fig. 6.1) with
different characteristics (Table 6.1). The presence of SOAW increased PM1 water
concentrations in all sites from 1% to almost an order of magnitude (Fig. 6.9).
However, these fractional increases most of the time correspond to PM1 water
concentration increases of a few μg m−3 (Fig. 6.10) because they occur under low RH
levels. During higher RH periods (80 to 100%), the PM1 water levels are predicted to
increase up to 100 μg m−3 (e.g. in Toronto).
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Table 6.1 Characteristics of the four selected sites.

Site

SOA
levels

Ammonium
levels

Nitrate
levels

Sulfate
levels

Sacramento, California

Low

Modest

Modest

Modest

Location
in
CONUS
West

Houston, Texas

Modest

High

Modest

High

South

Atlanta, Georgia

High

High

Modest

High

South

Toronto, Canada

Modest

High

High

High

North

Figure 6.9. Box plots for fractional change in the hourly: a) PM1 water and b) total
dry PM1 due to SOAW when κ=0.1 and κ=0.2 for Sacramento, California; Houston,
Texas; Atlanta, Georgia; and Toronto, Canada during 2010. The red line represents
the median, the black dot is the mean value, the upper box line is the upper quartile
(75%) and the lower box line is the lower quartile (25%) of the distribution. A
negative change corresponds to a decrease.
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Figure 6.10. Box plots for concentration changes in the hourly PM1: a) water, b) total
dry, c) nitrate, and d) ammonium due to SOAW when κ=0.1 and κ=0.2 for
Sacramento, California; Houston, Texas; Atlanta, Georgia; and Toronto, Canada
during 2010. The red line represents the median, the black dot is the mean value, the
upper box line is the upper quartile (75%) and the lower box line is the lower quartile
(25%) of the distribution. A negative change corresponds to a decrease.
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Figure 6.11. The probability density as a function of fractional increase in the hourly
PM1 nitrate due to SOAW when κ=0.1 and κ=0.2 for: a) Sacramento, California; b)
Houston, Texas; c) Atlanta, Georgia; and d) Toronto, Canada during 2010.
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Figure 6.12. Average ground-level concentrations of total dry PM1 neglecting SOAW
(in μg m−3) and the fractional increase when SOAW is present in the simulations with
κ=0.1 and κ=0.2 during: a) autumn, b) winter, c) spring, and d) summer of 2010.

Total dry PM1 concentrations during most of the simulated period increase on
average less than 1% in all sites (Fig. 6.9) due to SOAW. There are periods, however,
with higher fractional increases (up to 10%) and even small decreases (up to 5%) in
total dry fine aerosol levels in the examined sites. The decreases can be explained
because SOAW increases the size of particles and therefore their dry deposition rate
(Nenes et al., 2020). Depending on SOA hygroscopicity, increases up to 1.5 μg m−3
for nitrate and 0.5 μg m−3 for ammonium are predicted (Fig. 6.10). Fine nitrate
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increases of 10% were more frequent in the examined sites; however higher increases
up to 200% are predicted during the simulated period (Fig. 6.11). As expected, higher
increases can occur more often with higher assumed SOA hygroscopicity.

6.5 Discussion
Aerosol liquid water has a profound impact on aerosol processes, chemical
composition and their impacts. By including the effects of organic water on
inorganics thermodynamic equilibrium we show that SOAW can substantially
increase aerosol water levels, on an average up to 60% over the majority of the
domain. As a consequence, total dry PM1 levels can also increase but the changes are
small (up to 2% on an annual average basis). Locally these effects can be much more
significant during periods of high RH and SOA levels (fine nitrate fractional increases
can be as high as 200%).
The effects vary with season. During summer, the RH is lower and SOA levels
are higher leading to higher fractional increases in aerosol water (Fig. 6.5) but lower
absolute mass changes. During summer the fractional increases in total dry fine
aerosol concentrations are lower than in wintertime (Fig. 6.12). Responsible for the
total dry fine aerosol concentration increases are nitrate and ammonium (Fig. 6.3).
These compounds partition together (as deliquesced ammonium nitrate) to the
particulate phase to satisfy equilibrium due to the additional water mass of SOA.
The increases in total dry PM1 and fine aerosol water levels depend on SOA
concentrations, hygroscopicity value, RH levels and the particle phase fractions of
inorganic species. The SOAW effect on aerosol water is approximately proportional
to the assumed hygroscopicity parameter κ.
Aerosol liquid water directly affects the PM sensitivity and dry deposition
rates, with direct implications for emissions control policy (Nenes et al., 2020, 2021;
Sun et al., 2021). Given this, and the important role of SOAW for climate forcing,
visibility and chemistry, its inclusion in future studies is highly recommended.
ISORROPIA-lite provides a simple and computationally effective approach for the
simulation of SOAW.
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7.1 Conclusions
Chemical transport models (CTMs), such as PMCAMx, often introduce errors
in PM predictions. Part of these errors occurs due to the urban dust emissions
underestimation. Our simulations suggest that the corresponding dust emissions are
underestimated in the official pan-European emissions inventory by a factor of ten.
This correction leads to improved PMCAMx PM10 predictions especially in urban
areas reducing the PM10 bias by 23% and the error by 13%. The improved urban dust
emissions lead to a decrease of the predicted PM1 nitrate, sulfate and ammonium
levels by 20% over the modeling domain, while at the same time lead to an average
increase of the coarse levels by approximately 15%.
PMCAMx with the improved dust emissions was then used to simulate aerosol
acidity as a function of particle size, location and altitude for the first time over
Europe during summer. Acidity changes with particle size with differences up to 1−4
pH units between sub- and super-micron particles especially in northern and southern
Europe. The average pH of PM1-2.5 can be as much as 1 unit higher than that of PM1.
Most of the aerosol water is in PM1 over Europe, while the coarse particles carry most
of the particulate water in the marine atmosphere due to sea salt. Particles become
more acidic with altitude (0.5-2.5 units pH decrease over 2.5 km) due to the decrease
in aerosol liquid water content. Aerosol pH affects inorganic nitrate with the highest
average nitrate levels predicted for the PM1-5 range and over locations where the pH
exceeds 3. Dust increases aerosol pH for all particle sizes and nitrate concentrations
for supermicron range particles. This effect of dust depends on its calcium content.
Size-resolved aerosol pH was also simulated over U.S during both winter and
summer. Submicron particles are more acidic than the coarse ones for both seasons
with pH differences as large as 4 units. Summertime PM1 pH is predicted to be up to 2
units lower than in winter due to the lower content of the aerosol in the warmer
season. For coarse particles, pH values were higher during summertime (especially
over the western U.S) due to the higher concentrations of alkaline dust. As in Europe,
acidity of all particle sizes increases with altitude for both seasons due to the
reduction of aerosol water and PM levels with height. pH can differ up to 1−1.5 units
for PM1, and 2−2.5 units for coarse aerosol between the ground level and
approximately 2 km altitude for both seasons. Nitrate levels were higher in regions
where aerosol pH exceeded 3 units and lower where it was below 2 for both seasons.
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Application of inorganic aerosol thermodynamic models in Earth System
Models (ESMs) is challenging since thermodynamic calculations need to be repeated
billions of times (or more) in such frameworks and can significantly increase their
computational burden. ISORROPIA-lite, an accelerated and simplified version of
ISORROPIA-II aerosol thermodynamics model was developed. ISORROPIA-lite
assumes that the aerosol exists in liquid form even at low relative humidity
(metastable state) and uses precalculated tables for binary activity coefficients
calculation. These simplifications speeded up the thermodynamic calculations by
35%. Application of ISORROPIA-lite in the PMCAMx CTM accelerated the
simulations by about 10% with changes in the concentrations of the major aerosol
components of less than 10% over Europe. ISORROPIA-lite can also simulate the
effects of organic water on aerosol thermodynamics something that its parent model,
ISORROPIA-II, cannot do. Simulation of these effects over Europe indicated an
increase of fine nitrate and ammonium concentrations by as much as 1 μg m−3 in
places where the organic aerosol and RH levels were high.
Aerosol liquid water can affect aerosol processes, chemical composition and
their impacts. Secondary organic aerosol water (SOAW) is often neglected in
atmospheric chemical transport models and never considered in gas-to-particle
partitioning calculations for inorganic species. Simulations of PMCAMx using
ISORROPIA-lite, which includes SOAW effects, for a full year over U.S, indicated
that aerosol water levels increased on average up to 60% over most of the domain due
to SOAW. As a consequence, total dry PM1 levels increased slightly on an annual
base (up to 2%), but locally much more significantly (as much as 2 μg m−3) during
periods of high RH levels and PM1 components concentrations.

7.2 Recommendations for future work
There is need for additional improvements in secondary inorganic aerosol
predictions of PMCAMx and especially for nitrate. Nighttime production of HNO3 is
overpredicted and needs a closer examination. Responsible for part of these
PMCAMx predictions errors can also be the rest of the gas-phase chemistry and the
overestimation of ammonia emissions.
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In this work we examined predictions of size-resolved aerosol pH over Europe
and the U.S in periods that were not influenced by biomass burning and dust transport
from deserts like Sahara. Biomass burning emissions include ions, such as potassium,
ammonium, nitrate and chloride that impact aerosol acidity and composition. In
addition, dust transported from deserts like Sahara also seriously affects aerosol
acidity. The effects of these sources on aerosol pH should be investigated.
Secondary organic aerosol water (SOAW) impacts the PM sensitivity with
direct implications for emissions control policy. There is need for additional study of
SOAW effects especially in areas around the world with high nitric acid and ammonia
concentrations using ESMs.
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Appendix A

The PMCAMx model
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A1 Overview
The PMCAMx model is the research version of publicly available CAMx
(Comprehensive Air Quality Model with extensions) model (Environ, 2003). It solves
the following general equation that describes the change in concentration of a
chemical pollutant as a function of time:

 ci
t

c 
c 
c 
c 
c 
= i  + i  +  i 
+ i  + i 
+R gi +E i
  t adv   t diff   t cloud   t dry   t aerosol

(A.1)

where the various terms denote the rates of change of the pollutant concentration Ci
due to advection, diffusion, cloud processes (aqueous-phase reactions, cloud
scavenging, wet deposition, etc.), dry deposition, and aerosol processes (transport
between aerosol and gas phases, aerosol dynamics, etc.) respectively; Rgi is the net
production from gas-phase reactions; and Ei is the emission rate.
The simulation of each process in the model is done separately in each time
step using operator splitting. The splitting method separates the original partial
differential equation into multiple parts over a time step, each corresponding to a
physical or chemical process. This allows the use of different numerical methods for
simulation of processes like advection, dispersion, chemistry, removal, aerosol
dynamics, etc. The results are then combined to form a solution to the original
equation. The master simulation time step varies usually ranges from 5 to 15 minutes,
while smaller time steps are used to simulate each process in order to maintain the
accuracy of the solution. The simulation order of the processes in the operating
splitting scheme used in PMCAMx is: emissions, horizontal advection, vertical
advection, vertical diffusion, horizontal diffusion, wet deposition, gas-phase
chemistry, the aerosol processes: nucleation, coagulation, condensation, secondary
organic aerosol growth, and finally aqueous phase-chemistry.
CAMx inputs are developed using third-party models and processing tools that
characterize emissions, meteorology, and various other environmental conditions
(radiative/photolysis properties, land cover and initial/boundary conditions). The input
data requirements of CAMx are summarized in Table A1. When air quality
simulations are completed, additional programs are used to post-process the
concentration fields, manipulate output into various reportable formats and develop
model performance statistics and measures.
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Table A1 Data requirements of CAMx.
Data types

Data fields
• Temperature
• Pressure
• Water vapor
• Horizontal wind components
• Vertical diffusivity
• Clouds/precipitation

Meteorology
Supplied by prognostic meteorological models

Air quality
Developed from other models or measurement data

• Gridded initial concentrations
• Gridded boundary conditions

Emissions

• Elevated point sources
• Area sources
• Biogenic
• Wildfires
• Sea salt

Supplied by Emission Models and Processors
Geographic

• Landuse/Landcover
Developed from Terrain, Landuse/Landcover and
• Terrain elevation
Vegetation Datasets
• Land/Ocean
Photolysis
• Photolysis rates
Derived from Satellite Measurements
• Ozone column

A2 Core model formulation
This section describes the technical formulation of the PMCAMx processes.

A2.1 Horizontal advection
The advection equations are solved using the Piecewise Parabolic Method of
Collela and Woodward (1984) as implemented by Odman and Ingram (1996).
Horizontal transport is described by:
ci
t
ci
t



 (uci )
x

(A.2)



 (vci )
y

(A.3)

X  advection

Y  advection

where u is the velocity of the wind in the x direction and v is the velocity in the y
direction. The order of the horizontal transport directions x and y is alternated so as to
avoid any numerical biases when this order is constant.
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A2.2 Vertical advection
The change of concentration due to the vertical transport of pollutants is
described by:
ci
t


Z  advection

( wci )
z

(A.4)

where w is the velocity of the wind in the z direction.

A2.3 Vertical dispersion
Concentration can change due to vertical dispersion described by:
ci
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where Kv is the vertical dispersion coefficient (provided as a meteorological input)
and π is the atmospheric density.

A2.4 Horizontal dispersion
Horizontal dispersion is represented by the equation:
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where Kx and Ky are the horizontal dispersion coefficients based on the methods of
Smagorinsky (1963).

A2.5 Gas-phase chemistry
In most of our studies, PMCAMx uses the SAPRC mechanism (Carter, 2000)
to describe the gas-phase chemistry which includes 237 chemical reactions of 18
radicals and 91 gases. SAPRC uses the most recent updates for volatile organic
compounds (VOCs) lumping. Another mechanism supported by PMCAMx is the
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Carbon Bond (CB) mechanism and its different versions (CB-4, Gery et al., 1989;
CB-5, Yarwood et al., 2005).
The gas-phase chemistry reactions are numerically integrated using the
Chemical Mechanism Compiler (CMC) solver (Environ, 2003). The CMC uses the
steady-state approximation for the fast reacting species (radicals), while the slower
reacting (state) species are separated into two groups. The differential equations for
the fast state species (with chemical lifetimes of seconds to a few minutes) are solved
using a second order implicit Runge-Kutta method, while those for the slow state
species (with longer chemical lifetimes) are solved explicitly.

A2.6 Wet deposition
The change in concentration within or below a cloud that produces rain can be
parameterized using a scavenging coefficient, Λ:

ci
 ci
dt

(A.7)

The scavenging coefficient is different for gases and particles and is calculated
separately, based on Seinfeld and Pandis (2006). The mass transfer coefficient below
the clouds depends on the rain droplet diameter and its falling speed. Within a cloud,
the partitioning of the total concentration of a species between the aqueous and gas
phases is calculated using the Henry’s law. Below the cloud layer, the collection
efficiency depends on the particle diameter (Seinfeld and Pandis, 2006).

A2.7 Dry deposition
Dry deposition is simulated using the resistance model of Wesely (1989). For
gases, the deposition velocity, vd is calculated by:

vd 

1
ra  rb  rs

(A.8)

where ra is the aerodynamic resistance, rb the quasi-laminar sublayer resistance and rs
the surface resistance. For aerosol particles, the deposition velocity of particles is
given by:

vd  vsed 
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1
ra  rb  ra rb vsed

(A.9)

where vsed is the gravitational settling velocity. This velocity is dependent on aerosol
size and density.

A2.8 Nucleation and Coagulation
The nucleation rate is calculated based on the parameterization of Napari et al.
(2002). The parameterization uses the H2SO4 gas-phase concentration, NH3 gas-phase
concentration, relative humidity, and temperature as inputs, and provides a nucleation
rate as output. Because of the relatively large concentrations of water vapor, water is
assumed to be in equilibrium with the aerosol phase. The amount of water in the
aerosol phase is calculated using the thermodynamic module ISORROPIA (Nenes et
al., 1998).
The coagulation rate of aerosol particles is modeled using the approach of
Tambour and Seinfeld (1980). The coagulation coefficient for the collision of two
particles is defined as:

K12  2  D p1  D p 2   D1  D2  

(A.10)

where β is the Fuchs correction factor (Fuchs, 1964). A high-resolution distribution is
used for the calculations of coagulation by subdividing into three sections each
section of the original distribution.

A2.9 Inorganic and organic aerosol formation
Three approaches are available in PMCAMx for the simulation of inorganic
aerosol, depending on the level of accuracy desired and computational efficiency. The
simplest and most efficient approach is the “bulk equilibrium” approach. In this
approach the bulk inorganic aerosol and gas phase are assumed to be always in
equilibrium. The equilibrium model employed in this work has been described by
Capaldo et al. (2000). The amount of each species transferred between the gas and
aerosol phases at a given time step is determined by applying the aerosol
thermodynamics model ISORROPIA (Nenes et al., 1998), and then weighting factors
for each size section k, fk, based on their surface area are used to distribute the aerosol
mass over the aerosol size sections (Pandis et al., 1993; Lurmann et al., 1997):
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fk 

N k d k /   k  1
 N k d k /   k  1
k

where Nk and dk are the number and diameter, respectively of particles in section k, βk
= 2λ/adk, a is the accommodation coefficient, and λ is the mean free path of the
species transferred (Pandis et al., 1993).
The second approach is the “hybrid” approach, which assumes that the
particles less than 1 μm in size (PM1) are in equilibrium while the mass transfer
differential equations are solved for the coarse particles (Capaldo et al., 2000).
Finally, the most accurate but computationally demanding method is the “dynamic”
approach where mass transfer is simulated explicitly for all particles (Pilinis et al.,
2000).
Primary Organic Aerosol (POA). PMCAMx assumes that primary organic
aerosol is semivolatile, based on Shrivastava et al. (2008). Nine surrogate POA
species are used, with effective saturation concentrations at 298 K ranging from 10 −2
to 106 μg m−3. POA is simulated in two types, “fresh” (unoxidized) POA and oxidized
POA (OPOA).
Secondary Organic Aerosol (SOA). Secondary organic aerosol simulation is
based on the SOA volatility basis-set approach (Lane et al., 2008a) and includes four
SOA species for each VOC with 4 volatility bins (1, 10, 100, 1000 μg m−3). The SOA
module in PMCAMx is updated by laboratory results from smog-chamber
experiments (Ng et al., 2006; Hildebrandt et al., 2009) to include anthropogenic
aerosol yields. Also, NOx-dependent SOA yields are incorporated in the SOA module
(Lane et al., 2008b) with an assumed density of 1.5 g cm−3.
The gas and aerosol phases of the organic components are assumed to be in
equilibrium using the Secondary Organic Aerosol Model (SOAM II) of Strader et al.
(1998) as implemented by Koo et al. (2003). The partitioning between the gas and
aerosol phases is similar to the inorganics but includes an additional factor to account
for the aerosol composition using a pseudo-ideal assumption (Koo et al., 2003). The
saturation concentrations temperature dependence is considered by the ClausiusClapeyron equation.
Chemical Aging Reactions. All organic species (primary and secondary) are
assumed chemically reactive. Primary organic gases, which are formed during the
evaporation of semivolatile POA in the atmosphere, react with OH radicals reducing
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(A.11)

their volatility. The products of this oxidation partition between gas and particle phase
according to their volatilities. Therefore, oxidized organic aerosol is formed
(Shrivastava et al., 2008; Donahue et al., 2009; Tsimpidi et al., 2010). Also, an
important source of OA is the chemical aging of organic condensable gases (VOCs),
which are traditional SOA precursors. For both cases, a gas-phase OH reaction with a
rate constant of k = 1×10−11 cm3 molec−1 s−1 for anthropogenic SOA and k = 4×10−11
cm3 molec−1 s−1 for the primary OA (Atkinson and Arey, 2003) are used to simulate
aging. Each reaction reduces the volatility of the vapor material by a factor of 10.

A2.10 Aqueous phase chemistry
To simulate cloud chemistry, the VSRM model of Fahey and Pandis (2001) is
used. The model is based on the chemical mechanism of Pandis and Seinfeld (1989)
with the addition of Ca2+ to the list of particle components as well as H2SO4 in the gas
phase (Fahey and Pandis, 2001). When the liquid water ratio is more than 0.05 g m -3,
the suspended particles that are larger than the 0.7 μm activation diameter (Strader et
al., 1998) are assumed to form cloud droplets instantly. The model selects in which
cases it will use the general approach or the 2-droplet group approach (divided at 2.5
μm) for each cell using the decision algorithm of Fahey and Pandis (2001).
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