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ABSTRACT

Recent research has shown that secondary organic aerosols (SOA) are major
contributors to ultrafine particle growth to climatically relevant sizes, increasing global
cloud condensation nuclei (CCN) concentrations within the continental boundary layer
(BL). This thesis contains two separate studies investigating SOA characteristics and the
implications of SOA on global climate. The first study investigates two critical, but
uncertain, characteristics of SOA: (1) the amount of SOA available to condense and (2)
the volatility or condensational behavior of SOA. The second study investigates the
effect of biological volatile organic compound (BVOC) emission changes on SOA
formation from preindustrial to present day, and the effect on CCN concentrations using
BVOC emission estimates over the last millennium.

While many global models contain only biogenic sources of SOA, recent studies
have shown that an additional source of SOA around 100 Tg yr ' correlated with
anthropogenic carbon monoxide (CO) emissions may be required to match
measurements. Many models also treat SOA solely as semivolatile, which leads to
condensation of SOA proportional to the aerosol mass distribution; however, recent
closure studies with field measurements show nucleation mode growth can be captured
only if it is assumed that a significant fraction of SOA condenses proportional to the
Fuchs aerosol surface area (i.e. diffusion-limited condensation). This suggests a very low
volatility of the condensing vapors. We explore the significance of these findings under
present-day conditions using GEOS-Chem-TOMAS global aerosol microphysics model
and observations of aerosol size distributions around the globe. The change in the number
concentration of particles of size D, > 40 nm (N40) within the BL assuming surface-area
condensation compared to mass-distribution net condensation yielded a global increase of
11% but exceeded 100% in biogenically active regions. The percent change in N40
within the BL with the inclusion of the additional 100 Tg(SOA) yr71 compared to the
base simulation solely with biogenic SOA emissions (19 Tg yr ') both using surface area
condensation yielded a global increase of 13.7%, but exceeded 50% in regions with large
CO emissions.

Emissions of biological volatile organic compounds (BVOC) have changed in the
past millennium due to changes in land use, temperature and CO, concentrations. A
recent model reconstruction of BVOC emissions over the past millennium predicted the
changes in the three dominant SOA-producing BVOC classes (isoprene, monoterpenes
and sesquiterpenes). These BVOC changes have largely been anthropogenic in nature,
and land-use change was shown to have the most dramatic effect by decreasing isoprene
emissions. We use these modeled estimates of these three dominant BVOC classes’
emissions from the years 1000 to 1990 to test the effect of anthropogenic changes in
BVOC emissions on SOA formation and global aerosol size distributions using GEOS-
Chem-TOMAS. With anthropogenic emissions held at present day values and BVOC
emissions changed from year 1000 to year 1990 values, N80 decreases of >50% in year
2000 relative to year 1000 were predicted in regions with extensive land-use changes
since year 1000. This large decrease in N80 could be a largely overlooked and important
anthropogenic aerosol effect on regional climates.
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CHAPTER 1 INTRODUCTION
11 Motivation

One of the most important issues currently impacting humans is global climate change.
However, there are many uncertainties in quantifying global climate change. One of the
most uncertain factors according to the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report is the effect of anthropogenic aerosols on the radiative
forcing on the Earth’s climate (IPCC, 2007). Aerosols are liquid or solid particles
suspended in the air and range in size from a few nanometers (10° m) in diameter to

several micrometers, pm (10° m).

Anthropogenic aerosols affect Earth’s climate both directly and indirectly.
Aerosols directly affect Earth’s climate by scattering and absorbing solar and terrestrial
radiation and indirectly affect Earth’s climate by altering cloud properties. The
quantification of the change in radiative forcing due to the direct effect is dependent on
aerosol mass and particle number concentrations and particle size (or alternative particle
mass and size). However, the number and size of aerosol are both highly variable in
space and time. Therefore, spatially and temporally resolved information on the
atmospheric burden and radiative properties of aerosols is needed to estimate the changes

in the radiative budget due to this direct effect.

The indirect effects of aerosols on climate are due to changes in cloud properties
by altering the cloud droplet number concentration (CDNC) within clouds. Cloud
droplets are not known to form directly from homogeneous nucleation of water vapor in
the atmosphere, but rather are formed on seed aerosol particles. These particles are
known as cloud condensation nuclei (CCN). If the liquid water mass in a cloud remains
constant, an increase in CCN, and ultimately CDNC, would cause an increase in the
reflectivity (albedo) of the cloud due to the increase in total liquid water surface area.
Increasing total liquid water surface area in clouds causes more incoming solar radiation
to be reflected back to space and will cool the climate (Twomey, 1974, 1977, 1991;
Albrecht, 1989). This is known as the cloud albedo effect or the first indirect effect. The

estimated uncertainty in the cloud albedo effect spans -0.3 to -1.8 Wm™ (Forster et al.,
1



2007) and was the most uncertain changes in radiative forcing according to the IPCC
Fourth Assessment Report (IPCC, 2007). Increasing CDNC in clouds would have
another indirect effect on cloud properties. If the CDNC increases and the total liquid
water mass remains constant, then the diameter of the cloud droplets would decrease
(Albrecht, 1989). This decrease in diameter inhibits the cloud’s ability to precipitate, and
increases the lifetime of the cloud itself (which, of course, would alter its liquid water
content). This is known as the second indirect effect, or the cloud lifetime effect.
Therefore, due to the direct and indirect effects of aerosols, changes in radiative forcing
and aerosol-climate impacts are highly dependent on particle size distributions and the

number concentration of CCN.

Particle size distributions however, evolve in the atmosphere as a direct result of
microphysical processes such as nucleation, condensation, coagulation, primary
emissions and deposition. Thus estimating the climatic effects of aerosols due to the
evolving particle size distributions and CCN number concentrations involves an

understanding of the microphysical processes involved.
1.2  Aerosol microphysical processes

Nucleation and primary emission are the source of particle number to the atmosphere.
Nucleation involves gas-to-particle conversion, or creation of molecular clusters from
gas-phase constituents. Freshly nucleated particles are formed at sizes of ~1 nm and can
occur through binary nucleation of sulfuric acid (H,SO4) and water vapor (Kulmala et al.,
1998) or through ternary nucleation of H,SO4, water vapor and ammonia (NHj3)
(Korhonen et al., 1999). However, freshly nucleated stable clusters with diameters ~1nm
are generally smaller than primary emitted particles (Kulmala et al., 2000, 2004; Mékela
et al.,1997.; Vehkamaki et al., 2004), making them susceptible to coagulation (the
process by which aerosol particles collide and coalesce) with pre-existing particles.
Therefore, for freshly nucleated particles to grow to CCN sizes, they must grow through
condensation while avoiding coagulational scavenging. The lifetime of atmospheric
aerosols and their impact on climate depends on this competition between the
condensational growth and the coagulational scavenging of aerosols. Coagulational

2



scavenging can be a major sink of nanoparticles in the atmosphere and can have a large
impact on aerosol size distributions by shifting the distribution towards larger sizes and
decreasing total number. Therefore it is crucial to correctly predict the balance between

condensational growth and coagulational scavenging to accurately represent aerosol size

distributions.
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Figure 1.1 Microphysical processes from new particle formation to CCN sized particles.

Figure 1.1 shows the major microphysical processes involved in the evolution of
particle size distributions from new particle formation to CCN sized particles. Emissions
of ultrafine particles from industrial and biogenic sources are a major source of particles
of various sizes, mass and number to the background aerosol in the atmosphere.
Nucleation of vapors such as H;SO4, NH3, amines, low-volatility organics and H,O can

create stable clusters with diameters of approximately 1-3 nm. Once stable clusters are



formed through nucleation, condensation of vapors (such as H,SO4 and secondary
organic aerosol (SOA)) can grow the clusters to larger sizes. These particles can
continue to grow via condensation to CCN sized particles with diameters of roughly 50-
100 nm. However, the probability of these particles reaching CCN sizes is limited by
deposition (wet and dry), evaporation, and coagulational scavenging with the background
aerosol. These microphysical processes however, occur over all sized particles,
highlighting the importance of understanding these processes and how they affect the
growth of freshly nucleated particles to CCN sizes.

Current research indicates that there are multiple factors crucial to understanding
the condensational growth of particles in the atmosphere. H,SO4 is a well-known
contributor to particle growth and is formed in the atmosphere by oxidation of sulfur
dioxide (SO;) (Sipili et al., 2010). However, recent research indicates that in addition to
H,S04, organic vapors significantly impact the condensational growth of particles as well
(Riipinen et al., 2011). It has been observed that 20-90% of the total submicron aerosol
mass in the atmosphere is comprised of organic aerosol (OA) (Jimenez et al., 2009). A
significant contribution to organic aerosol mass burden, ranging from approximately two-
thirds of OA mass in rural urban areas to greater than 90% of OA mass in remote areas,
are secondary organic aerosols (SOA) (Zhang et al., 2007). Therefore, the condensation
of SOA is crucial to growth of particles to CCN sizes. The formation of SOA will be

described in the following section.

1.3 Secondary Organic Aerosol
1.3.1 Secondary Organic Aerosol formation

Secondary organic aerosols (SOA) are formed via multistep oxidation of biological
volatile organic compounds (BVOCs) emitted from vegetation such as monoterpenes
(CioHj6), isoprene (CsHg) and sesquiterpenes (CisHas4). This oxidation of BVOCs
produces lower volatility products and allows partitioning of organic molecules to the

particle phase. The formation of SOA results in a major source of condensable material

4



for particle growth. This is shown schematically in Figure 1.2. Emissions of BVOCs
oxidize via the hydroxyl radical (OH), ozone (O3) and nitrate (NO3) to form organic

precursor gases.

create SOA. Growth of aerosols from condensation of SOA to CCN sizes leads to

activation of the CCN to form cloud droplets, thus impacting climate through direct and

indirect aerosol effects.

These organic precursors can undergo gas-to-particle conversion to
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Figure 1.2 Schematic of secondary organic aerosol formation in the atmosphere and the

effect on climate.

1.3.2 Modeling of Secondary Organic Aerosol

N S

Global climate models (GCMs) are the primary tool for predicting future climate change,

and many modern GCMs include online aerosol microphysics simulations with aerosol-

cloud interactions.

However, their predictions are highly dependent upon correctly
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simulating aerosol size and number. Many aerosol processes in global aerosol models are
uncertain and are imperfectly represented in these simulations (Lee et al., 2013). Early
modeling studies of SOA have notoriously underpredicted observed SOA concentrations
(deGouw et al., 2005; Heald et al., 2005; Volkamer et al., 2006). However, recent studies
involving measured OA concentrations, physical properties and chemical properties have
begun to close the gap between predicted and measured SOA concentrations (e.g.
Spracklen et al., 2011b). In order to understand the climatic effects of SOA, the manner
at which SOA affects aerosol size distributions and the microphysical implications must

be understood.

This thesis contains two separate studies investigating SOA characteristics and the
implications of SOA on global climate. The first study investigates two critical, but
uncertain, characteristics of SOA: (1) the amount of SOA available to condense and (2)
the volatility or condensational behavior of SOA. The effect of these two characteristics
on CCN concentrations is investigated and compared to global boundary layer (BL)
observations to validate the accuracy of the SOA assumptions. The second study
investigates the effect of BVOC emission changes on SOA formation from preindustrial
to present day, and the effect on CCN concentrations using BVOC emission estimates
over the last millennium. These BVOC changes are largely anthropogenically driven by
land-use changes and CO, and temperature increases. This thesis addresses both of these
SOA studies by utilizing a global chemical transport model with online aerosol

microphysics to represent the evolution of aerosol size distributions.
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2.1 Introduction

Atmospheric aerosols affect both health and climate. These health and climate effects
depend directly on aerosol size and composition. Atmospheric aerosols can influence the
climate by scattering incoming solar radiation (Rosenfeld et al., 2008; Clement et al.,
2009) as well as acting as nuclei for cloud droplets (Charlson et al., 1992). The influence
of aerosols on clouds is driven by the number concentration of cloud condensation nuclei
(CCN) (particles on which cloud droplets form generally having dry diameters larger than
30 nm to 100 nm), which 1s highly dependent on the aerosol size distribution (Dusek et
al., 2006; McFiggans et al., 2006; Petters and Kriedenweis, 2007; Pierce and Adams,
2007). Aerosol nucleation, the formation of ~1 nm diameter particles from the clustering
of vapors, is likely the dominant source of aerosol number to the atmosphere (Kulmala et
al., 2004). However, these particles must grow to CCN sizes, primarily through
condensation, in order to affect climate (Pierce and Adams, 2007; Vehkaméki and
Riipinen, 2012). Whether or not these particles survive to CCN sizes depends on the
competition between condensational growth and coagulational scavenging with the pre-
existing aerosol (Kerminen and Kulmala, 2002; Pierce and Adams, 2007; Kuang et al.,
2009; Westervelt et al., 2013). Thus, faster particle growth rates allow more particles to

survive to CCN sizes.



The condensation of sulfuric acid to freshly nucleated particles is known to be a
contributor to the growth of these particles (Sipild et al., 2010). In recent studies by
Riipinen et al. (2011), measured growth rates of ultrafine (diameters smaller than 100
nm) particles in forested regions were much higher than maximum growth rates from
sulfuric acid alone. They found through a combination of measurements and modeling
that the condensation of low-volatility secondary organic aerosols (SOA) can account for
this additional growth. Measurements of the submicron particle composition throughout
the continental boundary layer show 20 — 90% of the aerosol is organic, and much of this
organic aerosol is SOA (Jimenez et al., 2009). Thus we expect that SOA may be a
significant contributor to ultrafine particle growth throughout the continental boundary
layer. However, there are uncertainties regarding SOA and its contribution to ultrafine
particle growth, and these will be explored in this paper. Additionally, SOA has recently
been found to be involved in aerosol nucleation (Metzger et al., 2010), although this will
not be a focus of this paper.

There are two important, but uncertain, characteristics of SOA that influence
ultrafine particle growth: (1) the amount of SOA formed (or the rate at which it is
formed) (Spracklen et al., 2011; Heald et al., 2011) and (2) the condensational behavior
of SOA (how SOA condenses to ultrafine particles) (Riipinen et al., 2011; Pierce et al.,
2011; Hékkinen et al., 2013; Kuang et al., 2012).

2.1.1 Uncertainty in amount of SOA

Regarding the uncertain amount of SOA, the global budget of SOA is highly
unconstrained with bottom-up and top-down estimates ranging from 12 to 1820 Tg
(SOA) yr'1 (Goldstein and Galbally, 2007; Hallquist et al., 2009; Kanakidou et al., 2005).
This uncertainty in the amount of condensing SOA available has important implications
on the growth of ultrafine particles as well. Many global models only contain biogenic
sources of SOA (and small contributions from anthropogenic SOA) with emissions
generally between 10 and 30 Tg yr' (Pierce et al., 2011; Spracklen et al., 2006;
Wainwright et al., 2012), on the low end of the uncertainty range. However, by



comparing GLOMAP global model simulations to aerosol mass spectrometer
measurements or organic aerosol mass, Spracklen et al. (2011b) were able to significantly
improve the model prediction of organic aerosol mass by adding an additional 100 Tg yr™
of SOA spatially correlated with anthropogenic carbon monoxide (CO) emissions. That
additional SOA increases the amount of condensable material in the atmosphere, which
increases growth rates of ultrafine particles; however, the extra mass also increases the
condensation and coagulation sinks of small particles, which will slow their growth rates
and increase their coagulational losses. Thus, it is unclear what overall effect the extra

SOA will have on CCN.

2.1.2 Uncertainty in SOA condensational behavior

Regarding the uncertain condensational behavior, many models treat a large fraction of
SOA as semi-volatile (average saturation vapor concentration, C* >~ 107! ug m™) and
follow the partitioning theory of Pankow (1994) (e.g. Lane and Pandis, 2007). These
semi-volatile species reach equilibrium between the particle and gas phases for all
particle sizes quickly, which leads to net condensation of SOA proportional to the aerosol
mass distribution (Pierce et al., 2011; Riipinen et al., 2011; Donahue et al., 2011). This
limit of net condensation of SOA to the mass distribution is called “thermodynamic
condensation” by Riipinen et al. (2011) and we will use this terminology here. This
causes preferential condensation of the organic mass to particles with D, > 100 nm. This
preferential net condensation to accumulation mode particles not only limits the amount
of condensation to ultrafine particles, but also enhances the coagulational scavenging of
the ultrafine particles by the larger diameter accumulation mode particles. These two
factors decrease the survival probability of ultrafine particles and hence can lead to a low
influence of nucleation and other ultrafine particles on CCN. However, recent closure
studies with field measurements show that observations of nucleation-mode growth can
only be explained if a significant fraction of SOA condenses proportional to the Fuchs-
corrected aerosol surface area (i.e. diffusion-limited condensation). This suggests that

particles of all sizes are not in equilibrium with the vapor phase and that all particles are



undergoing kinetic, gas-phase-diffusion-limited growth (referred to as “kinetic
condensation” by Riipinen et al. (2011) and we will use this terminology here). In order
for this purely kinetic condensation to occur, the condensing SOA has very low effective
volatility (C* <~ 10~ pg m™) created either through gas-phase chemistry, particle-phase
chemistry or trapping of semi-volatile species in the particle phase by a semi-solid shell
(Donahue et al., 2011; Pierce et al., 2011; Riipinen et al., 2011; Zhang et al., 2012). This
kinetic condensation enables condensation of more organic mass to ultrafine aerosols
compared to thermodynamic condensation. An important characteristic of this pure
kinetic condensation is that all particles in the kinetic regime (diameters smaller than
about 50 nm) grow at the same rate (e.g. nm/hr). On the other hand, under
thermodynamic condensation, the growth rate scales with 1/D,. Thus, under kinetic
condensation, ultrafine particles grow more quickly to climatically relevant sizes where
they can act as CCN compared to thermodynamic condensation. In summary,
thermodynamic condensational behavior assumes that the gas-particle partitioning
reaches equilibrium instantly which means that the net particle condensation is
proportional to the particle mass. This assumes SOA to be semi-volatile (e.g. C* ~ 1 ug
m™) where the SOA mass reaches thermodynamic equilibrium quickly and partitions into
the pre-existing aerosol mass. Kinetic condensational behavior is limited by gas-phase-
diffusional growth and thus vapors condense kinetically proportional to the aerosol
surface area. This assumes SOA to be effectively non-volatile (e.g. C* < 10 pg m™).
This is explored in detail in Riipinen et al., 2011 and Pierce et al., 2011. The reality is
somewhere between these two limiting approaches for real compounds with finite
saturation vapor pressures, and recent studies have explored this and are discussed in the

next section.

2.1.3 Growth rate parameterizations

Two recent studies by Hikkinen et al. (2013) and Kuang et al. (2012) have shown that
while particles at most diameters undergo kinetic (surface-area -limited) SOA

condensational growth, the smallest (diameters less than 10 or 20 nm) particles do not
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grow as fast as the larger particles (see also Manninen et al., 2010; Yli-Juuti et al., 2010).
This means that some SOA species are not readily condensing to the smallest particles
(likely because of Kelvin effects or Raoult’s Law (Pierce et al., 2011)). Héakkinen et al.,
(2013) used long-term size-dependent growth-rate observations at six sites in Europe and
developed a size-dependent growth rate parameterization to slow the growth of the
smallest particles during kinetic SOA condensation. The authors found that the growth
rate begins to slow for diameters smaller than 7 nm, and that the growth of 1 nm particles
due to SOA is approximately 3 times slower than at sizes larger than 7 nm. Furthermore,
Hikkinen et al. (2013) also found indications of the importance of non-biogenic SOA in
growing freshly formed nanoparticles at the continental sites they investigated (e.g. the
anthropogenically influenced SOA from Spracken et al. (2011) and Heald et al. (2011)).
In an independent study, Kuang et al. (2012) measured size-dependent growth rates at
two field sites to also determine how the growth rate slows for the smallest particles.
These authors found that the growth rates were constant down to a diameter of
approximately 3 nm, which is a smaller size than found in Hékkinen et al. (2013). Kuang
et al. (2012) found that the growth of 1 nm particles due to SOA is approximately 5 times
slower than larger particles. It is notable that the studies by Hékkinen et al. (2013) and
Kuang et al. (2012) were from different sites and the size ranges investigated were
different. These size-dependent corrections to kinetic SOA condensation will influence
growth rates and ultrafine particle survival to CCN sizes but have not yet been tested in

global aerosol models.

2.2 Methods

In this study we use a global chemical transport model with online aerosol microphysics
to test the sensitivity of the simulated aerosol size distributions to (1) the amount of
available SOA, (2) SOA condensational methods (i.e. thermodynamic (mass) vs. kinetic
(surface area) condensation), as well as (3) two size-dependent nanoparticle growth rate
parameterizations that correct for errors due to assuming pure kinetic condensation. We

then use global measurements of aerosol size distributions to test the model using various
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SOA assumptions. Our goals are to determine the sensitivities of CCN number
concentrations to uncertainties in the SOA parameters and determine if we can constrain

the parameter uncertainties using the measured size distributions.

2.2.1 Model Description

In this study, we use the global chemical-transport model, GEOS-Chem (www.geos-
chem.org), combined with the online aerosol microphysics module, TOMAS (GEOS-
Chem-TOMAS) (as described in Pierce et al. (2013)) to test the sensitivity of global
aerosol size distributions to SOA condensational behavior, SOA amount, as well as size-
dependent growth rate parameterizations. GEOS-Chem-TOMAS uses GEOS-Chem
v8.02.02 (www.geos-chem.org) with a 4°x5° horizontal resolution, 30 vertical layers
from the surface to 0.01 hPa with meteorological inputs from the GEOSS5 reanalysis
(http://gmao.gsfc.nasa.gov). GEOS-Chem-TOMAS simulates the aerosol size
distribution using 40 size sections ranging from 1 nm to 10 um. Nucleation rates in all
simulations were predicted by ternary homogeneous nucleation of sulfuric acid, ammonia
and water based on the parameterization of Napari et al. (2002) scaled down globally by a
constant factor of 10 which has been shown to predict nucleation rates closer to
measurements than other commonly used nucleation schemes (Jung et al.,, 2010;
Westervelt et al., 2013). Emissions in GEOS-Chem are described in van Donkelaar et al.
(2008). We note that the predicted size distributions and uncertainty ranges in this paper
are sensitive to the nucleation scheme, emissions fluxes and size of emitted particles (e.g.
Pierce et al. 2009c), but here we explore the modeled partial derivatives to SOA
assumptions. Simulations were run for 2001 with one month of spin-up from a pre-spun-
up restart file. We test the sensitivity of predicted size distributions to the condensational
behavior of SOA in GEOS-Chem-TOMAS by assuming the kinetic and thermodynamic
limits of SOA condensation. For thermodynamic condensation, we distribute the SOA
across the aerosol sizes proportional to the aerosol mass distribution. For kinetic

condensation, we distribute the SOA mass across the aerosol sizes proportional to the
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Fuchs-corrected aerosol surface area distribution (Donahue et al., 2011; Pierce et al.,
2011; Riipinen et al., 2011).

Traditionally, SOA in GEOS-Chem-TOMAS is formed only from terrestrial biogenic
sources, with the biogenic source being a fixed yield of 10% of the monoterpene
emissions. This biogenic source of SOA represents an annual flux of 19 Tg (SOA) yr.
To test the sensitivity of GEOS-Chem-TOMAS to the amount of condensable SOA, we
include 100 Tg (SOA) yr'' spatially correlated with anthropogenic CO emissions based
on the findings of Spracklen et al. (2011b).

Finally, we test the sensitivity of GEOS-Chem-TOMAS to various nanoparticle size-
dependent growth rate parameterizations that correct for deviation from the kinetic SOA
condensation limit. The first parameterization implemented into GEOS-Chem-TOMAS
is a linear fit based on the findings of Kuang et al. (2012) where the condensation rate of
SOA is scaled down from the kinetic limit for particles with D, of 1 nm to 2.5 nm based

on their diameter using the following equation:

k=0.47D,—0.18 (1)

where k is an empirical unitless condensation scale factor, a linear reduction in the size-
dependent mass flux and growth rate (equal to 0.29 for 1 nm particles and 1 for 2.5 nm
particles) and D, is the diameter in nm. Equation 1 was based on Figure 1b from Kuang
et al. (2012). The other parameterization that we test in GEOS-Chem-TOMAS is based
on the findings of Hékkinen et al. (2013) where a semi-empirical parameterization of
condensation-rate scale factors was developed for sub-20 nm particles.  This
parameterization contains specific growth rates for particles in three diameter ranges (1.5-
3 nm, 3-7 nm and 7-20 nm). The growth rates have scaling factors of k; 5.33m = 0.0, K3.7nm
= 0.7 and k7.0nm = 1.0. This set of scaling factors was calculated in Hékkinen et al.

(2013) using data from six measurement sites in Europe.
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2.2.2 Description of simulations

The various GEOS-Chem-TOMAS simulations in this study are summarized in Table
2.1. The BASE simulations include the biogenic SOA only with an annual flux of 19 Tg
(SOA) yr'. The XSOA simulations include an additional 100 Tg (SOA) yr' spatially
correlated with anthropogenic CO emissions as per Spracklen et al. (2011b). The MASS
simulations assume thermodynamic SOA condensation, which condenses to the aerosol
size distribution proportional to the aerosol mass via thermodynamic condensation
(Pierce et al., 2011; Riipinen et al., 2011; Zhang et al., 2012), while the SURF
simulations assume kinetic SOA condensation, which condenses to the acrosol size
distribution proportional to the Fuchs-corrected aerosol surface area (Donahue et al.,
2011; Pierce et al., 2011; Riipinen et al., 2011; Zhang et al., 2012). The simulations
including the linear sub-2.5 nm size dependent growth rate parameterization (corrections
to kinetic condensation) based on the findings of Kuang et al. (2012) are labeled with an
additional “K”. The simulations including the sub-20 nm semi-empirical size dependent
growth rate parameterization based on the findings of Hékkinen et al. (2013) are labeled
with an additional “H”. Note that we only perform size-dependent growth rate
simulations with the SURF-XSOA assumptions. This is because the parameterizations
are corrections for kinetic condensation (the SURF assumption), and the effect of the K

and H parameterizations are stronger under the XSOA simulations.
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Table 2.1 Summary of the GEOS-Chem-TOMAS simulations performed in this study.

Simulation Condensational Additional Growth rate Growth rate
name Behavior 100 Tg parameterization  parameterization
(SOA) yr''  based on Kuang based on
et al. (2012) Hakkinen et al.
(2013)

MASS-BASE  Thermodynamic (mass) no no no
SURF-BASE Kinetic (surface area) no no no
MASS-XSOA  Thermodynamic (mass) yes no no
SURF-XSOA Kinetic (surface area) yes no no
SURF-XSOA- Kinetic (surface area) yes yes no

K
SURF-XSOA- Kinetic (surface area) yes no yes

H

2.2.3 Description of measurements

Surface-based particle size distribution measurements were compiled from the European
Supersites for Atmospheric Aerosol Research (www.eusaar.net), from Environment
Canada (Pierce et al., 2012; Riipinen et al., 2011; Leaitch et al., 2013), from the
RoOMANS 2 campaign (instrumentation and site descriptions are same as ROMANS 1
campaign as per Levin et al., 2009), from the BEACHON campaign (Levin et al., 2012)
and from Kent State University (Kanawade et al., 2012; Erupe et al., 2010). In this study,
21 ground sites were selected (see Table 2.2 and Figure 2.1) from Europe and North
America. At each site, particle size distributions were measured with a Scanning
Mobility Particle Sizer (SMPS) (Wang and Flagan, 1990) or a Differential Mobility
Particle Sizer (DMPS) (Aalto et al., 2001) instrument. The characteristics of the sites
include various terrain types such as coastal, mountain, boreal forest, arctic and rural
environments. The air masses measured at each site also vary from polluted to remote
continental and marine. However, we have intentionally avoided sites that are located
in polluted urban areas as the coarse, 4°x5°, resolution of the model cannot match these

observations. Detailed information on each European site including location and
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observed particle number concentrations can be found in Asmi et al. (2011) and
Reddington et al., (2011). Information from the North American sites can be found in
Pierce et al. (2012), Riipinen et al. (2011), Leaitch et al. (2013), Levin et al. (2009),
Levin et al. (2012), Kanawade et al. (2012) and Erupe et al. (2010).

Table 2.2 Summary of surface observation sites used in this study compiled from the
European Supersites for Atmospheric Aerosol Research (www.eusaar.net), from
Environment Canada (Pierce et al., 2012; Riipinen et al., 2011), from the ROMANS 2
campaign (Levin et al., 2009), from the BEACHON campaign (Levin et al., 2012) and
from Kent State University (Kanawade et al., 2012; Erupe et al., 2010). This summary is
based on a similar surface observation site summary from Reddington et al. (2011). All
date ranges are for one complete year except Kent, Ohio, which is averaged over two
years of measurements.

Site name Elevation(m.a.s..)  Aerosol = Year  Recorded Bin
instrument Size Range
(nm)
Alert, Canada 200 SMPS 2012 10.4 — 469.8
Aspvreten, Sweden 30 DMPS 2005 11.1-417.8
Cabauw, Netherlands 60 SMPS 2008 9.4-516.0
Egbert, Canada 264 SMPS 2007 10.7-392.4
Finokalia, Greece 250 SMPS 2009 11.6-916.0
Hohenpiessenberg , Germany 980 SMPS 1999 3.0-678.4
Hyytiéla, Finland 181 DMPS 2001 3.2-501.0
JRC-Ispra, Italy 209 DMPS 2008 10.0 — 600.0
K-puszta, Hungary 125 SMPS 2006 5.6 —1000.0
2008-

Kent, USA 320 SMPS 2009 3.2-914.0
Kosetice, Czech Republic 534 SMPS 2009 9.5-908.8
Mace Head, Ireland 5 SMPS 2008 8.3-467.5
Manitou Experimental 2300 DMPS 2010 15.6 —354.3
Forest, USA
Melpitz, Germany 87 DMPS 2004 3.0-802.1
Monte Cimone, Italy 2165 DMPS 2007 4.7 —-466.8
Pallas, Finland 560 DMPS 2001 7.4 —-494.2
Puy de Dome, France 1465 SMPS 2007 3.0-995.0

Rocky Mountain National

Park (RMNP), USA 2750 DMPS 2008  32.4-—-22909.0
Schauinsland, Germany 1205 SMPS 2008 10.0 —800.0
Whistler, Canada 2182 SMPS 2011 14.1 —572.5
Zeppelin Mountain, Svalbard 474 DMPS 2001 20.1 - 635.1

Islands
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Figure 2.1 Locations of the surface-based measurement sites used in this study.

2.2.4 Numerical analysis of annual-mean size distributions

We evaluate the quality of the model predictions by comparing the predicted, time-
averaged aerosol number concentrations with various size cutoffs (e.g. the number
concentration of particles with diameters larger than 10, 40, 80 and 150 nm [N10, N40,
N80 and N150]) in the grid box and model level of each observational site to the time-
averaged number concentration values of the observations. We time-average the model
values over the months where measurements were taken. We only perform the time-
average spatial analysis and do not perform a time-dependent analysis as our simulations
do not necessarily correspond to the same year as the observations. We calculate three

metrics to evaluate the model performance. The first is the log-mean bias (LMB) statistic:

Z (loglo(Si)_ loglo(Oi))

LMB= - ()
N
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where S; and O; are simulated and observed particle number concentrations, respectively
for each ground site, 7, and N is the number of sites. A LMB of 1 means that the model
overestimates, on average, by a factor of 10'= 10, and a LMB of -2 means that the model
underestimates, on average, by a factor of 102 = 0.01. The other two statistics are the
correlation coefficient (R°) and the slope of the log-log regression (m). The LMB, slope
of the linear regression (m) and coefficient of determination (R”) for each ground site, i,

and simulation are plotted in Figure 10 and summarized in Table 2.3.

Table 2.3 Summary of the log-mean bias (LMB), slope of the linear regression (m) and
correlation (R?) for the different simulations. These statistics are found by comparing the
annual-average values of the aerosol number concentrations across all sites. Bolded
numbers represent the best statistical result between all simulations.

Simulation LMB m R’

N10 N40 N80 N150 N10 N40 N80 N150 NI10 N40 N80 NI150
MASS- 0.203  -0.047 -0.099 -0.199 1.031 0.825 0.729 0628 091 090 086 0.80
BASE

SURF- 0.203 -0.035 -0.083 -0.181 1.025 0.827 0.732 0.633 091 090 086 0.80
BASE

MASS- 0.100 -0.067 -0.084 -0.107 1.003 0857 0.783 0.722 092 091 086 0.80
XSOA

SURF-  -0.030 -0.052 0.005 0.071 0.888 0.876 0.859 0.852 0.89 091 087 0.82
XSOA
2.3 Results

Figure 2.2 shows the base-case global annual-mean boundary-layer (BL) total number
concentration of particles N3, N10, N40 and N80 (the total number concentration of
particles with diameter larger than 3 nm, 10 nm, 40 nm and 80 nm respectively) when
assuming semi-volatile SOA with condensation proportional to the aerosol mass
distribution (MASS-BASE). This figure may be used as a basis for the comparison
figures that follow. In this study, we will focus on the BL sensitivities since this is
where the observations (with several exceptions) are located and also where the

sensitivities of the size distribution to SOA are the highest.
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Figure 2.2 Global annual-mean boundary-layer total number of particles (a) N3, (b) N10,
(c) N40 and (d) N80 (the total number of particles with diameter larger than 3 nm, 10 nm,
40 nm and 80 nm respectively) for the MASS-BASE case.

2.3.1 Sensitivity to SOA amount

Figure 2.3 shows the global annual-mean percent changes in N3, N10, N40 and N80
throughout the BL between the simulation including an additional 100 Tg (SOA) yr
correlated with anthropogenic CO emissions (SURF-XSOA) and the SURF-BASE case,
both assuming non-volatile SOA (red denotes higher concentrations in the SURF-XSOA
simulation). There was a global change of -50.9%, -26.6%, 13.7% and 29.9% in N3,
N10, N40 and N8O respectively throughout the BL. The decreases in N3 and N10 due to
the extra SOA occur throughout most of the northern hemisphere and through the mid-
latitudes of the southern hemisphere. The decreases in N3 are more than 70% throughout
much of the globe. N40 and N80 show large increases due to the SOA in anthropogenic
CO-source regions (over 100% increases in some regions), but smaller decreases

downwind of these regions.
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Figure 2.3. Global annual-mean BL changes in (a) N3, (b) N10, (c) N40 and (d) N8O
between SURF-BASE and SURF-XSOA (red denotes higher concentrations in the
SURF-XSOA simulation). The inclusion of an additional 100 Tg (SOA) yr-' spatially
correlated with anthropogenic CO emissions (Spracklen et al., 2011b) caused global
decreases in N3 and N10 of 50.9% and 26.6% respectively, however global increases of
13.7% and 29.9% in N40 and N80 respectively.

These increases and decreases are explained through a series of microphysical
feedbacks. In anthropogenic CO source regions, there is a large increase in the amount
of condensable SOA. This extra SOA grows more ultrafine particles to sizes larger than
40 and 80 nm, thus causing the increase in N40 and N80 in the source regions in the
SURF-XSOA case. However, this increase in the number of larger particles increases the
condensation and coagulation sinks. This increase in the condensation sink is confirmed
in Figure 2.4 where the global annual-mean percent change in sulfuric acid vapor

concentration between the same two cases is shown. There is a global decrease in
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sulfuric acid vapor of 18.8% (larger near many anthropogenic CO source regions) with
the inclusion of the additional SOA since the condensation of sulfuric acid vapor
increases with the increased number of large particles (increased condensation sink). The
decrease in sulfuric acid causes a suppression of nucleation. Additionally, the increase
in coagulational scavenging due to the increased coagulation sink of small particles
further decreases the N3 and N10. However, as the air masses move away from the
anthropogenic CO source regions, the CCN-sized (N40 and N80) particles are lost by wet
deposition more quickly than the smaller particles. In the SURF-BASE simulation
(without the extra SOA), there are ultrafine particles that grow to CCN sizes and replace
the lost N40 and N80; however, the SURF-XSOA simulation (with the extra SOA) has
significantly fewer ultrafine particles to replace the lost N40 and N80. Thus, the SURF-
XSOA simulation has lower N40 and N80 concentrations over regions downwind of

anthropogenic CO source regions (e.g. the North Atlantic and North Pacific oceans).
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Figure 2.4. Global annual-mean BL changes in sulfuric acid vapor concentration between
SURF-BASE and SURF-XSOA. A global BL decrease of 18.8% was observed with the
addition of an extra 100 Tg (SOA) yr' spatially correlated with anthropogenic CO
emissions (Spracklen et al., 2011b).
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2.3.2 Sensitivity to SOA condensational behavior

Figure 2.5 shows the annual-average percent change in N3, N10, N40 and N8O
throughout the BL when switching from thermodynamic SOA condensation to kinetic
SOA condensation under the biogenic-only SOA conditions (SURF-BASE — MASS-
BASE). There was a global increase of 0.3%, 5.2%, 10.8% and 8.7% in N3, N10, N40
and N8O, respectively throughout the BL, due to the SOA condensing more favorably to
the ultrafine particles in the SURF-BASE simulation with the kinetic SOA condensation.
In some regions downwind of biogenically active regions, N3 decreases by more than
10%. The increased ultrafine particle growth in the biogenically active regions causes an
increase in the coagulational sink for small particles and they are removed more quickly,
therefore causing a deficiency in N3. As the air masses move over oceanic regions away
from these regions, relatively few emitted or nucleated ultrafine particles are available to
replace the lost N3. However, in many biogenically active regions, the increases in N40
and N80 (which we use in this study as a proxy for CCN) surpassed 15%, and in the
continental tropics the increase exceeded 100%. Therefore, the predicted CCN
concentrations are sensitive to the condensational behavior of SOA, consistent with the
findings of Riipinen et al. (2011). As field studies (e.g. Riipinen et al. (2011), Pierce et
al. (2011) and Pierce et al, (2012)) have found that SOA condensation appears to be
closer to the kinetic limit, the higher CCN values in the SURF-BASE simulation may be

more appropriate, and we will evaluate this later.
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Figure 2.5. Global annual-mean boundary-layer changes in (a) N3, (b) N10, (c) N40 and
(d) N80 between MASS-BASE and SURF-BASE (red denotes higher concentrations in
the SURF-BASE simulation). There was a global BL increase of 0.3%, 5.2%, 10.8% and
8.7% in N3, N10, N40 and N8O respectively when assuming kinetic condensation.
Regions which are biogenically active indicate increases greater than 50% in N40 and
N8O.

2.3.3 Sensitivity to size-dependent growth rate parameterizations
2.3.3.1 Sub-3 nm growth rate parameterization

Figure 2.6 shows the global annual-mean percent changes in N3, N10, N40 and N80
throughout the BL assuming kinetic SOA condensation, the inclusion of the additional
100 Tg (SOA) yr™' as well as the implementation of the sub-2.5 nm growth rate correction
to the kinetic condensation assumption based on the findings of Kuang et al. (2012)
(SURF-XSOA-K) from the SURF-XSOA case (red denotes higher concentrations in the
SURF-XSOA-K simulation). There was a global change of -0.20%, -0.21%, -0.03% and
-0.01% in N3, N10, N40 and N80 throughout the BL respectively. This reduction in
number concentrations is due to the decrease in the growth rate of sub-2.5 nm particles

23



and hence a slight increase in the coagulational scavenging of these nanoparticles before
they can grow via condensation. In some regions, there was a decrease in N3 and N10 of
greater than 5%, however with this change in the growth rates of the sub-2.5 nm particles,
there is negligible change to N40 or N80. This negligible change to CCN sized particles
shows that a small change in sub-2.5 nm nucleation mode growth rates is dampened by
the effects of aerosol microphysics (nucleation, condensation, coagulation and other

processes that shape the aerosol number, size and composition).
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Figure 2.6. Global annual-mean BL changes in (a) N3, (b) N10, (c) N40 and (d) N80
between SURF-XSOA and SURF-XSOA-K (red denotes higher concentrations in the
SURF-XSOA-K simulation). There was a global BL decrease of 0.20%, 0.21%, 0.03%
and 0.01% in N3, N10, N40 and N80 respectively when the linear sub-2.5 nm growth rate
parameterization was included (Kuang et al., 2012).
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2.3.3.2 Sub-20 nm growth rate parameterization

Figure 2.7 shows the global annual-mean percent changes in N3, N10, N40 and N80
throughout the BL assuming kinetic SOA condensation, the inclusion of the additional
100 Tg (SOA) yr' as well as the inclusion of the semi-empirical sub-20 nm growth rate
correction to the kinetic condensation assumption based on the findings of Hékkinen et
al. (2013) (SURF-XSOA-H) from the SURF-XSOA case (red denotes higher
concentrations in the SURF-XSOA-H simulation). There was a global change of -5.8%, -
4.4%, -1.0% and -0.6% in N3, N10, N40 and N8O throughout the BL respectively. In
some regions, there is a decrease in N3 and N10 of greater than 50%. This semi-
empirical size-dependent growth rate parameterization has a much greater effect on
global particle number concentrations than the linear sub-2.5 nm growth rate
parameterization based on Kuang et al. (2012); however, even with non-negligible
decreases in N3 and N10, the effect on global CCN concentrations remains small except
for over some continental source regions. The sensitivity of N40 and N80 to changes in
growth rates of sub-20 nm particles has been shown to be highly dampened due to other
microphysical processes and the effects are much smaller than the other SOA

assumptions tested earlier.
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Figure 2.7. Global annual-mean BL changes in (a) N3, (b) N10, (c) N40 and (d) N80
between SURF-XSOA and SURF-XSOA-H (red denotes higher concentrations in the
SURF-XSOA-H simulation). There was a global BL decrease of 5.8%, 4.4%, 1.0% and
0.6% in N3, N10, N40 and N80 respectively when the semi-empirical sub-20 nm growth
rate parameterization was included (Hékkinen et al., 2013).

2.3.4 Analysis of annual-mean model-measurement comparisons

Figure 2.8 shows the observed and simulated annual- or campaign-mean particle number
size distributions for all of the locations outlined in Table 2.2. Included are the MASS-
BASE, SURF-BASE, MASS-XSOA and SURF-XSOA cases. The two cases with sub-20
nm growth rate parameterizations (SURF-XSOA-K and SURF-XSOA-H) had small
changes from the SURF-XSOA case and thus were not included here. = The base-case
simulations with biogenic SOA emissions only (MASS-BASE and SURF-BASE),
overestimate the number of particles in the nucleation mode and lower-Aitken mode (D,
< 10 nm) and underestimate the number of CCN sized particles (D, > 40 nm) when

compared to measurements at nearly every site. However, with the addition of the 100
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Tg (SOA) yr' (MASS-XSOA and SURF-XSOA), the increase in condensable material
causes growth and removal of the ultrafine particles and hence shift the aerosol size
distributions towards increasing CCN-sized particles and reducing the numbers of
ultrafine particles (as described in section 2.3.1).
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Figure 2.8. Observed and simulated annual- and campaign-mean particle number size
distributions for the global sites outlined in Table 2.2. The simulations with sub-20 nm
growth rate parameterizations (SURF-XSOA-K and SURF-XSOA-H) had small changes
from the SURF-XSOA case and were thus withheld from this figure.

To quantitatively compare the annual-mean model-measurement comparisons, we
use the statistics described in Section 2.2.4. Figure 2.9 shows 1:1 plots for the measured
and simulated annual-mean N10, N40, N80 and N150 for the MASS-BASE, SURF-
BASE, MASS-XSOA and SURF-XSOA cases. N150 was included in this figure since
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the additional SOA and changes in the condensational behavior of SOA caused
significant changes to the number of particles larger than 150 nm. This change in N150
had a large impact on the shape of the size distribution. In contrast, N3 in size
distribution shape analysis behaves enough like N10 and with most of the observations
starting around 10 nm, N3 was removed from the model-measurement analysis. Similar
to Figure 9, the two cases with sub-20 nm growth rate parameterizations (SURF-XSOA-
K and SURF-XSOA-H) were withheld from this figure because of their similarity to the
SURF-XSOA case. On each panel, the LMB, slope of the linear regression (m) and
coefficient of determination (R’) between each ground site, i, are labeled, and the dashed
lines indicate the 5:1 and 1:5 lines. Table 3 summarizes the LMB, slope of the linear
regression (m) and coefficient of determination (R?) between each ground site, 7, and
simulation mean number concentrations in the BL. Number concentrations for N10 are
consistently overestimated in the model, with MASS-BASE and SURF-BASE having the
highest overestimations (LMB = 0.203 or a factor of about 1.6 for both simulations).
With the additional SOA, the large positive bias in N10 in the simulations was decreased,
the MASS-XSOA simulation improved to LMB = 0.100 (or a factor of 1.3). However,
with kinetic SOA condensation and the additional SOA in the SURF-XSOA simulation,
the bias in N10 improved further to LMB = -0.030 (or a factor of 0.93). The SURF-
XSOA simulation with the lowest LMB had a poorer regression slope (0.888 versus ~1
for the others) and nearly identical R’ (0.89 versus ~0.91) for N10. The reduction in
slope is likely related to more-polluted sites having a greater effect from the extra SOA
(greater suppression of small particles). However, across the three metrics, it appears the
SURF-XSOA case performs the best due to the large reduction of the bias. For number
concentrations of N40, which is our proxy for small CCN, all simulations had a very
small low bias (magnitude of LMB < 0.067). For N40, SURF-XSOA had the best slope
and all simulations had equal R°. For N80, SURF-XSOA has a slight high bias (LMB =
0.005) while the others are biased low by a larger magnitude. SURF-XSOA has the most
favorable conditions for the growth of ultrafine particles to larger sizes, and this shows in
this metric. SURF-XSOA does significantly better for the slope of N80 than the other
simulations while having similar R as the other simulations. SURF-XSOA does even
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better for N150 (the number concentration of particles with diameters larger than 150

nm) with a smaller bias, better slope and slightly better R* than the other simulations.
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Figure 2.9. 1:1 plots for measured and simulated annual-mean N10, N40, N80 and N150
(the total number of particles with diameter larger than 150 nm), calculated log-mean bias
(LMB), slope of the linear regression (), and correlation (R°). The dashed black lines
indicate 5:1 and 1:5 lines. The simulations with the sub-20 nm growth rate
parameterizations (SURF-XSOA-K and SURF-XSOA-H) were withheld from this figure.
A summary of the statistics is compiled in Table 2.3.
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There is a significant improvement in most metrics when the additional SOA was
included (i.e. from MASS-BASE to MASS-XSOA); however, there is also a significant
improvement in all metrics when kinetic condensation was assumed instead of
thermodynamic condensation (i.e. MASS-BASE to SURF-BASE). This indicates that
both the amount and condensational behavior of SOA are important in order to accurately
represent size distributions. However, it appears that the SURF-XSOA case generally
performs the best with lower biases, better slopes overall, and similar coefficient of
determinations (R’) for all size cutoffs. This conclusion is evidence that kinetic SOA
condensation with extra, anthropogenically influenced SOA improves aerosol size
distributions in models. However, we must stress that the N10, N40, N80 and N150
could be wrong or right for many reasons other than the SOA assumptions tested here.
For example, the size distributions have all been shown to be sensitive to uncertainties to
nucleation (Merikanto et al., 2009; Pierce and Adams, 2009¢; Reddington et al., 2011;
Spracklen et al., 2008; Wang and Penner, 2009), primary emissions (Adams and Seinfeld,
2003; Pierce and Adams, 2006, 2009¢; Reddington et al., 2011; Spracklen et al., 2011a),
wet/dry deposition (Croft et al., 2012) and other factors (Lee et al., 2013). A recent
global model uncertainty study by Lee et al., 2013 finds that the relative uncertainties to
global mean CCN number concentrations vary between model parameters. The relative
uncertainty to CCN (from -2¢ to 20) due to accumulation mode dry deposition, Aitken
mode dry deposition, anthropogenic SOA emissions, biogenic SOA emissions and
boundary layer nucleation are approximately 40%, 18%, 20%, 12% and 5% respectively
(Lee et al.,, 2013). Additionally, the sub-grid-scale variability in the aerosol size
distribution that is not resolved within the coarse grid boxes will result in error in our

comparisons.

30



2.4 Conclusions

In this study we have tested the sensitivity of the global aerosol microphysics model
GEOS-Chem-TOMAS to the amount and condensational behavior of secondary organic
aerosol (SOA) in order to more accurately predict the number concentration of cloud
condensation nuclei (CCN) sized particles. The model output was then evaluated against
ground-based measurements to test which assumption yielded the most accurate results.

An additional 100 Tg (SOA) yr'' spatially correlated with anthropogenic carbon
monoxide (CO) emissions was then added to the model consistent with Spracklen et al.
(2011b) and Heald et al. (2011). The addition of the 100 Tg (SOA) yr'1 (assumed to be
non-volatile) increased global boundary-layer (BL) N40 (particles with D, > 40nm, our
proxy for small-sized CCN in this study) by 13.7% from the biogenic SOA source only
simulation.

When assuming low-volatility SOA with condensation proportional to the aerosol
mass distribution, or “thermodynamic condensation” as per Riipinen et al. (2011),
condensation of SOA was preferential to accumulation mode particles (Pierce et al.,
2011; Riipinen et al., 2011). This caused an increase in accumulation and coarse mode
particles and an underestimate of N40. The assumption of non-volatile SOA with
condensation proportional to the Fuchs-corrected aerosol surface area, or “kinetic
condensation” as per Riipinen et al. (2011), caused preferential condensation of SOA to
ultrafine particles relative to “thermodynamic condensation” (Donahue et al., 2011;
Pierce et al., 2011; Riipinen et al., 2011). This in turn grew ultrafine particles quickly
and increased N40. When assuming kinetic condensation, the global change in BL N40
compared to assuming thermodynamic condensation yielded an increase of 10.8%.

Two size-dependent growth rate parameterizations were also implemented. The
first parameterization involved the condensation rate of SOA to be scaled down from the
kinetic limit for particles with D, of 1 nm to 2.5 nm based on their diameter with a linear
increase in growth rate from 1 to 2.5 nm sized particles as per Kuang et al. (2012). The
second parameterization included semi-empirical size-dependent growth rate factors for

three ranges of particles of sizes 1.5 nm to 20 nm as per Hakkinen et al. (2013). The sub-

31



2.5 nm growth rate parameterization based on Kuang et al. (2012) yielded a -0.03%
global change in BL N40. The sub-20 nm semi-empirical growth rate parameterization
from Hékkinen et al. (2013) yielded a -1.0% global change in BL N40, however there
were regions with decreases in BL N40 greater than 50%. The global BL effects of these
growth rate parameterizations, however, are within other uncertainties in the model as
discussed in section 2.3.4.

From statistical analysis, the assumption of kinetic condensation of SOA
combined with the additional SOA spatially correlated with anthropogenic CO emissions
performed the best across measurement sites for nearly all statistical metrics. However,
the spatial resolution of this version of GEOS-Chem-TOMAS is much too large to
resolve specific site characteristics. Therefore, it is expected that with grid boxes on the
order of hundreds of kilometers, it may be difficult and impractical to tune the model on a
site-specific basis.

While metrics such as primary emission, nucleation schemes and deposition all
carry significant errors, this study has shown the importance of various assumptions
regarding organic aerosol (amount and condensational behavior of SOA) in global
microphysics models, and the influence that SOA can have on global particle size
distributions. It is therefore important that these factors are appropriately included in
order to provide further insights into the effect of organic aerosol on climatically relevant
particles. Future studies could use size-resolved composition from state of the art
instruments to further constrain SOA; it is important to not only get the size distribution
correct, but it is important to get the composition correct too. More sophisticated SOA
schemes involving SOA volatility and chemistry may further improve size distributions;
however, combining these SOA schemes with aerosol microphysics is computationally
expensive. Additionally, because SOA is also involved in aerosol nucleation (Metzger et
al., 2010), the uncertainties in CCN due to SOA presented here are likely underestimated;
however, a recent study (Scott et al., 2013) shows that uncertainties in CCN due to the

SOA contribution to growth are greater than that of the SOA contribution to nucleation.
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CHAPTER 3
AEROSOL SIZE DISTRIBUTION RESPONSE TO
ANTHROPOGENICALLY DRIVEN HISTORICAL CHANGES IN

BIOGENIC SECONDARY ORGANIC AEROSOL FORMATION *

* D’Andrea, S. D., Acosta Navarro, J. C., Farina, S., Riipinen, I., Pierce, J. R.: Aerosol
size distribution response to anthropogenically driven historical changes in biogenic

secondary organic aerosol formation, in preparation for Atmospheric Chemistry and

Physics, 2013.

3.1 Introduction

The Earth’s radiation balance is directly affected by aerosol particles by absorption,
scattering and reflection of solar radiation (Rosenfeld et al., 2008; Clement et al., 2009)
as well as indirectly affected by aerosols by alteration of cloud properties and lifetimes
(Charlson et al., 1992). The uncertainty associated with aerosol radiative forcing,
particularly the indirect effect, is a large source of uncertainty in global climate models
(Solomon et al., 2007). However, the influence of aerosols on cloud droplet number
concentration (CDNC) is driven by the number concentration of cloud condensation
nuclei (CCN), or the particles on which cloud droplets form. The number concentration
of CCN is highly dependent on the aerosol size distribution (Dusek et al., 2006;
McFiggans et al., 2006; Petters and Kriedenweis, 2007; Pierce and Adams, 2007),
therefore the size-dependent number of all sizes of particles must be accurately
represented to simulate CCN number concentrations correctly.

The two dominant sources of aerosol number to the atmosphere are formation of
new particles (diameter ~1 nm) via nucleation (Kulmala et al., 2004) or primary

emissions (Putaud et al., 2004; Stanier et al., 2004). In order for freshly nucleated or
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emitted nanoparticles to influence atmospheric CCN number concentrations, they must
undergo condensational growth (Pierce and Adams, 2007; Vehkaméki and Riipinen,
2012). However, the survival probability of nanoparticles depends on the competition
between condensational growth and coagulational scavenging with pre-existing aerosol
(Kerminen and Kulmala, 2002; Pierce and Adams, 2007; Kuang et al., 2009; Westervelt
etal., 2013).

The growth of particles to CCN sizes due to condensation of sulfuric acid is well
known (Sipild et al., 2010), however the condensation of low-volatility organic aerosols
(OA) have also recently been shown to play a substantial role in particle growth
(Kerminen et al., 2012; Riipinen et al., 2011; Carslaw et al., 2010; Makkonen et al.,
2012). Measurements of the submicron particle composition throughout the continental
boundary layer show 20 — 90% of the total mass to be OA (Jimenez et al., 2009). OA
enter the atmosphere through primary biogenic emissions as well as by anthropogenic
emission sources such as vehicles or residential heating (Hallquist et al., 2009). Based on
analysis of measurement data at numerous locations in the Northern Hemisphere,
oxygenated OA comprises between 63 and 95% of the total OA and is a known precursor
for secondary organic aerosol (SOA) (Zhang et al., 2007; Ng et al., 2010; Zhang et al.,
2011). Volatile organic compounds (VOCs), biological volatile organic compounds
(BVOCs) and intermediate volatile organic compounds have also been shown to be
precursors for SOA (Donahue et al., 2009; Hallquist et al., 2009). SOA formation occurs
when gas phase, aerosol-phase and cloud-phase chemical processes involving volatile
organic compounds form products with low enough volatility to remain in the condensed
phase (Hallquist et al., 2009; Wang et al., 2010; Lim et al., 2010). However, it has been
observed that in regions where there is mixing of anthropogenic and biogenic emissions,
anthropogenic emissions may enhance SOA formation from BVOCs (Carleton et al.,
2010; Spracklen et al., 2011, de Gouw et al., 2005). Regardless of the formation
mechanism, additional SOA mass to pre-existing aerosol causes a net condensational flux
to the aerosol phase. This increased condensational flux can enhance the growth of
ultrafine aerosols (Pierce et al., 2011; Riipinen et al., 2011, D’Andrea et al., 2013).
Therefore, anthropogenic and BVOC emissions both have a significant impact on SOA
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formation, CCN number concentrations and ultimately climate.

BVOCs also play an important role in tropospheric chemistry and pollution by
reacting with the hydroxyl radical (OH) and ozone (O5). Recent studies on historical
emissions of BVOCs have shown that BVOC emissions have been affected by
anthropogenic influences over the past millennium (Acosta Navarro et al., in prep;
Kaplan et al., 2010). Changes in land use, temperature and carbon dioxide (CO,)
concentrations have all had significant impacts on the emissions of BVOCs. A recent
model reconstruction of terpenoid BVOC emissions over the past millennium predict
changes to three dominant SOA-producing BVOC classes (isoprene, monoterpenes and
sesquiterpenes) (Acosta Navarro et al., in prep). They predicted that globally averaged
isoprene emissions have decreased over the past millennium due to land-use changes
causing a reduction in high isoprene-emitting natural shrubs and broadleaf trees to low
emitting crop and grazing land. They also predicted that globally averaged monoterpene
and sesquiterpene emissions have increased over the past millennium due mainly to
global increases in temperature (the monoterpene- and sesquiterpene-emitting vegetation
has not decreased to the same degree as the isoprene-emitting vegetation). However, all
three BVOC classes show both increases and decreases in various regions due to
competing factors. The most dominant cause of BVOC emission changes has been from
anthropogenic factors, where land-use change has had the most dramatic impact by
decreasing the isoprene emissions.

In this paper, we use these modeled estimates of the three dominant BVOC
classes’ emissions from the years 1000 to 1990 to test the influence of anthropogenic
changes in BVOC emissions on SOA formation, global aerosol size distributions and
CCN to quantify the net impact of these anthropogenic BVOC changes on aerosols. We
do not take into account the potential effects of anthropogenic pollution on the yields of
biogenic SOA from BVOCs because of the large uncertainties in these enhancements. In
the following section, we investigate the global millennial changes in biogenic emissions
from Acosta Navarro et al. (in prep). Section 3.3 describes the model used in this study
and the methods used for formation of SOA from the biogenic terpenoid emissions.
Section 3.4 describes the results, highlighting the global changes in particle size
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distributions due to the millennial changes in BVOC emissions, and the climatic

implications associated with these changes.

3.2 Emission changes

In this subsection, we highlight the results from Acosta Navarro et al. (in prep), but for
more details on, e.g. vegetation maps, see Acosta Navarro et al. (in prep). The historic
BVOC emissions in this paper were predicted by using a modeling system that estimates
the net emission of gases and aerosols from terrestrial sources into the atmosphere. The
modeling system includes emissions-driving variables such as surface air temperature,
downward solar radiation at the surface, soil water content, leaf area index, carbon
dioxide (CO,) concentrations, vegetation maps and soil wilting point. Multiple
simulations were run with the model to test the sensitivity to the wvariables
aforementioned and a millennial emissions inventory for the three dominant terpenoid

BVOC classes was created. This method is described in more detail in section 3.3.2.

3.2.1 Isoprene emission changes

Isoprene has the highest emission rates of the three BVOCs investigated in this study
with mean emissions over the period 1000-1990 greater than 100 mg m™ day” over
tropical rainforests (Figure 3.1a) (Acosta Navarro et al., in prep). Isoprene emissions are
dominant in tropical and sub-tropical regions but emit much less in boreal regions.
Absolute and percent changes in the spatial distribution of mean isoprene from the period
1000-1010 to 1980-1990 are shown in Figure 3.1b and 3.1c respectively. Globally
averaged, isoprene emissions over this period decrease by 11% and are due
predominantly to cropland expansion and CO; concentration effects. The changes in
land-use due to natural high isoprene-emitting broadleaf trees and shrubs being converted
to low isoprene emitting crops, such as plantations and pastures have directly decreased
isoprene emissions by greater than 75% regionally (Figure 3.1c). Large portions of North
America, Australia, Eurasia and southern South America show these strong decreases.

However, from Figure 3.1b, the absolute change in isoprene emissions in most of the
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Northern Hemisphere are negligible due to lower absolute emissions (Figure 3.1a), even
though the percent changes in Figure 3.1c suggest otherwise. The tropical and sub-
tropical regions with high isoprene emissions are the regions with the largest absolute
changes in emission over this time period. Isoprene emissions are also known to
decrease with increasing CO, concentrations (Pefiuelas et al., 2010). Therefore,
increasing CO, concentrations in the present-day atmosphere also contribute to the
decrease in isoprene emissions. However, isoprene emissions in some regions where the
natural vegetation has remained unaltered over the past millennium have increased by

greater than 50% due to the increase in surface air temperature.
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Figure 3.1. (a) Globally averaged millennial isoprene emissions over the years 1000-1990
in mg m™ day’, (b) absolute change in isoprene emissions between the years 1000-1010
and 1980-1990 in mg m™ day™', and (c) percent change in isoprene emissions between the
years 1000-1010 and 1980-1990. An increase in isoprene emissions is represented by red
colors, and a decrease in isoprene emissions by blue in (b) and (c).
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3.2.2 Monoterpene emission changes

Along with changes in isoprene emissions over the past millennium, monoterpene
emissions have also changed, but overall due to different environmental and
anthropogenic influences. Figure 3.2a is a map of globally averaged monoterpene
emissions over the years 1000-1990. Mean emissions of monoterpenes over the period
1000-1990 are an order of magnitude lower than isoprene emissions, but are still greater
than 10 mg m™ day' in tropical and sub-tropical regions (Acosta Navarro et al., in prep).
Figure 3.2b and 3.2¢ show the absolute and percent change in monoterpene emissions
from pre-industrial (1000-1010) to present-day (1980-1990) respectively. The globally
averaged change in monoterpene emissions over this period increase approximately 6%;
however, there are regional increases of greater than 75% such as southwestern United
States, western Australia and some regions in Asia (red regions). The regions of large
increases are predominantly due to colonization and the development of agriculture in
regions where monoterpene emitting vegetation was previously scarce. Figure 3.2c
suggests large changes in emissions in regions such as the Sahara, northern Canada and
northern Asia, but as Figure 3.2b indicates, the absolute changes in emissions in those
regions are negligible due to very low emissions. However, in most regions there is an
increase in monoterpene emissions of approximately 5-25%. This modest increase in
emissions is driven by temperature anomalies and the introduction of vegetation with
similar monoterpene emissions as the natural vegetation. There are significant regions of
decreasing monoterpene emissions such as central North America, southeastern South
American, eastern Australia and central Eurasia (blue regions). The decrease in
emissions in these regions is due to strong deforestation and a replacement of natural

vegetation with low monoterpene-emitting species.
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Figure 3.2. (a) Globally averaged millennial monoterpene emissions over the years 1000-
1990 in mg m™ day, (b) absolute change in monoterpene emissions between the years
1000-1010 and 1980-1990 in mg m™ day”, and (c) percent change in monoterpene
emissions between the years 1000-1010 and 1980-1990. An increase in monoterpene
emissions is represented by red colors, and a decrease in monoterpene emissions by blue

in (b) and (c¢).

40



3.2.3 Sesquiterpene emission changes

Similar to changes in monoterpene emissions over the past millennium, sesquiterpene
emissions have also increased. Figure 3.3a is a map of globally averaged sesquiterpene
emissions over the years 1000-1990. Mean emissions of sesquiterpenes over the period
1000-1990 are an order of magnitude lower than monoterpene emissions, and two orders
of magnitude lower than isoprene emissions. Sesquiterpene emissions exceed 0.5 mg m™
day” in tropical and sub-tropical regions (Acosta Navarro et al., in prep), and are
spatially distributed similar to that of monoterpenes. Figure 3.3c shows the percent
change in sesquiterpene emissions from pre-industrial (1000-1010) to present-day (1980-
1990). Following the same trend as monoterpenes, the globally averaged change in
sesquiterpene emissions over this period increase by approximately 7%; however, there
are regional increases of greater than 75% such as southwestern United States, western
Australia and some regions in Asia (red regions). The causes of the changes in
sesquiterpene emissions are analogous to the changes in monoterpene emissions. The
changes are predominantly due to colonization and the development of agriculture in
regions where sesquiterpene emitting vegetation was previously limited. Also analogous
to monoterpene emissions, Figure 3.3c suggests important changes in sesquiterpene
emissions in regions such as the Sahara, central and northern Asia, and northern Canada.
This over-exaggeration is similarly due to regions with very low emissions of
sesquiterpenes (Figure 3.3a) where the absolute changes in emissions are negligible
(Figure 3.3b). However, in all continents except South America, sesquiterpene emissions

increase 5-50%. This increase in emissions is mainly driven by temperature anomalies.
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Figure 3.3. (a) Globally averaged millennial sesquiterpene emissions over the years 1000-
1990 in mg m™ day™, (b) absolute change in sesquiterpene emissions between the years
1000-1010 and 1980-1990 in mg m™ day™, and (c) percent change in sesquiterpene
emissions between the years 1000-1010 and 1980-1990. An increase in sesquiterpene
emissions is represented by red colors, and a decrease in sesquiterpene emissions by blue

in (b) and (c¢).
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Figure 3.4 shows globally averaged isoprene (blue), monoterpene (red) and
sesquiterpene (green) emissions over the time period 1000-1990. Monoterpene and
sesquiterpene emissions decrease over the years 1000-1800, and then increase from 1800-
1990. From 1000-1800, land-use changes cause the decrease in emissions; however, over
the period 1800-1990, increases in CO, concentrations and temperature drive the increase
in emissions. Therefore, to simulate conditions with the least anthropogenic influence,
the decadal-averaged BVOC emissions from 1000-1010 are used to simulate pre-
industrial conditions in this study. Decadal trends in emission changes of isoprene,
monoterpenes and sesquiterpenes remained reasonably constant relative to each other
throughout the period 1000-1800, whereas changes in the three BVOC emissions during
the years 1950-1990 drastically differ (Acosta Navarro et al., in prep). From the years
1950-1990, monoterpene and sesquiterpene emissions increase; however, isoprene
emissions strongly decrease. Therefore, using decadal-averaged BVOC emissions from
1980-1990 are reasonable representations of present day values. The decadal averaged
emissions over the years 1980-1990 are also the most recent, and are the most
anthropogenically influenced in the Acosta Navarro et al. (in prep) study. Therefore, this
range of years is the most appropriate range to use for present day BVOC emissions in

our input dataset.
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Figure 3.4. Globally averaged isoprene (blue), monoterpene (red) and sesquiterpene
(green) emissions over the time period 1000-1990.
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3.3 Methods

In this study we use a global chemical transport model with online aerosol microphysics
to test the sensitivity of the simulated aerosol size distributions to anthropogenic changes
in BVOC emissions from the years 1000 to 1990. Our goals are to determine the regional

impact of anthropogenic BVOC emission changes on CCN number concentrations.

3.3.1 Model Description

In this study, we use the global chemical-transport model, GEOS-Chem (www.geos-
chem.org), combined with the online aerosol microphysics module, TOMAS (GEOS-
Chem-TOMAS) (as described in Pierce et al. (2013)) to test the sensitivity of global
aerosol size distributions to changes in BVOC emissions. GEOS-Chem-TOMAS uses
GEOS-Chem v9.01.02 with 4°x5° horizontal resolution, 47 vertical layers from the
surface to 0.01 hPa with meteorological inputs from the GEOSS5 reanalysis
(http://gmao.gsfc.nasa.gov). TOMAS in this work simulates the aerosol size distribution
using 15 size sections ranging from 3 nm to 10 um. Nucleation rates in all simulations
were predicted by ternary homogeneous nucleation of sulfuric acid, ammonia and water
based on the parameterization of Napari et al. (2002) scaled down globally by a constant
factor of 10™ which has been shown to predict nucleation rates closer to measurements
than other commonly used nucleation schemes (Jung et al., 2010; Westervelt et al., 2013).
All emissions except terpenoid biogenic emissions (monoterpenes, isoprene and
sesquiterpenes) in GEOS-Chem are described in van Donkelaar et al. (2008). The three
dominant BVOC classes (monoterpenes, isoprene and sesquiterpenes) are included in
GEOS-Chem using modeled reconstructions as provided by Acosta Navarro et al. (in
prep) (this will be described in more detail in section 3.2.2). The emissions from Acosta
Navarro et al. (in prep) override biogenic emissions previously input from the Model of
Emissions and Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006) in the
standard version of GEOS-Chem.

Traditionally, SOA in GEOS-Chem-TOMAS is formed only from terrestrial

biogenic sources, with the biogenic source being a fixed yield of 10% of the monoterpene
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emissions. However, isoprene and sesquiterpenes also serve as SOA precursors
(Hoffmann et al., 1997; Griffin et al., 1999a; Kroll et al., 2006). In this study, we form
SOA from monoterpenes, isoprene and sesquiterpenes with fixed yields of 10%, 3% and
20% respectively based on estimations summarized in Pye et al. (2010). The yields used
in this study are on the low end of emission estimates; however, future work that we will
do before submitting this manuscript to a peer-reviewed journal involves testing upper
bounds on these yields (20%, 10% and 40%, respectively). In this study, particles are
assumed to undergo kinetic, gas-phase-diffusion-limited growth with condensation of
SOA proportional to the Fuchs-corrected aerosol surface area (Riipinen et al., 2011;
D’Andrea et al., 2013). This kinetic condensation of SOA assumes low-volatility SOA
with average saturation vapor pressure, C*, of less than approximately 107 ug m”. This
assumption helped to yield the best agreement with present-day observed size
distributions in D’Andrea et al. (2013) (chapter 2 of this thesis). Also as described in
D’Andrea et al. (2013) (chapter 2 of this thesis), an additional 100 Tg yr' of SOA
correlated with anthropogenic carbon monoxide emissions is required to match present-
day measurements; however, in this study so far, the additional SOA is not included but
will be included in the submitted manuscript.

We note that the predicted size distributions and uncertainty ranges in this paper
are sensitive to the nucleation scheme, anthropogenic emissions fluxes and emissions size
(e.g. Pierce et al. 2009c), but here we explore the modeled partial derivatives to changes
in BVOC emissions only. Simulations for present-day anthropogenic emissions were run
for 2005 meteorology with three months of spin-up from a pre-spun-up restart file.
Simulations for pre-industrial anthropogenic emissions were run with anthropogenic
emissions turned off. We test the sensitivity of predicted size distributions to
anthropogenically driven changes in BVOC emissions in GEOS-Chem-TOMAS using
four simulations (Table 3.1). First, we assume present-day anthropogenic emissions and
have one simultaneous monthly mean BVOC emissions from the decadal average over
the time periods years 1000-1010 (simulation BE1 AE2) and another simulation
averaged over the years 1980-1990 (simulation BE2 AE2) (the justification of these time
periods is explained in section 3.3.3). This method isolates the change in BVOCs and the
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effect on aerosol size distributions under fixed anthropogenic emissions. We also test the
sensitivity to changes in BVOC emissions over the same periods with no anthropogenic
emissions to simulate a pre-industrial anthropogenic environment (simulations
BE1 AEOFF and BE2 AEOFF). Using these four simulations, we also test the
sensitivity of predicted size distributions to changes in anthropogenic emissions under
present-day BVOC emissions by comparing simulations (simulation BE2 AEOFF and
BE2 AE2). We repeat this test for year-1000 conditions by comparing BE1 AEOFF and
BE1_AE2.

Table 3.1 Summary of GEOS-Chem-TOMAS simulations performed in this study.

Biogenic Emissions
1000 —1010 1980 — 1990

BEl AE2 BE2 AE2

2005

Anthropogenic
Fmigciang

BEl AEOFF  BE2 AEOFF

OFF

3.3.2 BVOC emissions

Modeled terpenoid BVOC emissions in this study are reconstructed for the years 1000 to
1990 by Acosta Navarro et al. (in prep) for the three dominant classes of BVOC
(isoprene, monoterpenes and sesquiterpenes). This is described in detail by Acosta
Navarro et al. (in prep), but will be summarized here. This modeled reconstruction was
evaluated offline using numerical MEGAN (MEGAN v2.04 (Guenther et al., 2006)) over
the time span of one millennium, with three-hour resolution and a spatial resolution of
3.75° x 3.75°. The version of MEGAN used in this inventory is a simplified version of
Guenther et al., 2006, with 6 plant functional types instead of the standard 15 and smaller
monoterpene light dependency factors (Acosta Navarro et al., in prep). Surface air
temperature, downward solar radiation at the surface, soil water content (Jungclaus et al.,
2010) and leaf area index (Pongratz et al., 2008, Pongratz et al., 2009) were simulated
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using the Max-Planck Institute Earth System Model (MPI-ESM). Annual carbon dioxide
(CO,) concentrations were estimated using ice core samples from Law-Dome Antarctica
(McFarling Meure et al., 2006). The vegetation maps were taken from the LPJ Dynamic
Global Vegetation Model (LPJ-DGVM) (Kaplan et al., 2010, Pongratz et al., 2008) and
soil wilting point fields were taken from MEGAN database (Guenther et al., 2006).
Land-use cover was empirically developed by Kaplan et al., 2010 and estimates
anthropogenic vegetation types such as crops and pastures. The model developed by
Kaplan et al., 2010 estimates the percentage of land covered by 8 natural and 3
anthropogenic vegetation types. MEGAN was then run offline in a series of simulations
testing sensitivities to the variables described above, and a millennium terpenoid BVOC
emission inventory was created. Figure 3.5 shows the total mean millennial BVOC
emissions (isoprene + monoterpenes + sesquiterpenes) in mg m? day'1 from the modeled

reconstruction by Acosta Navarro et al. (in prep).
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Figure 3.5. Total mean millennial BVOC emissions (isoprene + monoterpenes +
sesquiterpenes) in mg m™ day.
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The terpenoid BVOC emissions in Acosta Navarro et al. (in prep) are sensitive to
variations in meteorological conditions and land-use changes, but are also sensitive to the
empirical standard emission factors used in the developing of the inventory. Plant
emission factors of the three BVOCs were averaged over wide plant families in order to
make the model computationally feasible.  Therefore, the changes in isoprene,
monoterpenes and sesquiterpenes in the reconstruction are indicators of the response of
the three BVOCs to external stresses and land-use change, rather than exact emission
estimates. Also, changing the resolution of the emissions inventory from the original

resolution to a coarser resolution may inherently have uncertainties.

3.4 Results
3.4.1 Changes to SOA formation rates

Figure 3.6a shows the mean millennial fixed yield SOA formation from BVOC emissions
(monoterpenes, isoprene and sesquiterpenes) in mg m? day'1 over the years 1000-1990.
The spatial distribution of SOA formation is collocated with total millennial BVOC
emissions as seen in Figure 3.5. Figure 3.6c shows the percent change in fixed-yield
SOA formation from the same averaged BVOC emissions (monoterpenes, isoprene and
sesquiterpenes) between the periods 1000-1010 and 1980-1990 (“present day” — “pre-
industrial”). An increase in SOA formation is represented by red colors, and a decrease
in SOA formation by blue. This figure shows the spatial variation in changes in SOA
formation over the last millennium due to historical changes in monoterpene, isoprene
and sesquiterpene emissions. Regions such as central North America, eastern Australia,
and southern South America show significant decreases, exceeding 75% in SOA
formation. There are also regions such as India, and southeast Asia with increases of
greater than 50% in SOA formation. These changes in emissions are solely due to
millennial anthropogenic influences on BVOC emissions. Figure 3.6b shows the
absolute change in fixed-yield SOA formation from averaged BVOC emissions
(monoterpenes, isoprene and sesquiterpenes) between the periods 1000-1800 and 1950-

1990 (“present day” — “pre-industrial”) in mg m™ day™. In Figure 3.6¢c, there are regions
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with large percent increases or decreases in SOA formation, such as the Sahara, central
Australia, and central Eurasia; however, the absolute change is negligible in these regions
due to very low emissions (as seen in Figure 3.5). Meaningful decreases/increases in
SOA formation would significantly decrease/increase the amount of low-volatility
condensable organic material available to grow nanoparticles in the atmosphere.
Therefore, changes in SOA formation of this magnitude could have an important

anthropogenic aerosol effect on regional climates.
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Figure 3.6. (a) Mean millennial fixed yield SOA formation between the periods 1000-
1990 in mg m™~ day™, (b) absolute change in fixed yield SOA formation from averaged
BVOC emissions (monoterpenes, isoprene and sesquiterpenes) between the periods 1000-
1010 and 1980-1990 (“present day” — “pre-industrial”) in mg m™ day™, and (c) Percent
change in fixed yield SOA formation from averaged BVOC emissions (monoterpenes,
isoprene and sesquiterpenes) between the periods 1000-1010 and 1980-1990 (“present
day” — “pre-industrial”). An increase in SOA formation in (b) and (c) is represented by
red colors, and a decrease in SOA formation by blue.
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Changes over the past millennium in all three classes of terpenoid BVOCs (Figure
3.4) combine to impact SOA formation in the atmosphere. Figure 3.7 shows the percent
contribution to SOA formation by (a) isoprene, (b) monoterpene and (c) sesquiterpene
emissions, averaged over the years 1000-1990. The area enclosed by the red contour
represents greater than 5% of the maximum mean millennial emissions of all BVOCs
(isoprene + monoterpenes + sesquiterpenes) in mg m? day” (7.7 mg m? day’) (see
Figure 3.5 for total mean millennial BVOC emissions). Isoprene (Figure 3.7a) has the
largest contribution to SOA formation with a global millennial mean contribution of
64%. Regions where isoprene emissions have significant contributions to SOA formation
(greater than 70%) are collocated with regions of highest total BVOC emissions (red
contour). This shows that significant changes in isoprene emissions over the past
millennium in these regions are the predominant cause of changes in SOA formation.
Monoterpene emissions (Figure 3.7b) contribute to 20% of global mean millennial SOA
formation. Figure 3.7b indicates that changes in monoterpene emissions are the most
important cause of SOA formation in the northern hemisphere boreal-forested regions,
with contributions exceeding 80%. However, monoterpenes contribute less than 20% in
regions with the highest total emissions. Sesquiterpene emissions represent the smallest
global mean contribution to SOA formation at 16% over the past millennium. Unlike
isoprene and monoterpene emissions that have clear regional importance, Figure 3.7c
indicates that sesquiterpene emissions tend to have a more uniform contribution to SOA

formation across all vegetated regions, rarely exceeding 20%.

51



(a) Contribution to SOA formation from ISOP [%]

90°N
H R i
=2 = 2
o 5 = §§ C = f » . )
BO°N [ - v z oF 100
LT SO— W ——— R e ST S o on—
o 90
30°S
60°s = 80
s
T ——
90°s
180° 120°W 60°W 0° 60°E 120°E 180°

60°N

30°N

70

60

0 50
30°S
60°S 440
90°S
180° 120°W 60°W 0° 60°E 120°E 180°
130
oo (c) Contribution to SOA formation from SESQ [%]
‘\( ‘. 3 T e %
30°N B ;
, .
. %
30°s
@‘ T
60°S = Igp— 0
et 2|
gou?80° 120°W 60°W 0° 60°E 120°E 180°

Figure 3.7. Percent contribution to SOA formation by (a) isoprene, (b) monoterpene and

(c) sesquiterpene emissions, averaged over the years 1000-1990. The area enclosed by

the red contour represents greater than 5% of the maximum mean millennial emissions of

BVOCs (isoprene + monoterpenes + sesquiterpenes) in mg m™ day ' (7.7 mg m™~ day™).
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3.4.2 Impact on CCN number: changing BVOC emissions

Figure 3.8 shows the change in (a) N3, (b) N10, (c) N40 and (d) N80 (number of particles
with diameter greater than 3 nm, 10 nm, 40 nm and 80 nm respectively) when changing
BVOC emissions from pre-industrial (average emissions from 1000-1010) to present-day
(average emissions from 1980-1990) with constant present day anthropogenic emissions
(2005) (BE2_AE2 — BE1 AE2). Comparing these two simulations isolates the effect of
millennial changes in BVOC emissions on particle size distributions. Globally averaged,
N3 and N10 increased by 1.9% and 1.5% respectively, whereas N40 and N80 decreased
by 0.5% and 1.4% respectively. There are decreases in N80 (our proxy for CCN sized
particles) exceeding 50% in regions such as southern South America, southern Africa,
southeastern North America and Australia. These regions coincide with regions of
significant decrease in isoprene emissions (Figure 3.1) and SOA formation (Figure 3.6).
The relationship between the decrease in isoprene emissions and SOA formation with the
decrease in N80 can be explained through microphysical feedback mechanisms. Firstly,
the decrease in total isoprene emissions in these regions causes a decrease in SOA
formation as explained in section 3.4.1. With decreases in SOA formation, ultrafine
particle growth decreases due to the reduction in available condensable material. This
can be seen in Figure 3.8a and 3.8b where increases in N3 and N10 are collocated. This
suppression of ultrafine particle growth limits the number of particles that can grow to
CCN sizes, hence decreasing N80 in these regions. This can be seen in Figure 3.8c and
3.8d, where regions of increasing N3 and N10 coincide with regions of decreasing N40
and N80. Throughout these regions, N3 and N10 increases exceed 50%, and decreases in
N40 and N80 exceed 50%. These are significant changes in CCN concentrations in these
regions due largely to changes in BVOCs due to anthropogenic land-use changes. With
significant decreases in N40 and N80, the condensation sink for sulfuric acid (H,SO4)
and coagulation sink for ultrafine particles would also decrease. This would increase the
survival probability of ultrafine particles and hence increase N3 and N10. Thirdly, with a
decrease in SOA formation and a decrease in ultrafine particle growth, the concentration

of sulfuric acid (H,SO4) vapor would increase in these regions due to a decrease in the
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condensation sink. This would increase nucleation due to the strong dependence on
H,SO4 vapor concentrations. Therefore, increased nucleation increases the number of

freshly nucleated particles and N3.
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Figure 3.8. Change in (a) N3, (b) N10, (c) N40 and (d) N80 (number of particles with
diameter greater than 3 nm, 10 nm, 40 nm and 80 nm respectively) when changing
BVOC emissions from pre-industrial (average emissions from 1000-1010) to present-day
(average emissions from 1980-1990) with constant present day anthropogenic emissions
(2005) (BE2_AE2 — BE1_AE2). Globally averaged, N3 and N10 increased by 1.9% and
1.5% respectively, whereas N40 and N80 decreased by 0.5% and 1.4% respectively.

Figure 3.9 shows the change in (a) N3, (b) N10, (¢) N40 and (d) N80 when
changing BVOC emissions from pre-industrial (average emissions from 1000-1010) to
present-day (average emissions from 1980-1990) with anthropogenic emissions turned
off (BE2_AEOFF — BE1 AEOFF). Globally averaged, N3, N10 and N40 increased by
2.8%, 2.4% and 1.0% respectively, whereas N80 decreased by 0.4%. Similar to the
previous case, globally averaged N3 and N10 increased over the past millennium.
However, contrary to the previous case, with anthropogenic emissions turned off,
globally averaged N40 also increased. The spatial patterns in globally averaged number

of CCN sized particles (N80) in this simulation reflected the same decreasing trend as
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Figure 3.8. In Figure 3.9, the regions of increasing N3 and N10 coincide with regions of
decreasing N40 and N80, following the same spatial pattern as Figure 3.8.
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Figure 3.9. Change in (a) N3, (b) N10, (c) N40 and (d) N80 (number of particles with
diameter greater than 3 nm, 10 nm, 40 nm and 80 nm respectively) when changing
BVOC emissions from pre-industrial (average emissions from 1000-1010) to present-day
(average emissions from 1980-1990) with anthropogenic emissions turned off
(BE2_AEOFF — BE1 AEOFF). Globally averaged, N3, N10 and N40 increased by
2.8%, 2.4% and 1.0% respectively, whereas N80 decreased by 0.4%.

The microphysical feedback mechanisms in this comparison (BE2 AEOFF -
BE1 AEOFF) are the same as the previous comparison (BE2 AE2 — BEl AE2);
however, the magnitude of the millennial changes in particle number concentrations
differs. With anthropogenic emissions turned off to simulate pre-industrial conditions,
changes in number concentrations of particles in all size ranges are shifted towards more
positive changes than the simulation with present day anthropogenic emissions. This is
caused by the difference in total particle number concentrations and the mean size of the
particles. As seen in Figure 3.10, present-day anthropogenic conditions have more than
4x more particles by number than in pre-industrial conditions and the mean diameter is at

smaller sizes. The mean diameter in the simulation with present-day anthropogenic
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conditions is 27.1 nm, whereas the simulation with pre-industrial anthropogenic
conditions had a mean diameter of 41.1 nm. Therefore, there are an increased number of
ultrafine particles competing for condensation of SOA and growth to CCN sizes in the
simulations with anthropogenic emissions on, and the particles in these simulations are
(on average) smaller and further from CCN sizes. Thus, ultrafine particles grow to CCN
sizes more efficiently to 40 and 80 nm in the simulations with anthropogenic emissions
turned off and are more susceptible to BVOC changes because there are fewer particles
competing for condensable material and the mean size is larger. The fractional changes
in N3 are larger in the cases with anthropogenic emissions off because there are fewer
particles overall. Thus, there is a smaller increase in N3 and larger decrease in N80 than

with anthropogenic emissions turned off.
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Figure 3.10. Simulated global annual-mean particle number size distributions for the
simulations outlined in Table 3.1. The red and blue vertical dotted lines represent the
mean diameter for the simulations including anthropogenic emissions (BE1 AE1) and
without anthropogenic emissions (BE1 AEOFF) respectively.
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The effect on particle numbers by changing anthropogenic emissions under fixed
BVOC emissions was also investigated. The globally averaged change in N3, N10, N40
and N80 when changing anthropogenic emissions from pre-industrial (off) to present-day
(2005) with constant present-day BVOC emissions (average biogenic emissions from
1980-1990) (BE2_AE2 — BE2 AEOFF) increased by 346%, 350%, 218% and 168%
respectively. These sensitivities to anthropogenic emissions changed only modestly
when biogenic emissions from 1000-1010 were used (BE1 AE2 — BE1 AEOFF):
globally averaged N3, N10, N40 and N80 all increased by 350%, 354%, 223% and 171%
respectively. Thus, the historic state of BVOC emissions have little effect on the impact
of anthropogenic size distributions on aerosol concentrations; therefore, we have not

included figures and a more-detailed comparison.

3.5 Conclusions

In this study, we investigated the impact of millennial changes in biological volatile
organic compound (BVOC) emissions on secondary organic aerosol (SOA) formation
and global aerosol size distributions. We used the global aerosol microphysics model
GEOS-Chem-TOMAS to connect the historical changes in BVOC emissions to particle
size distributions and the number concentration of cloud condensation nuclei (CCN).

This study built off recent work by Acosta Navarro et al. (in prep) who
determined how BVOC emissions have changed in the past millennium due to changes in
land use, temperature, and carbon dioxide (CO;) concentrations. They used a model
reconstruction of the three dominant classes of BVOC emissions (isoprene, monoterpenes
and sesquiterpenes) to simulate decadal-averaged monthly mean emissions over the time
period 1000-1990. Their emissions reconstruction predicted that isoprene emissions
decreased over the past millennium (due mainly to anthropogenic land-use changes),
whereas monoterpene and sesquiterpene emissions increased (due predominantly to
temperature increases). In our work, we included these millennial emissions into the

GEOS-Chem-TOMAS chemical-transport model with online aerosol microphysics. We
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assumed that isoprene, monoterpenes and sesquiterpenes form SOA in GEOS-Chem-
TOMAS via fixed yields of 3%, 10% and 20% respectively.

When anthropogenic emissions (eg. SO,, NOy, primary aerosols) were held at
present day values and emissions of isoprene, monoterpenes and sesquiterpenes changed
from year 1000-1010 values (“pre-industrial”) to year 1980-1990 values (“present day”),
N8O (the number of particles with diameter greater than 80 nm, our proxy for CCN in this
study) had decreases of greater than 50% in years 1980-1990 relative to years 1000-1010
that were predicted in regions with extensive land-use changes such as southern South
America, southern Africa, southeastern North America and Australia since year 1000.
This significant change in N80 was predominantly driven by anthropogenic changes in
high BVOC-emitting vegetation to lower emitting crops/grazing land.  Similar
sensitivities in N80 exist when BVOC emissions were changed over the same time period
but with anthropogenic emissions turned off.

When BVOC emissions were held at present day values, and anthropogenic
emissions changed from turned off (“pre-industrial”) to 2005 (“present day) values,
there were globally averaged increases in number concentrations of all particle sizes.
N80 increased by 168% in present day relative to pre-industrial due to large increases in
particle emissions from industrial development. Similar sensitivities exist when
anthropogenic emissions were changed over the same time period but with BVOC
emissions at pre-industrial values. Thus, the change in BVOCs should have little impact
on the radiative forcing of anthropogenic pollution.

There are inherent uncertainties in the millennial BVOC emission reconstruction
from Acosta Navarro et al. (in prep) used in this study. Averaged emission factors were
used over wide plant families and thus the millennial changes in isoprene, monoterpenes
and sesquiterpenes are indicators of the response of the three BVOCs to anthropogenic
influences as opposed to exact estimations of the emissions. Before submission of the
paper, we will also include simulations using a different set of historical emissions from
the dynamic vegetation model LPJ-GUESS (Sitch et al., 2003; Smith et al., 2001;
Bondeau et al., 2007). We will also include simulations testing the sensitivity of particle
size distributions to different yields of SOA.
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While present-day emissions of anthropogenic aerosols are a significant
contributor to climate change, this study has shown the importance of anthropogenically
driven changes in BVOC emissions over the past millennium on SOA formation and
CCN number concentrations. The large decrease in CCN due to land-use changes over
the past millennium appears to be a largely overlooked and important anthropogenic

aerosol effect on regional climates.

59



CHAPTER 4 CONCLUSIONS

41 Summary

Global climate change is one of the most important issues currently impacting human
activity. However, quantifying the impact of humans on global climate change is very
uncertain. One of the most uncertain factors according to the Intergovernmental Panel on
Climate Change Fourth Assessment Report is the effect of anthropogenic aerosols on the
radiative forcing on the Earth’s climate (IPCC, 2007). Aerosols scatter and absorb
incoming solar radiation, directly affecting Earth’s climate. Aerosols also modify cloud
properties, altering the amount of solar radiation reflected by clouds, which indirectly
affects Earth’s climate. To quantify the direct and indirect effect of aerosols, the primary
tools used for predicting global climate change are global aerosol models that involve
online aerosol microphysics in global climate models (GCMs) or chemical transport
models (CTMs). The accuracy of modeled predictions of clouds and climates however,
are highly dependent upon correctly simulating aerosol size and number. The influence
of aerosols on clouds and ultimately climate is driven by the number concentration of
cloud condensation nuclei (CCN), or aerosols with diameters larger than about 50 nm
(Pierce et al., 2007). Thus, CCN concentrations are highly dependent on the number, size
and composition of particles. Many physical and chemical processes shape the number,
size and composition of particles including emissions, nucleation, condensation of vapors
and deposition. Each of these processes has uncertainties and is imperfectly represented
in global aerosol simulations (Lee et al., 2013). Therefore, in order to accurately quantify
the aerosol impact on climate change, the size distribution and ultimately growth of
atmospheric aerosols must be properly represented in GCMs. In this thesis, we
specifically looked at condensable secondary organic vapors and their effects on the

aerosol size distribution and CCN.

This thesis involved two individual projects. The first project involved using a

global chemical transport model with online aerosol microphysics to simulate the effect
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of chemically produced organic aerosol (secondary organic aerosol, SOA) on particle size
distributions in the atmosphere. The model simulations were compared to various global
measurement sites in an effort to constrain the model. We found that the amount and
volatility of SOA has a drastic impact on the number concentration of climatically
relevant particles. We found that, in order to match global measurements, a large amount
(100 Tg yr'") of SOA correlated with anthropogenic carbon monoxide emissions had to
be included into the model, and a significant fraction of the SOA had to condense as
nonvolatile. We also investigated the impact of two sub-20 nm size-dependent growth
rate parameterizations on simulated particle size distributions (Hékkinen et al., 2013;
Kuang et al., 2012). We found that these parameterizations have little impact on global
climatically relevant particle number concentrations; however, they may have a
significant regional impact. This research improves the predictions of climatically

relevant particles in global climate simulations.

The second project investigates the effect of changing biogenic volatile organic
compound (BVOC) emissions (from changing land use, temperature and CO,) on
climatically relevant particles through SOA formation. We incorporated recent estimates
of present-day and pre-industrial biogenic volatile organic emissions (specifically
isoprene, monoterpenes and sesquiterpenes) into a global chemical transport model with
online aerosol microphysics. We have found that millennial changes in isoprene
emissions are the primary driver of SOA formation. Decreases in isoprene emissions
exceeding 75% due to land-use changes in regions such as central North America, eastern
Australia, and southern South America, cause decreases exceeding 75% in SOA
formation. This decrease in SOA formation has large implications on climatically
relevant particles, causing decreases in excess of 50% in CCN sized particles. This
change in CCN may be a largely overlooked and important anthropogenic aerosol effect

on regional climates
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4.2 Future Work

The first study in this thesis (chapter 2) has shown the importance of correctly simulating
the amount and condensational behavior of SOA in global aerosol microphysics models.
The inclusion of an extra 100 Tg yr' of SOA correlated with anthropogenic carbon
monoxide (CO) drastically improved the accuracy of particle size distributions in the
model when compared to global measurement sites. The chemistry involved with the
additional source of low-volatility SOA is most likely due to pollution-driven
anthropogenic enhancement of SOA formation from BVOCs. Once the chemical
mechanisms of this enhanced SOA formation have been determined, future work would
involve investigating the chemistry involved in the formation of this additional SOA
source as well as incorporating a more mechanistic approach to SOA formation in the
model rather than solely correlating with anthropogenic CO emissions. Also in the first
study, assuming low volatile SOA, or condensation proportional to the Fuchs-corrected
aerosol surface-area, increased the accuracy of the model when compared with
measurements. Improved representations of the chemical and physical processes forming
low-volatility SOA in the model, such as gas-phase oxidation or particle-phase acid-base
reactions and polymerization reactions, could be investigated and included in the model.
Also, the model output from this study could be incorporated into a radiative transfer
model to quantitatively determine the radiative forcing effect on climate due to the
additional low-volatility SOA.

The second study (chapter 3) in this thesis found that anthropogenic changes in
biogenic emissions over the past millennium have had a significant impact on CCN
number concentrations in the atmosphere. These changes in CCN may be a largely
overlooked anthropogenic aerosol effect and have future climatic implications. This
work has not yet been submitted to a peer-reviewed journal, and I will perform and
include several more tests and analyses before submission. Future work involves
incorporating the assumptions investigated in chapter 2 into this study. The simulations
in this study assume low volatile SOA with condensation proportional to the aerosol

surface area, but the additional 100 Tg yr' of SOA correlated with anthropogenic carbon
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monoxide emissions has not been included yet. The additional SOA will be added in
simulations to investigate the influence this extra SOA will have with millennial changes
in biogenic emissions. Also, future work for this project involves incorporating another
set of millennial emissions derived from a different model (LPJ-GUESS) to test the
robustness of this anthropogenic aerosol effect rather than just relying on one model
prediction of these emissions. The simulations used in this study were also performed
with biogenic emissions for the years 1000-1010 and 1980-1990 only. The emissions of
isoprene, monoterpenes and sesquiterpenes around 1800 appear to reach a local
minimum. The anthropogenic influence on the BVOC emissions (decreases in all three
terpenoids due to deforestation) occurs throughout the period from years 1000 to 1800,
before monoterpenes and sesquiterpenes begin to increase (due to increased carbon
dioxide concentrations and temperature increases) after 1800. Therefore, it would be
beneficial to compare model runs for a time period around 1800 to help understand the
effects of land-use change, as well as carbon dioxide and temperature increases, on SOA
formation and CCN number concentrations over the past millennium. Future work would
involve running simulations for different time periods over the past millennium, more
specifically around the year 1800 (see Figure 3.4). Also, similar to the previous study,
including this model output in a radiative transfer model would help to quantify this
anthropogenic aerosol effect on climate. Finally, I will test the sensitivity of our results

to different assumed SOA yields.
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