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Abstract

New-particle formation in the plumes of coal-fired power plants and other anthro-
pogenic sulphur sources may be an important source of particles in the atmosphere.
These particles may grow to sizes where they can act as cloud condensation nuclei
(CCN), and thereby increase cloud reflectivity and lifetime, resulting in a cooling of
surface temperatures. It has been unclear how best to reproduce this plume-scale
new-particle formation in global and regional aerosol models with grid-box lengths
that are tens of kilometres and larger. The predictive power of these models has thus
been limited by the resultant uncertainties in aerosol size distributions.

We have implemented online TwO-Moment Aerosol Sectional (TOMAS) micro-
physics into the System for Atmospheric Modelling (SAM), a Large-Eddy Simulation
/ Cloud-Resolving Model (LES/CRM). This model is evaluated against aircraft obser-
vations of new-particle formation in two different power-plant plumes and reproduces
the major features of the observations. We show how the downwind plume aerosols
can be greatly modified by both meteorological and background aerosol conditions.

Based on the results of the SAM-TOMAS model, we develop the Predicting Par-
ticles Produced in Power-Plant Plumes (P6) parameterization: a computationally-
efficient, but physically-based, parameterization that predicts the characteristics of
aerosol formed within sulphur-rich plumes based on large-scale mean meteorological
parameters, emissions directly from the source, and mean background pollutant con-
centrations.

Finally, we implement the P6 parameterization in the GEOS-Chem-TOMAS global
chemical-transport model in order to evaluate the contribution of coal-fired power
plants globally to particle number and CCN concentrations. Globally, use of the P6
parameterization resulted in predicted CCN concentrations smaller than or similar
to previous sub-grid sulphate schemes depending on the model configuration. We
find that the sub-grid scale new-particle formation predicted by P6 is most sensitive
to uncertainties in the model-predicted aerosol condensation sink. For constant SO,
emissions, fewer new particles are formed in more polluted regions. This spatial het-
erogeneity in new-particle formation cannot be resolved by previous treatments of

sub-grid sulphate but is captured by P6.
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Chapter 1

Introduction

1.1 Motivation

It has been established that aerosol particles, liquids or solids suspended in air, have
a cooling effect on climate through the direct and indirect aerosol effects. The direct
effect of aerosols on climate is the scattering of incoming solar radiation by the aerosol
particles (Angstrom, 1929). Sufficiently large aerosol particles (diameters larger than
~30-100 nm) may act also cloud condensation nuclei (CCN), sites upon which wa-
ter vapour can condense under atmospheric supersaturations to form stable cloud
droplets. An increase in CCN concentrations tends to increase cloud droplet number
concentrations (CDNC), and for constant liquid water content, an increase in CDNC
results in smaller cloud droplets which more efficiently reflect solar radiation back to
space (Twomey, 1974). In addition, the smaller cloud droplets are less efficient at
producing precipitation, so clouds with higher CDNC tend to have longer lifetimes
(Albrecht), [1989). These increases in cloud reflectivity and lifetime are termed the
aerosol indirect effects on climate. The uncertainties in these aerosol effects on cli-
mate continue to be the largest contributor to uncertainties in the total anthropogenic

forcing on climate (Boucher et al., 2013).

It is well-known that both the direct (Charlson et all) 1992) and indirect (Al-
brecht}, [1989; Dusek et al., |2006; [T'womey, |1974)) effects strongly depend on the size of
the particles involved. The size distribution of particles also determines, in part, the
effects on human health of the particles. High aerosol concentrations cause human
health problems, including respiratory and cardiovascular diseases, intensification of
asthma, a reduction in physical abilities and an increase in mortality rates (Arya,
1999; Dockery et al., [1993; [Peng et al., 2005; [Stieb et all [2002), and ultrafine par-
ticles (with diameters less than 0.1 pum in diameter) may have stronger effects than

larger particles (Peters et al.,[1997)). In order to correctly predict the effects of aerosols
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on both human health and climate, it is therefore necessary to accurately determine

both the number and size of aerosol particles in the ambient atmosphere.

One of the largest anthropogenic sources of these aerosol particles are sulphur-rich
emissions plumes (Dentener et al., 2006), such as those emitted by coal-fired power
plants. Unfortunately, as we will discuss in the following sections, the plume-scale
chemistry and physics that lead to new-particle formation are difficult to represent in
the regional and global aerosol models used to study aerosol impacts on health and
climate. Concentrations of gases and aerosols that affect new-particle formation and
growth rates in non-linear ways are not homogeneous within these plumes, let alone

across the typical scales of regional or global chemical-transport model grid boxes.

Regional and global models with online chemistry and physics have therefore made
crude assumptions about the sub-grid processes within power-plant plumes that do
not depend on the nature of the source or the ambient conditions. As we will discuss
further in Sect. these assumptions have been shown to have large effects on
global aerosol number concentrations and CCN concentrations. In order to reduce
the uncertainties due to the particles formed within plumes at sub-grid scale, and
to thus reduce uncertainties in global aerosol size distributions used for health and
climate studies, it is necessary to study the processes governing new-particle formation

and growth within sulphur-rich plumes.

1.2 In-Plume Processes Affecting New-Particle Formation and Growth

Coal-fired power plants are major emitters of sulphur dioxide (SO;) (Hegg et al., 1985;
Hegg and Hobbs| |1980; Whitby, [1978]|). Concentrations of SO in the plumes of these
power plants are generally much higher than in a typical planetary boundary layer.
When SO, is oxidized by the hydroxyl radical (OH) in the gas phase, it forms sul-
phuric acid (H2SOy), a low-volatility vapour. HoSO4 will condense onto pre-existing
particles, and if its concentration is high enough, it will cluster with itself and other
condensible gases to form new particles (i.e. aerosol nucleation) (Kulmala and Kermi-
nen) 2008). Through new-particle formation in their plumes, coal-fired power plants

and other anthropogenic sulphur sources have been shown to have a significant effect
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on particle concentrations globally, particularly in the Northern Hemisphere (Adams

and Seinfeld, |2003; Luo and Yu, 2011} |Spracklen et al., [2005; Wang and Penner;, 2009)).

Several factors determine particle formation and growth rates in coal-fired power
plant plumes. These include solar radiation and NO, concentrations (through their
influence on OH concentrations), and the pre-existing condensation and coagulation
sinks (roughly proportional to aerosol surface area). Further complicating predictions
of the formation and growth rates are that many of these factors vary spatially in
the plume. Concentrations of OH in the plume control the SO, gas-phase oxidation
rate and hence influence HySO, concentrations. These OH concentrations depend
strongly on NOy (nitric oxide (NO) + nitrogen dioxide (NOz)) concentrations and
sunlight (Olson et al., 2006), with increases in OH concentrations for increases in sun-
light, but possible increases or decreases in OH concentrations for increasing NOy,
depending on ambient NOy and volatile organic compound (VOC) concentrations.
The primary loss mechanism for HoSO, in the boundary layer is condensation onto
existing aerosol particles (Eisele and Tanner} 1993), and so concentrations of HoSO,4
also depend strongly on the aerosol condensation sink (approximately proportional
to aerosol surface area). The variation in NOy concentrations and the heterogeneity
of the condensation sink within a given plume causes HoSO,4 concentrations to vary
dramatically within the plume. Nucleation and growth rates are strong functions of
HySOy4 concentrations, and thus will vary spatially across the plume. Finally, the
newly formed particles may be lost by coagulation with larger particles; as the size
distribution evolves spatially in the plume, so will these coagulational losses. Cur-
rently, global- and regional-scale models typically have resolutions of hundreds and
tens of kilometres or more, respectively, and are thus unable to accurately resolve
the formation and growth of aerosols within these plumes using grid-box averages for

chemical concentrations, aerosol concentrations, and meteorological values.

Additionally, recent pollution-control technologies installed on power plants re-
duce SO, and NO, emissions. A reduction in SO, alone would result in a reduction
of particles formed in power-plant plumes. However, as mentioned in the previous

paragraph, concentrations of OH are sensitive to NO, concentrations, which will vary
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across a given plume. NO, controls may either increase or decrease OH concentra-
tions in the plume (depending on the environmental conditions) (Lonsdale et al.,
2012)). Thus, in many conditions a reduction in NOy may lead to an increase in the

formation rate of HySO4 and perhaps an increase in particle formation and growth.

The sulphate particles that form in these plumes have previously been referred
to as 'primary sulphate’ in the literature. However, this source of particles should
not be confused with a direct emission of ash or other particles from the stacks of
power-plants, which is currently uncommon in North America and Europe due to
the adoption of efficient pollution controls. As these particles form in the plumes of
high-sulphur sources at scales smaller than the typical grid resolution of regional and
global models, we adopt the term sub-grid sulphate to describe this source of sulphate

mass.

1.3 Previous Studies of Sub-Grid Sulphate

As stated in the previous section, regional and global models with online aerosol
chemistry and physics currently have grid box resolutions too coarse to resolve new-
particle formation and growth within sulphur-rich plumes. They have thus made
crude assumptions about sub-grid new-particle formation and growth within power-
plant plumes that do not depend on the nature of the source or the ambient conditions.
These models typically assume that some fraction of all anthropogenic SO, emissions
are oxidized to form sulphate at the sub-grid scale. This sub-grid sulphate is added
to the model via a fixed, pre-assumed size distribution for all anthropogenic sul-
phate sources under all atmospheric conditions. For example, the study of |Makkonen
et al.| (2009) used the assumption recommended by the AeroCom emissions inven-
tory Dentener et al.| (2006) that specifies that all aerosol formation in anthropogenic
SO, source plumes results in new particles having a single accumulation lognormal
mode with median diameter 1 ym and a standard deviation of 2.0. Other studies
(Adams and Seinfeld] 2002, [2003; [Pierce and Adams, |2006} 2009; Pierce et al., [2007;
Spracklen et al.l 2005; Wang and Penner} 2009)) have assumed the aerosol formed in
sub-grid plumes to have a bi-modal lognormal distribution: they emit a fraction of

the particles as a nucleation mode with number mean diameter 10 nm and standard
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deviation 1.6, and they emit the rest as an Aitken mode with geometric number mean
diameter 70 nm standard deviation 2.0. The fraction of sulphate mass emitted into
the nucleation mode is also set as 5% or 15% depending on the study. [Yu and Luo
(2009) use yet another assumption. They emit 5% of the sulphate mass into the
nucleation mode described above, and condense the remaining mass onto the existing
accumulation mode particles. As some of the sulphate formed in the plume must
condense onto the pre-existing particles that have been entrained into the plume, this

approach is, in this way, more realistic than the other assumptions.

While the studies listed above differ in the amount and size of sub-grid sulphate
particles, they all assume that these values are constant regardless of the meteorolog-
ical and chemical characteristics of the emissions plumes. However, several studies
have shown that the particle formation in plumes is strongly sensitive to environ-
mental conditions. [Yu (2010b]) showed that differences in temperature and hydroxyl
concentrations cause the size and number of aerosol particles to vary seasonally and
diurnally. [Lonsdale et al. (2012)) showed that the number of particles formed within
sulphur-rich plumes is strongly dependent on the emission rates of both SOy and
NO, from the source. As we show in Chapter 2, the amount and size of sub-grid
sulphate strongly depends on sunlight and the pre-existing aerosol condensation sink.
However, there had been no means of representing these dependencies of plume-scale

particle formation in global and regional models.

Many studies have tested the sensitivity of CCN concentrations to these assump-
tions. First we describe the results of studies that emitted sub-grid sulphate according
to the 10 and 70 nm bi-modal lognormal distribution described above. |[Adams and
Seinfeld (2003) and Spracklen et al. (2005) found that if the fraction of anthropogenic
SO, emitted as sub-grid sulphate was changed from 0% to 3%, cloud condensation
nuclei concentrations at a supersaturation of 0.2%, hereafter denoted as CCN(0.2%),
in polluted areas would double. This was believed to be an upper limit for this effect,
as both models included only sulphate and sea-salt aerosol. However, the study of
Wang and Penner| (2009) which included organic matter, black carbon, and dust, var-

ied the fraction of SO emitted as sub-grid sulphate over a smaller range (0% to 2%),
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and also found that CCN(0.2%) would more than double over polluted areas. They
also found that CCN(0.2%) would increase by 23% to 53% averaged over the global
boundary layer and the first aerosol indirect effect radiative forcing would increase by
11% to 31% (depending on the nucleation scheme used for regional-scale nucleation
in the boundary layer). The study of [Luo and Yu| (2011)) tested sensitivities to the
sub-grid sulphate assumptions used by |Yu and Luo| (2009). They found that varying
the fraction of sulphur effectively emitted as particles from 0% to 5% would increase
CCN(0.2%) concentrations globally by 11% in the boundary layer. Additionally, they
found that varying the fraction of sulphate emitted into the nucleation mode from

5% to 15% would increase CCN(0.2%) by as much as 18% over source regions.

Lee et al.| (2013) recently quantified the uncertainty in CCN concentrations that
was due to 28 different uncertain inputs in the GLOMAP global aerosol model. Based
on the results of |Stevens et al.| (2012)) (Chapter [2] of this thesis), the range of pos-
sible values used in |Lee et al.| (2013) for the diameter of sub-grid sulphate particles
was reduced to a smaller range than the full range of sub-grid sulphate assumptions
used before, which led to a reduced uncertainty range in CCN concentrations due to
uncertainties in sub-grid sulphate compared to the range of estimates described in
the previous paragraph. Even with the reduced ranges, they found the uncertainties
in sub-grid sulphate production to be just as important as the uncertainties in SO,
emission rates, and had the largest contribution of the 28 inputs to the uncertainty
in CCN concentrations over polluted North America and Europe. The global un-
certainty in sub-grid sulphate particle size ranked as the twelfth largest contributor
to the relative uncertainties in CCN concentrations of the 28 inputs tested, with a
global-mean relative uncertainty range (from -2 to +2 standard deviations in CCN
concentrations) of about 16%. These large uncertainties in CCN prediction due to
sub-grid sulphate formation highlight the need for improved representation of plume-

scale particle formation in global and regional models.

1.4 Outline of the Thesis

The thesis contains three connected studies. First, to better understand the number

and size of particles that should be effectively emitted from anthropogenic sources
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in regional and global models, we explored the evolution of the number and size
of sulphate aerosol particles inside coal-fired power-plant plumes using a 3-D fluid-
dynamics model of plume chemistry and physics: the System for Atmospheric Mod-
elling (Khairoutdinov and Randall, 2003) with TwO Moment Aerosol Sectional (Adams
and Seinfeld, 2002) microphysics (SAM-TOMAS). This model uses a sub-km resolu-
tion to resolve the variation of chemistry and physics within the plumes. We test the
ability of the model to predict the median diameter and number of particles nucle-
ated within the plumes of two different power plants under different meteorological
conditions. We test the sensitivity of the model output to different possible ambient
meteorological conditions and background aerosol conditions and show that the re-
sultant size distribution of sulphate aerosol is strongly dependent on these conditions.

This work comprises Chapter [2| of the thesis.

In order to to capture the variability that exists in the amount and size of aerosol
formed within sulphur-rich plumes, we develop in Chapter [3| the Predicting Particle
Production in Power-Plant Plumes (P6) parameterization: a computationally efficient
(the increase in running time for a 3-D aerosol model would be negligible because the
parameterization consists only of several arithmetic equations), but physically based,
parameterization that predicts the characteristics of aerosol formed within sulphur-
rich plumes based on parameters commonly available in global- and regional-scale
models. This parameterization is based on the results of the SAM-TOMAS model
characterized and tested against observations in Chapter [2l Given large-scale mean
meteorological parameters ((1) wind speed, vy [m s™!], (2) boundary-layer height,
BLH [m], and (3) downward shortwave radiative flux, DSW RF [W m~2]), (4) emis-
sions of SOy, Esoo [kg s7!], and (5) NO,, Exox kg N s7!], from the source; (6) mean
background condensation sink, C'S [s7!]; (7) mean background SOs, bg.SO, [ppb], and
(8) NOy, bgNOx [ppb], concentrations; and (9) the desired distance from the source,
d [m]; the P6 parameterization predicts (1) the fraction of the emitted SO, that is
oxidized to form HsSOy, for; (2) the fraction of that HySO, that forms new particles
instead of condensing onto pre-existing particles, fuew; (3) the mean mass per particle
of the newly formed particles, M, [kg]; and (4) the number of newly formed particles
per mass of SOy emitted, Ny, [# (kg SO9)71].



In Chapter {4, we implement the P6 sub-grid sulphate parameterization into a
global chemical-transport model with online aerosol microphysics. We test the sensi-
tivities of predicted N3, N10, N40, N80 concentrations to assumptions about sub-grid
sulphate. As the output of the P6 parameterization is expected to be sensitive to pre-
existing aerosol due to sub-grid coagulation, we investigate the sensitivity of predic-
tions to the global amount of secondary organic aerosol and grid-resolved nucleation
scheme. We also investigate the sensitivity of N80 enhancement to sub-grid sulphate
to greater emissions of SO; and NO, to better understand the effects of pollution

controls on CCN concentrations.



Chapter 2

Nucleation and Growth of Sulphate Aerosol in Coal-Fired
Power Plant Plumes: Sensitivity to Background Aerosol and

Meteorology

Stevens, R. G., Pierce, J. R., Brock, C. A., Reed, M. K., Crawford, J. H., Holloway,
J. S., Ryerson, T. B., Huey, L. G. and Nowak, J. B.: Nucleation and growth of
sulphate aerosol in coal-fired power plant plumes: sensitivity to background aerosol
and meteorology, Atmos. Chem. Phys., 12(1), 189-206, doi:10.5194 /acp-12-189-2012,
2012.

2.1 Introduction

To better understand the number and size of particles that should be effectively emit-
ted from anthropogenic sources in regional and global models, we explore the evolu-
tion of the number and size of sulphate aerosol particles inside coal-fired power-plant
plumes using a 3-D fluid-dynamics model of plume chemistry and physics: the System
for Atmospheric Modelling (Khairoutdinov and Randall, |2003)) with TwO Moment
Aerosol Sectional (Adams and Seinfeld, [2002)) microphysics (SAM-TOMAS). This
model uses a sub-km resolution to resolve the variation of chemistry and physics
within the plumes. We test the ability of the model to predict the median diameter
and number of particles nucleated within the plumes of two different power plants
under different meteorological conditions. We test the sensitivity of the model output
to different possible ambient meteorological conditions and background aerosol con-
ditions and show that the resultant size distribution of sulphate aerosol is strongly

dependent on these conditions.

The goal of this paper is to test the ability of the SAM-TOMAS model to predict

new-particle formation and growth in anthropogenic sulphur plumes, determine the

9
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number and size of particles formed, and test the sensitivity of the predicted particles
to various parameters. Section presents a description of the SAM-TOMAS model.
In Sect. 2.3|we describe the case studies used to evaluate the model, present the results
of these evaluations, and assess the performance of the model. Section explores
the sensitivity of our modelled results to the nucleation parameterization used, to
the background aerosol, and to high and low VOC conditions. Our discussion and

conclusions are presented in Sect.

2.2 Description of Model

In order to study nucleation and growth in anthropogenic sulphur plumes, we have de-
veloped a model that incorporates TwO Moment Aerosol Sectional (TOMAS) (Adams
and Seinfeld, |2002)) microphysics into the System for Atmospheric Modelling (SAM)
(Khairoutdinov and Randall, 2003)), a Large-Eddy Simulation / Cloud-Resolving
Model (LES/CRM). (An LES model is a fluid dynamics model in which motion at
the scales larger than the model grid and smaller than the model domain is resolved,
but sub-grid scales are parameterized. A CRM is a model capable of resolving an
ensemble of clouds at time scales longer than the life cycle of an individual cloud.)
SAM is a flexible fluid dynamics model with a domain that can span tens or hun-
dreds of kilometres, and the individual grid cells can have dimensions between tens
of metres to several kilometres. A full description is available in Khairoutdinov and

Randall| (2003]).

The TOMAS microphysics algorithm simulates the aerosol size distribution using
fifteen size bins spanning dry diameters of 3 nm to 10 gm. In each size bin, TOMAS
tracks the number of particles as well as sulphate, ammonium, and water mass. No
organic aerosols are included in the model at this time under the assumption that
sulphate aerosol formation will be the primary aerosol formation mechanism in the
plume; however, we will discuss the uncertainties in this assumption later. TOMAS
explicitly calculates coagulation, condensation and nucleation (Adams and Seinfeld,
2002; Pierce and Adams, 2009). Aerosol growth and coagulational loss below 3 nm

is approximated by the parameterization of Kerminen and Kulmalal (2002)). This
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scheme predicts the instantaneous formation for 3 nm particles based on the nucle-
ation rates (of clusters with diameters closer to 1 nm), local growth rates and conden-
sation sinks. Because the growth rates and condensation sinks within the plume may
change on timescales faster than the growth time from 1 to 3 nm, the Kerminen and
Kulmalal (2002) scheme introduces additional uncertainties to our simulations. How-
ever, these uncertainties are generally much smaller than the relative uncertainties
between the nucleation schemes themselves. Several nucleation schemes are tested
and are described in the following paragraph. We simulate gaseous SO,, NO,, am-
monia (NHj) and HySO,4. We do not explicitly simulate volatile organic compounds
(VOCs); however, we test the sensitivity of our results to the effect of high and low
VOC concentrations on OH concentrations (described below). We assume that there
are no primary particles emitted directly from the stack, which is consistent with the

airborne measurements we use for model evaluation.

We have implemented several different nucleation schemes for use in the model:
(1) the classical binary homogeneous nucleation scheme described by |[Vehkamaki et al.
(2002), (2) the ternary HoO-H5SO4-NHj3 nucleation schemes described by Merikanto
et al|(2007) and (3) Napari et al.| (2002) scaled by a factor of 10™* (Westervelt et al.,
2013), (4) activation-type nucleation as described by |Kulmala et al.| (2006), and (5)
the ion-mediated nucleation scheme of |[Yu (2010a). The resulting size distributions
predicted by the Merikanto and scaled Napari schemes did not differ significantly, so
we only present the results of the Merikanto scheme in this work. In activation-type
nucleation, the rate varies as a linear function of the sulphuric acid concentration,

according to the following equation (Kulmala et al.; [2006)):
J = A-[HySO,] (2.1)

Where J is the nucleation rate, and A is an activation parameter. Unless we specify

otherwise (e.g. during the sensitivity analysis), we use A=10"" s~! (Sihto et al.l [2006]).

We use a parameterization to estimate the concentration of OH in each model grid
box based on the concentration of NO, in ppbv and the downward shortwave radia-
tive flux (DSWRF) in W m~2. While the NO, concentration is used to predict the

concentration of OH, we do not currently have a chemical sink for NO, in the model,
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which will lead to an over-prediction of NOy later in the plume. The parameterization
is an empirical fit to the results of many simulations from the detailed time-dependent
photochemical box model described by (Olson et al.| (2006). These simulations span
conditions observed below 1 km over the eastern United States as sampled from
the NASA DC-8 during the Intercontinental Chemical Transport Experiment-North
America (INTEX-A) field campaign (Singh et al., 2006)).

One process not accounted for in the OH parameterization is the effect of the pres-
ence of large amounts of highly reactive VOCs on OH production. The additional
peroxy radicals from isoprene oxidation induce a shift in the peak OH production to
a higher NOy level. To understand the potential effect of high VOC concentrations
in our study, a second parameterization, referred to as the high-VOC case, was devel-
oped based on an isoprene mixing ratio of 1.5 ppbv (the 95th percentile value observed
during INTEX-A). We refer to the original parameterization as the low-VOC case.

The two parameterizations are outlined in detail in appendix [A]

Dry deposition is not included in the simulations presented here. We tested the
sensitivity of the modelled aerosol size distributions to dry deposition by implement-
ing a simple dry deposition scheme. However, even for high deposition velocities, dry
deposition had a trivial influence on the size and concentration of particles for the

spatial scales we are simulating.

The model meteorology is driven by nudging and boundary conditions from assim-
ilated meteorology from the National Center for Environmental Prediction (NCEP)
North American Regional Reanalysis (NARR) data (Mesinger et al. 2006). The
reanalysis data were provided by the National Oceanic and Atmospheric Administra-
tion (NOAA) / Outstanding Accomplishments in Research (OAR) / Earth System
Research Laboratory (ESRL) Physical Sciences Division (PSD), Boulder, Colorado,
USA, from their website at http://www.esrl.noaa.gov/psd/. NCEP NARR three-
hourly assimilation data used in our studies included surface pressure, zonal and
meridional wind speed profiles, potential temperature profile, water vapour mixing

ratio profile, downward shortwave radiative flux (for OH calculation), surface sensible
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heat flux, surface latent heat flux, and surface momentum fluxes. The modelled verti-
cal profiles of temperature, water vapour mixing ratio and horizontal wind speed are
nudged to the assimilation profiles on a one-hour time scale. The surface fluxes are
prescribed as model boundary conditions. The model turbulent motions (on spatial
scales both larger than and smaller than grid box sizes) are freely predicted by SAM
and not provided by the NCEP NARR data set.

We obtained the emissions of SOy and NO, from each power plant from Clean
Air Markets emissions inventory (United States Environmental Protection Agency,
2012)). Background concentrations of SO, and NOy, as well as the background size
distribution of aerosol, were determined from the in-flight measurements either up-
wind of the power plant or outside of the power-plant plume. In the Parish case (the
power plant cases are described in the next paragraph), background values of NHj

were also measured. No measurements of NHs; were available for the Conesville case.

In order to determine the accuracy of our model, we have evaluated the model with
airborne data obtained in the plumes of two coal-fired power plants: the W. A. Parish
power generation facility near Houston, TX, obtained during the Texas Air Quality
Study (TexAQS) 2006 field campaign (Parrish et al., [2009)), and the Conesville power
generation facility near Conesville, OH during the International Consortium for At-
mospheric Research on Transport and Transformation (ICARTT) campaign (Brown
et al, 2007). The observations were taken on board the NOAA WP-3D aircraft.

These measured species and the instrumentation used are summarized in Table 2.1}

The model grid contains 128 grid-boxes in the downwind direction, 60 in the
cross-wind direction, and 50 in the vertical direction. We ran the model using 400 m
by 400 m horizontal resolution, and 800 m by 800 m horizontal resolution (we will
compare the results of the two resolutions). The vertical resolution was always 40 m.
Thus the total domain dimensions were 51.2 km x 24 km x 2 km for the 400x400x40m
grid-box cases, and 102.4 km x 48 km x 2 km for the 800x800x40m grid-box cases.
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Table 2.1: Measurements and instrumentation for each investigated power plant.

Parish Conesyville
NO O3-induced CL! O3-induced CL
NOsy UV? photolysis-CL UV photolysis-CL
SO, Pulsed UV fluorescence Pulsed UV fluorescence
NHs Protonated acetone dimer Not available
CIMS?
H2S04 NO5 CIMS NO5 CIMS
Aerosol number, size and White and laser light scat- Laser light scattering and
volume distributions tering and five CPC% in five CPCs in parallel be-

parallel behind a low turbu- hind a low turbulence inlet
lence inlet

1CL - chemiluminescence, 2UV - ultraviolet,
3CIMS - chemical ionization mass spectrometry, *CPC - condensation particle counter

2.3 Case Studies

2.3.1 Parish

The Parish power generation facility is located ~40 km southwest of downtown Hous-
ton, Texas. The area further south and west of the facility is used for farmland. Five
units of the Parish power generation facility were active on September 27th, 2006.
One of these units had wet lime flue gas desulphurization SOy controls. Four of
the units (including the unit with desulphurization) controlled NO, through selective
catalytic reduction, and the remaining unit used overfire air for NO, controls. Par-

ticulate matter was controlled for all units through the use of baghouse filters.

Atmospheric conditions were sunny and clear. The boundary layer was initially
stable, becoming unstable between 18:00 GMT and 21:00 GMT (12:00 and 15:00 local
time), with a depth of 500 m growing to 1000 m. The wind was blowing from the
south at ~5 m/s. The aerosol background was typical of a remote continental region,
with three lognormal modes: a small nucleation mode with concentration 1.2 cm™3,
median diameter 3.3 nm, and geometric standard deviation 1.3; a wide Aitken mode
with concentration 770 cm ™2, median diameter 89 nm, and geometric standard devi-

3

ation 2.8; and an accumulation mode with concentration 640 cm™°, median diameter

120 nm, and geometric standard deviation 1.3.
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Figure 2.1: Instantaneous snapshot of new-particle formation rates of the modelled
Parish plume (a) along the cross-wind center and (b) at an altitude of 460 m. Model
resolution is 400x400x40m.

We show the predicted instantaneous nucleation rates as a function of height and
distance from the source along the center of the plume in Fig. [2.1h, and as a func-
tion of cross-wind distance and distance from the source at an altitude of 460 m in
Fig.[2.1p. This figure can be considered a ’snapshot’ of the nucleation rates within the
modelled plume at a single point in time. (All other figures in this work present the
concentrations of aerosol or gas species time-averaged over a period of ~2.2 hours.) In
the first 1-2 kilometres, nucleation is suppressed because OH concentrations are very
low due to high NO, concentrations. As the initial high NO, concentrations become
diluted, nucleation rates reach a maximum around 5 km from the source. Nucleation
rates decrease further downwind of the source as the condensation sink increases and
SO, concentrations decrease (primarily due to dilution), but are elevated where the
polluted boundary-layer air mixes with the clean air of the free troposphere due to

the reduced condensation sink in this region. In general, we see enhanced nucleation
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where high concentrations of HySO, formed within the plume and the lower conden-
sation sink and NO, outside of the plume coincide due to turbulent mixing. These
turbulent eddies create regions within the plume with especially high and low concen-
trations of NO, and SO, that alter the nucleation rate within the plume. This in turn
causes the contribution of nucleation to the condensation sink to be inhomogeneous
within the plume. As seen in Fig. these turbulent mixing effects can cause the
nucleation rate to vary by a factor of two within the plume, even at the same distance
from the source. These inhomogeneous regions of enhanced nucleation, evident at the
downwind plume edges, cannot be resolved using a model that assumes a predefined
Gaussian plume, which has motivated the choice of an LES/CRM model that repre-

sents turbulent motion for this study.

Figure compares observed and modelled gas and particle concentrations for
an aircraft transect through the plume ~36 km from the power plant. Panel (a)
shows the measured and modelled gas concentrations as the aircraft flew across the
plume, and panels (b) and (c) show the observed and modelled size distributions,
respectively. We see that the width of the modelled plume agrees with the width of
the observed plume, but the predicted concentration of NO, is too large at the center
of the plume by ~4 ppb. Our predicted concentrations of HySO, and SO, agree with
the observed concentrations, within their respective variabilities. We note that there
is a peak in the observed NO, concentrations ~2 km from the plume center, and that
this peak coincides with the location of a major multilane highway, the Sam Houston
Tollway. We therefore believe that this peak is due to vehicle emissions, which are not
explicitly simulated within the model. The model slightly under-predicts the peak
diameter of the aerosol size distribution as ~30 nm, compared to the observed peak
diameter of ~50 nm. The number concentration of aerosol at the peak within the
plume is very close to the observed value, but the number concentration of particles
smaller than 100 nm outside of the plume is under-predicted. We do not explicitly
simulate any other sources of particles or gases within the model domain aside from

the power plant, and this may explain the discrepancy outside of the plume.

We show the observed and modelled trace-gas concentrations with distance from
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Figure 2.2: Trace gas and aerosol concentrations along the second transect north of
Parish, about 36 km from the power-plant. X-axes show flight track through cross-
wind slice of plume. Model resolution is 400x400x40m. (a) Trace gas concentrations.
Observed concentrations as dashed lines, model results as solid lines. Shaded area
indicates one standard deviation of the model results, due to turbulent fluctuations.
(b) Observed aerosol number size distribution. (c¢) Modelled aerosol number size
distribution.

the power plant, averaged over the plume cross section, in Fig. 2.3h. We consider
a point along a transect to be within the plume if the concentration of SO4 at that
point is greater than 33% of the maximum concentration of SOs found along that
transect, after subtracting out the background concentration. NO, measurements
were unavailable inside the plume for the fourth transect, so no observed value for
NOy is plotted for this transect. The results from the model using 800x800x40m res-
olution are shown as a solid line, and the 400x400x40m resolution results are shown
as a dashed line. We note that the 800x800x40m mixing ratios of NO, and SO, are
~1 ppbv and ~5 ppbv lower than the 400x400x40m mixing ratios, respectively, but
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the HoSOy4 concentrations are quite similar between the two cases. Differences in
these values between the two resolutions are similar when applied to the Conesville
case (not shown). When the SOy and NO, are initially emitted into the model do-
main, they are immediately diluted to be uniformly mixed within a single grid-box.
Concentrations of SOy and NO, are consequently slightly lower in the 800x800x40m
than in the 400x400x40m resolution model. These variations in the concentrations
of gaseous species due to altering the model resolution between 400x400x40m and
800x800x40m are similar in magnitude to variations due to across-plume turbulence,
and it does not appear that the accuracy of the model will be greatly improved by
using resolutions finer than 800x800x40m. In the following discussion, we will con-
sider the results of the 800x800x40m resolution model, as this allows for comparison

with the observations further than 50 km from the source.

Particles and trace gas concentrations inside the plume {4
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Figure 2.3: (a) Trace gases and (b) particle number vs. distance downwind from the
Parish power-plant, averaged over the plume. Dots are aircraft observations; lines
are model results. Shaded area and error bars indicate one standard deviation in
concentration across plume width. Solid lines indicate 800x800x40m model resolution;
dashed lines indicate 400x400x40m model resolution.
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At the first transect, ~5.4 km downwind from the power plant, we overestimate
the concentrations of NO, by ~10 ppb, but we accurately predict the concentrations
of SOy and HySOy4. At the remaining transects, ~36, ~54, ~71, and ~94 km from the
source, the predicted concentrations of NO, are within 1 ppb of the observed values,

and we continue to accurately predict SO, and HySOy.

We show the observed and modelled number concentrations with distance from
the power plant in Fig. [2.3b. The particles in the 400x400x40m resolution simulation
grow slightly faster than those in 800x800x40m resolution simulation, but we note
that the disagreement between the results for each model resolution is less than a fac-
tor of 1.5 for any given size range at all downwind distances. We will show in Sect.
that the uncertainties in aerosol concentrations due to the choice of nucleation param-
eterization or due to uncertainties in the effects of VOCs upon OH concentrations
are comparable or larger in magnitude, and thus we feel that the accuracy of the
model results will not be improved by the choice of a finer model resolution until the
level of scientific understanding of these processes has advanced. At the first transect,
~5.4 km from the source, the nucleated aerosol particles have not yet grown beyond
50 nm in either the model or the observations, and so the numbers of particles with
diameters larger than 50 nm predicted by the model and observed differ by less than
5%. However, the observed particles have grown larger than 30 nm, while the mod-
elled particles have only grown to ~10 nm. The total number of nucleated particles
is also almost an order of magnitude smaller in the model than in the observations.
At ~35 km downwind of the source the model under-predicts the number of particles
in each size range. The model under-predicts the number of particles with diameters
larger than 50 nm because the newly formed particles in the model have only grown
to a diameter of ~30 nm, whereas some of the observed particles have already grown
larger than 50 nm. The model under-estimates concentrations of particles smaller
than 50 nm in diameter by less than a factor of 2. The modelled concentrations of
particles smaller than 50 nm are within 10% of the observed concentrations at the
remaining transects, and the modelled concentrations of particles larger than 50 nm
in diameter are 36% and 22% lower than the observed values at the third and fourth
transects, respectively. These results show that for the Parish case, the SAM-TOMAS
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model does a decent job of predicting the particle size distributions for distances from

the source that are relevant for effective emissions in regional and global models.

The discrepancies between the model results and the observations for the first
two transects may be explained by nucleation occurring very close to or within the
power plant stack. Due to the high NO, concentrations near the stack, the predicted
OH concentrations are low in this region and SO, oxidation is initially predicted to
be slow; thus the model does not predict a high initial nucleation rate. We suggest
two possible ways by which sufficiently high concentrations of HoSO, for nucleation
and particle growth may be forming within or close to the stack: First, there may
be formation of sulphur trioxide (SO3) in the power plant, which would quickly form
H,SOy in the stack (the nucleation might be occurring in the stack or shortly there-
after) (Mueller and Imhoff, [1994; |Srivastava et al., 2004} Cichanowicz, 2007; Zaveri
et al., 2010). Secondly, nitrous acid (HONO) that is emitted from the stack would
be a source of OH near the stack, and thus increase the oxidation of SO to form
H,SO, in the region of our predicted OH minima (Kleffmann) |2007). While direct
emission of HONO would provide a brief burst of OH, evidence for sustained HONO
production through heterogeneous chemistry has also been observed in polluted en-
vironments such as Houston, TX (Olaguer et all [2009) and Mexico City (Li et al.,
2010; Volkamer et all) 2010). Although this chemistry is not well understood and is
often related to organic aerosols, it could be relevant to power-plant plumes where
high surface area is available to drive HONO formation providing additional OH and

accelerating SO, oxidation.

A useful value for global and regional models is the number of particles formed
per mass of SO, emitted. These values may be used as sub-grid nucleation or effec-
tive primary sulphate emissions in these models. We approximate this value in the
model by subtracting the original background concentrations from the particle num-
ber concentration, and then we divide this by the background-corrected SOy mass
concentrations and integrate across the plume. These values are shown as a function
of downwind distance in Fig. 2.4 At distances greater than 60 km downwind of the

source, the values stabilize near an additional 2-10'7 total particles per kg SO, of
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Figure 2.4:  Additional predicted particles per kg SO versus distance from the
Parish power plant, summed over the plume. Model resolution is 800x800x40m.
Dots indicate aircraft observations, solid lines indicate model results, dashed lines
indicate the values used by Dentener et al.| (2006), and dashed-dotted lines indicate
the values used by |Adams and Seinfeld| (2003). Coloring indicates size range of
particles. Essentially all particles in the Dentener et al| (2006]) distribution are larger
than 50 nm, so all dashed lines overlap one another.

which half are larger than 50 nm. Nearly all of the particles have grown larger than
30 nm.

For comparison, we also plot number of particles per kg SO, that would result
from the primary sulphate size distributions used in the AeroCom data set
and in /Adams and Seinfeld| (2003). We note that the stable values reached
by our model are several orders of magnitude greater than the value from
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et al., 2006). This is because the model predicts that most new particles nucleated
within the plume will grow to sizes less than 50 nm, while Dentener et al. (2006)
select a median diameter of 1 um, yielding a much smaller number of much larger
particles. The stable value for total particles reached by the model is less than a third
of that from |[Adams and Seinfeld| (2003), but we predict an order of magnitude more
particles larger than 30 nm and almost two orders of magnitude more particles larger
than 50 nm. This indicates that |Adams and Seinfeld| (2003)) use a size distribution
that includes a much larger fraction of particle number at sizes smaller than 30 nm

than our model predicts for the specific case of the Parish power plant.

Table 2.2: Fraction of SO, oxidized and fraction of produced HySO,4 that condenses
onto new particles rather than pre-existing particles within 50 km for each model
simulation. The labels 400x400x40m and 800x800x40m refer to the two model res-
olutions used in this study. The A-6, Vehk, Meri, and YulO nucleation schemes are
discussed in Sect. 2.4.1. The REM, MAR, and URB aerosol backgrounds are dis-
cussed in Sect. 2.4.2. The sunny and cloudy cases and the high-VOC and low-VOC
cases are discussed in Sect. 2.4.3.

Fraction of Fraction of produced HsSO, that
SO9 oxidized condenses onto new particles rather
than pre-existing particles

Parish base case (400x400x40m, 9% 21%
REM-sunny, A-7, high-VOC)

Parish (800x800x40m) 11% 18%
Parish A-6 9% 33%
Parish Vehk 9% <<1%
Parish Meri 9% 42%
Parish Yul0 9% 13%
Parish REM-cloudy 0.8% <<1%
Parish MAR-sunny 9% 90%
Parish MAR-cloudy 0.8% 75%
Parish URB-sunny 9% <<1%
Parish URB-cloudy 0.8% <<1%
Parish low-VOC 6% 9%
Conesville (400x400x40m) 4% 13%
Conesville (800x800x40m) 4% 12%

As noted in Sect. [2.1] regional and global models commonly assume that a constant
fraction of SOy emitted from the power plant will oxidize to form H,SO, and that a

constant fraction of this H,SO,4 condenses to new particles rather than pre-existing
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particles. In Table we show the fraction of the emitted SOy that has oxidized to
form HoSO,4 within 50 km of the source for each case and the fraction of the sulphate
formed that has gone into the nucleation or growth of new particles within 50 km of
the source for each case. For the base Parish case, we find that 9% of the emitted SO,
is converted into sulphate within 50 km of the source, climbing to 26% within 100 km.
We note that these numbers are greater than the fraction of SO, that is emitted as
sub-grid sulphate from power plants in global models, which is generally 5% or less
(Adams and Seinfeld, 2003; Spracklen et al., [2005; Wang and Penner, [2009; Luo and
Yul 2011)), and that the horizontal resolution in such models would generally be 100s
of km. However, this Parish case is a sunny summer daytime case, which should
favour the highest amount of sub-grid oxidation, whereas the global models chose a
representative average value. Furthermore, the emitted SO, in global models that is
not oxidized immediately will continue to oxidize in subsequent time steps, so this low
bias on sunny days may be partially corrected for in the global models. Our model
also predicts that 21% of the sulphate mass will form or condense onto new particles
within 50 km from the source. This is at the upper range of assumptions used for the
fraction of sulphate mass that condenses onto new particles in global models (Luo
and Yul 2011). However, both the fraction of SO, that oxidizes and the fraction
of sulphate mass that forms new particles are dependent on the conditions of each

power-plant case. We will explore the effects of changing some of these conditions in

Sect. 2.4l

2.3.2 Conesville

The Conesville power generation facility is located in a valley along the Muskingham
river in Ohio, in a heavily forested region in the North-Eastern United States. Of the
four units in operation on August 6th, 2004, two had wet lime flue gas desulphuriza-
tion SO4 controls and low NO, burner technology with separated overfire air, and one
had only low NOy burner technology (dry bottom only). All units had electrostatic

precipitators.

During the time of the measurement there was an unstable boundary layer that

was ~1300 m deep and was capped by broken clouds. The wind was from the north
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at ~5 m/s. The aerosol background was typical of a rural continental area with an
Aitken peak with dN/dlog;oD, ~2-10* em™ at 20 nm and dN/dlog;oD, ~5-10% cm™3
at particle diameters away from this peak up to 200 nm. Above 200 nm the aerosol
concentrations decreased. The total number concentration was 1.7-10* ecm™3. The
average background mixing ratios of SO, and NO, measured were ~0.6 ppbv and

~1.6 ppbv, respectively.
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Figure 2.5: Trace gas and aerosol concentrations along the first transect south of
Conesville, about 24 km from the power-plant. X-axes show flight track through cross-
wind slice of plume. Model resolution is 400x400x40m. (a) Trace gas concentrations.
Observed concentrations as dashed lines (SO, and NOy) and dots (HaSO4), model
results as a solid line. Shaded area indicates one standard deviation of the model
results, due to turbulent fluctuations. (b) Observed aerosol number size distribution.
(¢) Modeled aerosol number size distribution.

The measurements and model predictions of gas-phase SOs, NO,, and HySOy4
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along the first transect, ~24 km from the source, are shown in Fig. [2.5h. The mod-
elled values are shown as solid lines, and the measured concentrations of NO, and
SO4 are shown as dashed lines. The measured values of HySO, are shown as dots
in this figure in order to indicate the lower time resolution of those measurements.
The observations show two separate plumes along this transect, which cannot be
predicted by the current version of the model. The two plumes are also visible in
the observed size distribution, shown in Fig. 2.5b. The SO2-NO, ratios for the two
plumes are similar, and neither plume was observed upwind of the power plant, which
leads us to believe that both plumes originate from the Conesville power plant. Since
the power-plant stacks are much closer than the distance between the center of the
plumes (~3 km), the plume must have bifurcated either due to complex flows at
the stack (Fanaki, 1975) or due to topographic effects from hills in the region. The
boundary layer at the Conesville power generation facility was very stable until sun-
rise, ~5 hours before the observations were made, which may favour bifurcation of
the plume at the stack. We note that the plume width and the mixing ratios of NO
and SO, predicted by the model do agree well with those observed in either of the
two plumes, although the model predictions of HySO,4 were about double those of the
measurements. If both plumes are due to the Conesville power plant, then it would
seem that roughly half the mass of SOy and NO, are missing from the model predic-
tions. This may be due to an inaccuracy in the emissions that we use in the model
or an incorrect prediction of the boundary-layer height in the model. If the predicted
boundary-layer height was too large, the actual emissions from the power plant would
be vertically diluted to a greater extent in the model, which would yield lower mix-
ing ratios along the transect. Integrating the mixing ratios of NO, and SO, across
the second and third (farther) transects yields much smaller discrepancies than those
observed at the first transect. The separation of the two plumes is less distinct at
the second transect, ~40 km from the source, in both the trace gas observations and
the aerosol size distribution (not shown). Under unstable conditions, vertical shear

in wind direction and turbulent diffusion is likely to mix two adjacent plumes together.

The modelled number distribution for the first transect south of Conesville is

shown in Fig. 2.5¢. The peak at ~20 nm matches the peak in the observed number
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Figure 2.6: (a) Trace gases and (b) particle number versus distance downwind from
the Conesville power-plant, averaged over the plume. Dots are aircraft observations;
lines are model results. Shaded area and error bars indicate one standard deviation
in concentration across plume width. Model resolution is 800x800x40m.

distribution. However, there is an observed increase within the plume in the num-
ber of particles with diameters between 40 nm and 200 nm that is not predicted by
the model. In Fig. 2.6b, we show the total number concentration, and the number
concentration of particles larger than 10, 30, and 50 nm in diameter. The unpre-
dicted increase in 40 nm to 200 nm particles is responsible for the under-prediction
of particles larger than 30 and 50 nm at the first and second transects. By the third
transect, a significant fraction of the particles from the initial nucleation burst have
grown larger than 30 nm, and as these particles from the nucleation burst now dom-
inate the number concentration in this size range, the model predictions are within
1% of the observed number concentration of particles larger than 30 nm. As in the
Parish case, the model predictions for number concentrations of all but the largest
particles agree well (within 10%) with the observations beyond 50 km from the power

plant, although the concentrations of particles larger than 50 nm are under-predicted
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by 27%.

The concentrations of trace gases with distance from the power plant are shown
in Fig. 2.6a. The concentrations of SO, and NO, for the first two transects are well
predicted by the model. At the third transect, ~68 km from the source, the observed
plume is much wider and more dilute than the modelled plume, and as a consequence,
the model over-predicts the NO, concentrations within the plume. We see the oppo-
site trend in HySO, concentrations: the model over-predicted the concentrations of
H>SO, for the first two transects, but the observed concentration of HySO, increases
at the third transect, and the modelled concentration agrees well with this observed
value. An over-prediction of HySO4 would yield larger nucleation and growth rates
of aerosol particles, and thus should increase particle number concentrations. How-
ever, as discussed above, the predicted particle number concentrations at the first
two transects are less than those observed in each size range. There are several possi-
ble explanations for these seemingly contradictory features. During the measurement
campaign, there were broken clouds present, which would make the penetration of UV
radiation into the boundary layer highly variable in space and time. Consequently,
OH production rates, and thus HySO,4 production rates would be highly variable
in space and time. It is possible that at the time of measurement of the first two
transects, cloudy conditions had lowered the OH production rate, and the HySOy4
concentration had been depleted below the mean concentration at those locations.
We will discuss further the effects of cloudy conditions upon sulphate production in
Sect. 2.4.3. It is also possible that the effect of the over-prediction of HySO,4 upon
aerosol concentrations has been compensated by an under-prediction of the nucleation
rate. We will show in Sect. 2.4.1 that the predicted aerosol number concentrations

could increase if a different nucleation parameterization was used.

Figure 2.7 shows that the predicted change in the number of particles per addi-
tional mass of SO, stabilizes at distances greater than 70 km from the power plant
at an additional 6-10'7 total particles per kg SO,. Almost all of these particles have
grown to diameters larger than 30 nm by this distance, and half are larger than 50 nm.

However, as the model predicts fewer particles larger than 50 nm than are observed,
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Figure 2.7: Additional predicted particles per kg SO, emitted versus distance from
the Conesville power-plant, summed over the plume. See Sect. 2.3.1 for a description
of the calculation. Model resolution is 800x800x40m. Dots indicate aircraft obser-
vations, solid lines indicate model results, dashed lines indicate the values used by
Dentener et al| (2006), and dashed-dotted lines indicate the values used by
and Seinfeld| (2003)). Coloring indicates size range of particles. Essentially all parti-
cles in the Dentener et al.| (2006) distribution are larger than 50 nm, so these lines
overlap.

it also predicts fewer additional particles larger than 50 nm per kg SO, than are
observed. These results are remarkably similar to those obtained for the Parish case.
As total SO5 emissions were much higher in the Conesville case than in the Parish
case, the predicted concentrations of HySO4 were ~2 times larger than in the Parish
case even though a smaller fraction of the emitted SOy formed HoSO, (this is due to
a lower shortwave radiative flux) (Table 2.2). This, along with a lower condensation

sink than in the Parish case, resulted in faster new-particle formation, and more than
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twice as many new particles being formed in the Conesville case. Thus the number
of particles per kg SO, was similar between cases. Both observations and models
indicate several orders of magnitude more particles per kg SO, in the Conesville case
than suggested by Dentener et al.|(2006)), and less than one third of the particles per
kg of SO, emitted suggested by |Adams and Seinfeld| (2003).

The fraction of produced sulphuric acid that formed or condensed onto new parti-
cles (as opposed to condensing onto pre-existing particles) was somewhat less in the
Conesville case (13%) than that in the Parish case (21%) (Table 2.2). While more
particles form in the Conesville case, more of the particles in the Parish case grow
beyond 50 nm, and the largest of the newly formed particles constitute a dispropor-
tionately large fraction of the condensation sink. Thus the ratio of the condensation
sink of the new particles to the pre-existing particles is less in the Conesville case,
and this in turn causes less of the HySO4 to condense onto the new particles in the

Conesville case than in the Parish case.

2.4 Sensitivity Studies

In this section, we will explore how uncertainties in model inputs as well as variability
in atmospheric conditions affect the predicted nucleation and growth in the Parish

plume.

2.4.1 Nucleation parameterization

The mechanisms of aerosol nucleation in the atmosphere are still very uncertain, and
different schemes may predict very different nucleation rates under the same condi-
tions. In Fig. 2.8, we show the effect of different nucleation parameterizations upon
the modelled additional particles per kg SOy emitted for the Parish power plant. We
show the additional total particles per kg SO, emitted in Fig. 2.8a and the additional
particles larger than 30 nm per kg SO in Fig. 2.8b. The classical binary nucleation
scheme described by Vehkamaéki et al.| (2002) (Vehk, red line) does not predict any
nucleation in this case because, like other classical binary nucleation schemes, it does
not predict nucleation in warm lower-tropospheric conditions. Therefore, there are

no additional particles beyond the background concentration. There are, however,
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Figure 2.8: (a) Total additional predicted particles and (b) additional particles larger
than 30 nm per kg SO, versus distance from the Parish power-plant, using several
nucleation schemes. See Sect. 2.3.1 for a description of the calculation. Values are
averaged over the plume. Model resolution is 400x400x40m. Black dots indicate
aircraft observations, solid colored lines indicate model results, black dashed lines
indicate the values used by [Dentener et al| (2006)), and black dashed-dotted lines
indicate the values used by |Adams and Seinfeld| (2003).

additional particles larger than 30 nm for the Vehk case because of condensational
growth of pre-existing particles smaller than 30 nm that were mixed into the plume.
This causes the concentration of particles larger than 30 nm to increase above the
original background concentration; however, these are an artifact of our calculation

and should not truly be considered newly formed particles. The nucleation scheme

from [Merikanto et al.| (2007)) (Meri, cyan line) predicts too much nucleation in this

case. The Meri case has a large number of particles close to the source that decreases
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away from the source due to coagulation. The nucleation rate predicted by activation-
type nucleation is sensitive to the fitting parameter A (equation 2.1). However, for
values of A (A=10"7 s7!: denoted by A-7, green line, and A=10"5 s~!: denoted
by A-6, blue line) that typically describe nucleation in continental boundary-layer
conditions (Spracklen et al., 2008; Sihto et al., 2006), the median diameter of the nu-
cleated particles and the total number of particles agree within a factor of 2 with the
observations described here, excepting the first transect. We have no measurements
of the rate of ion-pair production for any of our cases, and therefore we have tested
the ion-mediated nucleation scheme described by [Yu (2010al) while prescribing 5, 10,

3

and 15 ion pairs cm ™ s~ which we believe to be a reasonable range (Harrison and

Carslaw, [2003)). We found that the resultant size distribution differed, but not greatly
over this range. The 10 ion pairs cm™! s™! case is shown in Fig. 2.8 as Yul0, the
purple line. The Yu scheme somewhat under-predicts the number of new particles for

the Parish case.

When excluding the Vehk case that did not predict any nucleation, the choice
of nucleation scheme results in an uncertainty of about one order of magnitude in
the total number particles 40 km downwind and onward. There is a slightly smaller
uncertainty in the number of particles larger than 30 nm at 30 km downwind and
onward. This highlights the importance of the nucleation scheme in predicting nucle-
ation in the plumes. The activation nucleation scheme with an A-factor of 1077 s*
generally performed the best against observations for the Parish and Conesville cases
and thus it was used throughout the case studies presented earlier. This shows that
for these two case studies, the nucleation in the plume had a similar dependence on
sulphuric acid as has been observed in both continental field observations and lab
studies (Sipila et al) 2010). However, given that the conditions are very different
in the plume nucleation cases relative to regional-scale nucleation events, we stress
that this similarity in sulphuric-acid dependence does not imply that the nucleation

mechanisms are necessarily the same.

There is also an uncertainty of more than a factor of 3 in the fraction of produced

sulphate that condenses onto the new particles rather than pre-existing particles
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(Table 2.2). However, only the YulO case predicted fractions within the range tested
by |[Luo and Yu (2011). We note that the values chosen by |Luo and Yu| (2011) were
intended to apply to all point sources of SO5 globally under all atmospheric conditions,
and that the fraction of sulphate in new particles in this particular case may far
exceed that of an average case for reasons independent of the nucleation mechanism

(e.g. large amounts of solar radiation and moderate amounts of pre-existing aerosol).

2.4.2 Background aerosol

In order to test the sensitivity of the model to the pre-existing aerosol size distribu-
tion, we performed additional model simulations of the Parish case with background
acrosol typical of a clean marine environment (MAR), and with background aerosol
typical of a polluted urban environment (URB). (The original simulations are ab-
breviated REM for remote continental.) We described the pre-existing background
aerosol using three lognormal modes, with the number concentrations, median diam-
eters, and geometric standard deviations as listed in [Seinfeld and Pandis (2006)), and
reproduced in Table 2.3 of this work. The model resolution was 400x400x40m, and

1

activation-type nucleation with an activation constant of A=10"" s~! was used for

these simulations.

The resultant additional particles per kg SO5 emitted are shown in Fig. 2.9 (sunny
cases, the cloudy cases will be described later). The MAR-sunny case has larger in-
creases in particle number than the base case (REM-sunny) throughout the life of
the plume. The low concentration of background aerosol in the MAR-sunny case
implies a low condensation sink, and hence more nucleation, but nucleation-mode
self-coagulation tends to dampen this increase in number. The low background con-
densation sink also leads to only a small fraction of the HySO,4 condensing onto the
existing particles, and 90% condenses onto the new particles (Table 2.2). The newly
formed particles grow to larger sizes than in the base REM-sunny case, reaching
40 nm at 36 km from the source, at which point the particles in the base case had

only reached 30 nm.

When the model is run with an urban background (URB-sunny), particle number
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Figure 2.9: (a) Total additional predicted particles and (b) additional particles larger
than 30 nm per kg SO, versus distance from the Parish power-plant, for different back-
ground aerosol size distributions and differing rates of OH production. See Sect. 2.3.1
for a description of the calculation. Values are averaged over the plume. Model
resolution is 400x400x40m. Black dots indicate aircraft observations, solid colored
lines indicate model results, black dashed lines indicate the values used by Dentener
et al. (2006)), and black dashed-dotted lines indicate the values used by Adams and
Seinfeld (2003)). Particle numbers decreased for the REM-cloudy, URB-sunny, and
URB-cloudy cases, so these lines are not visible.

concentrations actually decrease below their initial values, and therefore the line for
the urban background case is not visible in Fig. 2.9. The polluted background pro-
vides a large condensation sink, and nearly all the HySO4 that is formed condenses
onto these particles. There is thus a low concentration of HySOy4 in the plume and
a low nucleation rate. The large number of small particles in the urban background

also yield fast coagulation rates both inside and outside of the plume. The increase
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in particle number due to nucleation within the plume (which is much lower than in
the REM-sunny and MAR-sunny cases) is therefore less than the decrease in particle

number due to coagulation.

These results show that the number of new particles formed in plumes depends
greatly on the pre-existing aerosols. Next-generation parameterizations of plume sub-

grid particle formation must account for the amount of pre-existing aerosol.

2.4.3 Concentration of OH

As discussed in Sect. 2.2, we use a parameterization to predict the concentration of
OH based on the downward shortwave radiative flux and the concentration of NO,
in the model. To test the sensitivity of the model to changes in radiation, we have
performed model simulations with the downward shortwave radiative flux scaled to
one third of its value in the base Parish case. In these cases, we simulate the effect
of cloudy overcast conditions upon OH production. These results are also shown in
Fig. 2.9 (compare the cloudy cases to the sunny cases for each background aerosol
concentration). HoSO,4 production is suppressed under these cloudy conditions (0.8%
of the SO, has oxidized at 50 km compared to 9% for the sunny cases, Table 2.2),
and therefore new-particle formation and growth is also suppressed. Regardless of
the aerosol background, there are fewer particles formed within the plume. For the
base case remote-continental aerosol background (REM-cloudy), very little nucleation
occurs under these cloudy conditions, and the nucleated particles do not grow beyond
6 nm. Like the URB-sunny case described above, more particles are lost to coagu-
lation than are formed by nucleation, and thus the line for the REM-cloudy case is
not visible in Fig. 2.9. The URB-cloudy case is also not visible for the same reason.
Under clean marine aerosol background conditions (MAR-cloudy), similar numbers
of particles form, but the particles grow more slowly and do not reach the same size
as in the MAR-sunny case. In the MAR-cloudy case the particles grow beyond 30 nm
in diameter further downwind of the plume’s source and a smaller fraction of the
particles grow larger than 30 nm in diameter. These results show that we would ex-
pect very little particle formation and growth at night in the plumes except for cases

where SOj is emitted from the plant (e.g. Zaveri et al., [2010)).
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Figure 2.10: (a) Trace gases and (b) particle number vs. distance downwind from
the Parish power plant averaged over the plume for differing rates of OH production
due to different assumptions of VOC concentrations. Dots are aircraft observations;
lines are model results. Shaded area and error bars indicate one standard deviation
in concentration across plume width. The results of the high-VOC case are shown as
a solid line, and the results of the low-VOC case are shown as a dashed line. Model
resolution is 400x400x40m.

We do not yet explicitly account for the effect of VOCs upon OH concentrations
within the model. In order to determine the sensitivity of our results to this un-
certainty, we ran our model under low-VOC conditions (as described in Sect. 2.2).
The concentrations of trace gases and particle number concentrations are shown in
Fig. 2.10. For a constant shortwave radiation flux, maximum steady-state concen-
trations of OH occur at a NO, concentration that depends on the concentrations of
VOCs. Under high-VOC conditions, this NO, concentration that yields the maximum
concentration of OH will be larger than under low-VOC conditions. The parameter-
ization we use to estimate concentrations of OH yields a maximum concentration of

OH for NO, mixing ratios of 1.2 ppbv under low-VOC conditions, and 2.0 ppbv under
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high-VOC conditions. Since the area inside the plume has very high mixing ratios of
NOy, larger than 5 ppbv in the Parish case (even far from the source), the mixing
ratios of NOy will be closer to those that yield the maximum possible concentrations
of OH under high-VOC conditions than under low-VOC conditions (all other param-
eters are held constant). Because of these high NOy mixing ratios, more HySOy is
produced under the high-VOC conditions than under the low-VOC conditions. Un-
der the high-VOC conditions, 9% of the SO, has oxidized at 50 km from the source,
while 6% of the SOs oxidized under low-VOC conditions (Table 2.2). Note that the
predicted concentration of NO, is unchanged between cases and SO, is only slightly
changed. The higher concentrations of HySO,4 in the high-VOC case result in more
nucleation and growth, and thus higher concentrations of aerosols at all sizes. In the
low-VOC case, few particles grow to diameters larger than 30 nm within 50 km of

the source, and almost no particles grow beyond 50 nm.

Although these effects of VOCs on the size distribution are not as strong as the
effects of changes in the background aerosol concentrations or switching between
sunny and cloudy conditions as shown above, they too are important for predicting
the formation and growth of particles in plumes. An additional potentially important
effect of atmospheric organics that was not tested here is the effect of secondary
organic aerosol (SOA) formation in the plumes. Condensing SOA will help grow the
ultrafine mode to CCN-relevant sizes (Riipinen et al 2011; |Pierce et al., [2011). The
lack of SOA in our model may be part of the reason that our model predictions of
the concentration of particles larger than 50 nm were biased low compared with the
observations. Early in the plume, HySO, formation should dominate condensational
growth; however, as the plume is diluted with background air, SOA may dominate
the growth of particles in some cases. Thus, it will be important in future work to

explore the effect of SOA in power-plant plume microphysics.

2.5 Conclusions

We have implemented online aerosol microphysics into an LES/CRM model. We have

shown, through two case studies, that the model provides reasonable predictions of



37

new-particle formation and growth within the plume at distances further than 10-
20 km from the source. For both cases, we predicted about one order of magnitude
fewer total particles produced for each kg SOy emitted than the assumptions used
by |Adams and Seinfeld| (2003) and related studies, but several orders of magnitude
more particles per kg SOy than indicated in |Dentener et al| (2006). This result was
robust across all of the nucleation parameterizations we tested (except for classical bi-

nary nucleation, which predicted no new-particle formation in these warm conditions).

We have run the model using two horizontal resolutions, 400 m x 400 m and
800 m x 800 m. The discrepancy in the number of particles predicted was less than a
factor of 1.5. This was less than the uncertainty in the number of particles produced
due to uncertainties in VOCs or different nucleation parameterizations. We therefore
expect that using a model resolution finer than 800 m x 800 m horizontal resolution

would not enhance the accuracy of the model predictions at this time.

The two case studies shown here are certainly not representative of all cases, and
we have included a small number of sensitivity studies to show how our results would
differ under alternative aerosol background conditions and lower OH production rates.
We find that for polluted background conditions, new-particle formation can be neg-
ligible. With a clean marine background, total particle numbers are about a factor of
2 larger than the remote-continental base case, and the newly formed particles grow
to larger sizes. If we reduce the production rate of OH, as it would be reduced under
cloudy overcast conditions, we see less new-particle formation and slower growth of
all particles. In the simulated cloudy conditions, nucleation was negligible in both
the moderately polluted remote continental background case and the very polluted

urban background case.

We found that 9% and 4% of the emitted SO, oxidized to form H,SO,4 within 50 km
of the source in the Parish and Conesville cases, respectively. If the production rate
of OH is decreased in the Parish case according to cloudy or low-VOC conditions,
the fraction of SO, oxidized decreases from 9% to 0.8% or 6%, respectively. The base

Parish case and the low-VOC Parish case values are larger than those chosen in many
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studies (Adams and Seinfeld, 2003; Spracklen et al., [2005; |Wang and Penner, [2009;
Luo and Yu, [2011). However, this is implicitly accounted for to some degree by the
oxidation of the emitted SO5 in subsequent time steps in these models, and the cases

here were for daytime conditions which would have above-average oxidation rates.

The work in this paper highlights how new-particle formation and growth in power-
plant plumes (and anthropogenic sulphur plumes in general) depend greatly on mete-
orological conditions and the pre-existing particle concentrations. A power plant with
constant emissions may have efficient nucleation and growth in its plume on one day,
but negligible nucleation and growth on another. These results show the need for a
new generation of schemes for accounting for particle formation in sub-grid sulphur
plumes. Other factors that were not tested here that may be important in the plume
microphysics are SO, and NO, emissions rates, primary particle emissions (either as
ash or HySO, formed in the plant/stack), SOA formation in the plume, wind speeds

and atmospheric stability. These should also be addressed in future work.

Using the model described here, it is our intent to develop a computationally ef-
ficient, but physically based, coal-fired power plant emissions parameterization that
depends on the emissions from the stack, the mean meteorological conditions and the
mean background aerosol and gas concentrations that can be resolved by regional
and global models. This parameterization will allow for more accurate predictions of
aerosol size distributions and a greater confidence in the effects of aerosols in climate

and health studies.

Until this parameterization is available, it may be wise to consider separately
conditions under which it is likely there will rarely be significant aerosol nucleation
within the plume. Based on our sensitivity studies, when OH concentrations are very
low (for instance, at night) or when the background condensation sink is very high, it
seems prudent to assume that all HySO,4 formed within the plume will condense onto
the existing background aerosol, and that therefore aerosol mass should be increased

without increasing number. Under other conditions, it may be preferable to assume
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the size distribution used by |Adams and Seinfeld| (2003) to the size distribution as-
sumed by Dentener et al.| (2006), as the former was closer to the results we obtained
for every case where particle number concentration increased inside the plume. We
wish to stress that this does not imply that it will be the better assumption under
all conditions, but our results suggest that it may be the better assumption under

conditions when nucleation does occur.



Chapter 3

A Parameterization of Sub-Grid Particle Formation in

Sulphur-Rich Plumes for Global and Regional-Scale Models.

Stevens, R. G. and Pierce, J. R.: A parameterization of sub-grid particle formation
in sulphur-rich plumes for global- and regional-scale models, Atmos. Chem. Phys.,

13(23), 12117-12133, doi:10.5194 /acp-13-12117-2013, 2013.

3.1 Introduction

In this chapter, we develop a computationally efficient (the increase in running time
for a 3D aerosol model would be negligible because the parameterization consists only
of several arithmetic equations), but physically based, parameterization that predicts
the characteristics of aerosol formed within sulphur-rich plumes based on parameters
commonly available in global- and regional-scale models. This parameterization is
based on the results of the System for Atmospheric Modelling (SAM) (Khairoutdinov
and Randall, 2003), a Large-Eddy Simulation/Cloud-Resolving Model (LES/CRM)
with online TwO-Moment Aerosol Sectional (TOMAS) microphysics (Adams and Se-
infeld, 2002) that has been tested against aircraft observations of particle formation
in plumes (Chapter [2| and |Lonsdale et al., 2012). Given large-scale mean meteoro-
logical parameters ((1) wind speed, vy [m s7'], (2) boundary layer height, BLH [m],
and (3) downward shortwave radiative flux, DSWRF [W m™?]), (4) emissions of
SO,, Esoq [kg s71], and (5) NO, Fxox [kg N s7!], from the source, (6) mean back-
ground condensation sink, C'S [s7!], (7) mean background SO,, bgSO; [ppb], and
(8) NOy, bgNOx [ppb], concentrations, and (9) the desired distance from the source,
d [m], the Predicting Particle Production in Power-Plant Plumes (P6) parameteri-
zation predicts (1) the fraction of the emitted SO, that is oxidized to form HySOy,
fox, (2) the fraction of that HoSO,4 that forms new particles instead of condensing
onto pre-existing particles, fuew, (3) the mean mass per particle of the newly formed

particles, My, [kg], and (4) the number of newly formed particles per mass of SO,

40
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emitted, Nyey [# (kg SO9)7 1.

In Sect. 3.2 we provide a brief description of the SAM-TOMAS model and how
the P6 training data was selected. Section 3.3 describes the form and physical basis
of the P6 parameterization. The evaluation of the P6 parameterization against the
full SAM-TOMAS model is presented in Sect. 3.4. We describe sensitivity studies
performed using the parameterization in Sect. 3.5. Finally, we present our conclusions

in Sect. 3.6.

3.2 Description of SAM-TOMAS Model and Training Data

A full description of the SAM-TOMAS model is available in Chapter [2| so we will
restrict ourselves to a brief summary here. The SAM model (Khairoutdinov and Ran-
dall, |2003)) is a flexible LES/CRM model with a resolution of 10s of metres to several
kilometres, and a domain that can span 10s to 1000s of kilometres. The TOMAS
microphysics algorithm (Adams and Seinfeld, 2002; Pierce and Adams, 2009) in SAM
resolves aerosol by both mass and number independently in 15 size bins spanning
3 nm to 10 pym. Condensation, coagulation, and nucleation are explicitly resolved in
the model. Sulphate, ammonia (NHj3), aerosol water, and the gas-phase concentra-
tions of SOy, NOy, ammonium (NHy) and HySO, are simulated within the model, but
secondary organic aerosol formation is not explicitly simulated under the assumption

that sulphate aerosol formation will dominate within sulphur-rich plumes.

The concentration of OH in the SAM-TOMAS model is currently parametrized
based off of the downward shortwave radiative flux (DSW RF') and the concentration
of NO,. This OH parameterization is an empirical fit to results from the detailed
time-dependent photochemical box model described by Olson et al.| (2006). However,
the uncertainties associated with the parametrized OH become large for solar zenith
angles larger than 70, which, for clear-sky conditions, correspond to DSW RF' values
less than 350 W m~2. In addition, we do not account for nitrous acid (HONO) or
sulphur trioxide (SO3) emission, which may account for additional sulphuric acid for-
mation. Both of these emissions may result in particle formation early in the plume,

and may account for the under-prediction of particles within 5 km of the stack in
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Chapter 2] However, we note that these processes do not seem to be necessary to
accurately predict particle size and number concentrations beyond 30 km from the
source. When these processes become better understood, we plan to incorporate them

into a future version of the P6 parameterization.

During cloudy conditions, SO, may undergo aqueous oxidation through reaction
with HoOs or other species (Zhou et al. 2012)). Currently, this is not accounted for
in the SAM-TOMAS model. Therefore, SO5 oxidation is likely underestimated under
cloudy conditions. Under such conditions, however, less new-particle formation is
expected because DSW RF', and subsequently oxidation of SOy though reaction with
OH will also be suppressed. Also, the additional surface area from cloud droplets
in the clouds and cloud-processed aerosols outside of the clouds will slow nucleation
and increase coagulational losses of new particles. We therefore do not believe that
this would be a significant uncertainty for predicting the number and size of aerosol

formed in sulphur-rich plumes.

For this study, the model was operated as a Lagrangian 2-D wall model that
passed over the power-plant after a spin-up period of 1800 seconds of model time.
The wall extends upwards and horizontally perpendicular to the direction of the mean
boundary-layer wind. We have evaluated the model operating in Lagrangian mode
against the Eulerian mode used in Chapter [2, and we have found that the discrep-
ancies in NO, and SOs concentrations between the two models are less than one
standard deviation of the concentrations (due to variability in time). Similarly, the
total particle concentration within the plume differed by less than 16% between the
Lagrangian and the Eulerian modes, and the particle size distributions had similar
characteristics in both models. Both models compare similarly well to the measure-

ments shown in Chapter

In the simulations used here, the model resolution was held fixed at 400 x 400 x 40 m
and the model domain was 120 km wide and 5 km high. We chose an empirical
activation-type nucleation scheme (Kulmala et al., 2006), where nucleation rates are

calculated as 1077 s7! - [HySOy], because this scheme provided the best match to
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observations out of the 6 schemes tested in Chapter 2] We note that it is clear that
such an empirical scheme will not capture all of the variability in nucleation rates.
However, an increase in the nucleation rate by a factor of 10 was found in Chapter [2|to
increase N, by a factor of about 3 for distances greater than 30 km from the source,
and we will show that values of N, span six orders of magnitude across the set of
training data used for this study. As more accurate parameterizations of nucleation
become available, we plan to integrate them into SAM-TOMAS and incorporate the

results into future versions of the P6 parameterization.

In order to determine the best-fit parameters for the P6 parameterization, we
performed many simulations using the SAM-TOMAS model using a realistic range of
different inputs for the emissions, meteorology, and background aerosol and trace gas
concentrations. In order to choose realistic, but sufficiently diverse, conditions for the

simulations, we performed the procedure described in the following three paragraphs.

Table 3.1: Parameter space used to create training data for the P6 parameterization.

Parameter Minimum Maximum

Latitude 30°N 70°N

Longitude 55°W 110°W

Time July 1%¢, 2010, 15:00 UTC  July 28", 2010, 21:00 UTC
Distance from source 5 km 100 km

logio(Eso2 [kg/s]) -3 1

logio(Enox [kg N/s|) -3 0.3

Emissions height 60 m 580 m

To generate a data set of realistic aerosol size distributions and trace gas concentra-
tions, we used output from the GEOS-Chem-TOMAS model. GEOS-Chem-TOMAS
uses the TOMAS aerosol microphysics module described above in the GEOS-Chem
chemical transport model (www.geos-chem.org, Bey et al.; 2001). The implementa-
tion of TOMAS in GEOS-Chem has been discussed previously (Pierce et al., 2013;
Snow-Kropla et al., 2011}, Trivitayanurak et al., 2008). Variables were output every 3
hours. The model resolution was 0.5°x 0.666°. We used Latin Hypercube sampling (a
method of pseudo-randomly choosing a set of samples from a multi-dimensional space

such that the full range of each dimension is sampled, but the coordinates in each
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dimension are uncorrelated) to determine a set of 5000 (1) latitudes, (2) longitudes,
(3) date and time, (4) distances from the emissions source (d), (5) emissions rate of
SOs (Eso2) and (6) NOx (Enox), and (7) the effective emissions height, which implic-
itly includes both the height of the emissions stack and the initial buoyant rise of the
plume. The range of values used for each of these variables is listed in Table 3.1. We
note that while only the month of July was sampled to create the training data, the
large geographic range used provided diverse meteorological conditions. As the OH
parameterization used in the SAM-TOMAS model has high uncertainties for large
solar zenith angles, we excluded from our range of times to be selected the hours of
3:00, 6:00, and 9:00 UTC as these should be at high solar zenith angles or outside
daylight hours for the latitude and longitude range we selected. In order to further
reduce the number of cases with high solar zenith angles, we subsequently excluded
from our analysis any cases that had DSW RF values less than 100 W m~—2. We then
obtained the background aerosol size distribution, background SO, and NO, concen-
trations (bgSOs and bgNOy), and DSW RF' from the GEOS-Chem-TOMAS output
that corresponded to each set of latitude, longitude, date and time. The maximum,
minimum, and median values of these outputs from GEOS-Chem-TOMAS are shown

in Table 3.2.

Table 3.2:  Outputs from GEOS-Chem-TOMAS used as inputs for SAM-TOMAS.
The fully resolved aerosol size distribution from GEOS-Chem-TOMAS was used in
SAM-TOMAS, but for conciseness we only tabulate the condensation sink here. Cases
where the DSW RF' was less than 100 were excluded from this study, because of
uncertainties associated with OH production for these conditions.

Parameter Minimum Maximum Median
Condensation sink [s7!] 8.94 x 107° 1.46 x 102 1.38 x 1073
Background SOs [ppb] 1.27 x 1076 16.6 0.0707
Background NOy [ppb] 2.84 x 1074 7.93 0.0302
Downward shortwave 100 960 401

radiative flux [W m~?]

To drive the dynamics in SAM-TOMAS, we obtained for each set of latitude,
longitude, date, and time the corresponding profiles of potential temperature, water

vapour mixing ratio, wind speed and direction; surface fluxes of sensible heat, latent
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heat, and momentum; the boundary-layer height (BLH, defined as the height where
the turbulent kinetic energy falls below a threshold value) and the surface pressure
from the National Center for Environmental Prediction (NCEP) North American Re-
gional Reanalysis (NARR) (Mesinger et al., 2006) assimilated meteorology data, as
was done in Chapter 2] The reanalysis data were provided by the National Oceanic
and Atmospheric Administration (NOAA), Ocean and Atmospheric Research (OAR),
Earth System Research Laboratory (ESRL) Physical Sciences Division (PSD), Boul-
der, Colorado, USA, from their website at: http://www.esrl.noaa.gov/psd/. The
NCEP NARR data was chosen for this study because the software necessary to create
input files from reanalysis data was readily available. We note that while the mete-
orology from the reanalysis data may not correspond exactly to the data from the
GEOS-Chem-TOMAS model due to differences in spatial and temporal resolution,

an exact match is not necessary to create a realistic set of training inputs.

Table 3.3:  Minimum, maximum, and median values of the mean boundary-layer
wind speeds and the boundary-layer heights for the training data used to create P6.

Parameter Minimum Maximum Median
Wind speed [m s™!] 0.178 26.1 5.98
Boundary-layer height [m)] 53 2792 434

For each simulation using the SAM-TOMAS model, we used Fso2, Enox and
effective emissions height from the Latin hypercube sample; the background aerosol
size distribution, bgSOs, bgN Oy, and DSW RF from the output of the GEOS-Chem-
TOMAS model; and the SAM-TOMAS meteorology that was driven by nudging and
boundary conditions from the NCEP-NARR assimilated meteorology data. We ran
the model until the emissions reached the distance from the source specified from
the Latin hypercube sample. We preserved the following variables as training inputs
for the P6 parameterization: (1) Esoz, (2) Exox, (3) total condensation sink of the
background aerosol size distribution (CS), (4) DSWRF, (5) the mean wind speed
within the boundary layer (vg), (6) BLH, (7) the distance from the source (d), (8)
bgSO,, and (9) bgNO. The maximum and minimum values of these parameters are
shown in Tables 3.1, 3.2, and 3.3. Other information necessary to run the SAM-
TOMAS model, such as the effective emissions height, the potential temperature


http://www.esrl.noaa.gov/psd/

46

profile, the water vapour mixing ratio profile, and the surface fluxes may not be
available in many regional- and global-scale models and the current P6 inputs capture
most of the variability in aerosol formation and growth within plumes, as we will show
in Sect. 3.5. We have therefore excluded them as inputs to the parameterization.
However, by including a wide range of these conditions in the simulations used to fit
the parameterization, we hope to exclude a possible bias in our predictions, and to

have a more realistic assessment of the accuracy of the parameterization.

3.3 Description of the Parameterization

The purpose of the Predicting Particle Production in Power-Plant Plumes (P6) pa-
rameterization is to predict the fraction of emitted SO, that is oxidized in the plume
(fox), whether or not a significant number of new particles are nucleated, the number
of new particles nucleated per kg SO emitted (Npew, [# (kg SO2)7']), the mean mass
per particle of the new particles (M, [kg]), and the fraction of the HySO, formed

within the plume that comprises new particles (frew)-

As inputs to the parameterization, we have chosen variables that are commonly
available in global- and regional-scale models: the source-level SOy and NO, emissions
(Esoz [kg s71] and Enoyx [kg N s71]), the downward shortwave radiative flux at the
surface (DSW RF [W m~?]), the background aerosol condensation sink (C'S [s71]),
the boundary layer height (BLH [m]), the mean wind speed in the boundary layer
(vg [m s7]), the distance from the source (d [m]) that the plume is considered
mixed with the model grid boxes, and the background SO, and NO, concentrations
(bgSOs [ppb] and bgN Oy [ppb]). We will consistently use the given units for all inputs

and outputs in all of the following equations.

Often, emissions inventories provide SOs and NO, emissions within each box on a
given grid, instead of associated with particular sources specifically. Therefore, it may
not be known how many power plants are responsible for the emissions in a given grid
box. We therefore allow the P6 parameterization to be operated in the following ways:
(1) By default, it is assumed that the emissions of each anthropogenic sulphur-rich

point source are known individually, in which case fox, Nnew, Mm, and fuew will be
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Table 3.4: Emissions rates for coal-fired power-plants in the USA from the 2010
EPA CAM data. “Medium” emissions are defined as the log-space mean, “high” as
one standard deviation above the mean, and “low” as one standard deviation below

the mean.
SO, NO,
high 1.00 kg s+ 0.290 kg s—!
medium 0.202 kg s—! 0.0840 kg s+
low 0.0606 kg s+ 0.0300 kg s+

predicted for each source plume individually. (2) If instead the total emissions of SOs
and NOy from sulphur-rich sources within a given area (but not the individual sources
within that area) are known, the P6 parameterization will provide outputs based on
the assumption that the emissions for the sources are divided between an equal num-
ber of high-emitters, medium-emitters, and low-emitters. We define high-emitters,
medium-emitters, and low-emitters based on the emissions data for power-plants in
the United States compiled from the Clean Air Markets (CAM) data (United States
Environmental Protection Agency, 2012)) as follows: for medium-emitters, we use the
log-space mean emission rates for a power plant in the USA during 2010. For low and
high emitters, we use an emission rate that is one standard deviation below or above
the mean in log space, respectively. The high, median, and low emissions rates are
listed in Table 3.4. (3) If the SO, emissions are known, but the NOy emissions are not
known (or the NOy emissions from the major SO5 sources are not known), the median
SO,:NO, emissions ratio of 0.419 from the 2010 EPA CAM data will be assumed (as

well as the high-, medium- and low- emitter assumptions from the previous P6 mode).

Even if the precise locations of power plants are known, it may not be clear at what
distance from the source the particles are well-mixed within a grid box that also con-
tains the source of emissions. However, as we will show in Sect. 3.5, the P6 values of
My, Npew, and frew are not strongly sensitive to the distance from the source beyond

distances of 30 km, and f,, depends less than linearly on the distance from the source.

In the following subsections, we describe the theory and semi-empirical fits behind

the P6 parameterization.
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3.3.1 Fraction Oxidized

In order to formulate a semi-empirical equation for f.., we first formulate a semi-
empirical equation for the effective NO, mixing ratio within the plume because NOy
modulates the OH concentrations and thus affects the oxidation rate of SO,. The
mean concentration of NO, within the plume should be equal to the sum of the
contributions from the background and the emitted NO, after accounting for dilution,
which should be related to vy, BLH, and the time since emission, calculated as (d/vg).

We therefore calculate the effective NOy concentration, NOx s [ppb], as:

ENOX

. -8
NOX,eff = bgNOx + 1.444 x 10 vg1-234 B, 02018 (%)0.7902

(3.1)

where the exponents for vy, BLH, and (d/v,) have been fit for this equation to the
average concentrations of NOy in the plume using the training data (evaluation of
the fit in Sect. 3.4). We allowed the scaling factor of 1.444 x 1078 to be freely fit to
the data, because the relative importance of the background concentrations and the
emitted NO, is different for f., than it is for the mean concentration of NO,. As the
relative importance of background and emitted NOy is also different for determining
nucleation, My, and Nyey, we list the scaling factors used to calculate NOy g for
each of these outputs in Table 3.5. The scaling factor found when fitting to the mean
NO, concentration within the plume was 9.595 x 10*. However, the best fit scaling
factor found for calculating fox is much lower, such that the NOy (¢ is dominated by
bgNOy. Generally, NO, concentrations are sufficiently high within the centre of the
plume (and early in the plume) to prevent fast oxidation of SO, so the background
concentrations are relatively much more important to f,, than they are to the mean

NO, concentration within the plume.

We calculate an effective OH concentration using the same parameterization that
is used in the SAM-TOMAS model. This parameterization calculates the OH concen-
tration as a function of the NO, concentration within the plume and the DSW RF.
The parameterization, which is a fit of chemistry box-model simulations of |Olson
et al.[(2006), was originally described in appendix A of |Stevens et al.|(2012), and this

description is repeated as appendix [A] of this manuscript.
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Table 3.5: Emissions scaling factors used in the P6 parameterization for determining
effective SO, and NOy concentrations (Eq. 3.1 and Eq. 3.9)

Exox scaling factor FEs09 scaling factor
In-plume mean concentration 9.595x10% 1.705x10%
Jox 1.444%x10°8 -
nucleation 4.365x10° 2.239x10*
M 2.139x107 2.605x 106
Niew 1.243x106 -
First, we set variables x and y:
z = 1og(NOy ) — 0.195 (3.2)
DSWRF
— (3.3)
So-T

where Sy is the solar constant at the top of the atmosphere, 1370 W m~2, and T
is an assumed transmittance of the clear atmosphere, 0.76. We then calculate two
polynomials, the first (P1) estimating the shape of the OH versus NO, relationship,
and the second (P2) capturing the dependance of OH on DSW RF":

P1 = —0.0142°+0.00272° +0.1713z* — 0.04662° — 0.78932% — 0.17397 4+ 6.9414 (3.4)

P2 = (—1345y° + 4002y* — 471.8y + 42.72) - 10* (3.5)

From P1 and P2, we calculate the effective OH concentration, O Hog, [molec cm™3]:

OH ¢ = 0.82 - 1071 1os(P2)/6.8 (3.6)

If we assume that the only loss mechanism for SO, is through reaction with OH
(e.g. clear skies and ignore reactions with Criegee intermediates (Mauldin et al.)
2012))), and we knew the true OH concentrations, we could calculate fox by using the

rate constant k, the time elapsed ¢ and the following equation:
fox = 1 — exp(—k [OH] t) (3.7)

However, given that OH.g is not the true concentration, and we must calculate ¢ as
d/vg, we use the analogous equation:

d
fox = 1 — exp(—1.650 x 10—100Heﬁ0~7904(U—)O-?m) (3.8)
g
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where the numerical values have been selected by minimizing the error between the P6
fit fox values and the predicted fox from the SAM-TOMAS simulations. As the best-
fit Enox scaling factor for calculation of NOy g is near zero, OHg is approximately
equal to the OH concentration outside of the plume in the f,, calculation. Since NO,
concentrations will generally be sufficiently high within the plume that OH within
the plume is less than at the plume edges, the best fit exponent for O H.g is less than
one. Oxidation of SO, subsequently proceeds more slowly within the plume than at

the edges, thus the best-fit exponent for (d/v,) is also less than one.

3.3.2 Nucleation

In order to determine whether or not significant nucleation occurs within the plume,
we first calculate the effective NO, and SO, concentrations within the plume. The

effective SO, concentration, SO ¢ [ppb], is defined similarly to NOx g as:

E
. 4 SO2
SOy = bgSOy +2.239 x 10 LT BLEO (L7 (3.9)

where the exponents for v,, BLH, and (d/v,) have been fit for this equation to the
average concentration of SO, in the plume. The scaling factor found when fitting to
the mean SO, concentration within the plume was 1.705 x 10*. The scaling factors
for SOy and NOy o for determining nucleation are 2.239 x 10* and 4.365 x 10°,
respectively, as listed in Table 3.5.

We then calculate nucp, our predictor for if nucleation is likely, from the following

equation:
SOyeq” DSW RF328

NO, eff1~24 (' S3-48

nucp =

(3.10)

We compare the value of nucp to 2.988 x 10'. If it is smaller, then we predict
that nucleation is slow and that any particles that are formed within the plume will
be quickly lost to coagulation: there will be no net increase in particle number within
the plume. If it is larger, we predict that significant new-particle formation will occur.
This test is accurate for 95.8% of our training cases. For those cases where nucleation
is falsely predicted or falsely not predicted, the maximum P6 or SAM-TOMAS values

of M,,, respectively, were less than the median values of M,, for the full set of training
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data. The maximum number of new particles formed was similarly lower than the
median for the full set of training data. Particle formation rates and growth rates
were therefore typically lower for the cases where this test was incorrect than for the

correctly-predicted cases.

3.3.3 Mean Mass per Particle of New Particles

If we predict that there will be significant nucleation, we then predict the mean
mass per particle of the newly formed particles. We expect that the particles will
be growing primarily through condensation of available HySO,4. Therefore, we expect
that the mean mass per particle, M,,, will be proportional to the product of the time
elapsed (d/vg), fox and SOqeq. Since the pre-existing particles will be competing for
the available HySOy4, we divide this value by the background condensation sink, C'S,
the first-order rate constant of the loss of condensible vapour by condensation, which
is proportional to the Fuchs-corrected surface area of the particles (Kerminen et al.|
2004). We add a constant minimum value to this, which corresponds to the smallest
size of aerosol that can be resolved by the SAM-TOMAS model. In this way we arrive

at the following equation for M,,:

1.517 1.094
ox SO0 d o
f 080.6127,33 )(3)0.9685 4 4.071 x 10 25kg (311)
g

My, = 1.475 x 107%(

Again, we include the fitted parameters in this equation, and the fit will be evaluated

in Sect. 3.4.

However, we note that the free parameters for predicting f,. were optimized to
reduce the rms absolute error between the parametrized f,, and the SAM-TOMAS
predicted fox to a minimum, and we are more interested in minimizing the rms rela-
tive error in M,,, since M,, spans several orders of magnitude. We therefore allowed
the free parameters used to predict f,« to change when we sought the parameters that
minimize the root-mean-square error in log;o(M,,). Notably, the Exox scaling factor
(Eq. 3.1) used within the calculation of My, is several orders of magnitude larger than
that used within the calculation of f,, as listed in Table 3.5. We will discuss this
difference further in Sect. 3.5.
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We can calculate the mass mean diameter D, [pm] as:

M,6 1
Dpss = (—— 3.12
(om0 (312)
where p is the density of the dry aerosol (assumed in SAM-TOMAS as 1770 kg m™3).

The number-median diameter D,,, [um] can be calculated from:
Di = Dinags €xp(—3.5 In®a,) (3.13)

where o, is the geometric standard deviation of the aerosol size distribution. We
choose a value of 1.4 for o,, as this was the median value found for lognormal distri-

butions fitted to the aerosol size distributions of the training data.

3.3.4 Number of New Particles per kg SO, Emitted

As mentioned in Sect. 3.2, we have configured the SAM-TOMAS model to use
activation-type nucleation for this study. We would therefore expect the source of
new particles to increase due to nucleation proportionally with the concentration of
H5SOy4, which should be roughly proportional to f... We would therefore expect a so-
lution that is proportional to f,, and increases with increasing bgSO,, but not Fsos,
as Npew is normalized by the SOy emissions. We also expect the primary loss mech-
anism for the newly formed particles to be coagulation with pre-existing particles,
and this coagulational loss rate is roughly proportional to the condensation sink. We
would therefore also expect the solution to exponentially decay with C'S - (d/vg). We

find the following solution for Ney:

0.9949 0.2500
w019 hg SO d
Nyow = 6.939 x 19 B 902 exp(—4.417 C.SOMI(Zy00T6) (3 1)
SO2 Vg

where the free parameters for f,, have been fitted to minimize the root-mean-square
error in logl0(Nyey ), as was the case for My, above. Similar to M,,, the Exoyx scaling
factor (Eq. 3.1) used to calculate fox in Npey is several orders of magnitude greater
than that used to calculate f,,, as listed in Table 3.5. This will be discussed further
in Sect. 3.5. We note that the P6 fit value for N, slightly decreases with increasing
Esoo. As Ny is normalized by the SO, emissions, this is consistent with the number
of new particles formed in a given plume increasing slightly less than linearly with

increasing SOy emissions.



53
3.3.5 Fraction of Sulphate Mass that Comprises New Particles

The mass of new particles per kg SO, emitted can be determined from the product of
M, and Npey. The product of f,, and fey also yields the mass of SO, that ultimately
forms new particles per kg SO, emitted. We therefore can calculate f,e, from the

other three outputs:
MmNnew MSOQ

f =
e fox  Mu2soa
where Mgoo and Mpyssos are the molar masses of SOy and HoSOy, respectively.

(3.15)

However, because the fits for My, Nyew and fo, were performed independently,
this equation can yield values for f,., greater than 1 under some conditions, which
is unphysical. Under such circumstances, we reduce M,, and N,., each by a factor

of frew®™® to maintain closure, and limit fyew to 1.

3.4 Comparison of Parameterization to Full SAM-TOMAS Model

Table 3.6: Quality of fit information for the P6 parameterization predicted outputs
and the results of SAM-TOMAS.

correlation rms error rms logyy fraction within fraction within
coefficient error a factor of 2 a factor of 10
Sox 0.826 0.0190 0.845 50.3% 77.0%
M,  0.891 1.38 x 107 kg 0.425 60.0% 96.7%
Npew  0.670 4.85 x 108 0.741 36.2% 84.6%
(kg SOQ)_l
Joew  0.650 0.289 1.07 28.6% 66.8%

We show the correlation coefficient, root-mean-square error, root-mean-square er-
ror in the logarithm of the values, and the fraction of the training data cases within
a factor of two or ten for each of the outputs in Table 3.6. We also show the P6
predicted values against the SAM-TOMAS calculated values for fo., My, Npew, and
fuew in Fig. 3.1. We show the values of M, Nyew, and frew only for cases where

nucleation is predicted to occur.

The correlation between the P6 and SAM-TOMAS values of fo is good (R = 0.826).

The rms error is comparable to the value of f,, for the majority of the training cases,
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Figure 3.1: P6 vs SAM-TOMAS values of for, My, Nyew, and frew. Color of points
indicates density of cases. The red dashed lines indicate the values of M, and Ny
from Dentener et al. (2006), and the blue dashed-dotted line indicate the values of
M,, and Ny from Adams and Seinfeld (2003)). The green and yellow dashed lines
indicate where the predicted values are within a factor of two and ten, respectively,
of the calculated values.

but this value is dominated by the small number of cases where either the P6 value,
the SAM-TOMAS value, or both values of f., are large. As can be seen in Fig. la,
a large fraction (69%) of cases have both P6 and SAM-TOMAS fx less than 0.02,

and the relative error can be large for these cases while the absolute error remains low.

The correlation between the P6 and SAM-TOMAS values of M, is also good
(R = 0.864). While the SAM-TOMAS values of M,, span more than five orders of
magnitude, we note that the P6 values are within one order of magnitude of the SAM-
TOMAS values for nearly all (96.8%) of the training cases, and for the majority of the
cases (59.5%), they are within a factor of two. Along with the P6 and SAM-TOMAS
values of M,,, we also plot the values used by (Dentener et al., 2006) and
Seinfeld, [2003) for M, in Fig. 3.1b. We note that the value of M, from (Dentener
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et al., [2006) is more than three orders of magnitude larger than the largest value
calculated by SAM-TOMAS for the training simulations. The value from |Adams and
Seinfeld, (2003)) is within the range of values predicted by SAM-TOMAS, but is more
than two orders of magnitude larger than the median value of M, for the training
simulations. There is a large fraction of new-particle-formation cases (40%) where
both P6 and SAM-TOMAS values of M,, do not exceed 2 x 10722 kg, corresponding

to a mass mean diameter of less than 6 nm.

While the P6 parameterization does not capture the behaviour of N, as well as
it captures the behaviour of f,, and M,,, the P6 values are still within one order of
magnitude of the SAM-TOMAS values for most (83.8%) of the training cases, across
which the SAM-TOMAS values vary by more than six orders of magnitude. In ad-
dition to the P6 and SAM-TOMAS values of N,.,, we also plot the values used by
(Dentener et al 2006) and (Adams and Seinfeld, 2003) for Ny, in Fig. 3.1c. We
note that the value of Ny, from (Dentener et al., |2006|) is more than two orders of
magnitude smaller than the smallest value calculated by SAM-TOMAS for the train-
ing simulations. The value from |Adams and Seinfeld (2003) is within the range of
values predicted by SAM-TOMAS, but is nearly one order of magnitude larger than

the median value of N, for the training simulations.

As the P6 values of f,. are calculated based on f,,, M,,, and Ny, instead of
being fit directly to the SAM-TOMAS values, we would expect this variable to show
the poorest fit to the SAM-TOMAS values. Since f,, and fpe, are uncorrelated, there
will be instances where the value of f,, is small, and hence the relative error in fo,
may be high, but the value of fpy is not small. Since fe, is calculated using f., a
large relative error in f,, will yield a large relative error in fe, and so this means
that the relative error in fye, can be high, even for larger values of f., (hence the
absolute error will also be large). However, the correlation between the P6 and SAM-
TOMAS fiew values remains good (R = 0.667) largely due to resolving the cluster of
values near 0 and the cluster near 1 (Fig. 3.1d). The P6 parameterization correctly
predicts low values for fpe, for the large fraction (56%) of training cases where the

SAM-TOMAS value of fiey is less than 0.1, and the P6 value of f,c, is within 0.1 of
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the SAM-TOMAS value for 63.3% of the cases.

3.5 Sensitivity Studies

3.5.1 Sensitivities to Inputs

We show the sensitivities of for, My, Npew, and frew to each of the P6 inputs in
Figures 3.2, 3.3, 3.4, and 3.5, respectively. Each figure shows green lines for 100
randomly chosen sets of inputs within the ranges of the training data. The black line
shows the sensitivity from the set of median values for each input (Esos = 0.1 kg s71,
Enox = 0.05 kg s7!, d = 50 km, other values shown in Tables 3.2 and 3.3). In each
panel, one of the input variables is varied while the others are held fixed. In order
to higlight the sensitivities to the inputs, each plotted line is shifted vertically to the
centre of the subplot. For Fig. 3.2 (f,x) and Fig. 3.5 (fuew), we subtract the median
value of each line from its values. For Fig. 3.3 (My,) and Fig. 3.4 (Nyew), each plotted
line is divided by its median value. We do not show values for M., Nyew, O frew
where nucleation is not predicted to occur by the P6 parameterization. Therefore,
some lines begin or end in Figures 3.3, 3.4, and 3.5 as the threshold for nucleation is

crossed (Eq. 3.10)

The value of f,, (Fig. 3.2) is insensitive to Esoz2, C'S, and bgSO,, as one would
expect. The value of f,, is also insensitive to Enox. As we note in Sect. 3.3.1, ox-
idation generally proceeds much more quickly at the plume edges and in the dilute
plume than at the plume centre, so f,. is far more sensitive to bg/NO, than to Exox.
As BLH may only affect f,, in the P6 parameterization through the dilution of NO,
emissions, fo is also insensitive to BLH. The value of f, is determined by the re-
maining four inputs. The value of f, increases with increasing time since emission,
and so nearly linearly increases with increasing d and is nearly inversely proportional
to vg. The dependance of f,x on DSW RF and bgN Oy is determined largely by the
dependance of OH on these two variables, as parametrized in SAM-TOMAS. The
value increases with increasing DSW RF', and there is a peak in f,, at bgNOy equal
to 1 ppb.
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Figure 3.2: Sensitivity of f.x to each of the inputs for 100 randomly selected sample
inputs. The black line denotes the median value case. The median value of each
plotted line is subtracted from its values to highlight the sensitivities to the inputs.

The value of M, is much more sensitive to Exox than to bg/N Oy, unlike f,.. Con-
centrations of SOy are highest close to the source, so concentrations of HoSO4 (and
particle growth rates) may also be highest close to the source, even if SOs is being
oxidized more slowly. The concentrations of HoSO,4 close to the source will be more
sensitive to NO, emissions than to background NO, concentrations, and therefore M,
is also more sensitive to Exox than bg/NO,. This is also reflected in the dependencies
of My, on d and on v,. The value of fo is nearly linearly increasing with d, while M,,
increases at low values of d but becomes insensitive at higher values. The value of M,,

is much less sensitive than fox to vg, although this is convoluted by the effect of v, on
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Figure 3.3: Sensitivity of M, to each of the inputs for 100 randomly selected sample
inputs. If nucleation is not predicted by the P6 parametrization, no value is shown.
The black line denotes the median value case. Each plotted line is divided by its
median value in order to highlight the sensitivities to the inputs.

M, through dilution of SO5 and NO, emissions, which is also the cause of the slight
dependance of M, on BLH. There is a decrease in M,, with increasing C'S, due to
the loss in available HoSOy4 to pre-existing particles. We also note that M, becomes
insensitive to Esoo, bgSOy and bgN Oy, as well as Enoyx under some conditions, at
small values of each of these inputs. If the background concentrations of NO, or SO,
are sufficiently low compared to emissions, in-plume NO, or SO, will be dominated
by the emissions, and so further reductions in the background concentrations will not

significantly affect M,,. The reverse is also true if the emissions are sufficiently low
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compared to the background concentrations.
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Figure 3.4: Sensitivity of Npe, to each of the inputs for 100 randomly selected sample
inputs. If nucleation is not predicted by the P6 parametrization, no value is shown.
The black line denotes the median value case. FEach plotted line is divided by its
median value in order to highlight the sensitivities to the inputs.

The value of N, depends on the inputs in a similar manner to M,,. It decreases
with increasing C'S due to both removal of new particles by coagulation and com-
petition for available HoSOy. It increases with increasing DSW RFE'. The value of
Npew 1s more sensitive to Enox than to bgNO,. However, N, increases with in-
creasing bgS0,, but decreases with increasing Espo. Increases in either emissions of

SO, or the background concentration of SOy will increase the available HoSOy, thus
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increasing new-particle formation, but because N, is defined as the number of new
particles normalized by the emissions of SO,, and emissions of SO, less than linearly
increase the number of new particles, increases in the emissions of SOy have a small
decreasing effect on Npe,. The value of N, also has a complex dependance on v,
and d, either increasing or decreasing with increasing d and decreasing v,. As the
time since emission (d/v,) increases, Nyey will increase due to continuing new-particle
formation and will decrease due to coagulational scavenging by pre-existing particles.
The dependance of Nyey on d and v, will depend on the competition between these
two processes. We do note, however, that N, tends to asymptote to a single value

with increasing d, depending on the values of the other inputs.

Of the four outputs of the P6 parameterization, f,ew shows the most dramatic
changes for small changes in some of the inputs. Specifically, f,ew is sensitive to small
changes for high values of Egos, high values of bgSO,, low values of C'S, and, for some
combinations of inputs, low values of vs. The value of fey is less sensitive to the
remaining variables, but increases for increasing DSW RF and d, decreases slightly

for increasing BLH, and generally decreases with decreasing bg/N Oy.

3.5.2 Sensitivity to Number of Sources Assumed

Often, anthropogenic emissions inventories give emissions of SO, and NO, on a given
grid, and not per point source. Figure 3.6 shows the sensitivity of the P6 parame-
terization to assumptions about how these emissions are split between sources within
the grid box. We used the P6 parameterization to predict fox, My, Nnew, and frew
for 100 different sets of inputs randomly chosen from the range of values tested for
each variable, assuming the emissions were split evenly amongst between 1 and 10
point sources. We also show the sensitivity for the median case as a black line, as
we did in Figures 3.2, 3.3, 3.4, and 3.5. As in Figures 3.2, 3.3, 3.4, and 3.5, we shift
the lines vertically to highlight the sensitivities, by subtracting the median value of
each plotted line from its values for f,x and f,. and dividing each plotted line by
its median value for M, and N,.,. We do not show values for M,,, Nyew, and frew
for cases where no nucleation is predicted. As the value of f,, is insensitive to both

FEso2 and Eyoy, it is also completely insensitive to assumptions about the number of
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Figure 3.5: Sensitivity of fiew to each of the inputs for 100 randomly selected sample
inputs. If nucleation is not predicted by the P6 parametrization, no value is shown.
The black line denotes the median value case. The median value of each plotted line
is subtracted from its values to highlight the sensitivities to the inputs.

point sources. Since My, increases with increasing Esoo but decreases with increasing
Enox across most of the ranges of these two variables, M, may increase or decrease
as the emissions are split amongst additional sources. The value of Ny, decreases

with increasing Esos, but peaks for Exox values near 0.05 kg s=*

, and so may also
increase or decrease as Enoy is split amongst a larger number of sources. We tested
10,000 randomly generated samples within the range of inputs used for the training
data, and for an increase in the number of sources from 1 to 10, the values of M,, and

Nyew stayed within a factor of 3 for 64% and 85% of the cases, respectively (note that
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values for M, and Ny, span 5 and 3 orders of magnitude, so a factor of 3 change is
small compared to this range). The value for fuew can change more dramatically for

large values of Fgoo, but the change was less than 40.01 for 78% of the samples tested.
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Figure 3.6: Sensitivity of for, M, Npew, and fpew to the assumed number of emission
sources, while keeping total emissions of SOy, and NO, constant, for 100 randomly
selected sets of inputs. If nucleation is not predicted by the P6 parametrization, no
value is shown. The black line in each figure denotes the median value case. In order
to highlight the sensitivities to the number of sources assumed, for f,, and few, the
median value of each plotted line is subtracted from the line, and for M, and Nyey,
each plotted line is divided by its median value.

As discussed earlier, we include three different options for specifying SO, and
NO, emissions in our included Fortran code of the P6 parameterization. Two of these
options involve specifying the total emissions in the grid box and allowing P6 to make
assumptions about the size of the sources (Table 3.3). Fortunately, the analysis above
shows that the P6 outputs are generally not very sensitive to the number of sources
assumed, so the lack of knowledge of individual sources likely will not create large

errors in P6 outputs.
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3.6 Conclusions

In this study, we describe the Predicting Particles Produced in Power-Plant Plumes
(P6) parameterization: a physically based, but computationally efficient, parameteri-
zation that predicts the characteristics of aerosol formed in sulphur-rich plumes based
on variables that are commonly available in global- and regional-scale models. The
parameterization predicts the fraction of the emitted SOs that is oxidized to form
H5SOy, the fraction of that HoSO4 that forms new particles, the mean mass per par-
ticle of the new particles, and the number of new particles per kg SO, emitted. It
takes as inputs the source-level SOy and NO, emissions rates, the background aerosol
condensation sink, the downward shortwave radiative flux, the mean boundary-layer
wind speed, the boundary-layer height, the background SO, and NO, concentrations,
and the distance from the source. The increase in running time of a 3D aerosol model
due to implementing the P6 parameterization would be negligible because the param-

eterization consists only of several arithmatic equations.

In order to create a set of training data for the P6 parameterization, we used the
SAM-TOMAS LES/CRM model with online aerosol microphysics. We have shown
that the results of the parameterization show good agreement with the results of
the SAM-TOMAS model and that the P6 parameterization captures the variability
in aerosol formation and growth in sulphur-rich plumes, with correlation coefficients

ranging from 0.650 for fiew to 0.891 for foy.

While the P6 parameterization reproduces well the behaviour of the SAM-TOMAS
model, we note that it inherits the limitations of the SAM-TOMAS model. Aqueous-
phase oxidation of SO, is not accounted for, and therefore f,, may be underpredicted
under cloudy conditions. Nitrous acid (HONO) and sulphur trioxide (SOj3) emission
are not accounted for, and these processes may result in particle formation early in
the plume. Nucleation rates are parameterized using an empirical fit proportional to
H3SOy4 concentrations. Despite these limitations, the SAM-TOMAS model has been
previously shown to well represent the formation and growth of aerosol in coal-fired
power-plant plumes (Chapter [2[and [Lonsdale et al., 2012)). We therefore believe that

the P6 parameterization captures well the variability in new-particle formation and
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growth within sulphur-rich plumes.

The median value of fox predicted by the P6 parameterization (0.0098) for the
training cases is much less than the fraction of emitted SO; mass added as sub-grid
sulphate by Adams and Seinfeld| (2003)) (0.03) or Dentener et al.| (2006) (0.025). Ad-
ditionally, we excluded night-time cases from our training data, where no oxidation
of SO, and no new-particle formation would be predicted by the P6 parameteriza-
tion. Consequently, we expect that predictions of total aerosol mass near sulphur-rich
point sources using global-scale models implementing the P6 parameterization will
be less than those using the |[Adams and Seinfeld| (2003) or Dentener et al. (2006)
assumptions. Additionally, as the median values of both N, and M, predicted
by SAM-TOMAS were less than those predicted by /Adams and Seinfeld| (2003)), we
expect that both globally averaged aerosol number concentrations and globally av-
eraged CCN concentrations would be less than those using the Adams and Seinfeld
(2003) assumption, with large regional differences (e.g. less CCN formation using the
P6 parameterization under cloudy, polluted conditions than sunny, low-background-
aerosol conditions). It is our intent to perform a complete comparison of the results of
a global chemical-transport model with and without the parameterization as a future

work.

This parameterization will allow for improved representation of sub-grid formation
and growth of sulphate aerosol in global- and regional-scale models, allowing for more
accurate predictions of aerosol size distributions and improved confidence in studies

of aerosol effects on health and climate.



Chapter 4

The Contribution of Sub-Grid, Plume-Scale Nucleation to
Global and Regional Aerosol and CCN Concentrations.

Stevens, R. G. and Pierce, J. R.: The contribution of sub-grid, plume-scale nucleation
to global and regional aerosol and CCN concentrations, in preparation for Atmos.

Chem. Phys., 2014

4.1 Introduction

In this chapter, we implement the P6 sub-grid sulphate parameterization (Chapter [3)
into a global chemical-transport model with online aerosol microphysics. We test the
sensitivities of predicted N3, N10, N40, N80 (the number concentration of particles
with diameters larger than 3, 10, 40 and 80 nm, respectively) to assumptions about
sub-grid sulphate. As the output of the P6 parameterization is expected to be sensi-
tive to pre-existing aerosol due to condensation and coagulation sinks, we investigate
the sensitivity of predictions to the global amount of secondary organic aerosol and
grid-resolved nucleation scheme. We also investigate the sensitivity of N8O enhance-
ment to sub-grid sulphate to greater emissions of SO, and NO, to better understand

the effects of pollution controls on CCN concentrations.

In Sect. 4.2, we describe the GEOS-Chem-TOMAS model specifications and we
describe the simulations performed for this study. In Sect. 4.3 we discuss the sensitiv-
ities of our results to the treatment of sub-grid sulphate, and how these interact with
additional secondary organic aerosol emissions and grid-resolved nucleation scheme.
In Sect. 4.4 we present the results of an adjoint to the P6 parameterization, and
discuss the sensitivity of our results to the inputs of P6. In Sect. 4.5 we discuss the
sensitivities to SOy and NO, emissions. In Sect. 4.6 we compare the results of our
simulations with surface-based N10, N40, N80, and N150 measurements. Finally, we

present our conclusions in Sect. 4.7.
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4.2 Model Specifications and Descriptions of Simulations

For this study, we implemented the P6 sub-grid sulphate parameterization into the
GEOS-Chem-TOMAS model. GEOS-Chem-TOMAS uses the TwO Moment Aerosol
Sectional (TOMAS) microphysics algorithm (Adams and Seinfeld, [2002; [Pierce and
Adams, 2009) in the GEOS-Chem v9-02 chemical transport model
(http://geos-chem.org, Bey et all 2001). The implementation of TOMAS in
GEOS-Chem has been discussed previously (Pierce et al) 2013; Snow-Kropla et al.,
2011} Trivitayanurak et al., 2008). The TOMAS module resolves aerosol by both mass

and number independently. For this study, the aerosol was simulated using 15 size

bins spanning 3 nm to 10 um (Lee and Adams, 2012). Condensation, coagulation, and

nucleation are explicitly resolved in the model. The model was run at 4° latitude by
5° longitude resolution with 47 vertical layers from the surface to 0.01 hPa and with

meteorological inputs from the GEOS5 re-analysis (http://gmao.gsfc.nasa.gov).

Total annual fossil-fuel SO, emissions [kg km™]
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Figure 4.1: Total annual fossil-fuel SO emissions used for this study, excluding ship-
ping emissions.
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Anthropogenic emissions in GEOS-Chem are provided by the Emissions Database
for Global Atmospheric Research (EDGAR) inventory (Olivier et al. [1996)), except
where it overwritten by the following regional inventories: The Environmental Pro-
tection Agency 2005 National Emissions Inventory (NEI05) (http://www.epa.gov/
ttn/chief/net/2005inventory.html) over the United States, the Criteria Air Con-
taminants (CAC) for anthropogenic emissions over Canada (http://www.ec.gc.ca/
inrp-npri/), the Big Bend Regional Aerosol and Visibility Study (BRAVO) emis-
sions inventory over Mexico and the southwestern United States (Kuhns et al. [2001)),
the Streets inventory for Asian emissions (Streets et al., [2003) over Asia, and the
Cooperative Programme for Monitoring and Evaluation of the Long-Range Trans-
mission of Air Pollutants in Europe (EMEP) over Europe (Auvray and Bey, 2005)).
The total annual fossil-fuel SO, emissions, not including shipping emissions, from
these inventories is shown in Fig. 4.1 for the simulated year, 2005. Biogenic emissions
were from the Model of Emissions of Gases and Aerosols from Nature (MEGAN)
(Guenther et al.l 2006)), except for an additional secondary organic aerosol (SOA)
source in some simulations that we will describe below. Biomass burning emissions
were from the Global Fire Emissions Database version 3 (GFEDv3) (van der Werf
et al., 2010).

The P6 parameterization predicts characteristics of sub-grid sulphate formed in
sulphur-rich plumes based on variables commonly available in global- and regional-
scale models. A full description is available in Chapter [3] Specifically, the parame-
terization predicts the fraction of SO5 oxidized to form HsSOy4 (fox), the fraction of
the HoSO,4 that forms new particles (fnew), the number of new particles formed per
kg SO, emitted (Nyey ), and the median diameter of the newly formed particles (D).
The parameterization takes as inputs the emissions of SOs (Eso2) and NOy (Exox)
from the power-plant, the pre-existing aerosol condensation sink (C'S), the downward
shortwave radiative flux (DSW RF'), the mean boundary-layer wind speed (vg), the
boundary-layer height (BLH), the distance from the source (d), and the background
concentrations of SOy (bgSO2) and NOy (bgNOy).

The P6 parameterization is based upon the results of the System for Atmospheric
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Modelling (Khairoutdinov and Randall, 2003) with the TOMAS microphysics mod-
ule described above, thus P6 inherits limitations of SAM-TOMAS model. It does not
account for new-particle formation that may be occurring within power-plant stacks
or immediately after emission, due to possible direct emissions of sulphur trioxide
(SO3) or nitrous acid (HONO). The P6 parameterization also does not account for
aqueous-phase oxidation of SOy or in-cloud aerosol processing. This missing oxi-
dation pathway would lead to an underestimation of the fraction of SOy oxidized,
but we do not expect this to strongly affect predictions of aerosol number because
little new-particle formation would be predicted under cloudy conditions because of
the suppression of sunlight, which in turn would lead to lower OH concentrations
and lower HSO, concentrations (Chapter [2). Finally, condensational growth due to
SOA within sulphur-rich plumes is not accounted for, which we will discuss further
in Sect. 4.3. Despite these limitations, the SAM-TOMAS model has been shown to
predict well the number and size of aerosol formed in coal-fired power plant plumes
(Chapter [2|and Lonsdale et al.; 2012)). We therefore expect that the P6 parameteriza-
tion well represents the variability in new-particle formation and growth rates within

sulphur-rich plumes.

Because the emissions inventories used by GEOS-Chem do not provide source-
specific emissions, but instead emissions summed across a 1° x 1° grid, the distance
downwind from the source is not calculable. We therefore use a length scale equal to
half of the square root of the grid cell horizontal area, as suggested in Appendix B, for
the distance from the source (d) required for P6. In GEOS-Chem-TOMAS, the value
of boundary-layer height (BLH) used as input to P6 is based on BLH values from the
GEOS-5 reanalysis. We note that the BLH values from the GEOS-5 reanalysis were
found to be unrealistically low under night-time conditions, and thus the boundary-
layer heights within GEOS-Chem-TOMAS used as input to P6 have been adjusted
from the original GEOS-5 reanalysis values by limiting them to a minimum of the me-
chanical mixing depth, which is calculated based on the local friction velocity (Heald
et al., 2012; Walker et al., [2012). We also note that the BLH values were defined
within the GEOS-5 dataset as the height where the diffusivity falls below a critical

value (Rienecker, 2006). The BLH values used to create the P6 parameterization



69

came from the North American Regional Reanalysis dataset, where they were defined
as the height where the turbulent kinetic energy falls below a critical value (Mesinger
et al., 2006), and these values may differ due to the different definitions. However, of
the nine inputs to the P6 parameterization, the BLH is the input to which all outputs
of P6 have the weakest sensitivity. We therefore do not expect that uncertainties in
BLH values will have a large impact on our results. We also make the following as-
sumption about the sizes of individual sources, as recommended in Chapter [3} We
assume that within each model grid cell, the SO, emissions are split between an equal
number of low emitters, medium emitters, and high emitters. We define high emitters,
medium emitters, and low emitters based on the emissions data for power-plants in
the United States compiled from the Clean Air Markets (CAM) data (United States
Environmental Protection Agencyl, [2012) as follows: For medium emitters, we use the
log-space mean emission rates for a power plant in the USA during 2010. For low and
high emitters, we use an emission rate that is one standard deviation below or above
the mean in log space, respectively. The low, medium, and high emission rates of
SO, are 0.0606 kg s71, 0.202 kg s71, and 1.00 kg s™!, respectively. We further assume
that the low, medium, and high emitters emit 0.0300 kg N s=%, 0.0840 kg N s~
and 0.290 kg N s7! of NO,, derived in the same way from the 2010 EPA CAM NO,

emissions data.

We performed 19 simulations with GEOS-Chem-TOMAS, summarized in Ta-
ble 4.1. All simulations were performed with meteorology and emissions for the year
2005. Simulations labelled NoSGS did not include any sub-grid sulphate emissions.
Simulations labelled AS3 emitted 3% of anthropogenic SO5 as sub-grid sulphate, us-
ing the bi-modal size distribution described in |Adams and Seinfeld| (2003) comprised
of a nucleation mode containing 15% of the emitted sulphate mass with a 10 nm
number mean diameter and a geometric standard deviation of 1.6; and an Aitken
mode containing the rest of the sulphate mass with a 70 nm number mean diameter
and a geometric standard deviation of 2.0. Simulations labelled LY5 emitted 5% of
anthropogenic SO, as sub-grid sulphate, emitting 5% of the sulphate into the same
nucleation mode as AS3, but the remaining sulphate was condensed onto pre-existing

aerosol, as was done for one of the simulations described in |Luo and Yu| (2011)).
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Table 4.1: Summary of GEOS-Chem-TOMAS simulations performed. The different
sub-grid sulphate schemes and nucleation schemes are described in Sect. 4.2. Extra
SOA refers to emissions of 100 Tg yr=! of SOA, co-located with emissions of CO.

Name Sub-grid Extra Boundary-layer Changes to
sulphate SOA nucleation emissions
NoSGS_yXSOA_Napa none on Ternary -
NoSGS_yXSOA_Act none on Activation -
NoSGS_nXSOA _Napa none off Ternary -
NoSGS_nXSOA_Act none off Activation -
AS3_yXSOA _Napa AS3 on Ternary -
AS3_yXSOA _Act AS3 on Activation -
AS3_ nXSOA Napa AS3 off Ternary -
AS3 nXSOA _Act AS3 off Activation -
LY5_yXSOA Napa LY5 on Ternary -
LY5_yXSOA_Act LY5 on Activation -
LY5nXSOA _Napa LY5 off Ternary -
LY5 nXSOA_Act LY5 off Activation -
P6_yXSOA _Napa P6 on Ternary -
P6_yXSOA_Act P6 on Activation -
P6_nXSOA _Napa P6 off Ternary -
P6_ nXSOA_Act P6 off Activation -
P6_hiSO2 P6 (Fsoz2 - 1.5)  off Ternary SOy - 1.5
P6_hiNOx P6 (Enox - 1.5)  off Ternary NOy - 1.5
P6_hiboth P6 (Fso2 - 1.5 off Ternary SO; - 1.5 and
and Enox - 1.5) NO4 - 1.5

Simulations labelled P6 used the P6 parameterization to predict the fraction of an-
thropogenic SO, to emit as sub-grid sulphate, as well as the fraction of the emitted
sulphate to emit as particles or condense onto pre-existing particles, and the size of
the emitted particles. The amount of sub-grid sulphate emitted and the size of the
particles emitted therefore varied with each time step and with each model grid cell

in simulations labelled P6.

Secondary organic aerosol (SOA) production in TOMAS is calculated as 10% of
global monoterpene emissions (based on MEGAN, (Guenther et al.| [2006))), resulting
in approximately 19 Tg yr~! of SOA. However, the study of Spracklen et al.| (2011)
suggested that including emissions of an additional 100 Tg yr~—! of SOA co-located

with anthropogenic pollution yields much better agreement of organic aerosol mass
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with Aerosol-Mass-Spectrometer-based observations. This additional source of “an-
thropogenically controlled” SOA has been implemented into GEOS-Chem-TOMAS
previously (D’Andrea et al. 2013), where it was also found to provide much better
agreement with size distribution observations. This SOA is condensed irreversibly
to the Fuchs-corrected aerosol surface area as this was shown to give the best agree-
ment with size distributions in |D’Andrea et al.| (2013). Simulations labelled 'yXSOA’
therefore contain additional emissions of 100 Tg yr—! of SOA correlated with anthro-
pogenic CO emissions. Simulations labelled 'nXSOA’ do not contain these additional
emissions. One limitation of our yXSOA simulations is that the extra SOA does
not aid in the sub-grid nucleation and growth as the P6 scheme does not handle sub-

grid growth from SOA. The implications of this will be discussed in the results section.

Binary (HoSO4 + H,0O) nucleation rates were predicted in all simulations by the
classical binary nucleation scheme described by [Vehkamaki et al.| (2002). In addition
to binary nucleation, ternary (H,SO, + NHj; + H0) nucleation was predicted in
simulations labelled 'Napa’ by the parameterization of ternary homogeneous nucle-
ation of sulphuric acid, ammonia and water described by 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.l 2010; Westervelt et al., 2013| 2014). Within simulations labelled ’Act’, nu-
cleation in the boundary layer was predicted using activation-type nucleation, and
ternary nucleation was shut off (binary nucleation was left on). The nucleation rate
in activation-type nucleation simulations was a linear function of sulphuric acid con-
centration, according to the following equation (Kulmala et al., 2006} Sihto et al.,

2006)):
J =2-10"°[H,S0,] (4.1)

where J is the nucleation rate and the units of the prefactor are s~

Lonsdale et al. (2012) showed that the emissions rate of SOy from US coal-fired
power plants was, on average, 56% greater in 1997 than in 2010, and that the emis-
sions rate of NO, was 108% greater in 1997 than 2010. These decreases were achieved

primarily through the implementation of pollution-control technologies or switching
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to coal with lower sulphur contents. In order to assess the potential effect of such
pollution controls on sub-grid sulphate formation, we performed three additional sim-
ulations with nucleation and SOA assumptions the same as the P6. nXSOA _Napa
simulation. Simulation P6_hiSO2 differs from the P6.nXSOA _Napa simulation only
in that both the assumed SO, emissions used as input to P6 and the modelled fossil-
fuel emissions of SOy (excluding those from shipping) are increased globally by 50%.
We note that actual SOy emissions have not decreased globally, and thus the SO,
emissions in this simulation are not meant to represent any previous year but rather
a general sensitivity to these emissions. Similarly, in simulation P6_hiNOx, both the
assumed emissions of NO, used as input to P6 and the modelled fossil-fuel NO, emis-
sions are increased globally by 50%. We note that NO, pollution controls have not
been implemented globally, and that fossil-fuel NO, emissions include other sources
than coal-fired power plants, such as vehicular exhaust. However, the available in-
ventories for anthropogenic NOy do not separate coal-fired power plants from other
anthropogenic sources, and it is beyond the scope of this paper to estimate what
proportion of anthropogenic NO, emissions are due to coal-fired power-plant emis-
sions. Thus the NO, emissions in simulation P6_hiNOx are not representative of any
past year, and again are for general sensitivity purposes only. Simulation P6_hiboth
includes increased emissions of SO, used as input to P6 and increased emissions of
fossil-fuel SOy by 50%, as well as increased assumed NO, emissions used as input to

P6 and increased fossil-fuel NO, emissions by 50%.

4.3 Sensitivity to Sub-Grid Sulphate Scheme.

We present in Table 4.2 the globally and annually averaged changes in boundary-
layer N3, N10, N40 and N80 for each simulation, excluding the emissions sensitivity
studies, from the corresponding simulation with no sub-grid sulphate that had the

same amount of SOA emissions and the same grid-resolved nucleation scheme.

The simulations with AS3 sub-grid sulphate have decreases in N3, but increases in

N10, N40, and N80 (Table 4.2). As the median diameter of the AS3 nucleation mode
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Table 4.2: Globally, annually averaged changes in N3, N10, N40 and N80 attributable
to sub-grid sulphate emissions. Each simulation is compared to the NoSGS case with
the same SOA emissions and the same grid-resolved nucleation scheme.

Simulation %  change %  change %  change %  change
in N3 in N10 in N40 in N80
AS3_yXSOA Napa -0.36 +8.93 +11.67 +9.73
AS3_yXSOA _Act -0.50 +4.40 +9.90 +8.43
AS3_nXSOA_Napa -3.71 +4.44 +5.32 +4.94
AS3 nXSOA_Act -1.41 +3.17 +4.52 +4.07
LY5 yXSOA Napa | 45.21 12417 12517 119.72
LY5_yXSOA _Act +1.05 +13.86 +23.72 +19.11
LY5 nXSOA _Napa -9.51 +3.91 +11.27 +10.78
LY5nXSOA_Act -3.48 +4.48 +11.90 +10.56
P6_yXSOA _Napa -13.57 -9.09 -3.72 -0.86
P6_yXSOA_Act -2.69 -2.83 -0.45 +1.32
P6_ nXSOA_Napa -18.34 -12.97 +0.32 +3.46
P6_ nXSOA_Act -5.86 -4.87 +3.80 +5.71

is 10 nm, the added particles are sufficiently large to provide an additional coagula-
tion sink for the smallest particles resolved by GEOS-Chem-TOMAS, and increased
competition for HySO,4, which somewhat suppresses new-particle formation. These
feedbacks result in a decrease in the number of particles smaller than 10 nm, but

increases in particle number concentrations at larger sizes.

In Fig. 4.2 we show the annually averaged changes in boundary-layer N80 be-
tween the four AS3 simulations and the corresponding simulations with no sub-grid
sulphate. Regardless of SOA amount and grid-resolved nucleation scheme, the in-
clusion of AS3 sub-grid sulphate increases N80 over industrialized regions. However,
the two simulations that include anthropogenically controlled SOA (yXSOA, panels
a and c¢) show a greater increase in N80, especially over the northern hemisphere. In
these simulations, the newly formed sub-grid sulphate particles grow more quickly
due to the condensation of the additional SOA mass, and a greater fraction grow
larger than 80 nm. This is consistent with the findings of D’Andrea et al. (2013),

L of SOA was found to increase globally

where including an additional 100 Tg yr~
and annually averaged boundary-layer N80 by 29.9%. The increased survivability

of the sub-grid sulphate particles can also be seen in the N3, N10 and N40 changes
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(Table 4.2). The two AS3 simulations with anthropogenically controlled SOA show
smaller decreases in N3 and larger increases in N10 and N40 from the corresponding

no sub-grid sulphate cases than the AS3 simulations without this extra source of SOA.

The two AS3 simulations with ternary nucleation (Napa) show a much greater
increase in N80 over north-western South America and the Malay Archipelago. In
these regions, little ammonia is present, so less nucleation is predicted by the ternary
nucleation scheme than the activation nucleation scheme. Thus, when no sub-grid sul-
phate is included, the simulations with activation-type nucleation (Act) have higher
N80 in these regions than the simulations with ternary nucleation, and so the addi-
tion of a fixed amount of sub-grid sulphate causes a smaller relative change in N80 for
the activation-type nucleation simulations than the ternary nucleation simulations in

these regions.
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Figure 4.2: Change in annually averaged boundary-layer N80 between the AS3 sub-
grid sulphate simulations and the simulations with no sub-grid sulphate. Top row
(a, b): Napari ternary grid-resolved nucleation. Bottom row (c, d): activation-type
grid-resolved nucleation. Left column (a, ¢): with anthropogenically-controlled SOA.
Right column (b, d): without anthropogenically-controlled SOA.

The changes in N80 between simulations with LY5 sub-grid sulphate and the
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corresponding simulations with no sub-grid sulphate (not shown) are similarly dis-
tributed spatially to those from the AS3 simulations, but greater in magnitude (see
Table 4.2). The effects of changing SOA amount and grid-resolved nucleation scheme
are also similar for the LY5 simulations. The increase in the magnitude of the changes
in N80 for the LY5 simulations relative to the AS3 simulaitons is in part due to the
increased fraction of SO, that is assumed to be oxidized on the sub-grid scale (5%
for LY5, compared to 3% for AS3). In addition, while both AS3 and LY5 sub-grid
sulphate use the same size distribution for nucleation mode particles, the remaining
sulphate mass is emitted as Aitken-mode particles in AS3, whereas the remaining
mass is condensed onto pre-existing particles in LY5. In the LY5 simulations, parti-
cles emitted into the nucleation mode in one model time step will be grow by sub-grid
condensation during following time steps, and this will speed their growth to CCN
sizes. In contrast, the Aitken-mode particles emitted in simulations using the AS3
sub-grid sulphate scheme will remove nucleation-mode particles in subsequent time
steps through coagulation. Because of these effects, the LY5 scheme more efficiently

produces CCN-sized particles.

We note that the LY5 simulations with anthropogenically controlled SOA are the
only simulations that show an increase in N3 compared to the simulations without
sub-grid sulphate (Table 4.2). As the nucleation-mode sub-grid sulphate is still being
emitted with median diameter 10 nm, as in the AS3 simulations, one would expect a
decrease in the number of sub-10 nm particles, as was seen for the AS3 simulations.
Through inspection of globally averaged size distributions (not shown), we have de-
termined that the number of sub-10 nm particles decreases in these simulations as
well, but the increases in N10 are sufficiently large to more than compensate for these

decreases, resulting in a net increase in N3.

Figure 4.3 shows the annually averaged change in N80 between the four P6 sim-
ulations and the corresponding simulations without sub-grid sulphate. In contrast
to the AS3 and LY5 simulations, the enhancement in N80 due to sub-grid sulphate
for the P6 simulations is less for the simulations where anthropogenically controlled

SOA is included (yXSOA, panels a and c¢) than for the two simulations without this
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Figure 4.3: Change in annually averaged boundary-layer N80 between the P6 sub-
grid sulphate simulations and the simulations with no sub-grid sulphate. Top row
(a, b): Napari ternary grid-resolved nucleation. Bottom row (c, d): activation-type
grid-resolved nucleation. Left column (a, ¢): with anthropogenically-controlled SOA.
Right column (b, d): without anthropogenically-controlled SOA.

extra source of SOA (nXSOA, panels b and d). Notably, in the simulations with
anthropogenically controlled SOA and ternary nucleation, globally, annually aver-
aged N80 is less when using P6 sub-grid sulphate than with no sub-grid sulphate
(P6_yXSOA _Napa vs. NoSGS_yXSOA _Napa), as shown in Fig. 4.3a and listed in Ta-
ble 4.2. We will show in the following section that the additional SOA increases the
pre-existing condensation sink, which in turn causes P6 to predict much less sub-grid
new-particle formation and growth. However, higher concentrations of SOA would
be expected to condense onto newly formed particles at the sub-grid scale as well as
at the grid-resolved scale, which would increase the growth and survivability of the
newly formed particles. It has been shown that SOA may preferentially form within
anthropogenic plumes (Carlton et al. [2009} [2010; [D’Andrea et al.; 2013; Heald et al.|
2011} Offenberg et al.l |2009; [Spracklen et al. 2011; |Surratt et al. 2007), which may

imply that SOA preferentially condenses onto particles within sulphur-rich plumes,
compared to particles outside of such plumes. These processes would compensate
somewhat for suppression of new-particle formation by the enhanced background

condensation sink but are not currently accounted for by the P6 parameterization.
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It is therefore possible that sub-grid new-particle formation and growth is under-
predicted by the P6 parameterization for the cases with anthropogenically controlled

SOA.

In Fig. 4.3a and Fig. 4.3b a decrease in N80 is shown over the oceanic regions
downwind of polluted regions. This decrease occurs for the two ternary nucleation
cases (Napa), but not for the activation-type nucleation cases (Act). The sub-grid
condensation of HySOy in all P6 cases increases the coagulation sink downwind of pol-
luted regions, and the larger particles are more efficiently removed by wet deposition.
In the activation-type nucleation simulations, nucleation and growth over the oceanic
regions dampens this decrease in N80, but the Napari ternary nucleation scheme pre-
dicts little new-particle formation over ocean regions, and the regions of decreased
N8O persist. These decreases are even more strongly pronounced for smaller particles,
and this effect is responsible for the more negative values of the changes in N3, N10,

and N40 in the P6 Napa simulations than the P6 Act simulations shown in Table 4.2.

When anthropogenically controlled SOA is included, the P6 cases show much
smaller annually averaged increases in N80 than the AS3 and LY5 cases, particularly
in the northern hemisphere (see Table 4.2 and compare Fig. 4.2, panels a and ¢ with
Fig. 4.3, panels a and c¢). As mentioned above, the P6 parameterization may be under-
estimating sub-grid new-particle formation and growth in these cases because it does
not include any enhancement of new-particle formation and growth by SOA within
the sub-gid plumes. Without this source of SOA, the P6 cases show similar globally,
annually averaged increases in N80 to the AS3 cases, which are roughly half those of
the LY5 cases (Table 4.2). The increases in N80 are distributed somewhat differently
in P6 than AS3 and LY5, however (compare Fig. 4.2, panels b and d with Fig. 4.3,
panels b and d). The P6 cases show little increase in N80 over the Arctic compared
to the AS3 and LY5 cases because less sunlight is available at such high latitudes for
OH formation and subsequent oxidation of SO,. Compared to the AS3 cases, this
is compensated by increased N80 over eastern North America, South Africa, south-
east Australia, Portugal and Spain. The P6 parameterization tends to predict more

new-particle formation and growth over these regions due to the relatively greater
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sunlight and lower condensation sink in these regions (shown in next section). The
assumption that the amount and size of sub-grid sulphate formed is constant (e.g.
AS3 and LY5) may therefore be unable to resolve important regional differences in

sub-grid new-particle formation and growth.

4.4 The P6 Adjoint, and Sensitivities to P6 Inputs.

In order to better understand the results of P6 simulations, including differences
bewtween P6 simulations due to SOA amount and emissions, and differences in the
P6 simulations from AS3 and LY5 simulations, we have created an adjoint to the
P6 parameterization. This adjoint allows us to quickly test the sensitivity of the
P6 outputs (fraction of emitted SOy oxidized to form HaSO, (fox), fraction of that
HySO, that forms new particles (fpew), median diameter of newly formed particles
(Dyn), and number of newly formed particles per kg SOy emitted (Npey)) to changes
in each of the P6 inputs (emissions of SOy (Fsoz2) and NOy (Enox) from the source,
background condensation sink of pre-existing particles (C'S), downward shortwave ra-
diative flux (DSW RF'), mean boundary-layer wind speed (vg), boundary-layer height
(BLH), distance from the source (d), and mean background concentrations of SOy
(bgSOs) and NO, (bgNO,)). We can use the adjoint to calculate the derivative of
each of the outputs of P6 with respect to each of the inputs of P6 for a given set of
inputs. We have run the P6 adjoint offline using the monthly-mean values of each
of the P6 inputs as output by GEOS-Chem-TOMAS. (While the values from the
P6 adjoint calculated based on monthly means of the P6 inputs will not be equal
to monthly-means of values calculated based on the instantaneous values of the P6
inputs due to non-linearities in the equations, we do not expect that the differences
due to these non-linearities would qualitatively alter any of our analysis below.) We
discuss below the results of the adjoint of simulation P6_.nXSOA _Napa. We choose
P6_nXSOA _Napa for this discussion because, as noted above, the P6 parameteriza-
tion does not currently include the effects of anthropogenically controlled SOA on
sub-grid new-particle formation and growth, and because the scaled Napari ternary
nucleation scheme has been shown to yield results that compare more favourably with

observations (Westervelt et al., 2013]).
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Figure 4.4: Annually averaged outputs of the P6 parameterization, as calculated
offline from monthly-means of the P6 inputs for simulation P6_.nXSOA _Napa: a)
fraction of emitted SO, oxidized (fox), b) fraction of HySO,4 formed that comprises
new particles (fpew), ¢) median diameter of emitted particle (Dy,), and d) number of
new particles per kg SO, emitted (Nyey). We note these values are calculable even
in the absence of emissions, see Sect. 4.4.

We show in Fig. 4.4 the annually averaged values of each of the P6 outputs, as cal-
culated offline by the adjoint for simulation P6_.nXSOA _Napa. (We note that because
emissions rates are assumed [e.g. high emitters, medium emitters and low emitters,
see Sect. 4.2] for the purposes of calculating the P6 outputs, we can calculate these
outputs even where there are no emissions, such as over oceans. However, since the
amount of sub-grid sulphate to be emitted is expressed as a fraction of SOy emis-
sions ( fox), no sub-grid sulphate will be emitted in the absence of SOy emissions.) In

Fig. 4.5 we show the annually averaged sensitivity of Ny, to each of the P6 inputs
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for simulation P6_.nXSOA Napa, as the percentage change in Ny, for a percentage
change in the input. For each latitude and longitude point, we exclude months where
no nucleation would be predicted based on the monthly mean of the P6 inputs, as the

sensitivity of Nyew to a change in the P6 inputs is ill-defined for no-nucleation cases.
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Figure 4.5: Annually averaged sensitivity of N, to each of the inputs to P6 for
simulation P6_yXSOA _Napa, given as the percentage change in the value of Ny, for
a percentage change in the value of the input.

As shown in Fig. 4.4a, over high-pollution regions, the f,, values calculated offline
are generally between 5% and 8%. This is slightly higher than the 3% and 5% values
assumed by AS3 and LY5, respectively, and also note that the P6 scheme does not
account for aqueous-phase oxidation. The value of f,; is higher in high-pollution
regions, as the background NO, concentrations in these regions are closer to those
optimal for OH production, and hence SO, oxidation. The value of f,, is commonly
lower than 4% in rural regions, and can fall to less than 1% in very remote regions. In
contrast fyey is much lower over polluted regions, with values less than 0.1% over the

eastern US, Europe, and less than 0.01% over China. For the LY5 sub-grid sulphate
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scheme, the value of fie, is assumed to be 5% everywhere. The AS3 sub-grid sul-
phate scheme emits 15% of sulphate into the nucleation mode, and while this is not
directly comparable to f,e, in the P6 scheme as the remaining sulphate is emitted
into the Aitken mode and not condensed onto pre-existing particles, both the AS3
and LY5 schemes assume a far greater proportion of sub-grid sulphate forms new
particles than is predicted by the P6 parameterization over high-pollution regions.
As a much smaller fraction of sub-grid sulphate forms new particles in the simula-
tions using the P6 scheme, there are many fewer particles available to grow to CCN
sizes, and hence generally a smaller change in N80 from the simulations without sub-
grid sulphate. For the P6 case with anthropogenically controlled SOA and ternary
nucleation (P6_yXSOA _Napa), the growth of pre-existing particles by this sub-grid
condensation allows them to more effectively remove particles through coagulation

resulting in a decrease in N80 from the corresponding case with no sub-grid sulphate
(NoSGS_yXSOA Napa).
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Figure 4.6: Change in annually averaged condensation sink due to anthropogenically-
controlled SOA (simulations included no sub-grid sulphate and used Napari ternary
grid-resolved nucleation).

We note that Nyey and fiey are very sensitive to the condensation sink (C'S). Over
the eastern United States, Europe, India and China, a 1% increase in C'S yields a
decrease in the predicted values of Nyey and fiey of more than 2% (Fig 4.5 for Nyey ).
We show in Fig. 4.6 the difference in C'S between simulations NoSGS_yXSOA _Napa



82

and NoSGS_nXSOA Napa, to show the change in CS due to the extra SOA. Fig-
ure 4.6 shows that inclusion of the anthropogenically controlled SOA increases C'S
by more than 75% over most of the continental northern hemisphere, and increases
C'S by more than 100% over most of North America and Europe. We would therefore
expect much lower values of Nye, and fuew in these regions. The decrease in Nyey
would result in a lower number of new particles that could potentially grow to CCN
sizes. A much greater fraction of the sub-grid-oxidized SOy would also be expected
to condense onto pre-existing particles, further increasing the condensation sink and
suppressing further new-particle formation, both at the grid-resolved scale and the
sub-grid scale. Together, these processes are responsible for a drastic reduction in
the number of sub-grid sulphate particles that may grow to CCN sizes when anthro-
pogenically controlled SOA is included. However, as noted in the previous section,
anthropogenically controlled SOA would be expected to condense onto newly formed
particles at the sub-grid scale, but sub-grid condensation of SOA is not currently re-
solved by P6. Since anthropogenically controlled SOA may preferentially form within
coal-fired power-plant plumes, it is likely that the enhanced growth of newly formed
particles by this SOA would offset to some extent the suppression of new-particle

formation and growth shown by our results.

4.5 Effects of Pollution Controls

As described in Sect. 4.2, we performed additional simulations in order to test the
effects of pollution controls upon our results. The simulations P6_hiSO2, P6_hiNOx,
and P6_hiboth differ from P6_.nXSOA Napa only in that the emissions of SO,, NO,,
or both SO, and NO, have been increased by 50%. Emissions of sub-grid sulphate
in the P6 sub-grid sulphate scheme (and both other sub-grid sulphate schemes used
in this study) are normalized by the modelled emissions of SOy. Thus, the emissions
of sub-grid sulphate would be increased by 50% in the P6_hiSO2 and P6_hiboth sim-
ulations if the P6 outputs remained constant. The differences in globally, annually
averaged N3, N10, N40, and N80 between the P6_hiSO2, P6_hiNOx, and P6_hiboth
simulations and the P6_.nXSOA _Napa simulation are shown in Table 4.3, and the
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annually averaged differences are shown in Fig. 4.7. The globally, annually aver-
aged N80 in simulations P6_hiSO2, P6_hiP6NOx, and P6_hiP6both increase from the
P6_ nXSOA Napa simulation by 9.00%, 1.47%, and 10.24%, respectively. The increase
in SO, emissions provides an increase in new-particle formation and growth through
the additional source of sulphate, at both the grid-resolved and sub-grid scales. The
increased NO, concentrations in the P6_hiNOx and P6_hiboth simulations allow for
greater OH production and faster oxidation of SO,, at both the grid-resolved and

sub-grid scales, except in the most polluted regions.

Table 4.3:  Globally, annually averaged changes in N3, N10, N40 and N80 due to
50% increases in emissions from the P6_.nXSOA _Napa simulation.

Simulation %  change %  change %  change %  change
in N3 in N10 in N40 in N80
P6_hiSO2 -8.18 -0.68 +7.35 +9.00
P6_hiNOx +0.61 +2.04 +2.22 +1.47
P6_hiboth -8.14 +0.80 +9.26 +10.24

The increases in the assumed emissions of SOy (Eso2) and NOy (Eno.) used as
input to P6 will alter the values of the P6 outputs, and thus the number and size
of sub-grid sulphate formed in the emissions sensitivity simulations. As the back-
ground concentrations of SOy (bgSO2) and NOy (bg/NOy) will be increased in the
P6_hiSO2 and P6_hiNOx simulations, respectively, there will also be differences in
the P6 outputs due to differences in bgSOy and bgNO,. Additionally, changes in
sulphate formation and growth (at both the grid-resolved and sub-grid scales) will
result in changes to the grid-resolved aerosol condensation sink (C'S), which will also
influence the P6 outputs. We have used the adjoint to estimate the differences in
the annually averaged P6 outputs between the P6_hiSO2, P6_hiNOx, and P6_hiboth
simulations, and the P6_.nXSOA _Napa simulation (Fig. 4.8). The fraction of SO,
oxidized (fox) in the P6_hiSO2 simulation does not significantly differ from that of
the P6_.nXSOA _Napa simulation (Fig. 4.8a), as fox is not sensitive to Fsog, bgSOs,
or C'S. The number of new particles formed per kg SOy emitted (Nyey) in P6_hiSO2
generally decreases by 20%-30% over polluted regions (Fig. 4.8b) due to an increase

in the condensation sink. However, since N, is normalized by SO, emissions, which
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are increased by 50% in this simulation, there would still be a net increase in the num-
ber of sub-grid sulphate particles formed. In order to demonstrate the net change
in the number of sub-grid particles formed, including the increases due to increased
SO, emissions, we plot the relative difference between N,.,-1.5 from the P6_hiSO2
and P6_hiboth simulations and the value of N, in the P6.nXSOA_Napa simulation
in Fig. In simulation P6_hiSO2 (Fig. 9a), it is only over eastern China that
there is a net decrease in the number of sub-grid sulphate particles formed due to
the additional SOy emissions. This decrease the number of sub-grid particles formed
is due to the increase in SO, emissions greatly increasing the condensation sink in
eastern China (not shown). The median diameter of newly formed particles (D) in
simulation P6_hiSO2 increases by 13%-16% over most of the globe (Fig. 4.8¢c). Thus,
both the emitted number and size of sub-grid sulphate particles are increased in the
P6_hiSO2 simulation, and sub-grid processes contribute to the increase in the particle

concentrations from the increase in SO,.

The value of f,, in the P6_hiNOx simulations decreases over very polluted regions
and increases over remote regions (Fig. [4.8d), but these relative changes are less than
20% (or an absolute change in f,, of 1%) in either direction. Whether f., decreases
or increases depends on the NO, concentrations in the region. In high-NO, regimes,
in-plume OH concentrations (and hence SO, oxidation) will decrease with increasing
NOy, and oxidation will increase with increasing NO, in low-NO, regimes. The value
of Nyew in P6_hiNOx decreases by 10%-20% over most of the globe, with greater de-
creases over Europe and China (Fig. |4.8e). The value of D,, decreases by 11%-14%
over most of the globe (Fig. 4.8f). These increases in fo and decreases in Ve, and
Dy, will result in more sub-grid oxidation of SOs, but fewer and smaller new particles
emitted at the sub-grid scale. Thus, the only change in sub-grid sulphate that may
contribute to the modelled increase in N80 (Fig. 4.7b) is an increase in condensation
of sub-grid-oxidized SO, onto pre-existing particles less than 80 nm in diameter. It
is therefore likely that the increases in N8O in this simulation are primarily due to

grid-resolved processes.

In the P6_hiboth simulation, the changes in f,, (Fig.|4.8g) are nearly identical to
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Figure 4.7: Change in annually averaged N80 between a) P6_hiSO2, b) P6_hiNOx, c)
P6_hiboth and P6_.nXSOA _Napa.
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Figure 4.8: Relative changes in the fraction of SOs oxidized on the sub-grid scale
(fox), number of newly formed sub-grid sulphate particles per kg SOy emitted (Npey),
and median diameter of sub-grid sulphate particles (D,,) from the P6.nXSOA_Napa
simulation to the P6_hiSO2, P6_hiNOx, and P6_hiboth simulations, as calculated
offline by the P6 adjoint.

the changes for the P6_hiNOx simulation. The changes in D,, due to increases in SOy
and increases in NOy nearly cancel each other over most of the globe (Fig. ), with
some exceptions: Dy, decreases over eastern Canada, over Europe, and over Eastern
China, and it increases over some regions where no anthropogenic sulphur (and thus
no sub-grid sulphate) is emitted. The value of Ny, decreases, as it did for both the
P6_hiSO2 and P6_hiNOx simulations. However, the decreases are sufficiently large
over polluted regions, including eastern North America, Europe, India, and China,
to result in a net decrease in sub-grid new particle formation, even after accounting
for increases due to increased total sulphate emission (Fig. ) Over the most pol-
luted regions, we thus have decreases in sub-grid oxidation of SO, and decreases in
the number and size of sub-grid sulphate particles emitted due to increasing SOy and
NOy, while less polluted regions show increases in both sub-grid oxidation and the
number of sub-grid sulphate particles emitted. Thus changes in sub-grid sulphate are
not uniform with respect to changing emissions when the effects of those emissions on

grid-resolved SO,, NO,, and aerosol condensation sink are included. These results are

consistent with [Lonsdale et al.| (2012), where they found that NO, and SO5 emissions
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controls may increase or decrease the number of particles in the plume depending on
the background NO, regime, background condensation sinks as well as how strongly

NO, and SO, are controlled.

pa

50.0

40.0

30.0
20.0

P6_hiSO2-P6_nXSOA_Na

110.0

120°W 60°W 60°E 120°E 180°

[%]

-5.0

-10.0

pa

-20.0

-30.0

-40.0

-50.0

i

120°W  60°W ! 60°E  120°E  180°

P6_hiboth-P6_nXSOA_Na

O
o

80°

Figure 4.9: Relative change in the number of newly formed sub-grid sulphate particles
(including increases due to increases in SOq emissions) from the P6.nXSOA _Napa
simulation to the a) P6_hiSO2 and b) P6_hiboth simulations, as calculated offline by
the P6 adjoint.

4.6 Comparison with Observations

In order to assess the sub-grid sulphate schemes simulated in our study, we used
data from the 21 surface-based aerosol size distribution measurements compiled by
D’Andrea et al.| (2013 from the following sources: the BEACHON campaign (Levin
, the European Supersites for Atmospheric Aerosol Research (www.eusaar.net,
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Asmi et al.| 2011; |Reddington et al., [2011]), the RoOMANS 2 campaign (instrumenta-
tion and site descriptions are same as RoOMANS 1 campaign as per Levin et al.| (2009)),
Environment Canada (Leaitch et al., 2013} [Pierce et al. 2012; |Riipinen et al., [2011)),
and Kent State University (Erupe et al.l [2010; Kanawade et al., [2012). The measure-
ment sites span many terrain types, including forests, mountains, rural sites, arctic
sites and coastal sites. However, urban sites were excluded because the 4° x 5° res-
olution used for this study cannot resolve urban features. All size distribution mea-
surements were obtained using either a Differential Mobility Particle Sizer (DMPS)
(Aalto et al. [2001)) or a Scanning Mobility Particle Sizer (SMPS) (Wang and Flagan,
1990). For a map of the locations as well as figures showing the size-distribution

comparisons for similar simulations, please see D’Andrea et al. (2013)).

For brevity, we do not show the full comparisons at the sites in figures, but we list
in Table 4.4 the log-mean bias (LMB), slope of a linear regression of the logarithms of
the values (m), and coefficient of determination (R?) between the annually averaged
N10, N40, N80, and number concentrations of particles larger than 150 nm (N150)
for each simulation (excluding the emissions sensitivity tests) and those measured at
the 21 surface sites. These statistics evaluate how well the model captures the mag-
nitude and variability across the measurement sites. We do not compare simulated
N3 against observations because measurements of particles smaller than 10 nm were
not available at most of the surface sites, and we include N150 to show more infor-
mation about the larger end of the size distribution. Compared to the choice of SOA
amount or grid-resolved nucleation scheme, the choice of sub-grid sulphate scheme
has a small effect on the goodness-of-fit metrics shown here. The maximum changes
in LMB, m, and R? between simulations that differ only in sub-grid sulphate scheme
are 0.087, 0.109, and 0.030, respectively. Many other uncertain model parameters
and processes can also change aerosol number concentrations, such as emissions and
deposition rates, and a change in these parameters or processes within the model may

affect our goodness-of-fit metrics.

The simulations without sub-grid sulphate and without anthropogenically con-
trolled SOA (NoSGS nXSOA) are both biased high for N10, and biased low for N40,



Table 4.4: Log-mean bias (LMB), slope of the log-linear regression (m), and coefficient of determination (R?) between the
simulated annually averaged N10, N40, N80, and N150 and those measured at 21 surface sites. For each group of simulations
with the same SOA amount and grid-resolved nucleation scheme, the best statistical result in each column is bolded. For each

group of simulations with the same sub-grid sulphate scheme, the best statistical result in each column is italicized.

Simulation LMB m R?

N10 N40 N80 N150 N10 N40 N80 N150 N10 N40 N80 N150
NoSGS_yXSOA Napa | 0.086  0.018 0.077  0.138 | 0.813 0.850 0.825 0.842 | 0.874 0.893 0.863 0.784
AS3_yXSOA Napa 0.095 0.040 0.102 0.158 | 0.802 0.846 0.824 0.846 | 0.885 0.888 0.856  0.778
LY5_yXSOA Napa 0.122 0.070 0.131 0.180 | 0.857 0.881 0.846 0.856 | 0.890 0.878 0.846 0.772

P6_yXSOA Napa 0.061 0.003 0.071 0.142 | 0.798 0.846 0.827 0.849 | 0.871 0892 0.863 0.789
NoSGS_yXSOA _Act 0.005 -0.050 0.029 0.113 | 0.658 0.780  0.783  0.825 | 0.866  0.897 0.860  0.779
AS3_yXSOA_Act 0.030 -0.011 0.067 0.141 | 0.685 0.803 0.800 0.837 | 0.870 0.883 0.852 0.774
LY5_yXSOA_Act 0.073  0.031 0.105 0.168 | 0.761 0.850 0.828 0.849 | 0.858 0.868 0.843  0.769
P6_yXSOA_Act -0.007 -0.056 0.029 0.121 | 0.652 0.779 0.785 0.832 | 0.870 0.898 0.862 0.784

NoSGS.nXSOA_Napa | 0.308 -0.050 -0.134 -0.256 | 0.963 0.781 0.661  0.577 | 0.894 0.853 0.833 0.763
AS3 nXSOA _Napa 0304 -0.042 -0.121 -0.239 | 0.948 0.779 0.670  0.5393 | 0.897 0.858 0.833  0.757
LY5 nXSOA _Napa 0.283 -0.026 -0.093 -0.215| 0.937 0.800 0.695 0.612 | 0.898 0.866 0.831 0.751

P6_.nXSOA _Napa 0.262 -0.050 -0.111 -0.215| 0.927 0.794 0.693 0.623 | 0.892 0.863 0.842 0.768
NoSGS_nXSOA_Act 0.203 -0.115 -0.162 -0.262 | 0.809 0.729 0.644 0.577 | 0.907 0864 0.836  0.766
AS3 nXSOA _Act 0.206 -0.099 -0.146 -0.244 | 0.812 0.738 0.657 0.594 | 0.907 0866 0.833  0.760
LY5 nXSOA_Act 0.195 -0.079 -0.115 -0.218 | 0.813 0.764 0.682 0.614 | 0.905 0869 0.830  0.753
P6_ nXSOA_Act 0.174 -0.107 -0.136 -0.219 | 0.v8  0.746 0.671 0.621 | 0.911 0.874 0.843 0.770

68
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N80, and N150. For these cases, the inclusion of any of the three sub-grid sulphate
schemes considered here increases N40, N8O, and N150 at the expense of N10, and
therefore decreases the absolute LMB. However, when anthropogenically controlled
SOA is included, the simulations without sub-grid sulphate (NoSGS_yXSOA) tend
to have small positive biases for each size range (except for the NoSGS_yXSOA _Act
N40, which has a small negative bias). The AS3 and LY5 sub-grid sulphate schemes
increase aerosol concentrations at all sizes for the cases with anthropogenically con-
trolled SOA, (since the extra SOA enhances survivability of the small particles, as
shown by D’Andrea et al| (2013)) and so increase this positive bias. The P6 pa-
rameterization predicts that a larger fraction of sub-grid sulphate will condense onto
pre-existing particles for the cases with this extra SOA due to the increased coagula-
tion sink, and so only N150 increases from the NoSGS_yXSOA cases, and N10, N40,
and N80 decrease due to enhanced coagulation from the larger aerosol. These de-
creases lead to a decrease in the absolute LMB from the NoSGS_yXSOA _Napa case
to the P6_yXSOA _Napa case for all size ranges except for N150, and only a small
increase in the absolute LMB for all size ranges from the NoSGS_yXSOA _Act case to
the P6_.nXSOA _Act case.

Log-linear regressions for all cases and all size ranges yield slopes less than 1. This
is generally due to an overprediction of aerosol number concentrations at the cleaner
sites, and an underprediction of of aerosol number concentrations at the more pol-
luted sites. To a certain extent, this behaviour is expected due to model resolution
effects alone. The cleanest sites will be influenced by pollution within the same grid
cell, and local pollution sources that may influence the measurements at the most
polluted sites will be diluted to the model resolution. For nearly all combinations
of size range, SOA amount and grid-resolved nucleation scheme, the LY5 sub-grid
sulphate scheme yields the slope closest to one. The differences in aerosol number
concentrations between simulations, while small everywhere, are greatest for polluted
sites, which would be expected if anthropogenic sulphate is a strong contributor to
particle number concentrations at these sites. The LY5 scheme typically predicts more
particles at all sites than any other sub-grid sulphate scheme, as evidenced by the

more positive LMB, but these differences are most pronounced at the most polluted
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sites. Where the LMB is negative, this increase in aerosol number concentrations
yields better agreement with measurements at the more polluted sites. Where the
LMB is positive, this increase yields a worse agreement with the measurements at the
more polluted sites, but a more consistent bias against the measurements across all

of the sites.

Regardless of the SOA amount or grid-resolved nucleation scheme used, simula-
tions using P6 sub-grid sulphate had higher R? values for N80 and N150 than any
other sub-grid sulphate scheme included in this study. For those cases using activa-
tion nucleation, the simulations using the P6 scheme had the highest R? values for
N10 and N40 as well. While this difference is small, we believe that this improved
correlation is due to the fact that the P6 parameterization predicts different amounts
and sizes of sub-grid sulphate under different conditions, and thus can represent more

spatial heterogeneity that the other sub-grid sulphate schemes tested in this study.

4.7 Conclusions

In this study, we implemented the P6 parameterization for sub-grid sulphate into
the GEOS-Chem-TOMAS global chemical-transport model. This is the first imple-
mentation of P6 into a global model. We have shown that the P6 parameterization
predicts smaller or similar increases in globally, annually averaged N80 attributable to
sub-grid sulphate than two other previously used assumptions for sub-grid sulphate,
depending on model assumptions regarding SOA and nucleation. When we included
emissions of an additional 100 Tg yr~! of SOA while using previous treatments of
sub-grid sulphate, the increases in N80 attributable to sub-grid sulphate increased.
This increase was due to increases in condensational growth of the sub-grid sulphate
particles. The proportion of global N80 attributable to sub-grid sulphate depends
not only on the choice of sub-grid sulphate scheme, but also on other model param-
eters and processes that affect pre-existing N80 and the grid-resolved condensational

growth of sub-grid sulphate.
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However, the number of new sub-grid sulphate particles predicted by the P6 pa-
rameterization depends strongly on the pre-existing aerosol condensation sink. The
increase in pre-existing condensation sink due to the additional SOA drastically de-
creased the sub-grid new-particle formation predicted by the P6 parameterization,
thus decreasing the influence of sub-grid sulphate on N80. For sufficiently large pre-
existing condensation sink, the P6 sub-grid sulphate scheme predicted that nearly
all sub-grid sulphate would condense onto pre-existing particles, and the growth of
these particles resulted in enhanced coagulational losses and more efficient removal

by deposition, producing little change in aerosol number concentrations.

In addition, we tested the sensitivity of the results of GEOS-Chem-TOMAS with
P6 sub-grid sulphate to changes in emissions. We found that global increases in SO,
emissions, NO, emissions, or both SOy and NO, emissions by 50% would increase
globally, annually averaged N80 by 9.00%, 1.47%, or 10.24%, respectively. Increases
in SO, emissions generally increase both the size and number of sub-grid sulphate
particles emitted, as well as increasing grid-resolved SO, available to form SO,4. In-
creases in NOy emissions increase both sub-grid and grid-resolved oxidation of SO,
except in very polluted (NOy concentrations > ~1ppb) regions, where increasing NOy
concentrations decrease oxidation rates. Increased NO, emissions also decrease both
the number and size of sub-grid particles emitted. The combined effect of increases
in SOy and NO, emissions is a decrease in the number of sub-grid sulphate particles
emitted over polluted regions, an increase in the number of sub-grid sulphate particles

emitted over remote regions, and little change in the size of sub-grid sulphate particles.

Finally, we have compared the simulated annually averaged N10, N40, N80, and
N150 against those measured at 21 surface-based measurement sites. Differences
in sub-grid sulphate scheme were not found to strongly affect the number concentra-
tions in these size ranges at these sites. For cases without anthropogenically controlled
SOA, a reduction in the absolute log-mean bias between simulated and observed num-
ber concentrations was obtained by including any sub-grid sulphate scheme. When
anthropogenically controlled SOA was included, the AS3 and LY5 schemes tended to
increase the absolute log-mean bias. The P6 sub-grid sulphate scheme only slightly
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increased the absolute log-mean bias or reduced the absolute log-mean bias from the
case with no sub-grid sulphate. This was due to the reduction in new-particle forma-
tion predicted under higher condensation sink conditions. The R? values for N80 and
N150 were highest when using the P6 sub-grid sulphate scheme, regardless of SOA
amount or grid-resolved nucleation scheme. For the Activation-type grid-resolved nu-
cleation cases, the P6 sub-grid sulphate scheme also yielded the highest R? values for
the N10 and N40, as well. We believe that the P6 scheme yields better correlation
with observations because the differences in sub-grid scale new-particle formation
and growth under different conditions predicted by the P6 sub-grid sulphate scheme
allows it to better represent spatial heterogeneity in these processes than constant

assumptions about the number and size of sulphate formed at the sub-grid scale.

The additional anthropogenically controlled SOA included in many of our simula-
tions would be expected to condense onto the newly formed particles at the sub-grid
scale, a process that is not currently resolved by P6. Anthropogenically controlled
SOA may preferentially form in coal-fired power-plant plumes, and so this additional
SOA may condense preferentially onto particles formed within these plumes com-
pared to pre-existing particles. The P6 parameterization thus likely underestimates
the number and size of newly formed particles in simulations where anthropogeni-
cally controlled SOA is included. However, we note that when the anthropogenically
controlled SOA was included, the simulations with P6 sub-grid sulphate had smaller
absolute log-mean biases from observed aerosol number concentrations than the sim-
ulations with AS3 or LY5 sub-grid sulphate, and similar absolute log-mean biases to
the simulations with no sub-grid sulphate. This would suggest that the number of
newly formed particles predicted by P6 when anthropogenically controlled SOA is in-
cluded may be more realistic than the number of newly formed particles predicted by
the AS3 or LY5 sub-grid sulphate assumptions. Other uncertain model processes also
influence aerosol number concentrations, so it is also possible that the P6 parameter-
ization benefits from a cancelling of errors in this case. We intend to include sub-grid

condensation of SOA in a future version of P6 to better resolve these uncertainties.

Due to the physical basis of the P6 parameterization, we believe it to yield more
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representative predictions for the number and size of aerosol formed than previous
assumptions about sub-grid sulphate. Moreover, no constant assumption about the
number and size of sub-grid sulphate formed can resolve differences in new-particle
formation and growth due to changes in background chemical or meteorological con-
ditions. However, the differences between simulated size distributions at the surface-
based measurement sites considered in this work were too small to establish P6 as
unambiguously providing better agreement with observations. Continuing evaluation

of the P6 parameterization against observations is therefore planned as future work.



Chapter 5

Conclusion

5.1 Summary

Aerosols have been shown to have detrimental effects on human health (Aryal 1999;
Dockery et al., [1993; Peng et all 2005; Stieb et al., 2002) and a cooling effect on
climate (Albrecht, [1989; Twomey, [1974; |Charlson et al.. 1992; Dusek et al., 2006}
Boucher et al., 2013)). Sulphur-rich emissions plumes are one of the largest sources
of anthropogenic aerosol to the atmosphere (Dentener et al., 2006|). However, global-
and regional-scale models with resolutions of 100s and 10s of kilometres, respectively,
cannot resolve the new-particle formation and growth that occurs in these plumes.
These models have therefore typically used crude assumptions about the size and
amount of aerosol formed within these plumes that do not depend on emissions, me-
teorological conditions, or background pollutant concentrations. These assumptions
have been shown to have large effects on aerosol number and cloud condensation nu-
clei (CCN) concentrations (Adams and Seinfeld, 2003; [Spracklen et al., [2005; Wang
and Penner| 2009; Luo and Yul 2011} Lee et al.. 2013). Better representation of the
new-particle formation and growth within these plumes is therefore necessary to pro-

vide better estimates of effects on human health and climate of these particles.

In order to study the new-particle formation and growth and growth within these
plumes, we implemented TwO-Moment Aerosol Sectional (TOMAS) microphysics
into the System for Atmospheric Modelling (SAM), a Large-Eddy Simulation (LES)
/ Cloud Resolving Model (CRM). We have shown that the SAM-TOMAS model pro-
vides reasonable predictions of new-particle formation and growth within the plumes
of two coal-fired power plants at distances further than 10-20 km from the source. We
have also shown that the amount of new-particle formation and growth strongly de-
pends on the amount of sunlight simulated, through its control of OH concentrations,

and on background aerosol concentrations, which suppress new-particle formation
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and growth by acting as a condensational sink for H,SO,4 and a coagulational sink of

newly formed particles.

We then performed thousands of simulations using the SAM-TOMAS model with
varying emissions, meteorological conditions, and background aerosol and trace gas
concentrations. Based on the results of these simulations, we created the Predicting
Particles Produced in Power-Plant Plumes (P6) parameterization: a computation-
ally efficient, but physically-based parameterization that predicts the characteristics
of aerosol formed within sulphur-rich plumes using variables commonly available in
global- and regional-scale models. We have shown that the results of the parameter-
ization show good agreement with the results of the SAM-TOMAS model and that
the P6 parameterization captures the variability in aerosol formation and growth in

sulphur-rich plumes, with correlation coefficients ranging from 0.650 for f,., to 0.891

for fox.

We have implemented the P6 parameterization into the GEOS-Chem-TOMAS
global chemical-transport model. We have shown that the P6 parameterization pre-
dicts smaller or similar increases in N8O attributable to sub-grid sulphate than two
other previously-used assumptions for sub-grid sulphate, depending on model as-
sumptions regarding nucleation and amount of secondary organic aerosol (SOA). An
increase in the annual production of condensible SOA was shown to increase the
number concentration of particles larger than 80 nm (N80) attributable to sub-grid
sulphate when using previous sub-grid sulphate schemes. This was due to increases
in condensational growth of sub-grid sulphate particles. However, when we used the
P6 parameterization to predict sub-grid sulphate, an increase in condensible SOA in-
creased the background aerosol condensation sink, which caused P6 to predict much
less sub-grid new-particle formation and growth than without the extra SOA. This re-
sulted in a decrease in the additional N80 attributable to sub-grid sulphate, contrary
to what was predicted using previous sub-grid sulphate schemes. The proportion of
global N80 attributable to sub-grid sulphate therefore depends not only on the choice
of sub-grid sulphate scheme, but also on other model parameters and processes that

affect pre-existing N80 concentrations and the grid-resolved condensational growth of
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sub-grid sulphate.

Finally, we compare the model results against obervations of particle number
concentrations. While the differences in aerosol number concentrations due to the
treatment of sub-grid sulphate were too small to unambiguously establish the P6
parameterization as providing better agreement with observations than the other
sub-grid sulphate schemes tested here, the P6 parameterization does generally im-
prove correlation with observations. We believe that the improved corellation is due
to the ability of the P6 parameterization to resolve spatial heterogeneity in sub-grid
new-particle formation and growth, which is impossible for any constant assumption

about sub-grid sulphate.

Through these three studies, we have first shown that new-particle formation and
growth in sulphur-rich plumes depends strongly on meteorological conditions and
pre-existing aerosol condensation sink. We then created the P6 parameterization
for use in global- and regional-scale models to resolve this variability in new-particle
formation and growth, and to better predict the amount and size of aerosol formed
within these plumes. Finally, we have implemented the P6 parameterization into
a global chemical-transport model, and we have shown how the results compare to

those of two previously-used sub-grid sulphate schemes.

5.2 Future Work

In Sect. 2.3, we showed that while the SAM-TOMAS predictions compare well with
observations beyond 10-20 km from the source, the SAM-TOMAS model under-
predicted aerosol number concentrations close to the source. The observed particles
may be due to emissions of SOz, which would quickly oxidize to form HySOy, or emis-
sions of HONO, which may photolyse to create an OH source near the stack (where
there is normally a minimum in OH) (Cichanowiczl 2007; Mueller and Imhoff, [1994;
Srivastava et al., 2004; Zaveri et al., |2010). SO3 emissions may provide a source of
aerosol during night-time conditions, when little oxidation of SO, by OH would be
expected. This source of aerosol can be represented within the SAM-TOMAS model

by implementing either direct emissions of HySO, gas or sulphate aerosol from the
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stack. The emissions can be constrained by size-resolved observations of new-particle
formation within power-plant plumes during night-time conditions, which was one
of the goals of the aircraft-based 2013 Southeast Nexus (SENEX) field campaign
(http://www.esrl.noaa.gov/csd/projects/senex/). We can then use the SAM-
TOMAS model to test whether this additional source of aerosol would significantly
change the amount and size of aerosol produced in aerosol plumes during daytime

conditions, and incorporate them into a future version of P6, if necessary.

We also did not account for SOA formation within sulphur-rich plumes, which
may increase new-particle formation rates and would increase the growth rates of
these particles. SOA formation may be enhanced within such anthropogenic plumes
compared to background conditions (Spracklen et al., [2011)), and so this may be an
especially important growth mechanism within sulphur-rich plumes. In order to con-
strain these effects, observations would be needed in sulphur-rich plumes emitted into
regions with high concentrations of volatile organic compounds (VOCs). Fortunately,
this was another goal of the 2013 SENEX campaign. Future work should include im-
plementing SOA formation into the SAM-TOMAS model, and then to compare the
results of the extended SAM-TOMAS model against observations from the SENEX
campaign where high VOC concentrations were observed. Once we are confident that
these processes are well-represented by the SAM-TOMAS model, we can incorporate

them into a future version of the P6 parameterization.

A third process not accounted for by SAM-TOMAS, and hence by P6, is the
aqueous-phase oxidation of SO, within clouds. This process would cause SAM-
TOMAS and P6 to underestimate the fraction of SOy oxidized under cloudy con-
ditions. The SAM-TOMAS model can be extended to include this aqueous-phase
oxidation based on liquid water contents already predicted by the model. We can
then compare the predictions of SAM-TOMAS against observations taken during the
SENEX field campaign for multiple plumes with varying amounts of cloudiness. Once
we are satisfied that this process is well-represented within SAM-TOMAS, we can in-

corporate it into a future version of the P6 parameterization.


http://www.esrl.noaa.gov/csd/projects/senex/
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The surface-based observations used for comparison in Sect. [4.6 were insufficient to
determine unambiguously whether the P6 sub-grid sulphate scheme provides better
agreement with observations than previously-used assumptions about sub-grid sul-
phate. We therefore intend to continue evaluation of the P6 parameterization against
observations. We intend to test the results of the P6 parameterization without the
use of a global or regional model against observations of new-particle formation and
growth within sulphur-rich plumes from the 2013 SENEX campaign described above.
Additionally, as the predictions of the P6 parameterization would vary seasonally due
to changes in meteorological conditions as well as seasonal differences in background
pollutant concentrations, it is possible that the P6 parameterization would capture
seasonal cycles in sub-grid new-particle formation and growth that cannot be captured
by a constant assumption about the number and size of aerosol formed at the sub-grid
scale. We may be able to better evaluate the P6 parameterization implemented in a
global model by comparing against observed seasonal cycles in size-resolved aerosol

number concentrations at surface-based sites averaged across multiple years.

While the P6 parameterization was designed with coal-fired power plants in mind,
it may be applicable for other sulphur-rich plumes. For instance, aerosol formation
has been shown to occur in volcanic plumes (Boulon et al.; [2011)), but this aerosol for-
mation is very uncertain in part because of the variability in new-particle formation
and growth due to differences in meteorological conditions and pre-existing aerosol
condensation sink. As volcanic emissions often occur in much less polluted regions
than anthropogenic emissions, more new-particle formation may occur in volcanic
plumes relative to the SOy emissions than in anthropogenic plumes. We intend to
apply the P6 parameterization to volcanic emissions in order to determine an estimate

of the aerosol formation and growth within volcanic plumes.



Appendix A

OH Parameterization Details

As mentioned in Sect. 2.2, the OH parameterization used in the SAM-TOMAS model
is an empirical fit to the results of many simulations from the detailed time-dependent
photochemical box model described by Olson et al.| (2006). These simulations span
conditions observed below 1 km over the eastern United States as sampled from
the NASA DC-8 during the Intercontinental Chemical Transport Experiment-North
America (INTEX-A) field campaign (Singh et al., [2006|). Thus, the values of the
inputs to the box model covered a wide range (e.g., ozone concentrations ranging
from 20-80 ppbv). The OH parameterization fits the detailed model calculations
well for all simulations except those with high levels of isoprene. Thus, the initial
parameterization was derived based on calculations for conditions where the observed
isoprene mixing ratio was 150 pptv or less. This base OH parameterization is referred
to as the “low-VOC” case. The OH parameterization works as follows. First, we set

variables x and y:

x = log([NOy]) — 0.195 (A.1)
DSWRF

= A2

V=g 7 (A2)

Where [NOy]| is the mixing ratio of NOy in ppbv, DSW RF is the downward short-
wave radiative flux at the surface in W m~2, Sy is the solar constant at the top of
the atmosphere, 1370 W m~2, and T is an assumed transmittance of the clear atmo-
sphere, 0.76. The first polynomial (P1) estimates the shape of the OH versus NO,

relationship:
P1 = —0.0142°40.00272° +0.17132* — 0.04662> — 0.78932* — 0.17392 +6.9414 (A.3)
The second polynomial (P2) scales the curve based on DSW RF":
P2 = (—1345y° + 4002y — 471.8y + 42.72) - 10* (A.4)

Finally, we calculate the concentration of OH in molecules per cm?:

[OH] = 0.82 - 107! los(P2)/6:8 "
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One process not accounted for in the OH parameterization is the effect of the pres-
ence of large amounts of highly reactive VOCs on OH production. This was revealed
by the difficulty in devising a parameterization that could encompass the OH calcu-
lations associated with high isoprene mixing ratios during INTEX-A. The additional
peroxy radicals from isoprene oxidation induce a shift in the peak OH production
to a higher NO, level. To understand the potential effect of high VOC concentra-
tions in our study, a second parameterization, referred to as the high-VOC case, was
developed based on an isoprene mixing ratio of 1.5 ppbv (the 95th percentile value
observed during INTEX-A). This parameterization uses the the following equation

for  (all other equations the same):

z = log([NOy] - 0.6) — 0.195 (A.6)

In this way, we shift the concentration of NO, that corresponds to the peak con-
centration of OH from ~1.2 ppbv in the low-VOC case to ~2.0 ppbv in the high-VOC
case. Due to the proximity of our test cases to known biogenic and anthropogenic
sources of VOCs, we assume high-VOC conditions for purposes of calculating OH in
all the model runs described in Chapter 2, except where explicitly stated otherwise.
In the Parish case, the plume passes over major roadways and urban sprawl surround-
ing Houston; In the Conesville case, the plume passes over a heavily forested region
during late summer when biogenic emissions would be high. We perform sensitivity

simulations to test this high-VOC assumption.

As a final note regarding the calculation of OH, it is important to point out that
field observations suggest that current chemical mechanisms tend to underestimate
OH levels in environments of low NO, and high isoprene (Lelieveld et al., 2008}
Hofzumahaus et al., 2009; Stone et al., 2011). While adequate chemical mechanisms
to represent these field observations do not exist, it is reasonable to expect that
true peak OH concentrations are shifted to lower NO, than these calculations would

suggest.



Appendix B

What If One or More of the P6 Inputs are Not Available?

Eso02, Exox: If no estimate of the SO, emissions is available, the P6 parameterization
can be run assuming a representative distribution of power-plants within the area.
This is described in more detail in Sect. 3.3. If the total NO, emissions are unknown,
the parameterization will assume a Fgo2:Enox ratio of 0.419 based on the 2010 CAM
data.

DSW RF': The clear-sky DSW RF' can be calculated by:
DSWRF = Sy T cos(sza) (B.1)

where S; is the solar constant at the top of the atmosphere, 1370 W m~2, T is the
transmittance of the atmosphere, and sza is the solar zenith angle. The clear-sky
transmittance has a value of about 0.76 (globally averaged, (Seinfeld and Pandis,
2006))), and the solar zenith angle can be calculated based on the latitude, longi-
tude, time of day and day of year. This approximation will typically over-estimate
DSW RF, as it assumes no cloud cover. If no input is given, a value of 400 W m~2

will be assumed.

C'S: The value of C'S can be approximated based on a typical aerosol background
for the location in question. We note that the typical aerosol size distributions listed
in (Seinfeld and Pandis|, 2006|) for urban, rural, remote continental, and marine con-
ditions correspond to condensation sinks of 0.060 s~!, 0.0063 s, 0.011 s7!, and
0.0010 s7!, respectively. Also, the remote continental size distribution yields a PM10
mass concentration of 25.88 ug m=3, so we suggest that C'S may be estimated from
PM10 mass concentrations by multiplying by 4.3 x 107 s7*(ug m=2)~!. If no input

is given, we will assume the value for a remote continental case, 0.011 s~.
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vg: The value of v, must be assumed if not known. We choose a typical value of

6 m s~ ! if no input is given.

BLH: The BLH can be approximated by typical values for the location and time

of day. If no value is given, a value of 500 m will be assumed.

d: We recognize that there is some ambiguity about what value should be used
as input for d by global and regional-scale model users. One interpretation is that d
is the distance where the air mass passing over the source enters the next adjacent
grid-cell. Another is the distance where the width of the plume equals the grid width,
allowing the plume to be resolved. However, solving for either of these distances un-
der changing wind direction and meteorological conditions is not a trivial task even if
the location of the power plant within the grid cell is known, and often the location
will not be available. We suggest then that users of our parameterization use half the
horizontal grid cell resolution as an approximation for d. We show in our sensitivity
studies that for distances greater than 30 km, M, Nyew, and fyew are not strongly

dependant on d, and f,, is a less than linearly function of d.

bgSO5,bgNO,: Following tables 2.7 of Seinfeld and Pandis| (2006]), we suggest
values of bg N O, of 10 ppb for urban locations, 1 ppb for rural locations, and 0.05 ppb
for remote locations. For bgSO, we suggest values of 10 ppb for urban locations, and
0.5 ppb for remote continental conditions, and 0.05 for marine conditions. If no input

is given, values of 0.5 ppb and 1 ppb are used for bgSO; and bgN Oy.



Appendix C

Summary of Equations Necessary for Each P6 Output

We note that the full parameterization is available programmed in Fortran 90 as a
supplement. However, if the provided code is insufficient for the users’ needs, we
request that the users contact the authors to find out if the P6 parameterization
has already been translated into the necessary programming language, if the neces-
sary adjustments have already been made, or if an updated version is available. In
the case where this still proves insufficient, we summarize in this appendix which
equations from the preceding manuscript are necessary to calculate each output. We
strongly recommend that users consult the preceeding manuscript for a full discus-
sion of caveats and assumptions associated with the P6 parameterization. We also
recommend that users ensure that they use the correct value from Table 3.5 whenever

they use Eq. 3.1 or Eq. 3.9.

Fraction of SO, oxidized ( fox):
Eq. 3.1-3.6, 3.8 (2" row from Table 3.5).

Nucleation:

Eq. 3.1, 3.9, 3.10 (3" row from Table 3.5).

Mean mass of new particles (M,y,):
First, determine if significant nucleation has occurred (M, is poorly defined
otherwise):
Eq. 3.1, 3.9, 3.10 (3" row from Table 3.5).
Then calculate fo,erp: Eq. 3.1-3.6, 3.8 (4th row from Table 3.5).
Then Eq. 3.11.
If you are also using f,ew, calculate it now as noted below. If f.., > 1, divide M,, by

fnew0‘5 to maintain closure.
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Median diameter of new particles (D, ):

Calculate M,, as noted above. Then Eq. 3.12, 3.13.

Number of new particles per kg SOy (Nyeyw):
First, determine if significant nucleation has occurred (Nyey very small otherwise):
Eq. 3.1, 3.9, 3.10 (3" row from Table 3.5).
Then calculate fyy,eff: Eq. 3.1-3.6, 3.8 (5th row from Table 3.5).
Then Eq. 14.
If you are also using f,ew, calculate it now as noted below. If fiew > 1, divide Nyeyw

by fnew0‘5 to maintain closure.

Fraction of sulphate mass that comprises new particles (fyew):

Calculate fox, My, and Ny as noted above. Then use Eq. 3.15.
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