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Abstract. We implement the Predicting Particles Produced
in Power-Plant Plumes (P6) sub-grid sulphate parameteriza-
tion for the first time into a global chemical-transport model
with online aerosol microphysics, the GEOS-Chem-TOMAS
model. Compared to simulations using two other previous
treatments of sub-grid sulphate, simulations using P6 sub-
grid sulphate predicted similar or smaller increases (depend-
ing on other model assumptions) in globally, annually aver-
aged concentrations of particles larger than 80 nm (N80). We
test the-sensitivity-of particle-numberconeentrations-in sim-
ulations using P6 sub-grid sulphate the sensitivity of particle
number concentrations to changes in SO2 or NOy emissions
to represent recent emissions control changes. For global in-
creases of 50% in emissions of either SO, —or NO, or
both SO, and NO,by—-50, we find inereases—in-that glob-
ally, annually averaged N80 of-increase by 9.00 %, 1.47 %,

or 10.24 % respeetivelyhowever—these—changes—inclade

changes—te-respectively. However, both sub-grid and grid-
resolved processes contribute to these changes. Finally, we

compare the model results against observations of particle
number concentrations. Compared with previous treatments
of sub-grid sulphate, use of the P6 parameterization gener-
ally improves correlation with observed particle number con-
centrations. The P6 parameterization is able to resolve spa-
tial heterogeneity in new-particle formation and growth that
cannot be resolved by any constant assumptions about sub-
grid sulphate. However, the differences in annually averaged
aerosol size distributions due to the treatment of sub-grid sul-
phate at the measurement sites examined here are too small
to unambiguously establish P6 as providing better agreement
with observations.

1 Introduction

Anthropogenic aerosol affects human health and the Earth’s
climate. 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 al., 2002). Particles smaller
than 100 nm in diameter may have greater health impacts
than larger particles (Peters et al., 1997). Aerosols also affect
the Earth’s climate through direct radiative effects (Charlson
et al., 1992) and through indirect radiative effects: changes
in cloud reflectivity and lifetime due to changes in the num-
ber of aerosol particles acting as Cloud Condensation Nu-
clei (CCN) (Albrecht, 1989; Twomey, 1974). Both of these
aerosol effects are strongly dependent on the size of the
aerosol and the magnitude of these effects have large uncer-
tainties (Boucher et al., 2013; Dusek et al., 2006).

One of the largest anthropogenic sources of aerosol mass
are sulphur-rich plumes (Dentener et al., 2006). The hydroxyl
radical (OH) can oxidize sulphur dioxide (SO5) within these
plumes to form sulphuric acid (H2SOy), which in turn can
condense onto pre-existing particles. If H,SO4 concentra-
tions are high enough, the HySO4 will cluster with itself
and other condensible gases to nucleate new particles (Kul-
mala and Kerminen, 2008). Anthropogenic sulphur emis-
sions have been shown to have a significant effect on global
particle concentrations, particularly in the Northern Hemi-
sphere (Adams and Seinfeld, 2003; Luo and Yu, 2011;
Spracklen et al., 2005; Wang and Penner, 2009); however,
the magnitude of this impact depends on assumptions made
in the modelling studies as will be discussedmomentarily.
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There are several factors that determine the rate of parti-
cle formation and growth in the plumes of coal-fired power
plants. These include the solar radiation and NO, concen-
trations (through their influence on OH concentrations), and
the pre-existing condensation and coagulation sinks. Fur-
ther complicating the formation and growth rates are that
many of these factors vary spatially in the plume. Concentra-
tions of OH in the plume control the SO- gas-phase oxida-
tion rate and hence influence HySOy4 concentrations. These
OH concentrations depend strongly on NO, (nitric oxide
(NO) + nitrogen dioxide (NO-)) concentrations and sun-
light (Olson et al., 2006). The primary loss mechanism for
H5S0y in the boundary layer is condensation onto existing
aerosol particles (Eisele and Tanner, 1993), and so concen-
trations of HoSO, also depend strongly on the aerosol con-
densation sink (approximately proportional to aerosol sur-
face area). The variation in NO, concentrations and the het-
erogeneity of the condensation sink within a given plume
causes HoSO, concentrations to vary dramatically within the
plume (Stevens et al., 2012; Lonsdale et al., 2012). Nucle-
ation and growth rates are strong functions of HoSO,4 con-
centrations, and thus-with-will therefore 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. Currently, global—andregional-seale-models-typically
have-resolutions-of-hundreds-and-tens-of-kilometres-or-more;
respectively;-and-are—thus-the resolutions of regional- and
global-scale models are typically at least tens or hundreds of

kilometres, respectively. These models are therefore 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.

Thus; these modelshave These models have therefore typ-
ically assumed that some fraction of all anthropogenic SO,
emissions are oxidized to form sulphate (SO4) at the sub-
grid scale. This sub-grid sulphate is added to the model via
a fixed, pre-assumed size distribution for all anthropogenic
sulphate sources. For instance, the study of Makkonen et al.
(2009) used the assumption recommended by the AeroCom
emissions inventory (Dentener et al., 2006): they emitted the
sulphate into a single lognormal mode with a median ra-
dius of 500 nm and a standard deviation of 2.0. Many stud-
ies (Adams and Seinfeld, 2002, 2003; Pierce and Adams,
2006, 2009; Pierce et al., 2007; Spracklen et al., 2005; Wang
and Penner, 2009) have used a bi-modal distribution com-
prised of a nucleation mode and an Aitken mode with num-
ber mean diameters 10 nm and 70 nm, and geometric stan-
dard deviations 1.6 and 2.0. Either 5% or 15 % of the sul-
phate mass is emitted into the nucleation mode, depending
on the study. Several of these studies investigated the sensi-
tivity to the assumptions made about sub-grid sulphate for-
mation. Adams and Seinfeld (2003) and Spracklen et al.
(2005) found that if they changed the fraction of SOz con-

verted to sub-grid sulphate from 0% to 3 %, CCN at an as-
sumed supersaturation of 0.2 % (CCN(0.2 %)) in polluted ar-
eas would double. Both models included only sulphate and
sea-salt aerosol, so this was believed to be an upper limit
for this effect. But the study of Wang and Penner (2009),
which included organic matter, black carbon, and dust, var-
ied the fraction of SO4 converted to sub-grid sulphate over
a smaller range (between 0% te-and 2 %), and also found
that CCN(0.2 %) more than doubled over polluted areas. Ad-
ditionally, they found that CCN(0.2 %) increased by either
23 % te-or 53 % averaged over the global boundary layer, and
that the aerosol indirect effect radiative forcing increased by
either 11 % te-or 31 % (depending on the grid-resolved nu-
cleation scheme used in the boundary layer). The study of Yu
and Luo (2009) used yet another approach for representing
sub-grid sulphate;-they-emitted-: of the emitted SO, assumed
to form sulphate on the sub-grid scale, 5% of sulphur mass
is emitted directly into the nucleation mode described above
and condensed-the remaining mass is condensed onto the ex-
isting 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 ap-
proach is, in this way, more realistic than the other assump-
tions. Luo and Yu (2011) varied the fraction of sulphate emit-
ted into the nucleation mode from 5% to 15 %, and found
that this-inereased-the-CCN(0.2 %) increased by up to 18 %
over source regions. Furthermore, they found that changing
the fraction of emitted SOy converted to sub-grid sulphate
from 0 % to 5 % changed global boundary-layer CCN(0.2 %)
by 11 %. Hence, CCN concentrations and regional radiative
forcings are thus—clearly sensitive to the assumptions regard-
ing sulphur partitioning and the size of aerosol formed in
sulphur-rich plumes.

Lee et al. (2013) recently quantified the uncertainty in
CCN concentrations that was due to 28 different uneertain
inpuats—parameters in the GLOMAP global aerosol model.
They found that the uncertainties in sub-grid sulphate pro-
duction contributed just as much to uncertainties in CCN
concentrations as the—uneertainties—in-those of SO, emis-
sionrates, and had the largest contribution of the 28 in-
puts to the uncertainty in CCN concentrations over pol-
luted North America and Europe. The global uncertainty in
sub-grid sulphate particle size ranked as the twelfth largest
contributor to the relative uncertainties in CCN concentra-

tions of the 28 inputs testedﬁv'feh—afg%ebal-meaﬁ—icelﬂﬁve

GGl\Leeﬁeempaﬁeﬁ%f—&bem—}é Based on the results of
Stevens et al. (2012), the range of possible values used-in
Eee-etal2043)for the diameter of sub-grid-sulphate parti-
cles used in Lee et al. (2013) was reduced to a smaller range
than the full range of sub-grid-sulphate assumptions used

beforein the studies cited in the preceding paragraphs. This
reduced range would lead to a reduced uncertainty range in
CCN concentrations due-to-uneertainties-in-sub-grid-sulphate
compared-to-the-range-of-estimates-as described in the previ-
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ous paragraph. These large uncertainties in CCN prediction
due to sub-grid sulphate formation highlight the need for im-
proved representation of plume-scale particle formation in
global and regional models.

In order to more accurately represent this sub-grid sul-
phate, Stevens and Pierce (2013) introduced a parameter-
ization that predicts the characteristics of aerosol formed
in point-source plumes based on variables commonly avail-
able in global- and regional-scale models. Specifically, the
Predicting Particles Produced in Power-Plant Plumes (P6)
parameterization predicts the fraction of SOq oxidized to
form HySOy4 (fox), the fraction of the H,SO4 that forms
new particles (fpew), the number of new particles formed
per kg SO5 emitted (NVyew), and the median diameter of the
newly formed particles (D). The P6 parameterization takes
as inputs the emissions of SO2 (Ego,) and NOy (Eno,)
from the power-plant, the pre-existing aerosol condensation
sink (CS), the downward shortwave radiative flux (DSWRF),
the mean boundary-layer wind speed (vy), the boundary-
layer height (BLH), the distance from the source (d), and
the background concentrations of SOy (bgSO3) and NO,
(bgNOy). In this paper, we implement this parameterization
into a global aerosol microphysics model to estimate the con-
tribution of sub-grid-sulphate formation to aerosol size dis-
tributions and CCN.

Additionally, recent pollution-control technologies in-
stalled on power plants reduce SOy and NOy emissions.
A reduction in SO, alone would result in a reduction of
particles formed in power-plant plumes. However, concen-
trations of OH are sensitive to NO, concentrations, which
will vary across a given plume (Lonsdale et al., 2012). NO,
controls may either increase or decrease OH concentrations
in the plume (depending on the environmental conditions).
ThusHence, in many conditions a-reduetioninreducing NOy

mﬁkﬁd%eﬂﬁﬁﬁweawoncentratlons may increase the
formation rate of HpSO4 and perhaps-an-inerease-in-increase

particle formation and growth. The P6 parameterization has
been designed to reproduce these effects of changes in SOq
and NOy emissions on particle formation and growth. Use of
some pollution-control technologies, such as selective cat-
alytic reduction and flue gas desulphurisation, may result
in formation of sulphur trioxide within the emissions stack,
which would quickly form HoSO,4 and could result in new-
particle formation within the emissions stack (Junkermann
et al., 2011; Srivastava et al., 2004). However, these effects
are not yet resolved by P6 and so will not be discussed in this
work.

In this paper, we implement the P6 sub-grid sulphate
parameterization (Stevens and Pierce, 2013) into a global
chemical-transport model with online aerosol microphysics.
We test the sensitivities of predicted N3, N10, N40, N8O (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 ex-
pected to be sensitive to pre-existing aerosol due-to-via con-

densation and coagulation sinks, we investigate the sensitiv-
ity of predictions to the global amount of secondary organic
aerosol and grid-resolved nucleation scheme. We-In order to
better understand the effects of pollution controls on CCN
concentrations, we also investigate the sensitivity of the N80
enhancement to-from sub-grid sulphate to greater emissions
of SO, and NO {e%efwﬁuﬁéefsw%d—fh&e#ee&e#pe]rkw
controls-on-CCN-concentrations.

In Sect. 2, we describe the GEOS-Chem-TOMAS model
specifications and we describe the simulations performed for
this study. In Sect. 3 we discuss the sensitivities of our re-
sults to the treatment of sub-grid sulphate, and how these in-
teract with additional secondary organic aerosol emissions
and grid-resolved nucleation scheme. In Sect. 4 we present
the results of an-adjeint-to-the P6 parameterizationGradient
Subroutine, and discuss the sensitivity of our results to the
inputs of P6. In Sect. 5 we discuss the sensitivities to SOq
and NOy emissions. In Sect. 6 we compare the results of our
simulations with surface-based N10, N40, N80, and N150
measurements. Finally, we present our conclusions in Sect. 7.

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 Sec-
tional (TOMAS) microphysics algorithm (Adams and Se-
infeld, 2002; Pierce and Adams, 2009) in the GEOS-Chem
v9-02 chemical transport model (http://geos-chem.org, Bey
et al., 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 us-
ing 15 size bins spanning 3nm to 10 um (Lee and Adams,
2012). Condensation, coagulation, and nucleation are explic-
itly 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
GEOSS5 re-analysis (http://gmao.gsfc.nasa.gov).
Anthropogenic emissions in GEOS-Chem are provided
by the Emissions Database for Global Atmospheric Re-
search (EDGAR) inventory (Olivier et al., 1996), except
where it is_overwritten by the following regional invento-
ries: The Environmental Protection Agency 2005 National
Emissions Inventory (NEIOS) (http://www.epa.gov/ttn/chief/
net/2005inventory.html) over the United States, the Criteria
Air Contaminants (CAC) for anthropogenic emissions over
Canada (http://www.ec.gc.ca/inrp-npri/), the Big Bend Re-
gional Aerosol and Visibility Study (BRAVO) emissions in-
ventory over Mexico and the southwestern United States
(Kuhns et al., 2001), the Streets inventory for Asian emis-
sions (Streets et al., 2003) over Asia, and the Cooperative
Programme for Monitoring and Evaluation of the Long-
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Range Transmission of Air Pollutants in Europe (EMEP)
over Europe (Auvray and Bey, 2005). The total annual fossil-
fuel SO5 emissions, not including shipping emissions, from
these inventories are shown in Fig. 1 for the simulated year,
2005. Biogenic emissions were from the Model of Emis-
sions of Gases and Aerosols from Nature (MEGAN) (Guen-
ther et al., 2006), except for an additional secondary or-
ganic 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 vari-
ables commonly available in global- and regional-scale mod-
els. A full description is available in Stevens and Pierce
(2013). Specifically, the parameterization predicts the frac-
tion of SO4 oxidized to form HySOy4 (fox), the fraction of the
H5S0, that forms new particles (fpew), the number of new
particles formed per kg SO5 emitted (/V,ey), and the median
diameter of the newly formed particles (D). The parameter-
ization takes as inputs the emissions of SO (Eg0,) and NOy
(Eno, ) from the power-plant, the pre-existing aerosol con-
densation sink (CS), the downward shortwave radiative flux
(DSWREF), the mean boundary-layer wind speed (v,), the
boundary-layer height (BLH), the distance from the source
(d), and the background concentrations of SOs (bgSO5) and
NOy (bgNOy).

The P6 parameterization is based upon the results of the
System for Atmospheric Modelling (SAM) (Khairoutdinov
and Randall, 2003) with the TOMAS microphysics mod-
ule described above;—thus—._The SAM-TOMAS model is

a complex Large-Eddy Simulation/Cloud Resolving Model
capable of resolutions between tens of metres and hundreds

of kilometres and domains between tens and hundreds
of kilometres. The P6 inherits—parameterization therefore
inherits some limitations of SAM-TOMAS model. It does
not account for new-particle formation thatmay-be-oecurring
within-power-plantstacks-orimmediately-afteremisston;-due
to possible direct emissions of sulphur trioxide (S©3S0s3)
or nitrous acid (HONO) that may be occurring within

ower-plant stacks or immediately after emission. The P6
parameterization also does not account for aqueous-phase

oxidation of SO, or in-cloud aerosol processing. This miss-
ing oxidation pathway would lead to an underestimation of

the fraction of SO, oxidized ;—but—we-de—netexpeet—this

on the sub-grid scale. However, little new-particle forma-

tion would be predicted under cloudy conditions because
of the suppression of sunlight, which in turn would lead to
lower OH concentrations and lower HoSO4 concentrations

(Stevens et al., 2012). We therefore do not expect this missin
oxidation pathway to strongly affect predictions of aerosol

number. Finally, condensational growth due to SOA within
sulphur-rich plumes is not accounted for, which we will dis-

cuss further in Sect. 3. Despite—these—limitations—We note

that at the erid-resolved scale, the GEOS-Chem-TOMAS
model does represent aqueous oxidation of SO, in-cloud
aerosol processing, and condensational growth of aerosol due

SOA. Despite the limitations listed above, the SAM-TOMAS
model has been shown to predict well the number and size

of aerosol formed in coal-fired power plant plumes (Stevens
et al.,, 2012; Lonsdale et al., 2012). We therefore expect
that the P6-parameterization-wellrepresents-the-variability in

new-particle formation and growth rates within sulphur-rich
plumes is well represented by the P6 parameterization.
Because the emissions inventories used by GEOS-Chem
do not provide source-specific emissions, but instead emis-
sions summed across a 1° x 1° grid, the distance down-
wind 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 Stevens and Pierce
(2013), for the distance from the source (d) required for P6.
In GEOS-Chem-TOMAS, the value of the 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 unrealisti-
cally low under night-time conditions, and thus-therefore 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 lo-
cal 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 be-
low a critical value (Rienecker, 2006). The BLH values used
to create the P6 parameterization came from the North Amer-
ican Regional Reanalysis dataset, where they were defined
as the height where the turbulent kinetic energy falls be-
low a critical value (Mesinger et al., 2006), and these val-
ues 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 sensitiv-
ity (Stevens and Pierce, 2013) . We therefore do not expect
that uncertainties in BLH values will have a large impact on
our results. We also make the following assumption about
the sizes of individual sources, as recommended in Stevens
and Pierce (2013): We assume that within each model grid
cell, the SO2 emissions are split between an equal number
of low emitters, medium emitters, and high emitters. We de-
fine 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 stan-
dard deviation below or above the mean in log space, respec-
tively. The low, medium, and high emission rates of SO are
0.0606 kgs~!, 0.202kgs™', and 1.00kgs™!, respectively.
We further assume that the low, medium, and high emitters
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emit 0.0300kgNs—!, 0.0840kgNs~!, and 0.290kgNs~!
of NOy, derived in the same way from the 2010 EPA CAM
NO, emissions data.

We performed 19 simulations with GEOS-Chem-
TOMAS, summarized in Table 1 and described below.
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 SO, as sub-grid
sulphate, using 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 10nm 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). Simulations labelled P6
used the P6 parameterization to predict the fraction of
anthropogenic SO2 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 Tgyr~! of SOA. However, the study of
Spracklen et al. (2011) suggested that including emissions
of an additional 100 Tgyr—! of SOA co-located with an-
thropogenic pollution yields much better agreement of or-
ganic aerosol mass with Aerosol-Mass-Spectrometer-based
observations. This additional source of “anthropogenically
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 dis-
tribution observations. This SOA is condensed irreversibly to
the Fuchs-corrected aerosol surface area as this was shown to
give the best agreement with size distributions in D’ Andrea
et al. (2013). Simulations labelled “yXSOA” therefore con-
tain additional emissions of 100 Tgyr—! of SOA eorrelated
co-located with anthropogenic 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 sec-
tion.

Binary (H2SO4 + H30) nucleation rates were predicted
in all simulations by the classical binary nucleation scheme

described by Vehkamiki et al. (2002). In addition to binary
nucleation, ternary (HoSO4 + NHs 4+ H20O) nucleation was
predicted in simulations labelled “Napa” by the parameteri-
zation of ternary homogeneous nucleation 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.,
2010; Westervelt et al., 2013, 2014). Within simulations la-
belled “Act”, nucleation 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 func-
tion of sulphuric acid concentration, according to the follow-
ing equation (Kulmala et al., 2006; Sihto et al., 2006):

J=2x107% [HyS04]

where J is the nucleation rate and the units of the pref-

actor are s~'. All nucleation schemes used in this stud
redict the formation rate of 1 nm particles. Aerosol growth
and coagulational loss below 3 nm is approximated by the

arameterization of Kerminen and Kulmala (2002) .
Lonsdale et al. (2012) showed that the average emis-

sions rate of SO, from US coal-fired power plants was;-en

ge-S6decreased by 36 % greaterinfrom 1997 than-in-to
2010, and that the emissions rate of NO, was—+08decreased
by 52% greater—in—from 1997 than—to 2010. These de-
creases were achieved primarily through the implementation
of pollution-control technologies or switching 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 simulations with nucleation and
SOA assumptions the same as the P6_.nXSOA Napa simula-
tion. Simulation P6_hiSO2 differs from the P6_.nXSOA Napa
simulation only in that both the assumed SO4 emissions used
as input to P6 and the modelled fossil-fuel emissions of SOq
(excluding those from shipping) are increased globally by
50 %. We note that actual-real-world SO, emissions have
globally, and thus-the SO, emissions in this simulation are
therefore not meant to represent any previous year but rather
a general sensitivity to these emissions. Similarly, in simula-
tion P6_hiNOXx, both the assumed emissions of NO, used as
input to P6 and the modelled fossil-fuel NO, emissions are
increased globally by 50 %. We note that NO, pollution con-
trols have not been implemented globally, and that fossil-fuel
NOy 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 be-
yond the scope of this paper to estimate what proportion of
anthropogenic NO, emissions are due to coal-fired power-
plant emissions. Fhus-the-The NOy emissions in simulation
P6_hiNOx are therefore not representative of any past year,
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and again are for general sensitivity purposes only. Simula-
tion P6_hiboth includes increased emissions of SO5 used as
input to P6 and increased emissions of fossil-fuel SO, by
50 %, as well as increased assumed NO, emissions used as
input to P6 and increased fossil-fuel NO emissions by 50 %.

3 Sensitivity to sub-grid sulphate scheme

We present in—Fabte—2-the—the relative changes in globally
and annually averaged changes-in-boundary-layer N3, N10,

N40 and N80 fer-each-simulation,excladingthe-emissions
sensttivity-stadies;frem-due to sub-grid sulphate in Table 2

The values in the table are calculated by comparin each
listed simulation with the corresponding simulation with-that

had no sub-grid sulphatethathad-, the same amount of SOA
emissions, and the same grid-resolved nucleation scheme.
We exclude from Table 2 the emissions sensitivity studies,

The simulations with AS3 sub-grid sulphate have de-
creases in N3, but increases in N10, N40, and N80 (Ta-
ble 2). As the median diameter of the AS3 nucleation mode
is 10 nm, the added particles are sufficiently large to provide
an additional coagulation sink for the smallest particles re-
solved by GEOS-Chem-TOMAS, and increased competition
for H,SO,4, which somewhat suppresses new-particle forma-
tion. 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. 2 we show the annuwally—averaged—changes—in

changes in annually averaged boundary-layer N80 between
the four AS3 simulations and the corresponding simula-

tions with no sub-grid sulphate. Regardless of SOA amount
and grid-resolved nucleation scheme, the inclusion of AS3
sub-grid sulphate increases N8O over industrialized regions.
However, the two simulations that include anthropogenically
controlled SOA (yXSOA, panels a and c¢) show a greater in-
crease in N80, especially over the Northern Hemisphere. In
these simulations, the newly formed sub-grid sulphate par-
ticles 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), where including an additional 100 Tgyr—! of
SOA was found to increase globally 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 (Table 2). The two AS3 simu-
lations 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. ThusTherefore, when no sub-grid sulphate is in-
cluded, the simulations with activation-type nucleation (Act)
have higher N80 in these regions than the simulations with
ternary nucleation, and so the addition 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.

The changes in N8O between simulations with LY5 sub-
grid sulphate and the corresponding simulations with no sub-
grid sulphate (not shown) are similarly distributed spatially
to those from the AS3 simulations, but greater in magni-
tude (see Table 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
N8O for the LYS simulations relative to the AS3 simulaitons
simulations is in part due to the inereased-greater fraction
of SO4 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 LYS5 sub-grid sulphate use the same size distri-
bution 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 LY simulations, particles emitted into the nucle-
ation 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 par-
ticles 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 in-
crease in N3 compared to the simulations without sub-grid
sulphate (Table 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 num-
ber of sub-10nm particles, as was seen for the AS3 simu-
lations. Through inspection of globally averaged size distri-
butions (not shown), we have determined that the number of
sub-10nm 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 3 shows the annually-averaged-change-in-change
in annually averaged N80 between the four P6 simulations
and the corresponding simulations without sub-grid sulphate.
In contrast to the AS3 and LY5 simulations, the enhance-
ment in N80 due to sub-grid sulphate for the P6 simula-
tions is tess-smaller for the simulations where anthropogeni-
cally controlled SOA is included (yXSOA, panels a and
¢) than for the two simulations without this extra source
of SOA (nXSOA, panels b and d). Notably, in the simu-
lations with anthropogenically controlled SOA and ternary
nucleation, globally, annually averaged N8O is less when
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using P6 sub-grid sulphate than with no sub-grid sulphate
(P6_yXSOA _Napa vs. NoSGS_yXSOA Napa), as shown in
Fig. 3a and listed in Table 2. We will show in the follow-
ing 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 con-
dense 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 anthro-
pogenic plumes (Carlton et al., 2009, 2010; D’ Andrea et al.,
2013; Heald et al., 2011; Offenberg et al., 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 the sup-
pression of new-particle formation by the enhanced back-
ground condensation sink, but are not currently accounted
for by the P6 parameterization because the mechanism(s)
for the formation of this anthropogenically controlled SOA
remain poorly understood. It is therefore possible that sub-
grid new-particle formation and growth is under-predicted
by the P6 parameterization for the cases with anthropogeni-
cally controlled SOA. We intend to include the effects of this

SOA on sub-grid formation and growth in a future version of
the P6 parameterization, once these processes become better

understood.

In panels a and b of Fig. 3 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 HoSOy in all P6 cases increases
the coagulation sink downwind of polluted regions, and the
larger particles are more efficiently removed by wet deposi-
tion. In the activation-type nucleation simulations, nucleation
and growth over the oceanic regions dampens-dampen this
decrease in N80, but the Napari ternary nucleation scheme
predicts 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, as shown in Table 2.

When anthropogenically controlled SOA is included, the

P6 cases show much smaller annually—averaged—inereases

in-increases in annually averaged N8O than the AS3 and
LYS5 cases, particularly in the Northern Hemisphere (see Ta-

ble 2 and compare Fig. 2, panels a and ¢ with Fig. 3, pan-
els a and c). As mentioned above, the P6 parameterization
may be underestimating sub-grid new-particle formation and
growth in these cases because it does not include any en-
hancement of new-particle formation and growth by SOA
within the sub-gid plumes. Without this source of SOA, the
P6 cases-show similar-and AS3 sub-grid sulphate schemes

increase globally, annually averaged inereases-in-IN80 to-the

AS3—eases;—which—are—roughly halfthese—of-by a similar
Wthe LY5 eases—sub-grid sulphate scheme

increases globally, annually averaged N80 by roughly twice
this amount (Table 2). The increases in N8O are spatially

distributed somewhat differently in P6 than AS3 and LYS5,
however (compare Fig. 2, panels b and d with Fig. 3, pan-
els b and d). The P6-casesshow-litde-inereasein-AS3 and

LY5 sub-grid sulphate schemes increase N8O over the Arc-
ticeompared-to—the-AS3—and-LY5-easesbeeauseless—,_but
the P6 parameterization predicts little new-particle formation

and growth over the Arctic because little sunlight is available
at such high latitudes for OH formation and subsequent oxi-

dation of SO5. Compared to the AS3 cases, this is compen-
sated by increased N80 over eastern North America, South
Africa, southeast Australia, Portugal and Spain. The P6 pa-
rameterization tends to predict more new-particle formation
and growth over these regions due to the relatively greater
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 The P6 adjointGradient Subroutine, and sensitivities
to P6 inputs

In order to better understand the results of P6 simulations,
including differences between 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-adjointGradient Subroutine.
This subroutine allows us to quickly test the sensitivity of the
P6 outputs (fraction of emitted SO5 oxidized to form H,SO4
(fox), fraction of that H,SO, that forms new particles (fpew),
median diameter of newly formed particles (D,,), and num-
ber of newly formed particles per kg SO emitted (Npew)) to
changes in each of the P6 inputs (emissions of SOz (Eso,)
and NOyx (Eno,) from the source, background condensa-
tion sink of pre-existing particles (CS), downward shortwave
radiative flux (DSWRF), mean boundary-layer wind speed
(vg4), boundary-layer height (BLH), distance from the source
(d), and mean background concentrations of SOy (bgSOs3)
and NOy (bgbgNOy)). We can use the adjeint-subroutine to
calculate the derivative of each of the outputs of P6 with re-
spect to each of the inputs of P6 for a given set of inputs.
We have run the P6 adjoint-Gradient Subroutine offline using
the monthly-mean values of each of the P6 inputs as out-
put by GEOS-Chem-TOMAS. (While the values from the
P6 adjoint-Gradient Subroutine 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
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qualitatively alter any of our analysis below.) We discuss be-
low the results of the-adjeint-ef-subroutine applied to sim-
ulation P6_.nXSOA Napa. We choose P6_.nXSOA Napa for
this discussion because, as noted above, the P6 parameteri-
zation does not currently include the effects of anthropogeni-
cally 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).

We show in Fig. 4 the annually averaged values of each
of the P6 outputs, as calculated offline by the adjoint-P6
Gradient Subroutine for simulation P6_.nXSOA Napa. (We
note that because emissions rates are assumed (e.g. high
emitters, medium emitters and low emitters, see Sect. 2) for
the purposes of calculating the P6 outputs, we can calcu-
late these outputs even where there are no emissions, such
as over oceans. However, since the amount of sub-grid sul-
phate to be emitted is expressed as a fraction of SO9 emis-
sions (fox), no sub-grid sulphate will be emitted in the ab-
sence of SOy emissions.) n—Fig—5—-weshow—the-annually

As shown in Fig. 4a, over high-pollution regions, the
fox values calculated offline are generally between 5% and
8 %. This is slightly higher than the 3 % and 5 % values as-
sumed by AS3 and LYS, respectively;—and-alsenote-that-the
The value of fox is generally higher in high-pollution re-
gions, as the background NOy concentrations in these re-
gions are closer to those optimal for OH production, and
hence SO4 oxidation. The value of fox is commonly lower
than 4 % in rural regions, and can fall to less than 1% in
very remote regions with little annually averaged sunlight
for photo-oxidation. In contrast fie is much lower over pol-
luted 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 scheme, the value of fi.y is assumed to be
5% everywhere. The AS3 sub-grid sulphate scheme emits
15 % of sulphate into the nucleation mode, and while this is
not directly comparable to f.,, in the P6 scheme as-(since the
remaining sulphate in AS3 is emitted into the Aitken mode
and not condensed onto pre-existing particles), both the AS3
and LYS 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 simulations 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 con-

trolled 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 co-
agulation resulting in a decrease in N80 from the correspond-
ing case with no sub-grid sulphate (NoSGS_yXSOA _Napa).

In Fig. S we show the annually averaged sensitivity
of Npew to_ each of the P6_inputs for simulation
P6.nXSOA Napa, as_the percentage change in Nyew 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 N, to a change in the P6 inputs
is ill-defined for no-nucleation cases. We note that Nyey, and

faew are very sensitive to the condensation sink (CS). Over
A 1% increase in CS yields a decrease in the predicted value

Of Nye, Of between 1% and 2% over most locations, and

reater decreases over polluted regions such as the eastern
United States, Europe, India and China +a(Fig. 5). A 1%

increase in CS also yields a decrease in the predicted val-
ues of Nysand-frew of more than 2 % Fig—5for Nyswover
polluted regions (not shown). We show in Fig. 6 the dif-
ference in CS between simulations NoSGS_yXSOA _Napa
and NoSGS_nXSOA _Napa, to show the change in CS due
to the extra SOA. Figure 6 shows that inclusion of the an-
thropogenically controlled SOA increases CS by more than
75 % over most of the continental Northern Hemisphere,
and increases CS by more than 100 % over most of North
America and Europe. We would therefore expect much lower
values of Ny and fuew in these regions. The deerease—in
decreased value of N, would result in atewer-number-of
the formation of fewer new particles that could potentially
grow to CCN sizes. A much greater fraction of the sub-grid-
oxidized SO2 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 num-
ber of sub-grid sulphate particles that may grow to CCN
sizes when anthropogenically 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 conden-
sation of SOA is not currently resolved by P6. Since anthro-
pogenically 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.

5 Effects of pollution controls

As described in Sect. 2, we performed additional simulations
in order to test the effects of pollution controls upon our re-
sults. The simulations P6_hiSO2, P6_hiNOx, and P6_hiboth
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differ from P6_.nXSOA Napa only in that the emissions of
S04, NOy, or both SO, and NO, have been increased by
50 %. Emissions of sub-grid sulphate in the P6 sub-grid sul-
phate scheme (and both other sub-grid sulphate schemes used
in this study) are normalized by the modelled emissions of
SO,. FhusConsequently, the emissions of sub-grid sulphate
would be increased by 50 % in the P6_hiSO2 and P6_hiboth
simulations if the P6 outputs remained constant. The dif-
ferences in globally, annually averaged N3, N10, N40, and
N8O between the P6_hiSO2, P6_hiNOx, and P6_hiboth sim-
ulations and the P6_nXSOA Napa simulation are shown in
Table 3, and the annually-averaged-differenees-differences in
annually averaged N8O are shown in Fig. 7. The globally, an-
nually averaged N80 in simulations P6_hiSO2, P6_hiNOx,
and P6_hiboth increase from the P6_.nXSOA_Napa simu-
lation by 9.00 %, 1.47 %, and 10.24 %, respectively. Fhe
inerease—in-Greater SOy emissions provides-an—inerease—in
increase new- partlcle formation and growth through the ad-
ditional source of sulphate, at both the grid-resolved and sub-
grid scales. The-inereased-Greater NO concentrations in the
P6_hiNOx and P6_hiboth simulations allow for greater OH
production and faster oxidation of SOg, at both the grid-
resolved and sub-grid scales, except in the most polluted re-
gions.

The increases in the assumed emissions of SOy (Es0,)
and NOy (Fxo:Eng,) used as input to P6 will alter the
values of the P6 outputs, and thus-hence the number and
size of sub-grid sulphate formed in the emissions sensitiv-
ity simulations. As-Increases in the background concentra-
tions of SO (bgSO5) and NOy (bgNO,) will-be-inereased-in
the P6_hiSO2 and P6_hiNOx simulations, respectively, there
will-alse—be-will lead to differences in the P6 outputsdte
fefliffeEﬁees—m—ngG)«z—aﬂd—ngQ—Addﬁeﬂa}}ﬁ The
changes in sulphate formation and growth (at both the grid-
resolved and sub-grid scales) due to increased bgSO, and
bgNO, will result in changes to the grid-resolved aerosol
condensation sink (€SCS), which will also influence the P6
outputs. We have used the adjoint P6 Gradient Subroutine to
estimate the differences in the annually averaged P6 outputs
between the P6_hiSO2, P6_hiNOx, and P6_hiboth simula-
tions, and the P6_nXSOA Napa simulation (Fig. 8). The frac-
tion of SO4 oxidized (f,x) in the P6_hiSO2 simulation does
not significantly differ from that of the P6_.nXSOA Napa
simulation (Fig. 8a), as f,x is not sensitive to Ego,, bgSOq,
or CS. The number of new particles formed per kg SOo
emitted (NVyew) in P6_hiSO2 generally decreases by 20-30 %
over polluted regions (Fig. 8b) due to an increase in the
condensation sink. However, since Ny, is normalized by
SO2 emissions, which are increased by 50 % in this sim-
ulation, there would still be a net increase in the absolute
number of sub-grid sulphate particles formed W
scale. In order to demonstrate the net change in the absolute
number of sub-grid particles formed, including the inereases
due—to-inereased-30 % increase due to the 50 % increase
in SO, emissions, we plot the relative difference between

Nyew - 1.5 from the P6_hiSO2 and P6_hiboth simulations and
the value of N, in the P6.nXSOA _Napa simulation in
Fig. 9. In simulation P6_hiSO2 (Fig. 9a), it is only over
eastern China that there is a net decrease in the absolute
number of sub-grid sulphate particles formed, even after
accounting for the 50 % i MIWMWWWW@MM
sulphate particles emitted due to the additional SOy emis-
sions. This decrease in the absolute number of sub-grid parti-
cles formed is due to the inerease-in-increased SO, emissions
greatly increasing the condensation sink in eastern China
(not shown). The median diameter of newly formed parti-
cles (Dy,) in simulation P6_hiSO?2 increases by 13—16 % over
most of the globe (Fig. 8c). ThusTherefore, both the emitted
number-and-number and the size of sub-grid sulphate parti-
cles are inereased-larger in the P6_hiSO2 simulation, and the

increased particle number concentrations in this 31mu1at10
are due in art to chan es in sub- grld pmeesse&eeﬁ&bufe%e

Hrprocesses.
The value of fu, in the P6_hiNOx simulations decreases

over very polluted regions and increases over remote regions
(Fig. 8d), but these relative changes are less than 20 % (or an
absolute change in fox of 1%) in either direction. Whether
fox decreases or increases depends on the NO, concentra-
tions in the region. In high-NOy regimes, in-plume OH con-
centrations (and hence SO5 oxidation) will decrease with in-
creasing NOy, and oxidation will increase with increasing
NOy in low-NOy regimes. The value of Ny, in P6_hiNOx
decreases by 10-20 % over most of the globe, with greater
decreases over Europe and China (Fig. 8e). The value of D,
decreases by 11-14 % over most of the globe (Fig. 8f). These
increases in fox and decreases in Ny, and D,, will result
in more sub-grid oxidation of SO,, but fewer and smaller
new particles emitted at the sub-grid scale. ThusHence, the
only change in sub-grid sulphate that may contribute to the
modelled increase in N80 (Fig. 7b) is an increase in conden-
sation of sub-grid-oxidized SOy onto pre-existing particles
less than 80 nm in diameter. It is therefore likely that the in-
creases in N80 in this simulation are primarily due to grid-
resolved processes.

In the P6_hiboth simulation, the changes in fox (Fig. 8g)
are nearly identical to the changes for the P6_hiNOx sim-
ulation. The changes in Dy, due to inereases—in-increased
SO, and inereases—in—increased NOy nearly cancel each
other over most of the globe (Fig. 8i), with some excep-
tions: Dy, decreases over eastern Canada, over Europe, and
over Eastern China, and it increases over some regions where
no anthropogenic sulphur (and thts-hence no sub-grid sul-
phate) is emitted. The value of N, decreases, as it did
for both the P6_hiSO2 and P6_hiNOx simulations. How-
ever, the deereases-arereduction in Ny is sufficiently large
over polluted regions, including eastern North America, Eu-
rope, India, and China, to result in a net deerease-reduction
in sub-grid new particle formation, even after accounting

for inereases—due—to—increased—totalsulphate—emission—a
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50% increase due to the 507% increase in emissions of
802 (Flg 9b) Over the most polluted regions, we—thus

: ¢ increased SO2 and
deefea%eﬁﬁ%ﬁtmibeﬁmekﬂzee#NO emissions therefore
result in fewer and smaller sub-grid sulphate particles emit-
ted du&%&ere&srﬂg—aﬂd—whﬁ&awg(mmwwjg%gwf
SOs 0 Wmmww less polluted
regions s ¢
ﬂmbemﬁthevm\ssg SOz and ! NO, emissions result in the
emission of more sub-grid sulphate particles emittec—Thus
changes-and enhanced sub-grid oxidation of SO, Changes
in sub-grid sulphate are therefore not uniform with respect to
changing emissions when the effects of those emissions on
grid-resolved SO-, NOy, and aerosol condensation sink are
included. These results are consistent with Lonsdale et al.
(2012), where they found that NO, and SO> emissions con-
trols may increase or decrease the number of particles in
the plume depending on the background NOy regime, back-
ground condensation sinks as well as how strongly NO,, and
SO, are controlled.

6 Comparison with observations

In order to assess the sub-grid sulphate schemes simu-
lated 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 BEA-
CHON campaign (Levin et al., 2012), the European Super-
sites for Atmospheric Aerosol Research (www.eusaar.net,
Asmi et al., 2011; Reddington et al., 2011), the ROMANS
2 campaign (instrumentation and site descriptions are same
as ROMANS 1 campaign as per Levin et al., 2009), Environ-
ment Canada (Leaitch et al., 2013; Pierce et al., 2012; Ri-
ipinen et al., 2011), and Kent State University (Erupe et al.,
2010; Kanawade et al., 2012). The measurement sites span
many terrain types, including forests, mountains, rural sites,
arctic sites and coastal sites. However, urban sites were ex-
cluded because the 4° x 5° resolution used for this study
cannot resolve urban features. All size distribution measure-
ments were obtained using either a Differential Mobility Par-
ticle Sizer (DMPS) (Aalto et al., 2001) or a Scanning Mo-
bility 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 the log-mean bias
(LMB), slope of a linear regression of the logarithms of the
values (m), and coefficient of determination (R2) between
the annually averaged N10, N40, N80, and number concen-
trations of particles larger than 150 nm (N150) for each sim-
ulation (excluding the emissions sensitivity tests) and those
measured at the 21 surface sites. These statistics evaluate
how well the model captures the magnitude and variability

across the measurement sites. We do not compare simulated
N3 against observations because measurements of particles
smaller than 10nm were not available at most of the sur-
face sites, and we include N150 to show more information
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 dif-
fer 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 concentra-
tions, 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 an-
thropogenically controlled SOA (NoSGS_nXSOA) are both
biased high for N10, and biased low for N40, N80, and
N150. For these cases, the inclusion of any of the three sub-
grid sulphate schemes considered here increases N40, N80,
and N150 at the expense of N10, and therefore decreases
the absolute LMB. However, when anthropogenically con-
trolled SOA is included, the simulations without sub-grid
sulphate (NoSGS_yXSOA) tend to have small positive bi-
ases for each size range (except for the NoSGS_yXSOA _Act
N40, which has a small negative bias). The AS3 and LYS5
sub-grid sulphate schemes increase aerosol concentrations
at all sizes for the cases with anthropogenically controlled
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 parameterization 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 eoagulation-condensation 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 decreases lead to a deerease-reduction
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 overpre-
diction of aerosol number concentrations at the cleaner sites,
and an underprediction of aerosol number concentrations at
the more polluted sites. To a certain extent, this behaviour is
expected due to model resolution effects alone. The clean-
est sites will be influenced by pollution within the same grid
cell, and local pollution sources that may influence the mea-
surements 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 LYS5
sub-grid sulphate scheme yields the slope closest to one. The
differences in aerosol number concentrations between sim-
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ulations, 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 evi-
denced by the more positive LMB, but these differences are
most pronounced at the most polluted sites. Where the LMB
is negative, this increase in aerosol number concentrations
yields better agreement with measurements at the more pol-
luted sites. Where the LMB is positive, this increase yields
a worse agreement with the measurements at the more pol-
luted sites, but a more consistent bias against the measure-
ments across all of the sites.

Regardless of the SOA amount or grid-resolved nucleation
scheme used, simulations 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
activation 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 corre-
lation is due to the fact that the P6 parameterization predicts
different amounts and sizes of sub-grid sulphate under dif-
ferent conditions, and thus-ean-can therefore represent more
spatial heterogeneity that-than the other sub-grid sulphate
schemes tested in this study.

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 implementation
of P6 into a global model. We have shown that the P6 pa-
rameterization predicts smaller or similar increases in glob-
ally, annually averaged NS8O attributable to sub-grid sul-
phate than two other previously used assumptions for sub-
grid sulphate, depending on model assumptions regarding
SOA and nucleation. When we-included-emissions-of-using

revious treatments of sub-grid sulphate, including an addi-
tional 100 Tgyr—' of SOA svhile-using previous-treatments

of-sub-grid-sulphate;—the-inereases—in-led to an increase in
the N8O attributable to sub-grid sulphate inereasedparticles.

This increase was due to inereases-an enhancement in con-
densational growth of the sub-grid sulphate particles. The
proportion of global N80 attributable to sub-grid sulphate de-
pends not only on the choice of sub-grid sulphate scheme, but
also on other model parameters and processes that affect pre-
existing N80 and the grid-resolved condensational growth of
sub-grid sulphate.

However, the number of new sub-grid sulphate parti-
cles predicted by the P6 parameterization depends strongly
on the pre-existing aerosol condensation sink. The inerease

in—additional SOA increased the pre-existing condensa-

tion sinkdue—to-the-additional-SOA—drastically—deereased—,
drastically decreasing the sub-grid new-particle formation

predicted by the P6 parameterization, thus-and decreasing
the influence of sub-grid sulphate on N8O. For sufficiently
large pre-existing condensation sink, the P6 sub-grid sul-
phate 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-inereases—inemissions;

emissions;—or-both-and-emissions—byfor a global increase
in_emissions of 50 %wounld—inerease—, globally, annually

averaged N80 increased by 9.00 % (SO2), 1.47 % (NOy),
or 10.24% —respeetively—Inereases—in—(S0O, emissions
generally—inerease—both—and NOy). Both the size and
number of sub-grid sulphate particles emitted ;—as—welt
as—inereasing—increased with increasing SO, emissions,
as_did the grid-resolved W SOQ avail-
able to form

504. Both sub- gnd and grld resolved 0x1dat10n of SO9

WN Oy emissions, except in very pol-
luted {%[NO eeaeemm&Wﬂ>l ppb)fegieﬂ&

Inereased—, where oxidation rates increase with decreasm
NO, emissions—also—deerease—both—concentrations. Both

the number and size of sub-grid particles emitted—The
combined—effeet—ofinereases—n—decrease with increasing
NOy emissions. When both SO, and NOy emissions is
a-deerease-in-increase, the number of sub-grid sulphate par-
ticles emitted decreases over polluted regions -an-inerease
tﬂ—fhe—ﬁﬁfﬂber—ef—%b-gﬂd—%&pha{e—pafﬁe}e%—emfﬁeekand
increases over remote regions, and there is little change in
the size of sub-grid sulphate particles.

Finally, we have compared the simulated annually aver-
aged 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
concentrations 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
number concentrations was ebtained-reduced by including
any sub-grid sulphate scheme. When anthropogenically con-
trolled SOA was included, the AS3 and LY5 schemes tended
to increase the absolute log-mean bias. The P6 sub-grid sul-
phate scheme only slightly inereased-the-abselutelog-mean
bias-orreduced-altered the absolute log-mean bias from the
case with no sub-grid su -grid sulphate. This was due to the reduction
in new-particle formation predicted under higher condensa-
tion sink conditions. The R? values for N8O and N150 were
highest when using the P6 sub-grid sulphate scheme, regard-
less of SOA amount or grid-resolved nucleation scheme. For
the Activation-type grid-resolved nucleation cases, the P6
sub-grid sulphate scheme also yielded the highest R? values
for the N10 and N40;as-wel. We believe that the P6 scheme
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yields better correlation with observations because the dif-
ferences in sub-grid scale new-particle formation and growth
under different conditions predicted by the P6 sub-grid sul-
phate scheme allows it to better represent spatial heterogene-
ity in these processes than constant assumptions about the
number and size of sulphate formed at the sub-grid scale.

The additional anthropogenically controlled SOA in-
cluded in many of our simulations would be expected to
condense onto the newly formed particles at the sub-grid
scale, a process that is not currently resolved by P6. Anthro-
pogenically 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 compared to pre-existing particles. The P6 param-
eterization thus-therefore likely underestimates the number
and size of newly formed particles in simulations where an-
thropogenically controlled SOA is included. However, we
note that when the anthropogenically controlled SOA was in-
cluded, the simulations with P6 sub-grid sulphate had smaller
absolute log-mean biases from observed aerosol number con-
centrations than the simulations with AS3 or LY5 sub-grid
sulphate, and similar absolute log-mean biases to the sim-
ulations with no sub-grid sulphate. This would suggest that
the number of newly formed particles predicted by P6 when
anthropogenically controlled SOA is included may be more
realistic than the number of newly formed particles predicted
by the AS3 or LYS sub-grid sulphate assumptions. Other un-
certain model processes also influence aerosol number con-
centrations, so it is also possible that the P6 parameterization
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 representative predictions for the
number and size of aerosol formed than previous assump-
tions about sub-grid sulphate. Moreover, no constant as-
sumption 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 meteoro-
logical conditions. However, the differences between sim-
ulated size distributions at the surface-based measurement
sites considered in this work were too small to establish
P6 as unambiguously providing better agreement with ob-
servations. Continuing evaluation of the P6 parameterization
against observations is therefore planned as future work.
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Table 1. Summary of GEOS-Chem-TOMAS simulations per-
formed. The different sub-grid sulphate schemes and nucleation
schemes are further described in Sect. 2. Extra SOA refers to emis-
sions of 100 Tgyr~* of SOA, co-located with emissions of CO.

table
Name Sub-grid sulphate Extra SOA  Boundary-layer nucleation  Changes to 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:N 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 -
LYS5_yXSOA_Act LYS on Activation
LY5_nXSOA Napa LYS off Ternary
LY5_nXSOA_Act LYS 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 (Eso, - 1.5) off Ternary SO3-1.5
P6_hiNOx P6 (Eno, - 1.5) off Ternary NOx-1.5
P6_hiboth P6 (Eso, - 1.5 and Exo, -1.5)  off Ternary SOz - 1.5and NOx - 1.5

"A83-3% of SO2 emitted as subrgrid sulphate, 13 % of sub-grid sulphate emitied
2LYS -3 % of SO emitted as sub-grid sulphate, 3 % of sub-grid sulphate emitted
°P6 - fraction of SOz emitted as sub-grid sulphate, number and size of sub-grid
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Table 2. GlobattyChanges in globally, annually averaged ehanges
i#-N3, N10, N40 and N80 attributable to sub-grid sulphate emis-
sions. Each simulation is compared to the NoSGS case with
the same SOA emissions and the same grid-resolved nucleation
scheme.

Simulation % change in N3 % change in N10 % change in N40 % change in N80

AS3_yXSOA Napa —0.36 +8.93 +11.67 +9.73

ASILYS yXSOA ANetapa  —0S0-4521  +4402417 49902517 +84319.72
AS3P6_nyXSOA Napa —37-13.57 +444--9.09 +532--3.72 +4:94-0.86
AS3_ nXSOA_ANetapa —+4+3.71 +3474.44 +452-5.32 +4:674.94
LY5 ynXSOA Napa +52+-9.51 +24473.91 +254711.27 +49:7210.78
EY¥5P6_ynXSOA_ANetapa ++05--18.34  +1386—12.97 +23-72-0.32 +10-H3.46
EYS5AS3_nyXSOA NAapact —9:5+0.50 +3:9+4.40 ++H:279.90 +1+0:788.43
LY5_nyXSOA _Act —3:48+1.05_ +4:48-13.86 ++H-90-23.72 +1+0:5619.11
P6_yXSOA NAapact —4+3:572.69 —9:692.83 —372045 —0:864-1.32
PEAS3 ynXSOA _Act —2:69-1.41 —2:83+43.17 —045+44.52 +4+324.07
POLY5 nXSOA NAapact _ —18:34-3.48 —+2:97+4.48 +6:32-11.90 +3:4610.56
P6_nXSOA_Act —5.86 —4.87 +3.80 +5.71
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Table 3. GleballyChanges in globally, annually averaged ehanges
#-N3, N10, N40 and N80 due to 50 % increases in emissions

from the P6_nXSOA Napa simulation. Decreases in N3 for the

P6.hiSO2 and P6-hiboth cases are_due primarily to enchanced
coagulation. Increases in N4Q and N8O for P6_hiSO2 and P6-hiboth
are due primarily to enhanced condensational growth, Increases at
all sizes for the P6_hiNOx case are due to enchanced grid-resolved
nucleation and growth.

Simulation % change in N3 % change in N10 % change in N40 % change in N8O

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
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Table 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 statisti-
cal 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 NI0O  N40 N80 NI50 NIO  N40 N80 NI50
NoSGS_yXSOA_Napa  0.086 0.018 0.077 0.138 0813 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 03856 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 0.892 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
LYS5_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 0308 —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  0.593 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 0262 —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 0203 —-0.115 —0.162 —0.262 0.809 0.729 0.644 0.577 0.907 0.864 0.836 0.766
AS3_nXSOA_Act 0206 —0.099 —0.146 —0.244 0.812 0.738 0.657 0.594 0.907 0.866 0.833  0.760
LY5_nXSOA _Act 0.195 -0.079 -0.115 -0.218 0.813 0.764 0.682 0.614 0905 0.869 0.830 0.753
P6_nXSOA _Act 0174 —-0.107 —0.136 —0.219 0.785 0.746  0.671 0.621 0911 0.874 0.843 0.770
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Total annual fossil-fuel SO, emissions [kg km~2]
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Fig. 1. Total annual fossil-fuel SOz emissions in kg km 2 used for
this study, excluding shipping emissions.
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Fig. 2. Change in annually averaged boundary-layer N8O be-
tween the AS3 simulations and the NoSGS simulations for the
(a) yXSOA_Napa, (b) nXSOA _Napa, (c) yXSOA_Act, and (d) nX-
SOA _Act cases.
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Fig. 3. Change in annually averaged boundary-layer N8O be-
tween the P6 simulations and the NoSGS simulations for the (a)
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SOA _Act cases.
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Fig. 4. Annually averaged outputs of the P6 parameterization, as
calculated offline from monthly-means of the P6 inputs for simula-
tion P6_nXSOA Napa: (a) fraction of emitted SOz oxidized (fox),
(b) fraction of H2SO4 formed that comprises new particles (frew),
(¢) median diameter of emitted partiete—particles (Dr,), and (d)
number of new particles per kg SO2 emitted (/Vyew). We note these
values are calculable even in the absence of emissions, see Sect. 4.4.
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Fig. 5. Annually averaged sensitivity of Nyw to each of the inputs to
P6 for simulation P6_yXSOA _Napa, given as the percentage change
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input.
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Fig. 8. Relative changes in the fraction of SOz oxidized on the sub-
grid scale (fox), number of newly formed sub-grid sulphate parti-
cles per kg SOz emitted (/Vyew), and median diameter of sub-grid
sulphate particles (Dy,) from the P6_.nXSOA Napa simulation to
the P6_hiSO2, P6_hiNOx, and P6_hiboth simulations, as calculated
offline by the P6 adjeintGradient Subroutine.
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