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Abstract. New-particle formation in the plumes of coal-fired 1 Introduction

power plants and other anthropogenic sulfur sources may

be an important source of particles in the atmosphere. It re-

mains unclear, however, how best to reproduce this formatiort is well known that the size of atmospheric aerosols strongly
in global and regional aerosol models with grid-box |engthsimpacts the magnitude of their direct radiative effect (Charl-
that are tens of kilometres and larger. Based on the results gfon et al., 1992) and their ability to act as cloud conden-
the System for Atmospheric Modelling (SAM), a large-eddy sation nuclei (CCN) (Dusek et al., 2006), thereby increas-
simulation/cloud-resolving model (LES/CRM) with online ing cloud reflectivity and lifetime (Albrecht, 1989; Twomey,
two-moment aerosol sectional (TOMAS) microphysics, we 1974). The uncertainty in the effects of aerosols dominates
have developed a computationally efficient, but physicallythe uncertainty in radiative forcing changes (Forster et al.,
based, parameterization that predicts the characteristics #007). These aerosols are also known to cause respiratory
aerosol formed within sulfur-rich plumes based on param-Problems in humans (Dockery et al., 1993), and those parti-
eters commonly available in global- and regional-scale mod-<cles smaller than 100 nm in diameter may have greater health
els. Given large-scale mean meteorological parameters ((ljnPacts than larger particles (Peters et al., 1997). Thus, it is
wind speed, (2) boundary-layer height and (3) downwardimportant to understand aerosol number and size for both cli-
shortwave radiative flux), (4) emissions of $&nd (5) NQ  Mate and health.

from the source, (6) mean background condensation sink, (7) ©One of the largest anthropogenic sources of aerosol mass
background S@and (8) NQ concentrations, and (9) the de- are sulfur-rich plumes (Dentener et al., 2006). Sulfur dioxide
sired distance from the source, the parameterization will pre{SC2) within these plumes can be oxidized by the hydroxyl
dict (1) the fraction of the emitted SQhat is oxidized to ~ radical (OH) to form sulfuric acid (E50Qy), which in turn
H,SOu, (2) the fraction of that HSO, that forms new par-  ¢an condense onto pre-existing particles. 8@, concen-
ticles instead of condensing onto pre-existing particles, (3)irations are high enough, the;80, will cluster with itself

the mean mass per particle of the newly formed particles,a”d other condensible gases to nucleate new particles (Kul-
and (4) the number of newly formed particles per kilogram mala and Kerminen, 2008). This anthropogenic sulfur has
SO, emitted. The parameterization we describe here should Significant effect on particle concentrations globally, par-
allow for more accurate predictions of aerosol size distribu-ticularly in the Northern Hemisphere (Adams and Seinfeld,
tions and a greater confidence in the effects of aerosols i?003; Luo and Yu, 2011; Spracklen et al., 2005; Wang and

climate and health studies. Penner, 2009). _ N
However, the concentrations of OH are sensitive totNO

(nitric oxide (NO)+ nitrogen dioxide (N@)) concentrations,
which will vary across a given plume (Lonsdale et al., 2012).
Together with the heterogeneity of the condensation sink (ap-
proximately proportional to aerosol surface area) within a
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plume, this causes thestBO, concentrations to vary dramat- Several global studies have already investigated the sensi-
ically within a plume. Nucleation and growth rates, which tivity of global CCN concentrations to the assumptions made
are strong functions of $8Oy concentrations, will in turn  regarding sub-grid sulfate formation. Luo and Yu (2011) var-
vary spatially across a plume. Finally, the coagulation sink ofied the fraction of emitted sulfate that was emitted into the
these newly formed particles will also be location-dependantucleation mode from 5 to 15% and found that this in-
in these plumes, which typically have widths of up to tens creased the CCN at an assumed supersaturation of 0.2%
of kilometres during the first several hundred kilometres of (CCN(0.2 %)) by up to 18 % over source regions. Further-
movement. Currently, global- and regional-scale models typ-more, they found that changing the fraction of emittec, SO
ically have resolutions of hundreds and tens of kilometres orconverted to sub-grid sulfate from 0 to 5% changed global
more, respectively, and are thus unable to accurately resolvboundary-layer CCN(0.2%) by 11%. The earlier studies
the formation and growth of aerosols within these plumesof Adams and Seinfeld (2003) and Spracklen et al. (2005)
using grid-box averages for chemical concentrations, aerosalsed the 10 and 70 nm mode sub-grid sulfate assumptions
concentrations, and meteorological values. described above. Each found that if the fraction of2SO
Therefore, these models have typically assumed that someonverted to sub-grid sulfate was changed from 0 to 3%,
fraction of all anthropogenic SOemissions are oxidized CCN(0.2%) in polluted areas would double. Adams and Se-
to form sulfate (S@) at the sub-grid scale using a single infeld (2003) included only sulfate aerosol in their model,
size distribution for all anthropogenic sulfate sources. Forand Spracklen et al. (2005) included only sulfate and sea-
instance, the study of Makkonen et al. (2009) used the assalt aerosol, so this was believed to be an upper limit for
sumption recommended by the AeroCom emissions inventhis effect. However, the study of Wang and Penner (2009),
tory (Dentener et al., 2006): the sulfate was emitted into awhich included organic matter, black carbon, and dust, var-
single log-normal mode with a median radius of 500 nm andied the fraction of S@ converted to sub-grid sulfate over a
a standard deviation of 2.0. A number of studies (Adams andgmaller range (0 to 2%), and also found that CCN(0.2 %)
Seinfeld, 2002, 2003; Pierce and Adams, 2006, 2009; Piercenore than doubled over polluted areas. Additionally, they
et al., 2007; Spracklen et al., 2005) have used a bi-modafound that CCN(0.2 %) increased by 23 to 53 % averaged
distribution comprised of a nucleation mode and an accumuever global boundary layer and that the aerosol indirect effect
lation mode with number mean diameters 10 and 70 nm, andadiative forcing increased by 11 to 31 % (depending on the
geometric standard deviations 1.6 and 2.0. Either 5 or 15 %grid-resolved nucleation scheme used in the boundary layer).
of the sulfate mass is emitted into the nucleation mode, deCCN concentrations and regional radiative forcings are thus
pending on the study. Yet another approach was used in thelearly sensitive to the assumptions regarding sulfur parti-
study of Yu and Luo (2009): they emitted 5 % of sulfur mass tioning and the size of aerosol formed in sulfur-rich plumes.
into the aforementioned nucleation mode and condensed the Lee et al. (2013) recently quantified the uncertainty in
remaining mass onto the existing accumulation-mode parti-CCN concentrations that was due to 28 different uncertain
cles. As some of the sulfate formed in the plume must con-inputs in the GLOMAP global aerosol model. Based on the
dense onto the pre-existing particles that have been entraine@sults of Stevens et al. (2012), the range of possible val-
into the plume, this approach is, in this way, more realisticues for the diameter of sub-grid sulfate particles used in
than the other assumptions. Lee et al. (2013) was reduced to a smaller range than the
While the studies listed above differ in the amount and sizefull range of sub-grid-sulfate assumptions used previously in
of sub-grid sulfate particles, they all assume that these valstudies, which lead to a reduced estimation of the uncertainty
ues are constant regardless of the meteorological and chenm CCN concentrations attributable to this input compared to
ical characteristics of the emissions plumes. However, sevthe range of estimates described in the previous paragraph.
eral studies have shown that the particle formation in plumesven with the reduced ranges, the uncertainties in sub-grid
is strongly sensitive to environmental conditions. Yu (2010) SO production were found to be just as important as the
showed that differences in temperature and hydroxyl con-uncertainties in S@emission rates and had the largest con-
centrations cause the size and number of aerosol particles toibution of the 28 inputs to the uncertainty in CCN con-
vary seasonally and diurnally. Lonsdale et al. (2012) showedtentrations over polluted North America and Europe. Glob-
that the number of particles formed within sulfur-rich plumes ally, the uncertainty in sub-grid-sulfate particle size ranked
is strongly dependent on the emission rates of both SO as the twelfth-largest contributor to the relative uncertain-
and NQ, from the source. In addition, we have shown in ties in CCN concentrations of the 28 inputs tested, with a
Stevens et al. (2012) that the background aerosol concerglobal-mean relative uncertainty range (frer@ to 42 stan-
trations and the meteorology have strong effects on numbedard deviations in CCN concentrations) of about 16 %. These
and size of aerosol formed within such plumes. However,large uncertainties in CCN prediction due to sub-grid sul-
there is currently no means of representing these dependeffate formation highlight the need for improved representa-
cies of plume-scale particle formation in global and regionaltion of plume-scale particle formation in global and regional
models. models.
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In this paper, we develop a computationally efficient secondary organic aerosol formation is not explicitly simu-
(the increase in running time for a 3-D aerosol modellated under the assumption that sulfate aerosol formation will
would be negligible because the parameterization condominate within sulfur-rich plumes.
sists only of several arithmetic equations), but physically The concentration of OH in the SAM-TOMAS model is
based, parameterization that predicts the characteristics afurrently parameterized based on the downward shortwave
aerosol formed within sulfur-rich plumes based on param-radiative flux (DSWRF) and the concentration of NOhis
eters commonly available in global- and regional-scale mod-OH parameterization is an empirical fit to results from the
els. This parameterization is based on the results of theletailed time-dependent photochemical box model described
System for Atmospheric Modelling (SAM) (Khairoutdinov by Olson et al. (2006). However, the uncertainties associated
and Randall, 2003), a large-eddy simulation/cloud-resolvingwith the parameterized OH become large for solar zenith an-
model (LES/CRM) with online two-moment aerosol sec- gles larger than 70 which, for clear-sky conditions, corre-
tional (TOMAS) microphysics (Adams and Seinfeld, 2002) spond to DSWRF values less than 350 W4niIn addition,
that has been tested against aircraft observations of particleee do not account for nitrous acid (HONO) or sulfur triox-
formation in plumes (Lonsdale et al., 2012; Stevens et al.jde (SQ) emission, which may account for additional sul-
2012). Given large-scale mean meteorological parameterfuric acid formation. Both of these emissions may result in
((2) wind speedy, [m s 1], (2) boundary-layer height, BLH particle formation early in the plume, and may account for
[m], and (3) downward shortwave radiative flux, DSWRF the under-prediction of particles within 5km of the stack in
[Wm~—2]), (4) emissions of S§ SO, emis [kgs 1], and (5)  Stevens et al. (2012). However, we note that these processes
NOy, NO, emis [kg N s1], from the source; (6) mean back- do not seem to be necessary to accurately predict particle size
ground condensation sink, CSf§; (7) mean background and number concentrations beyond 30 km from the source.
SOy, bgSQG [ppb], and (8) NQ, bgNC [ppb], concentra-  When these processes become better understood, we plan to
tions; and (9) the desired distance from the soudcfm]; incorporate them into a future version of the P6 parameteri-
the predicting particle production in power-plant plumes (P6) zation.
parameterization predicts (1) the fraction of the emitted SO  During cloudy conditions, S©®may undergo aqueous oxi-
that is oxidized to form HSQy, fox; (2) the fraction of that  dation through reaction with #D, or other species (Zhou et
H.SOs that forms new particles instead of condensing ontoal., 2012). Currently, this is not accounted for in the SAM-
pre-existing particlesfnew; (3) the mean mass per particle TOMAS model. Therefore, SfOoxidation is likely under-
of the newly formed particles\\, [kg]; and (4) the num-  estimated under cloudy conditions. Under such conditions,
ber of newly formed particles per mass of Sénitted,Npew however, less new-particle formation is expected because
[#kg~! SO DSWRF and subsequently oxidation of Sthough reaction

In Sect. 2 we provide a brief description of the SAM- with OH will also be suppressed. Also, the additional surface
TOMAS model and how the P6 training data were selectedarea from cloud droplets in the clouds and cloud-processed
Section 3 describes the form and physical basis of the P@&erosols outside of the clouds will slow nucleation and in-
parameterization. The evaluation of the P6 parameterizatiorrease coagulational losses of new particles. We therefore do
against the full SAM-TOMAS model is presented in Sect. 4. not believe that this would be a significant uncertainty for
We describe sensitivity studies performed using the parampredicting the number and size of aerosol formed in sulfur-
eterization in Sect. 5. Finally, we present our conclusions inrich plumes.

Sect. 6. 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 1800s of model time. The wall extends upwards

2 Description of SAM-TOMAS model and training data and horizontally perpendicular to the direction of the mean
boundary-layer wind. We have evaluated the model operat-

A full description of the SAM-TOMAS model is available ing in Lagrangian mode against the Eulerian mode used in

in Stevens et al. (2012), so we will restrict ourselves to aStevens et al. (2012), and we have found that the discrepan-

brief summary here. The SAM model (Khairoutdinov and cies in NG, and SQ concentrations between the two mod-

Randall, 2003) is a flexible LES/CRM model with a resolu- els are less than one standard deviation of the concentrations

tion of tens of metres to several kilometres and a domain thafdue to variability in time). Similarly, the total particle con-

can span tens to hundreds of kilometres. The TOMAS mi-centration within the plume differed by less than 16 % be-
crophysics algorithm (Adams and Seinfeld, 2002; Pierce andween the Lagrangian and the Eulerian modes, and the parti-

Adams, 2009) in SAM resolves aerosol by both mass andtle size distributions had similar characteristics in both mod-

number independently in 15 size bins spanning 3 to 10 umels. Both models compare similarly well to the measurements

Condensation, coagulation, and nucleation are explicitly resshown in Stevens et al. (2012).

solved in the model. Sulfate, ammonium (j)Haerosol wa- In the simulations used here, the model resolution was

ter, and the gas-phase concentrations 0§, 3@y, ammo- held fixed at 400 nx 400 mx 40 m and the model domain

nia (NHz), and SO, are simulated within the model, but was 120km wide and 5km high. We chose an empirical
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activation-type nucleation scheme (Kulmala et al., 2006),Table 1. Parameter space used to create training data for the P6
where nucleation rates are calculated as’s¥0!.[H,SQy]  parameterization.
because this scheme provided the best match to observations

out of the six schemes tested in Stevens et al. (2012). We Parameter Minimum Maximum
note that it is clear that such an empirical scheme will not  Latitude 30N 7°N
capture all of the variability in nucleation rates. However, an ~ Longitude 53w 110w
increase in the nucleation rate by a factor of 10 was found Time 1 July 2010, 28 July 2010,
in Stevens et al. (2012) to increadgew by a factor of about 15:00UTC  21:00UTC

3 for distances greater than 30 km from the source, and we Distance from source 5km 100 km

will show that values ofVnew Span six orders of magnitude logyo(SOzemis [kg s1)) -3 1

across the set of training data used for this study. As more ac- logio(NOxemis [kgNst]) -3 0.3

curate parameterizations of nucleation become available, we Emissions height 60m 580m

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 theand NQ, concentrations (bgSOand bgNQ), and DSWRF
SAM-TOMAS model using a realistic range of different in- from the GEOS-Chem-TOMAS output that corresponded to
puts for the emissions, meteorology, and background aerosaach set of latitude, longitude, date, and time. The maximum,
and trace gas concentrations. In order to choose realistic, buhinimum, and median values of these outputs from GEOS-
sufficiently diverse, conditions for the simulations, we per- Chem-TOMAS are shown in Table 2.
formed the procedure described in the following three para- To drive the dynamics in SAM-TOMAS, we obtained for
graphs. each set of latitude, longitude, date, and time (1) the cor-

To generate a data set of realistic aerosol size distriburesponding profiles of potential temperature, water vapour
tions and trace gas concentrations, we used output fronmixing ratio, wind speed and direction; (2) the surface fluxes
the GEOS-Chem-TOMAS model. GEOS-Chem-TOMAS of sensible heat, latent heat, and momentum; and (3) the
uses the TOMAS aerosol microphysics module describedoundary-layer height (BLH) and the surface pressure from
above in the GEOS-Chem chemical transport moadeh. the National Center for Environmental Prediction (NCEP)
geos-chem.orgBey et al., 2001). The implementation of North American Regional Reanalysis (NARR) (Mesinger et
TOMAS in GEOS-Chem has been discussed previouslyal., 2006) assimilated meteorology data, as was done for the
(Pierce et al., 2013; Snow-Kropla et al., 2011; Trivitayanu- study of Stevens et al. (2012). The reanalysis data were pro-
rak et al., 2008). Variables were output every 3 h. The modelided by the National Oceanic and Atmospheric Adminis-
resolution was 0.5x 0.666. We used Latin hypercube sam- tration (NOAA), Ocean and Atmospheric Research (OAR),
pling (a method of pseudo-randomly choosing a set of samEarth System Research Laboratory (ESRL) Physical Sci-
ples from a multi dimensional space such that the full rangeences Division (PSD) (Boulder, Colorado, USA) from their
of each dimension is sampled, but the coordinates in eaclvebsite athttp://www.esrl.noaa.gov/psdrhe NCEP NARR
dimension are uncorrelated) to determine a set of 5000 (1fata were chosen for this study because the software nec-
latitudes, (2) longitudes, (3) dates and times, (4) distancegssary to create input files from reanalysis data was readily
from the emissions source (d), (5) emissions rates of SO available. We note that while the meteorology from the re-
(SO, emis) and (6) NQ (NOy emis), and (7) effective emis- analysis data may not correspond exactly to the data from
sions heights, which implicitly includes both the height of the GEOS-Chem-TOMAS model due to differences in spa-
the emissions stack and the initial buoyant rise of the plumetial and temporal resolution, an exact match is not necessary
The range of values used for each of these variables is listetb create a realistic set of training inputs.
in Table 1. We note that while only the month of July was For each simulation using the SAM-TOMAS model, we
sampled to create the training data, the large geographiased SQ@emis, NQemis, and effective emissions height
range used provided diverse meteorological conditions. Afrom the Latin hypercube sample; the background aerosol
the OH parameterization used in the SAM-TOMAS model size distribution, bgS& bgNGC;, and DSWRF from the
has high uncertainties for large solar zenith angles, we exoutput of the GEOS-Chem-TOMAS model; and the SAM-
cluded the hours of 03:00, 06:00, and 09:00 UTC from our TOMAS meteorology that was driven by nudging and bound-
range of times to be selected as these should be at highry conditions from the NCEP-NARR assimilated meteorol-
solar zenith angles or outside daylight hours for the lati-ogy data. We ran the model until the emissions reached the
tude and longitude range we selected. In order to furthedistance from the source specified from the Latin hypercube
reduce the number of cases with high solar zenith anglessample. We preserved the following variables as training in-
we subsequently excluded from our analysis any cases thgiuts for the P6 parameterization: (1) £nis, (2) NQemis,
had DSWRF values less than 100 WfnWe then obtained  (3) total condensation sink of the background aerosol size
the background aerosol size distribution, backgroung SO distribution (CS), (4) DSWRF, (5) the mean wind speed
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Table 2. Outputs from GEOS-Chem-TOMAS used as inputs for Table 4. Emissions rates for coal-fired power plants in the USA
SAM-TOMAS. The fully resolved aerosol size distribution from from the 2010 EPA CAM data. “Medium” emissions are defined
GEOS-Chem-TOMAS was used in SAM-TOMAS, but for concise- as the log-space mean, “high” as one standard deviation above the
ness we only tabulate the condensation sink here. Cases where timeean, and “low” as one standard deviation below the mean.
DSWRF was less than 100 were excluded from this study because

of uncertainties associated with OH production for these conditions. SO, NOy
Parameter Minimum Maximum Median high 1.00 kg S_l 0.290 kg S_l
Condensation SnKE] 8.94x 105 146x107 138x 103 medium 0.202kgs!  0.0840kgs?
ondensation sin .94 x A46x .38x <1 <1
Background S@[ppb]  1.27x 1076 16.6 0.0707 low 0.0606 kg s 0.0300kgs
Background NQ [ppb] ~ 2.84x 1074 7.93 0.0302
DSWRF [W 2] 100 960 401

boundary-layer height (BLH [m]), the mean wind speed in
Table 3. Minimum, maximum, and median values of the mean the boundary |ayervg [m Sil]), the distance from the source
bogr_ldary-layer wiqd speeds and the boundary-layer heights for th‘Ed [m]) at which the plume is considered mixed with the
training data used in this study. model grid boxes, and the background S&hd NG, con-
centrations (bgS&[ppb] and bgNQ [ppb]). We will consis-

P t Mini Maxi i ; : - -
arameter inimum  Maximum _ Median tently use the given units for all inputs and outputs in all of

Wind speed [ms'] 0.178 26.1 5.98 the following equations.

Boundary-layer height [m] 53 2792 434 Often, emissions inventories provide $&nd NG, emis-

sions within each box on a given grid, instead of associ-

ated with particular sources specifically. Therefore, it may
within the boundary layerw), (6) BLH, (7) the distance not be known how many power plants are responsible for
from the sourced), (8) bgSQ, and (9) bgNQ. The max-  the emissions in a given grid box. We therefore allow the
imum and minimum values of these parameters are showi?6 parameterization to be operated in the following ways:
in Tables 1, 2, and 3. Other information necessary to run(1l) by default, it is assumed that the emissions of each an-
the SAM-TOMAS model — such as the effective emissionsthropogenic sulfur-rich point source are known individually,
height, the potential temperature profile, the water vapouiin which casefox, Nnews Mm, and fnew Will be predicted
mixing ratio profile, and the surface fluxes — may not be for each source plume individually. (2) If instead the total
available in many regional- and global-scale models and themissions of S@and NQ from sulfur-rich sources within a
current P6 inputs capture most of the variability in aerosolgiven area (but not the individual sources within that area) are
formation and growth within plumes, as we will show in known, the P6 parameterization will provide outputs based
Sect. 5. We have therefore excluded them as inputs to the pan the assumption that the emissions for the sources are di-
rameterization. However, by including a wide range of thesevided between an equal number of high, medium, and low
conditions in the simulations used to fit the parameterization emitters. We define high, medium, and low emitters based
we hope to exclude a possible bias in our predictions, andn the emissions data for power plants in the United States
to have a more realistic assessment of the accuracy of theompiled from the Clean Air Markets (CAM) data (United
parameterization. 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
3 Description of the parameterization high emitters, we use an emission rate that is one standard

deviation below or above the mean in log space, respectively.
The purpose of the P6 parameterization is to predict theThe high, medium, and low emission rates are listed in Ta-
fraction of emitted S@that is oxidized in the plumeftx), ble 4. (3) If the S@ emissions are known, but the N@®mis-
whether or not a significant number of new particles are nu-sions are not known (or the NGmissions from the major
cleated, the number of new particles nucleated per kg SOSO, sources are not known), the median SAOy emis-
emitted (Vnew, [#/kg SQ]), the mean mass per particle of sions ratio of 0.419 from the 2010 EPA CAM data will be
the new particlesMn, [kg]), and the fraction of the 50, assumed (as well as the high-, medium-, and low-emitter as-
formed within the plume that comprises new particlég). sumptions from the previous P6 mode).

As inputs to the parameterization, we have chosen vari- Even if the precise locations of power plants are known, it
ables that are commonly available in global- and regional-may not be clear at what distance from the source the parti-
scale models: the source-level 5@nd NQ, emissions cles are well mixed within a grid box that also contains the
(SOxemis [kg s'1] and NQemis [kg Ns1]), the downward  source of emissions. However, as we will show in Sect. 5, the
shortwave radiative flux at the surface (DSWRF [W?r}), P6 values ofMy,, Npews and frew are not strongly sensitive
the background aerosol condensation sink (CS]Js the to the distance from the source beyond distances of 30 km,
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Table 5. Emission scaling factors used in the P6 parameteri- We calculate an effective OH concentration using the same
zation for determining effective SOand NG concentrations  parameterization that is used in the SAM-TOMAS model.

(Egs.1and 9). This parameterization calculates the OH concentration as a
function of the NQ concentration within the plume and the
NOxemis SQemis DSWRF. The parameterization, which is a fit of chemistry
scaling factor  scaling factor box-model simulations of Olson et al. (2006), was originally
In-plume mean  9.59% 10  1.705x 10% described in Appendix A of Stevens et al. (2012).
concentration First, we set variables andy:
Fox 1.444x 1078 -
rj:ucleation 4365 10°  2.239x 10% x = 109 (NOxer) — 0.195 )
Mm 2.139x 107 2.605x 108 _ DSWRF
< y= : 3)
Nnew 1.243x 10° So-T

where Sy is the solar constant at the top of the atmosphere,
1370 Wn1?2, andT is an assumed transmittance of the clear
and fox depends less than linearly on the distance from theatmosphere, 0.76. We then calculate two polynomials, the

source. first (P1) estimating the shape of the OH versusyN€éla-
In the following subsections, we describe the theory andtionship, and the second (P2) capturing the dependance of
semi-empirical fits behind the P6 parameterization. OH on DSWRF:

P1=—0.014%+0.002%° +0.1713:* — 0.0466¢3  (4)
— 0.7893¢% — 0.1739% + 6.9414

3.1 Fraction oxidized

In order to formulate a semi-empirical equation %, we
first formulate a semi-empirical equation for the effective P2= (-1345y3+4002y2 — 4718y +42-72) x 100 (5)
NOx mixing ratio within the plume because N@odulates
the OH concentrations and thus affects the oxidation rat
of SO,. The mean concentration of NQvithin the plume
should be equal to the sum of the contributions from theQHes = 0.82. 10P1109(F2/6.8 (6)
background and the emitted N@fter accounting for dilu-
tion, which should be related tg,, BLH, and the time since
emission, calculated ag/p,). We therefore calculate the ef-
fective NQ; concentration, NQes [ppb], as

é:rom P1 and P2, we calculate the effective OH concentra-
tion, OHett, [molec cn13):

If we assume that the only loss mechanism fop @3hrough
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 calculgtg by us-
NOyemis ing the rate constarit, the time elapsed, and the following

@ :
U;.234B|_H0A2018(i>°'7902 @ equation:
fox=1—exp(—k[OH]7). @)

NOxeft = bgNQ, + 1.444x 1078

where the exponents far,, BLH, and @/v,) have been fit- ) ) )
o However, given tha®OHef is not the true concentration, and

ted for this equation to the average concentrations of N
in the plume using the training data (evaluation of the fit in @t we must calculateasd/vg, we use the analogous equa-

Sect. 4). We allowed the scaling factor of 1.44408 to ~ tOn

be freely fitted to the data because the relative importance of d \0772

the background concentrations and the emitteq B@iffer- ~ fox=1— exp(—1.650x 10—100H2ff7904<v_> j) , (8)

ent for the fox than it is for the mean concentration of NO ¢

As the relative importance of background and emittediNO where the numerical values have been selected by minimiz-
is also different for determining nucleatio®y,, and Nnew, ing the error between the P6 fifox values and the pre-
we list the scaling factors used to calculate @ for each  dicted fox from the SAM-TOMAS simulations. As the best-
of these outputs in Table 5. The scaling factor found whenfit NOyemis scaling factor for calculation of NG is near
fitting to the mean NQ concentration within the plume was zero, OHy is approximately equal to the OH concentration
9.595x 10*. However, the best-fit scaling factor found for outside of the plume in thgox calculation. NQ concentra-
calculating fox is much lower, such that the N@x is dom-  tions will generally be high enough within the plume for OH
inated by bgNQ®. Generally, NQ concentrations are suffi- concentrations within the plume to be less than the OH con-
ciently high within the centre of the plume (and early in centrations at the plume edges, and therefore the best fit ex-
the plume) to prevent fast oxidation of $0s0 the back- ponent for OHy is less than one. Oxidation of $S@ubse-
ground concentrations are relatively much more important toquently proceeds more slowly within the plume than at the
fox than they are to the mean N@oncentration within the  edges, and thus the best-fit exponent thh{) is also less
plume. than 1.
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3.2 Nucleation can be resolved by the SAM-TOMAS model. In this way we

arrive at the following equation fa¥/y:
In order to determine whether or not significant nucleation

occurs within the plume, we first calculate the effective NO My = 1.475x 10727f§x'5uso§;g§4 ( d )0-9685+ 4071 10%kg. (11)
and SQ concentrations within the plume. The effective SO ce3 v,
concentration, S&ks [ppb], is defined similarly to NQes

Again, we include the fitted parameters in this equation, and
the fit will be evaluated in Sect. 4.
SO, emis However, we note that the free parameters for predicting

12203 01891 & o7 (9) fox Were optimized to reduce the root-mean-square (rms) ab-
e (vg) solute error between the parameterizgg and the SAM-
TOMAS predictedfox to @ minimum, and we are more inter-
ested in minimizing the rms relative error My,, sinceMn,
spans several orders of magnitude. We therefore allowed the
free parameters used to predjgk to change when we sought
the parameters that minimize the rms error in1gd/m).
: . . Notably, the NQemis scaling factor (Eq. (1)) used within the
ation are 2.23% 10* and 4.365« 10°, respectively, as listed calculation ofMy, is several orders of magnitude larger than

in \T\?bli S. leul di ; heth | that used within the calculation gfy, as listed in Table 5.
e then calculate nucp, our predictor for whether nuc €We will discuss this difference further in Sect. 5.

ation is likely, from the following equation:

as

SOyeft = bgSQ, +2.239x 10°

where the exponents far,, BLH, and @/v,) have been fit-
ted for this equation to the average concentration of 80O
the plume. The scaling factor found when fitting to the mean
SO, concentration within the plume was 1.793.0°. The
scaling factors for S&+ and NQ, ef for determining nucle-

We can calculate the mass mean diam&ggss[um] as

(10) p_ - <% E)a’, (12)

p T

(SO er) 192 4swrf28
(Nox,eff) 1'24CS’3'48 '

We compare the value of nucp to 2.9880%. If it is wherep is the density of the dry aerosol (assumed in SAM-

3 . .
smaller, then we predict that nucleation is slow and that any! OMAS as 1770 kg m). The number-median diametemD
pum] can be calculated from

particles that are formed within the plume will be quickly [
lost to coagulation: there will be no net increase in particle 2
number within the plume. If it is larger, we predict that signif- Dm= Dmangp<_1'5 In "8) ’ (13)

icant new-particle formation will occur. This test is accurate h is th tric standard deviati £ th |
for 95.8 % of our training cases. For those cases where nucle'€r€oy IS the geometric standard deviation ot the aeroso

ation is falsely predicted or falsely not predicted, the maxi- size d|str|but|on. We choose a value of 1'.46(?‘ as this was
mum P6 or SAM-TOMAS values offy, respectively, were the median vglue _fou_nd for Iog-normall d.|str|but|ons fitted to
less than the median values &f;, for the full set of train- the aerosol size distributions of the training data.

ing data. The maximum number of new particles formed wasg 4
similarly lower than the median for the full set of training
data. Particle formation rates and growth rates were thereas mentioned in Sect. 2, we have configured the SAM-
fore typically lower for the cases where this test was incorrectroMAS model to use activation-type nucleation for this
than for the correctly predicted cases. study. We would therefore expect the source of new particles
to increase due to nucleation proportionally with the concen-
tration of LSOy, which should be roughly proportional to
fox- We would therefore expect a solution that is proportional
(}o fox @and increases with increasing bg§0ut not SQemis,

as Npew is normalized by the SPemissions. We also expect
the primary loss mechanism for the newly formed particles
to be coagulation with pre-existing particles, and this coagu-
lational loss rate is roughly proportional to the condensation

SOpert. Since the pre-existing particles will be competing for sink. We would therefore also expect the solution to exponen-
eff- P gp helng tially decay with CS {/v,). We find the following solution

the available HHISQy, we divide this value by the background for Neww:
condensation sink, CS, the first-order rate constant of the™ ~ "V
loss of condensible vapour by condensation, which is pro-y,_ .. — 6.939x 10?3 (14)
portional to the Fuchs-corrected surface area of the particles ..,

A o f 9098(2'2500
(Kerminen et al., 2004). We add a constant minimum valueZox

1241 d 0.1731
_ _ _ mexp<—4.417c§ (— ,
to this, which corresponds to the smallest size of aerosol that SOemis’ Us

nucp=

Number of new particles per kg SQ emitted

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 forme
particles. We expect that the particles will be growing pri-
marily through condensation of available $00,. Therefore,
we expect that the mean mass per partidfg,, will be pro-
portional to the product of the time elapsethy,), fox, and

www.atmos-chem-phys.net/13/12117/2013/ Atmos. Chem. Phys., 13, 12127133 2013
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Table 6. Quality of fit information for the P6 parameterization predicted outputs and the results of SAM-TOMAS.

correlation rms rmslog fraction within  fraction within
coefficient  error error a factor of 2 a factor of 10
Sox 0.826 0.0190 0.845 50.3% 77.0%
Mm  0.891 1.38x 107 %g 0.425 60.0% 96.7 %
Nnew 0.670 4.85¢ 1018 0.741 36.2% 84.6%
(kgSQ)t
fnew 0.650 0.289 1.07 28.6 % 66.8 %

where the free parameters f@ggy have been fitted to mini-
mize the rms error in log(Nnew), as was the case fa,
above. Similar taV,, the NGemis scaling factor (Eg. (1))
used to calculatefoxin Npew is several orders of magni-
tude greater than that used to calcul#tg, as listed in Ta-

The correlation between the P6 and SAM-TOMAS values
of fox is good R =0.826). The rms error is comparable to
the value offyx for the majority of the training cases, but this
value is dominated by the small number of cases where either
the P6 value, the SAM-TOMAS value, or both valuesfgf

ble 5. This will be discussed further in Sect. 5. We note thatare large. As can be seen in Fig. 1a, a large fraction (69 %)

the P6 fit value forNnew slightly decreases with increasing
SOyemis. AsNpew is normalized by the SPemissions, this

of cases have both P6 and SAM-TOMAS less than 0.02,
and the relative error can be large for these cases, while the

is consistent with the number of new particles formed in aabsolute error remains low.

given plume increasing slightly less than linearly with in-
creasing S@emissions.

3.5 Fraction of sulfate mass that comprises new
particles

The mass of new patrticles per kg $€mitted can be deter-
mined from the product a#Z,,; and Npew. The product offox
and frew also yields the mass of $SQhat ultimately forms
new particles per kg S£emitted. We therefore can calculate
Jfnew from the other three outputs:

MmNnew MSOZ
fox  Mu,so,’

where Mso and My,so, are the molar masses of $Cand
HoSOy, respectively.

However, because the fits faf;,, Nnew and fox were per-
formed independently, this equation can yield valuesfew

fnewz

The correlation between the P6 and SAM-TOMAS values
of My, is also good R =0.864). While the SAM-TOMAS
values of My, 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 train-
ing 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 ofMp,, we also plot the values used by Dentener et
al. (2006) and Adams and Seinfeld (2003) A6y, in Fig. 1b.

We note that the value d#,,, from Dentener et al. (2006) is
more than three orders of magnitude larger than the largest
value calculated by SAM-TOMAS for the training simula-
tions. 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 My, for the training simulations. There is a large fraction
of new-particle-formation cases (40 %) where both P6 and
SAM-TOMAS values of My, do not exceed % 10-%?kg,

greater than 1 under some conditions, which is unphysicalcorresponding to a mass mean diameter of less than 6 nm.

Under such circumstances, we redu¢g and Npew €ach by
a factor of £, to maintain closure, and limifnew to 1.

4 Comparison of parameterization to full
SAM-TOMAS model

While the P6 parameterization does not capture the be-
haviour of Nnew as well as it captures the behaviour 6
and My, 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 addition to the P6 and SAM-
TOMAS values of¥Vpen, We also plot the values used by Den-

We show the correlation coefficient, rms error, rms error inianer et al. (2006) and Adams and Seinfeld (2003)Xfps

the logarithm of the values, and the fraction of the training Fig. 1c. We note that the value ®few from Dentener et
data cases within a factor of 2 or 10 for each of the out-51 (2006) is more than two orders of magnitude smaller than
puts in Table 6. We also show the P6 predicted values againghe smallest value calculated by SAM-TOMAS for the train-

the SAM-TOMAS calculated values fofyx, Mm, Nnew, and
Jfrew in Fig. 1. We show the values &, Nnews and frew
only for cases where nucleation is predicted to occur.

Atmos. Chem. Phys., 13, 1211722133 2013

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 Npew for the training simulations.
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Fig. 1. P6 vs SAM-TOMAS values 0of,x, Mm, Nnew, and fnew. Colour of points indicates density of cases. The red dashed lines indicate

the values of\, and Npew from Dentener et al. (2006), and the blue dash-dotted lines indicate the valigg ahd Npew from Adams

and Seinfeld (2003). The green and yellow dashed lines indicate where the predicted values are within a factor of 2 and 10, respectively, of
the calculated values.

As the P6 values offhew are calculated based ofyy, of inputs within the ranges of the training data. The black
M, and Npew, instead of being fitted directly to the SAM- line shows the sensitivity from the set of median values for
TOMAS values, we would expect this variable to show the each input (S@emis=0.1kgs!, NOyemis=0.05kgs?,
poorest fit to the SAM-TOMAS values. Singgx and fhew d =50km, other values shown in Tables 2 and 3). In each
are uncorrelated, there will be instances where the value opanel, one of the input variables is varied while the others
fox is small, and hence the relative errorfigy may be high, are held fixed. In order to highlight the sensitivities to the in-
but the value offnew is NoOt small. Sincefnew is calculated  puts, each plotted line is shifted vertically to the centre of the
using fox, a large relative error irfox will yield a high rela-  subplot. For Fig. 2 fox) and Fig. 5 (fnew), we subtract the
tive error in frew, and so this means that the relative error in median value of each line from its values. For Fig.A8.)
fnew €an be high, even for larger values fifew (hence the  and Fig. 4 (Vnhew), €ach plotted line is divided by its median
absolute error will also be large). However, the correlationvalue. We do not show values féfy,, Nnew, OF fnew Where
between the P6 and SAM-TOMASGewValues remains good nucleation is not predicted to occur by the P6 parameteriza-
(R =0.667) largely due to resolving the cluster of values neartion. Therefore, some lines begin or end in Figs. 3, 4, and 5
0 and the cluster near 1 (Fig. 1d). The P6 parameterizatioms the threshold for nucleation is crossed (Eqg. 10)
correctly predicts low values fofew for the large fraction The value offyx (Fig. 2) is insensitive to Se&mis, CS, and
(56 %) of training cases where the SAM-TOMAS value of bgSQ, as one would expect. The value £ is also insensi-
fnewis less than 0.1, and the P6 value faty is within 0.1 tive to NOsemis. As we note in Sect. 3.1, oxidation generally
of the SAM-TOMAS value for 63.3 % of the cases. proceeds much more quickly at the plume edges and in the
dilute plume than at the plume centre, £ is far more sen-
sitive to bgNQ than to NGemis. As BLH may only affect
fox in the P6 parameterization through the dilution of NO
emissions,fox is also insensitive to BLH. The value gfy
is determined by the remaining four inputs. The valug®f
We show the sensitivities 0fox, Mm, Nnew and frew t0 increasgs with incregsir_lg time_since er_nission, a_nd so nearly
each of the P6 inputs in Figs. 2, 3, 4, and 5, respectivmyjlnearly_mcreases with increasinjand is nearly inversely
Each figure shows green lines for 100 randomly chosen setBroPortional tov,. The dependance gfox on DSWRF and

5 Sensitivity studies

5.1 Sensitivities to inputs

www.atmos-chem-phys.net/13/12117/2013/ Atmos. Chem. Phys., 13, 12127133 2013
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Fig. 2. Sensitivity of fox 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.

bgNQ; is determined largely by the dependance of OH onon BLH. There is a decrease My, with increasing CS due
these two variables, as parameterized in SAM-TOMAS. Theto the loss in available $80, to pre-existing particles. We
value increases with increasing DSWRF, and there is a peaklso note thaiM, becomes insensitive to $S€&mis, bgSQ,
in fox at bgNQ, equal to 1 ppb. and bgNQ, as well as NQemis under some conditions, at
The value ofM, is much more sensitive to N@mis than  small values of each of these inputs. If the background con-
to bgNQ,, unlike fox. Concentrations of Sare highest centrations of NQ or SG are sufficiently low compared to
close to the source, so concentrations 958y (and par- emissions, in-plume NQor SQ will be dominated by the
ticle growth rates) may also be highest close to the sourcegemissions, and so further reductions in the background con-
even if SQ is being oxidized more slowly. The concentra- centrations will not significantly affect,. The reverse is
tions of LSO, close to the source will be more sensitive also true if the emissions are sufficiently low compared to
to NOy emissions than to background N®©oncentrations, the background concentrations.
and thereforeMy, is also more sensitive to N@mis than The value of Nhew depends on the inputs in a similar
bgNQC. This is also reflected in the dependenciedff on manner toMp,. It decreases with increasing CS due to both
d and onv,. The value offo is nearly linearly increasing removal of new particles by coagulation and competition
with d, while M, increases at low values dfbut becomes for available BSOy. It increases with increasing DSWRF.
insensitive at higher values. The value Mf,, is much less  The value of Nnyeyw iS more sensitive to Ngemis than to
sensitive thanfox to v,, although this is convoluted by the bgNGy. However,Npew increases with increasing bgs0ut
effect of v, on My, through dilution of S@ and NG emis- decreases with increasing g€nis. Increases in either emis-
sions, which is also the cause of the slight dependangfpf  sions of SQ or the background concentration of S@ill

Atmos. Chem. Phys., 13,1211722133 2013 www.atmos-chem-phys.net/13/12117/2013/
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Fig. 3. Sensitivity of My to each of the inputs for 100 randomly selected sample inputs. If nucleation is not predicted by the P6 parameteri-
zation, 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.

increase the available 230y, thus increasing new-particle high values of S@emis, high values of bgSQlow values
formation, but becaust¥ey is defined as the number of new of CS, and, for some combinations of inputs, low values of
particles normalized by the emissions of £@nd emissions  v,. The value offnew is less sensitive to the remaining vari-
of SOy less than linearly increase the number of new par-ables, but increases for increasing DSWRF @ndecreases
ticles, increases in the emissions of Skave a small de- slightly for increasing BLH, and generally decreases with de-
creasing effect 0iVpew. The value ofNpew also has a com-  creasing bgNQ.

plex dependance on, andd, either increasing or decreas-

ing with increasingd and decreasing,. As the time since g » Sensitivity to number of sources assumed

emission {/v,) increasesiNnew Will increase due to continu-
ing new-particle formation and will decrease due to Coagma_Often anthropogenic emissions inventories give emissions
tional scavenging by pre-existing particles. The dependanc%f Sdz and N(p} %n a given arid. and not per goint source
of NnewOnd andv, will depend on the competition between 9 grid, perp ’

these tro processes. We do note, however,tgaytendsto  90S S, S BTN B T T PRERER SR
asymptote to a single value with increasihgdepending on P P

the values of the other inputs. sources within the grid box. We used the P6 parameteriza-

Of the four outputs of the P6 parameterizatigiy,y Shows tion to predict/ox, Mm, Nnew, and fnew for 100 different sets

the most dramatic changes for small changes in some of th (jrlre]glcj:f\/r:rrilgglrglya;g?r?ﬁ: f:ﬁ?;&eisrs?ggse x;éalsuelist :\}/Setﬁld
inputs. Specifically,frew is sensitive to small changes for ’ 9 P y

amongst between 1 and 10 point sources. We also show the

www.atmos-chem-phys.net/13/12117/2013/ Atmos. Chem. Phys., 13, 12127133 2013



12128 R. G. Stevens and J. R. Pierce: Parameterization of sub-grid particle formation in sulfur-rich plumes

102 102 102
’E, 10 10! 10*
8 0 0 0
g 10 \ 10 10
g
= 10 { 107 107!
102 - L L L 102 - I I 102 I I L
107% 1072 107! 10° 10 1073 102 107! 100 0.005 0.010 0.015 0.020
) SO, emissions [kg/s] ) NO, emissions [kg/s] ) CS[s]
10? T T 10? T T T T 10% T T T
< 10t 1 10'F 1 10 E
=
g 0 0 0
2 w0 10 10 P;
g /
= 101 F 4 107 101} :

_o ! ! : ! . ! ! . ! .
10 100 300 500 700 900 5 10 15 20 25 500 1000 1500 2000 2500

DSWRF [W/m?] v, [m/s] BLH [m]
10? T T T 10% T 102 T

10'F 3 10 1
100k i 10° A
10! 107t
—2 L L L L —2 L L L L L L —2 L L L
10 _20 40 60 80 100 10 10-°10~410-%10~210~* 10° 10" 10 102 10! 10°
distance from source [km] background SO, [ppb] background NO,, [ppb]

Fig. 4. Sensitivity of Nnewto each of the inputs for 100 randomly selected sample inputs. If nucleation is not predicted by the P6 parameteri-
zation, 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.

sensitivity for the median case, as we did in Figs. 2, 3, 4, anchumber of sources from 1 to 10, the values\i, and Npew

5. As in Figs. 2, 3, 4, and 5, we shift the lines vertically to stayed within a factor of 3 for 64 and 85 % of the cases, re-
highlight the sensitivities by subtracting the median value ofspectively (note that values féf,, and Npew Span 5 and 3 or-
each plotted line from its values fgby and fnew and divid-  ders of magnitude, so a factor of 3 change is small compared
ing each plotted line by its median value fbf;, and Npew. to this range). The value fofyew can change more dramat-
We do not show values foM,, Nnew, and frnew for cases ically for large values of Seemis, but the change was less
where no nucleation is predicted. As the valuefgf is in- than+ 0.01 for 78 % of the samples tested.

sensitive to both Sg&mis and NQemis, it is also completely As discussed earlier, we include three different options for
insensitive to assumptions about the number of point sourcespecifying SQ and NQ, emissions in our included Fortran
Since My, increases with increasing $€mis but decreases code of the P6 parameterization. Two of these options involve
with increasing N@emis across most of the ranges of these specifying the total emissions in the grid box and allowing P6
two variables M, may increase or decrease as the emissiongo make assumptions about the size of the sources (Table 3).
are split amongst additional sources. The valu&Vgf,, de- Fortunately, the analysis above shows that the P6 outputs
creases with increasing $S€mis but peaks for N@mis val-  are generally not very sensitive to the number of sources as-
ues near 0.05kg$, and so may also increase or decreasesumed, so the lack of knowledge of individual sources likely
as NQemis is split amongst a larger number of sources. Wewill not create large errors in P6 outputs.

tested 10 000 randomly generated samples within the range

of inputs used for the training data, and for an increase in the
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zation, 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.

6 Conclusions rameterization would be negligible because the parameteri-
zation consists only of several arithmetic equations.

In order to create a set of training data for the P6 parame-
In this study, we describe the predicting particles producederization, we used the SAM-TOMAS LES/CRM model with
in power-plant plumes (P6) parameterization: a physicallyonline aerosol microphysics. We have shown that the results
based, but computationally efficient, parameterization thawof the parameterization show good agreement with the results
predicts the characteristics of aerosol formed in sulfur-richof the SAM-TOMAS model and that the P6 parameteriza-
plumes based on variables that are commonly available ifion captures the variability in aerosol formation and growth
global- and regional-scale models. The parameterization prein sulfur-rich plumes, with correlation coefficients ranging
dicts the fraction of the emitted S@hat is oxidized to form  from 0.650 for frew to 0.891 for fox.
H,SQy, the fraction of that SOy that forms new particles, While the P6 parameterization reproduces well the be-
the mean mass per particle of the new particles, and the nunfiaviour of the SAM-TOMAS model, we note that it inher-
ber of new particles per kg S@mitted. It takes as inputs the its the limitations of the SAM-TOMAS model. Aqueous-
source-level S@and NG, emissions rates, the background phase oxidation of SPis not accounted for, and therefore
aerosol condensation sink, the downward shortwave radiafox may be underpredicted under cloudy conditions. Nitrous
tive flux, the mean boundary-layer wind speed, the boundaryacid (HONO) and sulfur trioxide (S§) emission are not ac-
layer height, the background $@nd NQ concentrations, counted for, and these processes may result in particle forma-
and the distance from the source. The increase in runningion early in the plume. Nucleation rates are parameterized
time of a 3-D aerosol model due to implementing the P6 pa-using an empirical fit proportional to4$04 concentrations.
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Despite these limitations, the SAM-TOMAS model has beensunny, low-background-aerosol conditions). It is our intent

previously shown to well represent the formation and growthto perform a complete comparison of the results of a global

of aerosol in coal-fired power-plant plumes (Stevens et al.chemical-transport model with and without the parameteri-

2012; Lonsdale et al., 2012). We therefore believe that the P&ation as a future work.

parameterization captures well the variability in new-particle  This parameterization will allow for improved represen-

formation and growth within sulfur-rich plumes. tation of sub-grid formation and growth of sulfate aerosol
The median value ofox predicted by the P6 parameteriza- in global- and regional-scale models, allowing for more ac-

tion (0.0098) for the training cases is much less than the fraceurate predictions of aerosol size distributions and improved

tion of emitted S@ mass added as sub-grid sulfate by Adamsconfidence in studies of aerosol effects on health and climate.

and Seinfeld (2003) (0.03) or Dentener et al. (2006) (0.025).

Additionally, we excluded night-time cases from our training

data, where no oxidation of S@nd no new-particle forma-  Appendix A

tion would be predicted by the P6 parameterization. Conse-

quently, we expect that predictions of total aerosol mass neawhat if one or more of the P6 inputs are not available?

sulfur-rich point sources using global-scale models imple-

menting the P6 parameterization will be less than those usingO,emis, NQemis: if no estimate of the SCemissions is

the Adams and Seinfeld (2003) or Dentener et al. (2006) asavailable, the P6 parameterization can be run assuming a

sumptions. Additionally, as the median values of bty representative distribution of power plants within the area.

and My, predicted by SAM-TOMAS were less than those This is described in more detail in Sect. 3. If the total NO

predicted by Adams and Seinfeld (2003), we expect tharemissions are unknown, the parameterization will assume a

both globally averaged aerosol number concentrations an&O,emis : NQ.emis ratio of 0.419 based on the 2010 CAM

globally averaged CCN concentrations would be less thardata.

those using the Adams and Seinfeld (2003) assumption, with  DSWRF: the clear-sky. DSWRF can be calculated by

large regional differences (e.g. less CCN formation using the

P6 parameterization under cloudy, polluted conditions thandswrf= Sg7T cos(sza,
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where Sy is the solar constant at the top of the atmosphereyided code is insufficient for the users’ needs, we request
1370 W nT2, T is the transmittance of the atmosphere, andthat the users contact the authors to find out if the P6 pa-
sza is the solar zenith angle. The clear-sky transmittanceameterization has already been translated into the necessary
has a value of about 0.76 (globally averaged; Seinfeld angprogramming language, if the necessary adjustments have al-
Pandis, 2006), and the solar zenith angle can be calculategeady been made, or if an updated version is available. In the
based on the latitude, longitude, time of day, and day of yearcase where this still proves insufficient, we summarize in this
This approximation will typically overestimate DSWRF as appendix which equations from the preceding manuscript are
it assumes no cloud cover. If no input is given, a value ofnecessary to calculate each output. We strongly recommend
400 W n12 will be assumed. that users consult the preceding manuscript for a full dis-
CS: the value of CS can be approximated based on a typieussion of caveats and assumptions associated with the P6
cal aerosol background for the location in question. We noteparameterization. We also recommend that users ensure that
that the typical aerosol size distributions listed in Seinfeldthey use the correct value from Table 5 whenever they use
and Pandis (2006) for urban, rural, remote continental, andeq. (1) or Eq. (9).
marine conditions correspond to condensation sinks of 0.060,
0.0063, 0.011, and 0.0010% respectively. Also, the remote
continental size distribution yields a Rlylmass concentra-
tion of 25.88ugm?3, so we suggest that CS may be esti-
mated from PMp mass concentrations by multiplying by
4.3x 10~* s Y/(ug n3). If no input is given, we will assume

Fraction of SO, oxidized (f):

Equations 1-6, 8 (2nd row from Table 5).

the value for a remote continental case, 0.011 s Nucleation;
vg: the value ofv, must be assumed if not known. We
choose a typical value of 6 m§if no input is given. Equations 1, 9, 10 (3rd row from Table 5).

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 th_ere Is some ambiguity abput WhatFirst, determine if significant nucleation has occurrdl(is
value should be used as input by global- and regional- poorly defined otherwise):
scale model users. One interpretation is that the distance Equations 1, 9, 10 (3rd row from Table 5).

where the air mass passing over the source enters the next :
; . . . . Then calculat : Egs. 1-6, 8 (4th row from Table 5).
adjacent grid cell. Another is the distance where the width of 0 o) Sfoxett: EQ ( )

thel plgm: equals the; grid }Nidth,hallom;inr? theogl)_Iumeto be rde' If also using fhew, Calculate it now as noted below. If

solved. However, solving for either of these distances under . 05 L

changing wind direction and meteorological conditions is not/new> 1 dvideMm by frey,to maintain closure.

a trivial task even if the location of the power plant within the

grid cell is known, and often the location will not be avail- Median diameter of new particles (B):

able. We suggest then that users of our parameterization use

half the horizontal grid cell resolution as an approximation CalculateMn, as noted above. Then Egs. 12, 13.

for d. We show in our sensitivity studies that for distances

greater than 30 kmViy, Npew, and frew are not strongly de-

pendant onl, and fox is a less-than-linear function af
'bgSQ, bgNQ: following Table 2.7 of Seinfeld and Pan- ot getermine if significant nucleation has occurmdey

dis (2006), we suggest values of bgiN@rf 10 ppb for urban very small otherwise):

locations, 1 ppb for rural locations, and 0.05 ppb for remote Equations (1), (9), (10) (3rd row from Table 5).

locations. For bgS@we suggest values of 10 ppb for ur- Then calculatefox ef: EGS. (1)—(6), (8) (4th row from Ta-
ban locations, 0.5 ppb for remote continental conditions, and, 5). ’

0.05 ppb for marine conditions. If no inputis given, values of = 14 Eq. (11).
0.5 and 1 ppb are used for bgsénd bgNQ.

Mean mass of new particles (M):

Number of new particles per kg SEXNnew):

If also usingfhew, calculate it now as noted below. ffew
>1, divide Nnew by %2 to maintain closure.

Appendix B
Fraction of sulfate mass that comprises new particles

Summary of equations necessary for each output (frew):

We note that the full parameterization is available pro- Calculate fox, Mm, and Nnew as noted above. Then use
grammed in Fortran 90 as a supplement. However, if the proEd. 15.
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