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[1] Large uncertainty exists in the nucleation parameterizations that may be propagated
into climate change predictions through affecting aerosol direct and indirect effects.
These parameterizations are derived either empirically from laboratory/field
measurements or from theoretical models for nucleation rates. A total of 12 nucleation
parameterizations (7 binary, 3 ternary, and 2 power laws) that are currently used in
three-dimensional air quality models are examined comparatively under a variety of
atmospheric conditions from polluted surface to very clean mesosphere environments
and evaluated using observations from several laboratory experiments and a field
campaign conducted in a sulfate-rich urban environment in the southeastern United
States (i.e., Atlanta, Georgia). Significant differences (by up to 18 orders of magnitude)
are found among the nucleation rates calculated with different parameterizations under
the same meteorological and chemical conditions. All parameterizations give
nucleation rates that increase with the number concentrations of sulfuric acid but
differ in terms of the magnitude of such increases. Differences exist in their
dependencies on temperatures, relative humidity, and the mixing ratios of ammonia in
terms of both trends and magnitudes. Among the 12 parameterizations tested, the
parameterizations of Kuang et al. (2008), Sihto et al. (2006), and Harrington and
Kreidenweis (1998) give the best agreement with the observed nucleation rates in most
laboratory studies and in Atlanta during a summer season field campaign and either do not
exceed or rarely exceed the upper limits of the nucleation rates (i.e., the dimer formation rate)
and new particle formation rates (i.e., the formation rate of particles with 2 nm diameter).
They are thus the most plausible nucleation parameterizations for applications in the
planetary boundary layer of polluted sulfate-rich urban areas. Limitation with the two power
laws are that they were derived empirically based on observations at specific locations under
certain atmospheric conditions that may be different from laboratory measurement
conditions and those at other locations and that they do not consider RH and T dependence.
By contrast, the ternary nucleation parameterization of Napari et al. (2002) should not be
used because it grossly overpredicts the observed nucleation rates, often exceeding the upper
limit dimer or new particle formation rates, and giving an enhancement factor due to the
presence of ammonia and a dependence on relative humidity that are inconsistent with
laboratory measurements. The binary nucleation parameterization of Wexler et al. (1994)
and Kulmala et al. (1998b) also should not be used because the former gives nucleation rates
exceeding the upper limits under most atmospheric conditions and the latter contains
technical mistakes in its formula.
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1. Introduction

[2] Homogeneous nucleation provides a significant source
of new particles and affects number and mass concentrations
and size distributions of fine particulate matter (PM, 5) that
have important chemical, radiative, health, and visibility
impacts. Recent studies suggest that nucleation may enhance
the concentrations of cloud condensation nuclei (CCN) and
cloud droplet number concentrations (CDNC), thus playing
an important role in the indirect effect of aerosols on climate
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[on regional and global scales [e.g., Laaksonen et al., 2005;
McMurry et al., 2005; Spracklen et al., 2008; Yu and Luo,
2009; Pierce and Adams, 2009; Kuang et al., 2009;
Merikanto et al., 2009a]. Nucleation can also affect visi-
bility and aerosol direct effect through changing particle size
distribution and/or aerosol optical properties such as aerosol
optical depth [Seinfeld and Pandis, 2006]. The occurrence
of nucleation has been widely observed and well docu-
mented in a variety of environments such as marine and
remote marine boundary layers [e.g., Raes et al., 1997,
Clarke et al., 1998; McMurry et al., 2000], coastal areas [e.g.,
McGovern, 1999; O ’Dowd and Hoffmann, 2005], mountains
[e.g., Weber et al., 1997; Raes et al., 1997], boreal forests
[e.g., Mdkeld et al., 1997; Kulmala et al., 1998a, 2001a;
Laakso et al., 2004; Sihto et al., 2006], free troposphere
[Clarke, 1992; Raes et al., 1997; Benson et al., 2009],
upper troposphere and lower stratosphere [e.g., Lee et al.,
2003; Young et al., 2008], remote and moderately polluted
continental atmospheres [e.g., Marti et al., 1997; Birmili and
Wiedensohler, 1998], stack plumes [e.g., Brock et al., 2003],
and urban atmospheres [e.g., McMurry et al., 2000; Weber
et al., 2003; Stanier et al., 2004; McMurry and Eisele,
2005; Jung et al., 2008].

[3] Nucleation mechanisms that have been proposed
include binary, ternary, dimer-controlled, cluster-activated,
barrierless kinetic, or ion-induced/mediated nucleation. The
classical binary nucleation theory is based on the minimiza-
tion of changes in Gibbs free energy, which is determined by
the surface tension of a cluster and saturation ratio of a gas
[Seinfeld and Pandis, 2006]. This theory has most commonly
been applied for the system of sulfuric acid—water vapor
(H,SO4-H,0) [e.g., Jaecker-Voirol and Mirabel, 1989].
More recently, a kinetic H,SO4-H,O binary homogeneous
nucleation (BHN) model constrained by multiple indepen-
dent laboratory data sets has been developed [Yu, 2007].
Growing evidence from field studies has shown that observed
nucleation rates often exceed those predicted by classic
binary nucleation theory, particularly in the boundary layer
[e.g., Covert et al., 1992; Weber et al., 1997; Clarke et al.,
1998; Kulmala et al., 1998a; O’Dowd et al., 1999,
McMurry et al., 2000]. This has led to speculation that the
3rd species participate in nucleation. The 3rd species may
include ammonia (NH;) [e.g., Coffinan and Hegg, 1995;
Weber et al., 1997, 2003; Kim et al., 1998; Korhonen et al.,
1999; Kulmala et al., 2000; Benson et al., 2009], inorganic
acids such as hydrochloric acid [e.g., Arstila et al., 1999],
organic compounds such as benzoic, p-toluic, m-toluic
acids [e.g., R. Zhang et al., 2004], terpenes [Marti et al.,
1997], methane sulfonic acid [e.g., van Dingenen and Raes,
1993], iodine-containing compounds [Hoffmann et al.,
2001; O’Dowd et al., 2002], and amines [e.g., Kurtén
et al., 2008]. Because of the lack of relevant thermody-
namic data, predictions of classical ternary nucleation theo-
ries contain substantial uncertainties [Seinfeld and Pandis,
2006; Merikanto et al., 2007a]. Based on a kinetic ternary
nucleation model with NH; stabilizing factor constrained
by laboratory measurements, Yu [2006b] concluded that
H,S0,~H,0-NH; ternary homogenous nucleation rate is
likely to be small in the ambient atmosphere. Dimer-
controlled (or “collision-controlled”) nucleation theory
assumes that stable nuclei are formed when condensable
molecules collide. Kinetic theory is used to calculate cluster
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production rates, and this approach provides an upper limit
on nucleation rates [e.g., McMurry, 1980, 1983; Lushnikov
and Kulmala, 1998]. As hypothesized by Kulmala et al.
[2006], nucleation may occur through the activation of ther-
modynamically stable clusters via heterogeneous nucleation
or heterogeneous chemical reactions including polymeriza-
tion or activation of soluble clusters, leading to a first-order
dependence on H,SO4 concentration. Empirically derived
dependencies of nucleation rates on H,SO,4 concentrations
from observational data based on cluster-activated [e.g.,
Kulmala et al., 2006] or barrierless kinetic mechanisms
[e.g., McMurry, 1980, 1983; Kuang et al., 2008], or both
[e.g., Sihto et al., 2006] have been used for atmospheric
models, but the key parameters controlling the values of the
empirical prefactors (varying by up to 3—4 orders of mag-
nitude based on different measurements) remain to be
investigated. Ion-induced or mediated nucleation has also
been proposed to explain new particle formation in the tro-
posphere and stratosphere while BHN can also be important
in the mid and upper troposphere and lower stratosphere
because of lower temperatures. lon-induced nucleation
accounts for enhanced nucleation rates due to Coulombic
interactions between small ions and condensing vapors
[Lovejoy et al., 2004; FEisele et al., 2006]. Ion-mediated
nucleation is based on a kinetic model that explicitly solves
the interactions among ions, neutral and charged clusters,
vapor molecules, and preexisting particles [e.g., Yu and
Turco, 2000, 2001; Yu, 2006a, 2010]. The role of ion-
related nucleation in different environments at different scales
remain an open question [e.g., Eisele et al., 2006; Jung et al.,
2008; Yu et al., 2008, 2010].

[4] Nucleation parameterizations are derived either empi-
rically from laboratory/field measurements or from the
classical/kinetic nucleation models that are based on the
aforementioned theories. Use of different nucleation para-
meterizations in 3-D models give nucleation rates that differ
by many orders of magnitude, thus introducing significant
uncertainties in the predicted number concentrations of
PM, s, particularly in the nuclei mode [Zhang et al., 1999;
Lucas and Akimoto, 2006; Elleman and Covert, 2009a,
2009b; Yu et al., 2010], CCN, and CDNC [Yu and Luo,
2009; Pierce and Adams, 2009; Kuang et al., 2009]. In
this study, seven binary, three ternary, and two power law
nucleation parameterizations (one based on kinetic nucle-
ation and one based on cluster-activated nucleation) are first
examined under a variety of hypothetical and observed
atmospheric/laboratory conditions, then evaluated in a 3-D
air quality model, i.e., the U.S. Environmental Protection
Agency (EPA) Community Multiscale Air Quality (CMAQ)
modeling system, using observations from a sulfate-rich
urban environment during summer 1999. The ion-related
nucleation parameterization is not included in this study,
because the concentrations of large ion clusters observed
under such a sulfate-rich urban environment during summer
season were too low to act as a significant source of new
particles due to high temperatures [Eisele et al., 2006],
although ion-related nucleation may be particularly impor-
tant under conditions with low temperatures and high ion
concentrations on a global scale [e.g., Lee et al., 2003; Yu
et al., 2010]. In part 1, we describe the nucleation para-
meterizations, evaluation methodology, and evaluation
results under a variety of conditions. Recommendations

2 of 23



D20212

are made regarding the appropriateness of the potential
applications of these nucleation parameterizations in 3-D
models under conditions from very clean to highly pol-
luted environments. Part 2 [Zhang et al., 2010] presents
predictions and evaluation of simulated PM volume,
number, and surface areas concentrations from the appli-
cation of 3-D CMAQ with selected nucleation para-
meterizations for a 1999 summer episode in the southeastern
U.S. during which significant nucleation events were
observed. Process analysis (PA) is conducted using the PA
tool embedded in CMAQ to quantify the contributions of
major atmospheric processes that govern the magnitudes and
distributions of PM properties. Additional sensitivity simu-
lations are conducted to examine the relative importance of
other atmospheric processes such as emissions and dry
deposition. Recommendations are also made regarding the
appropriateness of these nucleation parameterizations in
simulating new particle formation in the real atmosphere
representing sulfate-rich polluted environment in the south-
eastern United States.

2. Nucleation Parameterizations and Evaluation
Methodology

[5] It is important to distinguish between nucleation rate
and new particle formation rate. The former is the rate at
which stable nuclei are formed and cannot currently be
measured. The latter is the rate at which detectable particles
are formed, and must be smaller than the nucleation rate
since some nucleated particles are lost by coagulation with
preexisting particles before they can grow to the minimum
detectable particle size (~2—4 nm [e.g., McMurry and
Friedlander, 1979; Weber et al., 1997, McMurry et al.,
2000, 2010]). While nucleation could occur on a daily
basis, new particle formation occurs only when ambient
conditions favor the growth to the minimum detectable size
before loss of nucleated particles [McMurry et al., 2010].
The new particle formation rate cannot thus exceed the rate
at which molecules collide to form clusters that contain two
molecules, i.e., the rate of dimer formation, J;,,.,, which can
be calculated based on the collision-controlled theory of
gases [McMurry, 1980],

1
Jdimerzzﬂllva (1)

where (3;; is the collision frequency function, which is
derived from the kinetic theory of gases in the free molec-
ular regime and varies weakly with temperature (~T°),
with a typical value of 4.3 x 107" em® s7' at 298 K
[McMurry, 1980], and N, is the monomer concentration, in
this case, N1 = Npgasos, assuming H,SOy is the nucleating
species. The value of Jy;,,., provides an upper limit to the
rate of new particle formation.

[6] Assuming a minimal detectable size of 2 nm, an upper
limit of the new particle formation rate for particles with 2
nm diameter can be estimated based on the collision-con-
trolled theory [see McMurry, 1983, Figure 2],

Joum =1 x 1072 x R, (2)
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where R is the monomer formation rate and can be deter-
mined as follows:

Ny =5 x 10* x R'2N, 3)

where N, is the monomer concentration of the nucleating
vapor (H,SO,4), N; is the dimensionless monomer con-
centration, =20.44 based on work by McMurry [1980].
Rearranging (3) for R and plugging R into (2) gives

Jom 21 x 102 xR=1x10"7 x (2x 107° x N7)
=2x 107" x N2, (4)

[7] Note that both Jyjmer and J, o, depend strongly on N;.
They either do not depend or insignificantly depend on
temperature, relative humidity, and pressure. The nucleation
rates could exceed Jyjme, if species other than H,SO, were to
dominate the nucleation process. It is possible that this may
occur in regions such as coastal areas where iodine-con-
taining species might dominate nucleation. This is because
iodine oxide (I,04), produced from the photodissociation of
CH,l, in coastal atmosphere, can nucleate and readily
condense to rapidly grow particles [Hoffimann et al., 2001].
Similarly, HI and HOI can readily condense and remain in
the condensed phase [McFiggans et al., 2000]. However, it
is unlikely that such nucleation processes overall play a
major role in the continental boundary layer. The values of
new particle formation rates from various nucleation para-
meterizations should be smaller than Jg,. and either
smaller than or equal to J, ,,, they are otherwise unrealistic.
Most current 3-D air quality models do not account for
nucleated particle loss by collision as they grow to the
minimal detectable particle size, so the particle number
concentrations simulated by the nucleation parameteriza-
tions depend on the minimal detectable particle size
assumed in these models. As an example, CMAQ assumes a
minimal detectable particle diameter of 2 nm to calculate the
new particle formation rates using work by Kulmala et al.
[1998b].

[8] The seven BHN parameterizations examined in
this study included those of Wexler et al. [1994], Pandis
et al. [1994], Fitzgerald et al. [1998], Harrington and
Kreidenweis [1998], Kulmala et al. [1998b], Vehkamdiki
et al. [2002], and Yu [2008] (referred to as WE94, PA94,
F198, HK98, KU98, VE02, and YUO08, respectively). The
three ternary homogeneous nucleation (THN) paramete-
rizations include those of Napari et al. [2002], Merikanto
et al. [2007b], and Yu [2006b] (referred to as NAO2,
MEO07, and YUO6, respectively). The two observation-based
power law parameterizations include those of Sikito et al.
[2006] and Kuang et al. [2008] (referred to as SI06 and
KUOS, respectively). Table 1 summarizes the theoretical
bases and formulation features of these parameterizations
along with their host 3-D air quality models. All these para-
meterizations have been used to calculate J for particles in
3-D air quality models (see Table 1 and references therein).
Some parameterizations indicate explicitly that J is for par-
ticles with diameter of 1 nm (i.e., J; ,,) and some do not
specify the particle size but using the term of nucleation
rates. The early growth of particles from 1 nm to the

3 of 23



ZHANG ET AL.: NUCLEATION PARAMETERIZATIONS, 1 D20212

D20212

‘uoi3uIysep\ JO AJISIOAIU() ‘A\() PUB AJNSIOATU[) UO[[IIA 213duIe) ‘NN ‘ANSIdAIUN) dJe)§ BUI[OIR) YUON ‘NSON Aouddy uorod)oid [ejudwuoliAuyg ‘S’ 2y}
‘Vd4d ‘1opou so1sAydoIorur [euorjods [0S0IY JUSWOIN-OM ], Y3 [9POIA Uone[noIr)) [e1oudn) swd-[1 sarpmg 99edg 10) 9ymusu] preppon) 3y ‘SYNOL Ya dwd-1] NDD SSIO Uonnjossi(] pue UOILZIUO] ‘UOHIBIY
‘SoTRUA(] [0SOIOY JO [OPOIA Y} [IM ANSIUAYD) [PIM [9pO SUIISBIAI0,] PUR [OIRISIY JOYILd A\ UBqIN-YINoIyl-[eqolD) 3y} ‘ARIAVIN-WIYD/ITIM-ND [OPOIA UBId(Q) PUE ‘DQ[EISOSIJA ‘UOE[NOIL)) [BIOUSD) ‘UOBIPRY
910dsuel], ‘[0S0IdY ‘seD) o) ‘INOINDID-YOLVD ‘WAsAS Suropoy Anfend) a1y o[eosnnjy Arunwwo) ‘QvIAD SOPOIN Afend) Iy A30[ouyos], JO Aymsu] UO[[I]A-ISuIe))/eIUI0f[E) oY} ‘L[ ‘UONIe] Sk 10 9
‘Kyrpruunt] 9AnR[I ‘HY D, ‘@Imerdduwa) ‘1, (Suonenuaouod Jaisno Jemodjowr “sPar dd ‘oper Surxiu swmnjoa EHN ‘3 10 €HNY ¢4y Jo porurad swr Sunmp pauriof sojonted Jo Joquinu [e103 9y ¢ VNV 1U9A9 uones[onu
oy Jo p3ug) oy My LS ud sojonJed ur 9jel UONEI[ONU [BINLID AY “H2p fsnajonu [BONLIO AU} UI UONdRI} djow FQSTH oy “y ¢ WO “UONBNUOUOO JdquInu FQSTH TOSTHY s ur uonenoeo uonesjonu 10y doys ouny

— ]V “10)0e] UOISIOATOO JIUn oty ™0y & s . wo [ = sonpoid 0} papaou s 81 ur YQSTH JO UOHBHUIIUOD [BOLILID Ay Ty « o u 31l ur YQSTY JO UONBNUIOUO0D Y} Ay ¢ s

- ¢

wo ‘djer uonewioy sponred mau ‘o,

[0107 ‘6007 “1v 12 Suvyz]
L'pA PUe ppa QVIND JO suoneidepe NSON

p1-01 x 91 = ¥ a19ym
PYOSHYHN €82 YOSH Sururejuod s9nogouwr 1y30 10 YOSCH JO SuolIsi[[od Aq pauLioj dIe
SI9)SN[O [eonLd 91 ‘uonedronu adA) onouny Surwunsse YISy 10J IOPIO-PUOIS q c.Nm\\.in xY O

(80D [800z]
‘D 3o Supny

[010T 600T “¥00T ‘v 12 Suvyz "] WoyD/TIM-ND 5.01 x LT =/ 210yM ‘SUONOEDI [EDIUAYO IO UONEI[ONU SNOUSTOINNOY BIA SIASID [[BWS JO (901S) (onoury Jo UOIBAIIOR)
pue /yA pue $'HA QVIND Jo suoneidepe NSON uoneAnde “a°1 ‘uoneaonu ad4) uoneanoe Surwnsse Ny 10§ 13pI0-1sIy ‘YN x o £ [9002] v 12 onyis MET IOMOJ
[0102 ‘6007 <P 12 Suvyz] SJudWIAINSEAW AI0jeIOqe] Yim paurensuod (g = £HN,7) 1090 uoneziiqels SHN oY) Jm [opow (90NA)
L'pA PUB ppA QVIAD JO suoneidepe NSON  UOHEOONU SNOSUSSOWOY AIRUIo) OIOULY B U0 Paseq sanjea  Jo d[qel dnyoo  ‘(y L H™N)Y % r [99002] nx
(0 u3/Hy (DY, [a6002] 17 12
9Qq 0} PaJdALI0d dq PINOYS YoIym ‘Lo Ul (8) uonenba ur o uj mw\A 1)°'3 Surajoaur ojuvyLpy Kq
[46002 “®600T ‘M240) pup uvwiayg L) Ay wo SuIssiu st  HY,, 18y} 2JON ‘[OPOUW UONEI[ONU SNOAUIFOWOY ATRUId) [BIISSR[O B SUOI}OALI0D [IIM
‘010T ‘600¢ “7v 12 Suvyz] ¢'ya QVIND Jo uoneidepe uo paseq ZOVN Jo uoneziajowered pajepdn ((fy) Ul ‘Hy JoO 1opio-isiy {(FOSHy) uf jo (Loam) [aLoo7]
M0 L PA PUR $pA OVIND Jo suoneydepe NSON IopI0-puodas {(EHNH) uy pue 7 Jo 19pIo-pIry) yum ferwoukjod e (y <7 “HNH YOSTHN) >0 r U] ‘D 12 OJUDYLIDIN
[600¢ “suvpy
puv 20421 “H00T ‘100T “L66T “U0SqOIV[ 196007 “B600T
‘442407 pup upwd] {010 ‘600T IV 12 Suvyz] SYINOL [opowt uonesonu
s dwnd-11 OO SSID NND TNONDD-J0LYD snoauaSowor A1euro) [EOISSE[d € UO paseq (Hy) U pue fy Jo 1opio-isiy pue (SHN) uy (zovN) [2ooz]
S pA-OVIND Jo suoneidepe m) pue NSON {(YOSTH)7) U] JO IOPIO-PU0IIS 7 JO IOPIO-PI Yim [erwiouk[od & (gy [ “HNH YOSTUIN ) r U] ‘0 32 1vdoN Areuro [,
[o10T “17 92 ML “600T
‘on puv ng ‘0107 ‘6007 v 12 Suvyz] WAYD-SOID SIUQWIDINSBOW AI0JRIOQR] )M PUTRNSU0 S3jel uoned[onu snodudgowoy Areun-isenb
SLpA PUe ' HA-QVIAD Jo suonerdepe NSON Jo uonejuasardar [eonAJeue ue uo paseq sanfeA , Jo 9[qe) dnyoo ‘(Y ‘I YOSUHN) x r (80NA) [800Z] 74
[600T ‘suwpy puv 224014
‘0102 “600T “7v 2 Suvyz “H00T ‘100T ‘L661 U0sqoovr] [opow uonesfonu
SVINOL yis swid-IT NDD SSID NIAD L'tA snosudgowoy Areurq [edISSE[> U0 paseq [ pue ‘(FOSTHN) ul ‘(fy) Ul JO IopIo-pIry) pue oy (zodaA) [zooc]
PUE $$A-QVIND Jo suoneidepe NSON NONDD-YOLYD  Ppue (YOSTHy) uf Jo 1opro-jsiy yim [erwoukjod e ‘(*“x ‘Hy L VOSUN) [0 X oroym “(X) dxo = v g2 rypumyya
[9007 ‘a42y2g puv undg ‘€00z [opow uonea[oNu sNoJuSFowoy AIeulq [eOISSe[o B U0 paseq Oy pue (86 [98661]1
‘ajjas0y puv pysmoyuld] L yA—pyA ‘“OVIND Vdd SN ‘HY ‘L (FOSTHN) Uy Jo [erwouAjod 1opro-siy ‘(“Ux ‘Hy ‘L FOSUIN) f >0 X aroym {(X) dxo = v 12 vy
IMOIS [RUOIBSUIPUOD
[0102 ‘6002 1 12 Suvyyz ‘9007 ‘@42YyoS puv undg pue (ssew/Iaquinu) S)USWOW 7 YIMm Sopout JJ g 10 wdshs JNJ-sed pojdnoo (863H) [8661]
“€00T “2j12s0Yy pup pysmoyuig] L'yA pue ¢ HA-QOVIND © 10} SwiA[os £q pauIeIqo d1e ‘17 pue Ay (rry L r o) [0 “1y pue [6861] S1omuap1a.LY
Jo suoneydepe NSON 12Pp[0 pue ¢pA OVIND VdA 'S'N 12qDAYA] pUD J0.410,4-12¥22D Kq SI0M U0 Paseq ‘([fy ‘[ HASy) [0 O axoym g Hp = ANV pup Uo)SULLIDE]
(0102 “600T “17 12 Buvyz H00T ‘100T ‘L66T U0SqOID[] [6861] 12qvaipyr puv j0.4104-12y2001 KQq 10m UO Paseq if pue (Fy) Sof jo [erwoukjod (861 [8661]
L'vA PuB ‘4 HA-QVIAD Jo suoneidepe NSON MOLVD IOpI0-puodas pue ‘(YOSTHY) 0130] Jo Jop10-1sITy PIM [erouk[od & ‘(fy < YOSTHNT) >0 r 01301 D 12 pIp423Z)1,]
(00T “100T ‘L661 ‘U0sqooDr] [6861] 12qD41jyr puv 10410,-4220Df AQ JI0M UO PIseq (r6vd) [ve61]
L¥A ‘b HA-OVIAND Jo suoneydepe NSON YOLVD ‘oouopuadop I ou {(YOSTHY;) 0130 pue fyy jo [erwoukjod 1op1o-isiy (FOSTHN ‘Iry)f >0 1 01301 ‘D 12 Sipuvg
a2 Jinsy Sy uaym SIN000 AJUO UonEI[ONU
‘(68611 12qv17 puv jo104-423220 Aq Sj10M UO Paseq [y pue [ Jo [erwoukjod (r6am) 76611
[zo0t “7v 12 utffin] 11O 10p10-181Y “(HY LY 2 X (X) dxa = #°A") aroum 9y x MY x (W Y ) = v 12 21X 4 Areurg
Q0ULIRJY/[OPOIN IS0H d-€ SIseq] [EO1)2I0dY ], PUB UOHB[NULIO uonezLIoWeIR odA,

SIOPOIN AIfend) Iy -¢ 10J SUONRZLIdOWRIR] UONRI[ONN ME] I9MOJ pue ‘Areurd] ‘Areurq °[ d[qe],

4 of 23



D20212

detectable size ranges of 2—4 nm is not explicitly simulated in
most models, which either assume a minimal size of 2 nm or
larger or directly place new particles in the smallest size
range simulated in the model to produce new particles.

[v] The BHN parameterizations of WE94, PA94, FI98,
and HK98 are based on the same set of calculations of
J performed by Jaecker-Voirol and Mirabel [1989], which
calculates the absolute nucleation rates based on hetero-
molecular homogeneous nucleation theory of the H,SO4—
H,0 system. Therefore, differences in the nucleation rates
from these parameterizations originate from the algorithms
used to parameterize them. For example, PA94 does not
account for the dependence of J on temperature, 7, which
is considered in other parameterizations but with different
mathematical expressions. KU9S8 is the default nucleation
parameterization used in CMAQ version 4.3 and newer. It
is valid for J of 10°-10° cm > s~ under the atmospheric
conditions with 7 of 233.15-298.15 K and relative humidity
(RH) of 10-100%. KU98 and VEO02 are derived based on
the classical BHN model that simulates nucleation kinetics
and accounts for hydration. In addition to several approx-
imations, the derivation of KU98, however, contained a
mistake in the kinetic treatment for hydrate formation (i.e.,
the terms corresponding to free H,SO,4 and water molecules
were missing in the diagonal terms of the growth tensors
that account for collision between free H,SO, molecules
and between water molecules), leading to 1-3 orders of
magnitude too low nucleation rates [Vehkamdki et al.,
2002; Noppel et al., 2002]. This mistake was corrected by
VE02, which is valid for J of 1077-10'° ¢m™ s™! under
the atmospheric conditions with 7" of 230.15-305.15 K,
RH of 0.01-100%, and the number concentration of H,SO,
(Noso4) of 10*-10"" ¢cm™>. The temperature has been
extrapolated down to 190 K for its application in upper
troposphere and stratosphere [Vehkamdki et al., 2002]. FI98
is most accurate in the range of 273-303 K and 60-100%
RH [Fitzgerald et al., 1998]. YUO8 assumes that H,O
concentrations are sufficiently high that BHN can be treated
as a quasi-unary nucleation (QUN) process for H,SO, in
equilibrium with H,O and calculates J based on an analyt-
ical representation of QUN rates with key thermodynamic
parameters constrained by multiple laboratory measure-
ments. The lookup table of YUO8 covers J values under
atmospheric conditions with Nyoso4 of 10°—10° cm > for T
of 190-310 K and Nypsos of 10°—10"2 cm > for T of 280—
310 K, both with RH of 1-99% [Yu, 2008]. Different from
other BHN parameterizations, HK98 accounts for conden-
sational growth of the particles in calculating the critical
nucleation rate and the length of the nucleation event.

[10] The THN parameterization of NAO2 is valid for
atmospheric conditions with 7" of 240-300 K, RH of 0.05—
0.95, Nipasos of 10°-10° molecules cm >, NH; mixing ratio,
Cnis, Of 0.1-100 ppt and J of 107°-10° cm > s~' [Napari
et al., 2002]. NA02, however, contains a technical flaw,
as it only accounts for hydrate formation and neglects the
formation of ammonia bisulfate (NH4;HSO,) and its effect
on the nucleation rates. As pointed out by Yu [2006b],
NAO2 significantly overpredicts (by many orders of mag-
nitude) the effect of NH; on nucleation when compared with
laboratory measurements [e.g., Ball et al., 1999; Kim et al.,
1998]. Yu [2006b] and Anttila et al. [2005] offered two
opposite reasons for the overprediction. Yu [2006b] argued
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that NH; cannot stabilize small H,SO4-H,O clusters due to
a weak molecular bonding between NH3 and small H,SO,
clusters [lanni and Bandy, 1999; Nadykto and Yu, 2007] and
thus the effect of NH; on nucleation is small. In contrast, the
theory of Anttila et al. [2005] is based on the assumption
that the bonding between NH3 and small H,SO, clusters is
so strong that nearly all H,SO, vapor molecules in the
atmosphere are bonded to become NH4HSO, [Vehkamdiki
et al., 2004]. Similar to the effect of H,SO, monomer
hydration on nucleation, the formation of NH4HSO, has
been shown to significantly reduce the THN rate due to
higher energy demands required to form the critical cluster
from hydrates than free molecules [Anttila et al., 2005;
Merikanto et al., 2007b]. The effect of NH,HSO, for-
mation was considered in MEQ7, which is valid for
atmospheric conditions with 7' > 235 K, RH of 0.05-0.95,
NH2504 of 5 x 104*109 Cm_3, CNH3 of 0.1-1000 ppt and
J > 107 em > s ' Yu [2006b] derived a THN kinetic
model that uses the laboratory data to constrain the
average NHj stabilization effect (Fyyz = 2) in calculating
J values. The THN model was derived based on the
theory that only a small fraction of small H,SO, clusters
contain NH; while a large fraction contain water in the
atmosphere due to the abundance of atmospheric water
[Kurtén et al., 2007; Nadykto et al., 2009].

[11] Sihto et al. [2006] derived the prefactors in the power
law expressions based the activation and kinetic nucleation
theories suggested by Kulmala et al. [2006] using observed
nucleation rates from field campaigns in Europe. In the
cluster-activated nucleation, activation of small clusters is
assumed to occur via heterogeneous nucleation or hetero-
geneous chemical reactions with J directly proportional to
Nuzsos- The prefactor 4 is an empirical coefficient
describing the actual physics and chemistry of the nucle-
ation process. In the kinetic nucleation, critical clusters are
assumed to form by collisions of H,SO,4 or other molecules
containing H,SO,, e.g., NH4HSO,, with J proportional to
the square of Nyos04. Prefactor K is related to rate constants
for reactions that lead to the production of stable nuclei.
Both 4 and K values are empirically determined from
observation-derived nucleation rates as a function of H,SO,
concentrations using the method of least squares. Their
values may vary with location or season or time of sam-
pling. The cluster-activated nucleation expression of Sikfo et
al. [2006] with a mean prefactor 4 value of 1.7 x 10 ® and a
power of 1 is used in this study. Kuang et al. [2008] derived
the values of the exponent and the prefactor 4 or K in the
power law expression using several observational data sets.
They found that the power law expression with a mean
prefactor K value of 1.6 x 107'* and a P value of 2.01
provides the best fit to the J values in Atlanta observed from
the Aerosol Nucleation and Real Time Characterization
Experiment (ANARChE) study of nucleation during late
July—August 2002 [McMurry et al., 2005]. This kinetic type
nucleation expression along with the mean K value is used
in this study. Additional simulations using the minimal and
maximum A and K reported by Sihto et al. [2006] and
Kuang et al. [2008] are also conducted to study the sensi-
tivity of J to these prefactors.

[12] In this paper, the nucleation rates are calculated using
the above 12 nucleation parameterizations under atmo-
spheric conditions with 7 of 180-303 K, RH of 0-100%,
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Nisos of 10°=5 x 10" cm™, and Cyyy3 of 0.1-100 ppt that
may occur in the atmosphere from polluted surface to very
clean mesopause (~80 km above the surface). Those rates
are also compared with the maximum possible rates of Jy;,e,
and J, .. In addition, the calculated J values are com-
pared with laboratory measurements by Ball et al. [1999] and
evaluated using J; ., values derived based on particle size
distribution and chemical measurements at Jefferson Street
(JST), Atlanta, GA from ANARChHE during late July through
August 2002 [McMurry and Eisele, 2005]. ANARChE was
selected because of the availability of J data and the observed
nucleation events during this field campaign involved only
H,SO4 and NHj3 [Smith et al., 2005; Sakurai et al., 2005].
These parameterizations are then evaluated further in the 3-D
CMAQ model using observed particle size distributions from
the Aerosol Research Inhalation Epidemiological Study
(ARIES) [Van Loy et al., 2000] 12-28 during June 1999 [see
Zhang et al., 2010].

3. Comparison of Parameterizations Under
Hypothetical Atmospheric Conditions

3.1. Dependence of Nucleation Rates on Ny,504

[13] Figure 1 shows the calculated nucleation rates, J, as a
function of Nyy504 0n a logarithmic scale. Note that the rates
below 10 % cm® s~ are too small to have important effects on
new particle formation and those above 102 cm® s™! are too
large to be realistic, they are therefore not shown in Figure 1.
The ternary nucleation rates from NA0O2 and MEQ7 are cal-
culated at Cyyz of 0.1 ppt and 100 ppt to provide a bound of
their ternary rates. Those by YUO06 do not vary with NHj
levels, whose effects are considered to be an average
enhancement factor derived from laboratory measurements of
Ball et al. [1999] with Cyys of ~100 ppt. For KU98, VE02,
NAO02, YU06, MEO7, and YUOS, only J values in their valid
ranges of 7, RH, Nypso4, and J are plotted, although they
may give nonzero J values beyond those ranges. The upper
limit rates of collision-controlled nucleation in terms of
Jgimer and J5 ,n are also plotted for comparison.

[14] At the middle tropospheric conditions with RH =
50%, T'=258.15 K, and Nypas04 = 10*-10'* cm ™ (Figure 1a),
all parameterizations show a strong dependence of J on
Nuzsos and at a given Nyppso4 the values of J predicted by
the models can vary by up to 15 orders of magnitude. The
dependence of log(/) on log(Nyzso4) can be roughly
grouped into three types: strong linear (i.e., PA94, FI98,
KU98, YU06, and YUO8), weak linear (i.e., WE94, HK98,
S106, and KUO0S8), and nonlinear (i.e., VE02, NA02, and
MEOQ7). Among the 7 BHN parameterizations, WE94 gives
zero rates for Nypsos < 5 X 107 ¢cm™> and a relatively
weaker dependence on N4 for higher Ny,go4 values,
because J is not directly proportional to Nypso4, but it is
directly proportional to the difference between this and the
critical concentration of H,SOy that is required to produce
Jof 1 em™> s\, PA94, FI98, and KU98 show a strong
linear dependence of log(J) on log (Ng»s04) that is similar
in terms of magnitude but for different ranges of Ny»s04
because their log(J) values are directly proportional to log
(Nr2s04), with the highest rates by FI98 and the lowest
rates by PA94. VE02 shows a strong dependence of log(Jg
on log(Nyzs04) that is linear for Nypsoq < 2 % 10% cm™
but nonlinear for higher Nyzs04. For 10%em® s <J<
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10" em® s7', the rates predicted by KU98 are lower by
1-2 and 4-6 orders of magnitude compared with those of
VEO02 and FI98, respectively. The differences between
rates by KU98 and VE02 can be mainly attributed to
differences in their treatment for hydrate formation. HK98
shows a weaker dependence on Ny»s04 than other BHM
parameterizations except for WE94, due in part to its
consideration of the competition between nucleation and
condensation that leads to a lower Ny»go4 available for
nucleation. YUO8 shows a strong linear dependence of
log(J) on log(Nyas04).- For THN parameterizations, NA02
show a nonlinear dependence of log(J) on log(Ny2s04) at
Cnns of 0.1 ppt but a nearly linear dependence at Cns
of 100 ppt. MEO7, on the other hand, gives slightly
nonlinear dependence of log(J) on log(Nuzs04) at Cnps of
0.1 and 100 ppt. MEO7 gives rates that are lower than
those of NAO2 by up to 11 orders of magnitude at Cyys
of 0.1 ppt and by up to 9 orders of magnitude at Cyyz of
100 ppt, given the same value of Nyps04 When Nypsos <
10° cm . YUO6 gives J values that are significantly
lower than those by NA02 at Cnyyz = 0.1 and 100 ppt and
by MEO7 at Cnpz = 100 ppt for Nipsos < 10° cm > but
higher than J from MEQO7 at Cyy; = 0.1 ppt for the valid
Nmsos and J ranges of MEQ7, because it uses experi-
mental data to constrain J values. The THN J values
predicted by YUO6 are within 1 order of magnitude of
BHN rates, consistent with laboratory studies [e.g., Kim
et al., 1998; Ball et al., 1999]. By comparison, the THN
rates from NAO2 at Cyyz = 100 ppt are 4-15 orders of
magnitude higher than rates by all BHM parameterizations
for Nyasos < 2 % 108 cm™> (except for WE94 and FI98 at
some Nyas04 Values), inconsistent with observed enhance-
ment factors for J in the presence of ambient level of NHj;,
which is consistent with the finding of Yu [2006b]. As
pointed previously, Anttila et al. [2005] and MEQ7 attributed
such a significant discrepancy to the omission of the for-
mation of NH;HSO, and its effect on the nucleation rates
of NA02, but Yu [2006b] argued that it is caused by the
weak bonding of NH; with small H,SO4 molecular clusters.
The correction made for NAO2 shown by MEOQ7 brings
the THN J values at Cygz = 100 ppt in a much closer
agreement (0—7 orders of magnitude) with the BHN rates,
although those by MEQ7 at Cyyz = 0.1 ppt become much
lower than the BHN rates for 10® < Nypsos < 10° cm .
For the two power laws, SI06 gives linear dependence of
log(J) on log(Ny2so4) similar to WE94 but its rates are
valid for a wider range of Ny»s04 including those below 5 x
107 cm ™, and KUO7 shows a linear dependence of log(J)
on log(Nypso4) that is stronger than WE94, HK98, and
SI06 but weaker than those of PA94, FI98, and KU9S.
SI06 gives higher J than KUO8 at Nipsos < 10° cm™
but lower one than KUOS for higher Ny;s04, indicating a
stronger nucleation simulated by KUO8 under a sulfate-rich
environment. Compared with J,,,.,- and J5,,,,,, some J values
exceed these upper limits, including all rates by NA02 at
Cnus > 0.1 ppt, nearly all rates by WE94, and some rates
by PA94, FI98, VE02, and NAO2 at Cygz = 0.1 ppt at
some NHZSO4~

[15] At surface conditions with RH = 80%, T'=298.15 K,
and Nipasos = 10°-10'? cm™ (Figure 1b) all BHN and THN
parameterizations except those of PA94 predict much lower
J than those at RH = 50% and 7 = 258.15 K, which may
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Figure 1. Nucleation rates as a function of the number concentration of H,SO,4 at (a) T = 258.15 K,
RH = 50%, and (b) T = 298.15 K, RH = 80%.
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Figure 2. Nucleation rates as a function of temperature at (a) RH = 50%, and the number concentra-
tion of H,SO,4 of 10° molecules ¢cm > , and (b) RH = 80%, and the number concentration of H,SO, of
10° molecules cm .

vary by up to 18 orders of magnitude at the same Nyps04. t0 298.15 K (with a few exceptions; see Figures 2 and 3), the
Since J values generally increase when RH increases from increases in J values under the surface conditions indicate
50% to 80% and decrease when T increases from 258.15 K that the effect of 7 variation dominates over that of RH
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10° molecules cm .

9 of 23



D20212

variation, as compared with those under the middle tropo-
spheric conditions. WE94 shows a similar strong dependence
of log(J) on log(Nu»s04) but with rates that are lower by up
to 100% than RH = 50% and T = 258.15 K at Nyjps04 > 5 ¥
10% cm ™ and predicts no nucleation for lower Nyss04. FI98
and KUOS give rates that are lower by 9—12 and 10 orders of
magnitude, respectively, at RH = 80% and 7 = 298.15 K
than RH = 50% and T = 258 15 K. VEO02 does not give a
rate that is greater than 10°® cm™> s ' at Nuzsos < 6 X
10® cm™ and gives rates that are 1ower by 3-12 orders of
magnitude at RH = 80% and 7 = 298.15 K than RH =
50% and T = 258.15 K at higher Nyy504 levels. YUOS
gives similar dependence of log(J) on log(Ny2so4) but
with rates that are lower by 7-22 orders of magnitude
under the surface conditions than the middle tropospheric
conditions. PAO4 also shows a similar strong dependence
of log(J) on log(Nuzso4) to that at a lower RH (note that
it does not depend on T7), but it depends on RH to a much
lesser extent than Np,gos4 With rates of 1-4 orders of
magnitude higher at RH = 80% than those at RH = 50%.
At Cnps = 100 ppt, NAO2 gives much stronger depen-
dence of log(J) on log(Ny2so4) With rates that are lower
by 1-10 orders of magnitude under the surface conditions
than the middle tropospheric conditions for Nypgo4 < 5 X
10® cm™. At Cnpgs = 0.1 ppt, it gives either zero rates at
Nipsos < 5 % 10° cm > or rates that are less than its low
limit of validation value (ie., 107> cm > s') at higher
Nuzsos4 (thus not shown in the Figure 1b). Compared with
J values under the middle tropospheric conditions, MEQO7
predicts no nucleation at Cyys = 0.1 and 100 ppt (thus
not shown in the Figure 1b). Relative to the BHN rates by
YUO08, YUO06 shows larger NH; enhancement factors under
the surface conditions than those under the middle tropo-
spheric conditions, but they are within 2 orders of mag-
nitude and remain consistent with laboratory studies. Some
rates simulated by WE94, FI98, PA94, and NAO02 at Cyyz >
0.1 ppt exceed the upper limits (Jy;er and J5,,,,,). Under the
surface conditions, SI06 and KU0O8 show the same Nyog04
dependence and the same J values as those under the middle
tropospheric conditions, because they do not depend on T
and RH.

3.2. Dependence of Nucleation Rates on T

[16] Figures 2a and 2b show J as a function of T on a
semilogarithmic scale at RH = 50% and NH2504 10° cm™
and RH = 80% and NH2504 =10° cm >, respectively. At
RH = 50% and Nipas04 = 10° cm >, PA94 and MEO7 give
either negligible nucleation rates or do not predict nucle-
ation. WE94 does not predict nucleatlon When T > 200 K.
The calculated J values are above 10™® ! for YUO6
and YUO8 when T < 230 K, for VEOZ and KU98 when
T < 235 K, and for FI98 when T < 245 K. Only HK98,
SI106, KU0O8, and NAO2 give valid J values (defined as
values that are within their respective valid ranges and
also <J, ) for T > 250 K. While rates by SI06 and
KUO08 do not depend on 7, those by FI98, HK98, YUO0S8,
YUO06, and NA(O2 show a strong nonlinear dependence of
log(J) on T. The rates given by all parameterizations gen-
erally decrease with T except those from HK98 that increase
with T for T' < 230 K and those from NAO02 with Cyyz =
0.1 ppt that oscillates with 7. The J values simulated by
these parameterizations may vary by up to 15 orders of
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magnitude when T increases from 180 to 235 K (i.e., FI98)
and by 5 orders of magnitude when T increases from 240
to 290 (i.e., NAO2 at CNH3 = 0.1 ppt). At the same T,
the J values from various parameterlzatlons may differ
by 13 orders of magnitude for J> 10"® ', Some rates
by WE04, KU98, FI98, and NA02 are much hlgher than Jdimer

and J, . S106 gives a constant rate 0f0.17 cm > Wthh is
lower than Jg;per 0f 2.15 cm > s and J> o of 0 2 cm s L
KUOS8 gives a constant rate of 1.8 x 107* Wthh

is well below Jgimer and J5 -

[17] At RH = 80% and Nyzs04 = 10° em 3 NA02 only
gives two valid J values between 107> 106 em > s ! oat
Cnhz = 0.1 ppt and T = 290 and 298 K and gives all J
values that are larger than 10° cm > s™! at Cyps = 100 ppt
(thus not shown in Figure 2b). WE94, PA94, S106, and
KUO08 show either no or weak T dependence, the remaining
parameterizations show a strong 7 dependence, with rates by
KU98, F198, VI02, YU08, YUO06, and MEO7 decreasing
with T but those by HK98 increasing with 7 at lower T
values but decreasing with 7' or remaining nearly constant
at higher T values after reaching a peak J value. The J
values simulated by these parameterizations may change
by up to 12 orders of magnitude when 7 increases from
185 to 250 K (i.e., HK98) and by up to 16 orders of mag-
nitude when T increases from 230 to 303 K (i.e., VE02),
indicating a very strong 7 dependence. At the same 7, the
J values from various parameterizations may differ by 17
orders of magnitude at 7 < 260 K and by 15 orders of
magnitude at higher 7' values for J > 10°® cm™ s
Several parameterizations give rates much hlgher than
Jgimer 0f 2.2 x 108 em™>s ™! and J5 oy 0f 2 x 107 cm s
including those of WE94 at all T values, F198 at 7' <290 K,
and VIO2 at 7 < 250 K. PA94 gives a constant rate of
1.7 % 10% ecm ™2 s7!, which is slightly below Jgime, but about
1 order of magnitude higher than J, ,,,. KUO8 and SI06
give constant rates of 1.9 x 10* and 1.7 x 10* cm ™ s,
respectively, which are well below Jgimer and Jo .

3.3. Dependence of Nucleation Rates on RH

[18] Figures 3a and 3b show the J values on a semiloga-
rithmic scale as a function of RH at the middle tropospheric
conditions with 7= 258.15 K and Nyj»s04 = 10° cm ° and the
urban surface conditions with 7= 298.15 K and Ngys04 =
10° cm . Under the middle tropospheric conditions, WE94,
PA9%94, VE02, KU98, HK98, YU06, ME07, and YUOS do not
predict nucleation. SI06, KUOS, and NA02 at Cyyy3 = 100 ppt
show either no or weak RH dependence. FI98, HK98, and
NAO02 at Cyys = 0.1 ppt show stronger RH dependence with
rates that vary by up to 8 orders of magnltude When RH
increases from 0.01% to 100% for J> 10 ® cm s ', Simu-
lated J values by NA02 at Cyys = 100 ppt are hlgher by up
to 12 orders of magnitude than those from the blnar]y
parameterizations at the same RH value for J> 105 cm s
The rates by FI98 and NAO02 at Cyyyz = 0.1 ppt for all RH
values and NAO2 at Cyyz = 100 ppt when RH > 20% decrease
with RH, and those by HK98 can change in either way de-
pending on RH. The RH dependence simulated by FI98 and
NAO2 is inconsistent with laboratory observations of Kim
et al. [1998] and Ball et al. [1999], consistent with
finding of Yu [2006b]. NAOZ glves J values that are well
above Jdlmer of 22 x 102 em s ! and J, ,p of 2.0 x
107 em s~ when Cypz = 100 ppt and sometimes above
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those limits when Cnpyz = 0.1 ppt, thus not realistic. FI98,
HKO98, SI06 and KUOS8 give J values that are lower than
Jdimer and J2 nm-

[19] Under the urban surface conditions, MEO7 does not
predict nucleation and NA02 at Cyys = 100 ppt gives J
values above 10° cm s that are beyond its valid range
(thus no values are shown for those parameterizations).
WE94, SI06, and KUO8 show either no or weak RH
dependence. KU98, PA94, FI98, HK98, VE02, YUO06,
YUOS, and NAO2 at Cyyz = 0.1 ppt show a strong RH
dependence of log(J), with rates that vary by up to 12 orders
of rnagnltude when RH increases from 0.0 to 100% for J >
10 cm™>. Simulated J values can vary by up to 14 orders
of magnltude at the same RH value for J > 10 cm . The
rates by all these parameterizations increase with RH except
those by NAO2 at Cyyz = 0.1 ppt that decrease with RH and
those by F198 that decrease with increased RH from 0 to 30%
but increase with increased RH when RH further increases to
100%. As indicated previously, the RH dependence simu-
lated by NAO2 and FI98 at RH < 30% is inconsistent with
laboratory observations and other nucleation parameteriza-
tions. All rates by WE94 and some rates by PA94 at RH >
50% and FI98 at RH > 0.95 exceed Jyjmer and J> ., thus
not realistic. KUO8 and SI06 give a constant rate of 2.0 X
10* ems " and 1.7 x 10> cm s respectlvely, which is
slightly lower than Jaimer 0f 2.2 X 104 cem s ! and J5 nm Of
2.0 x 10* em s, respectively.

3.4. Dependence of Nucleation Rates on Cnys

[20] Figures 4a—4c show J as a function of Cyyz on a
logarithmic scale at the middle tropospheric condltlons with
RH = 50%, T'=258.15 K, and Nyj»504 of 10° and 107 cm >
and urban surface condltlons with RH = 80%, T=298.15 K,
and Nypsos of 10° cm ™, respectively. Under the middle
tropospheric condrtlons with RH = 50%, T = 258.15 K,
and Nipsos of 10° cm™ WE94 does not predict nucleation,
HKO98 gives a rate of 3. 9 x 107 cm ™ s ', and the rest of
binary arameterrzatrons all glve rates that are negligible
(<107 em™ s7') (not shown in Figure 4). Among the
three THN parametenzatrons MEO02 does not predict nucle-
ation, YUO6 gives neghgrble rates, and only NAO2 predicts
J values that are above 10°° s !, which increase by
more than 7 orders of magnrtude when Cnps Increases from
0.1 to 100 ppt for J> 10" ', These rates are higher
than J values by SI06 and KU08 at Cnpz > 2.2 ppt and
0.1 ppt, respectively, and those by all BHN parameteriza-
tions when Cnpsz = 0.1-100 ppt. NAO2 at Cyys > 0.5 or
0.2 ppt gives rates that are higher than Jgjmer O J5 nm,
res_})ectlvely When Npsos increases from 10° cm > to

in the troposphere (i.e., corresponding to cases
w1th Volcanlc eruptions during which high SO, amounts
are emitted, leading to a high Ny»504 in the upper/middle
troposphere), the J values simulated from all parameteriza-
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tions increase by several orders of magnitude because their
positive dependence on NHZSO4 and all parameterizations
give rates above 10 ® cm > s except for WE94, which does
not predict nucleatlon PA94 which gives a neghglble rate
of 1.4 x 10 , and KU98, which gives a rate of
27 x 10°° that is beyond its valid range of J
(both PA94 and KU98 predictions are thus not shown in
Figure 4b) The J values from NAO2 are higher by 11
orders of magnitude than those from MEO7 and YUO06, 3—
12 orders of magnitude than those from binary para-
meterizations, and 5—6 orders of magnitude than those from
power law parameterizations. While the J values from NA02
exceed Jgimer and Jy o, those from all other parameteriza-
tions are well below these limits. At urban surface condi-
tions, MEO7 does not predict new particle formation. NA02
shows a strong Cnys dependence with rates increasing by
11 orders of magnrtude when Cyp; increases from 0 2 to 20
ppt. YUO6 gives a constant rate of 1.6 x 107 cm > s ',
Wthh is hlgher than the corresponding binary rate of 4.0 x
10 ~! by YUO0S. KU98, VE02, and YUOS give rates
that are lower than ternary rates by YU06 and NAO2 for all
Cnmz values. The rest of binary and power law parameter-
izations give rates that are higher than those by YUO06 for
all Cypz values and higher than those by NAO2 at lower
NH; levels but lower values at higher NH; levels. Among
all parameterizations, WE94 gives the highest rates and
VEO02 gives the lowest rates. The rates by WE94, PA04, and
NAO2 at Cyys > 10 ppt are higher than Jyjmer OF J5 nm, thus
not realistic.

4. Evaluation of Parameterizations Using
Laboratory Measurements

[21] Yu [2006b] has previously evaluated J rates calcu-
lated by NAO2 and VEO02 with the laboratory data of Ball
et al. [1999]. A similar comparison for all 12 nucleation
parameterizations using the same laboratory data is shown
in Figure 5 (note that only results under their respective
valid conditions are plotted). Under the conditions with
T = 295 K and RH = 4.6%, the measured BHN and THN
rates range from 3. 1 x 10_2 t03.6 x 10> cm > s ' and 9.0 x
107" to 2.0 x 10> em > 57!, respectively. The measured
nucleation rates are enhanced in the presence of 170 ppt
NH; by roughly 2-3 orders of magnitudes. For compari-
son, WE04 and PA98 give J values that are higher by up
to 10 orders of magnitude, FI98 gives J values that are
lower by 2 orders of magnitude, VE02 gives negligible
J values, and KU98 is not valid for RH < 10% (off scale
in Figure 5). Among all BHN parameterizations, YUOS
and HKO98 give the closest agreement with measured
BHN rates. Among ternary parameterizations, YU06 gives
the closest agreement, MEO7 does not predict nucleatron
(off scale in Figure 5), and NAO2 gives rates of 102

Figure 5. Simulated versus measured nucleation rates under the laboratory conditions with (a) T =295 K and RH = 4.6%
and (b) T =295 K and RH = 15.3%. The symbols in blue are experimental data from Ball et al. [1999]. The lines in black,
red, and purple represent parameterizations based on binary homogeneous nucleation (BHN), ternary homogeneous
nucleation (THN), and empirical power laws, respectively. The results from each parameterization are plotted for their
receptive valid ranges of conditions. Note that KU98 data are invisible in Figure 5a because the results are invalid under
such a condition and MEOQ7 data are invisible in Figures 5a and 5b because the study does not predict nucleation under such

conditions.
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10° cm > s~ when Nipsos < 1.0 x 10° cm™> and is invalid
for high values of Nypso4. At the same values of Nypso4,
NAOQ2 gives J values that are up to several tens of orders
of magnitude higher than those of KU98 and VEO02. For
example, the J values are 5.5 x 10* em ™3 s7! for NAO02,
56 x 10* ecm™ s7' for KU98, and 0 for VEO2 when
Nipsoa = 2.0 x 10° em . Such a dramatic enhancement in
nucleation rates in the presence of NH; was not observed
in the laboratory experiments. The two power laws give
J values that are higher by up to 6-8 orders of magni-
tude than measured BHN and THN rates, which is ex-
pected because those power laws were derived based on
ambient atmospheric measurements obtained under differ-
ent conditions from laboratory measurements. For exam-
ple, SI06 law was derived from observations under 7 of
266-280 K, and RH of 43-93% in springtime in Hyytiila,
Finland [Kulmala et al., 2001b; Boy et al, 2005], and
KUO08 law was derived from observations under 7' of
301.5-310.7 K and RH of 35-76% during summertime in
Atlanta, Georgia [Kuang et al., 2008]. Under the condi-
tions with 7= 295 K and RH = 15.3%, the results for all
above parameterizations except for KU98 and their rela-
tive differences and deviations from laboratory data are
similar to those at 7= 295 K and RH = 4.6%. Unlike the
previous case, KU98 gives the closest agreement with
measured BHN rates despite the mistakes in its derivation,
and VEO02 gives J rates of 10* to 10° cm ™ s ' when
Ninsos > 10 cm™>. HK98, YUO0S, and YUO6 deviate
further from the laboratory data when RH increases from
4.6% to 15.3%. While the enhancement factor becomes
smaller (within 1-2 orders of magnitude) as RH increases,
the significant differences between the THN rates by NA02
and the BHN rates by KU98 and VEO02 remain similar.
These findings are consistent with those of Yu [2006b].

[22] Auxiliary material Figures S1-S5 compare simulated
nucleation rates with additional measured nucleation rates
(or calculated nucleation rates based on measured particle
number concentrations) in recent laboratory studies includ-
ing those by Berndt et al. [2005, 2006], Berndt et al. [2010],
Young et al. [2008], Benson et al. [2009], and Sipild et al.
[2010], respectively.! The experimental conditions for all
laboratory and field measurements used in this study are
summarized in auxiliary material Table S1. It is noted that
all these data were obtained from laboratory experiments
that generated H,SO, from the SO, + OH reactions. Strictly
speaking, these measurements are different from previous
data obtained using the liquid samples of H,SO, [e.g., Ball
et al., 1999]. They do not represent the H,SO4-H>O binary
nucleation (instead, it is the H,SO4-H,O-X ternary nucle-
ation, where X is an unidentified species and has been
speculated to be an organic species or HSOs [Berndt et al.,
2005, 2008]. As shown by Berndt et al. [2008] and Sipildi
et al. [2010], those new data using H,SO, from the SO, +
OH reactions are generally consistent with previously
measured data using liquid samples of H,SO,. Never-
theless, these newly measured data are useful to evaluate
the 12 nucleation parameterizations despite the difference
between the type of nucleation observed in various labo-

'Auxiliary materials are available in the HTML. doi:10.1029/
2010JD014150.
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ratories and the simulated nucleation using various para-
meterizations and some uncertainties in the “residual”
H,SO,4 and “apparent” nucleation rates in these new lab-
oratory studies [e.g., Young et al., 2008; Berndt et al.,
2010].

[23] Berndt et al. [2005] and Berndt et al. [2006] mea-
sured the particle number concentrations in the presence and
absence of hydrocarbon, respectively, under a 7 of 293 K
and a range of RH conditions (11-49.5% and 11-60%,
respectively). They found a small impact of organics on the
formation of H,SO4/H,O particles and estimated a nucle-
ation rate of 0.3-0.4 cm > s ! for a concentration of H,SO,
of ~107 cm ™. The nucleation rates shown in auxiliary
material Figure S1 are estimated using a residence time of
290 s following the approach of Berndt et al. [2005].
However, not all nucleated particle were detectable due to
the insufficient counting efficiency of ultrafine condensation
particle counter (i.e., TSI 3025) and the loss of H,SO,
during those experiments may be high [Berndt et al., 2010].
These estimated J, therefore, represent a lower limit of the
actual values due to the uncertainties in the laboratory
measurements. As shown in auxiliary material Figure S1,
the derived nucleation rates from Berndt et al. [2005, 2006]
are on the order of 1072 to 10> cm > s~ ' under various RH
conditions. Among the 12 parameterizations, KUOS8 and
SI06 give the closest agreement to the derived nucleation
rates (generally within 2 orders of magnitudes). HK98 give
rates within 2-3 orders of magnitudes under some condi-
tions (e.g., RH = 42 and 60%). All other parameterizations
either do not predict J or give rates that are lower than 1 x
10 em™> s' (except for FI98 and PA94 under some
conditions). Using a high-efficiency particle counter, Berndt
et al. [2010] recently obtained more reliable J based on
more accurate experiments than their previous studies. As
shown in auxiliary material Figure S2, the measured
nucleation rates are in the range of 0.17-1136, 2.5-335, and
1.5-484 cm > s ' at 7=293 K and RH values of 22, 45, and
61%, respectively. Those values are indeed higher than
derived J of Berndt et al. [2005, 2006] that are in the range
of 0.02-12, 0.01-81, 0.04-310, 0.02-263, 0.05-52, and
0.02-148 cm™ s™' at RH values of 11%, 19-22%, 42%,
49.5%, and 60%, respectively, indicating a higher accuracy
from Berndt et al. [2010] than previous measurements.
Among the 12 parameterizations, SI06 and KUO8 give a
good agreement (within 1 order of magnitude) to these
newly observed rates, with a closer agreement to them as
compared with the earlier measurements of Berndt et al.
[2005, 2006]. The performance of other parameterizations
remains similar or even worse than that under the experi-
mental conditions of Berndt et al. [2005, 2006].

[24] As shown in auxiliary material Figure S3, Young
et al. [2008] measured J under T of 288 K, various RH
conditions, as well as other experimental conditions. The
flow residence time (tr), wall loss factor (WLF) of H,SO,,
and the number of H,SO, in the critical cluster are different
in these experiments (note that these factors show some
impacts on the measured nucleation rates, although they are
not explicitly accounted for in the nucleation para-
meterizations tested here). Auxiliary material Figure S3
shows a large range of simulated J (by >18 orders of
magnitudes) from various parameterizations, with the best
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agreement by HK98 under conditions with 7 = 288 K,
RH = 15%,t,=19s, WLF =2.4-2.5, and n=~7 (Figure S3b)
and T=288 K, RH=11%,t.=19s, WLF=2.5-2.6, andn=
3-6 (Figure S3c). At T=288 K, RH=23%,t,=19 s, WLF =
2.4, and n = ~3 (Figure S2a), HK98 and SI06 give values
within 4 orders of magnitudes for all H,SO,4 concentrations,
and several parameterizations including those of PA94,
VEO02, YUO06, and YUOS8 for some H,SO, concentrations.
Under most conditions (e.g., auxiliary material Figures S3c—
S3e), only a few parameterizations (e.g., KU08, SI06, PA94,
HK98, and FI98) give values higher than 1 x 10 % cm > s ..

[25] Benson et al. [2009] measured J with and without
NHj; under 7= 288 K and RH of 23-33% (indicated by THN
and BHN, respectively in auxiliary material Figure S4). They
reported an enhancement factor up to ~1000 for NH; con-
centrations of 10-50 ppb. As shown in Figure S4, in the
absence of NH; (Figures S4a—S4c), SI06 and HK98 give the
closest agreement to the measurements. In the presence of
NHj; (Figures S4d—S4f), SI06 and HK98 also give the closest
agreement at RH = 23 and 28% and KUO08, SI06, and
HKO98 give the closest agreement at RH = 33%, whereas
none of the THN parameterizations give the rates that are
within 2-3 orders of magnitudes. NAO2 gives rates that
are higher by 6-10 orders of magnitudes than the mea-
sured rates. MEO7 and YUOS give rates that are lower
by >7 orders and >9 orders of magnitudes than the mea-
sured rates.

[26] As shown in auxiliary material Figure S5, Sipild et al.
[2010] measured J with different residence times at 293 K
and RH = 22%. The observed rates are in the range of 1—
1958 cm™ s '. SI08 and KUO8 show the best agreement
to the observed J among all observational data set used
for evaluation. HK98, PA94, and FI98 give values that
are lower by at least 4, 5, and 9 orders of magnitude than
the observed rates, respectively. All other parameteriza-
tions either do not predict J or give values that are too
small to be significant (<1 x 107 ¢cm ™ s~ ') under such
conditions.

5. Evaluation of Parameterizations Using
Observations From ANARChE

[27] The above parameterizations are evaluated using
observations at Jefferson Street (JST), Atlanta, Georgia,
from ANARChE during late July through August 2002. JST
is located about 4 km northwest of downtown Atlanta where
SO, concentrations are high, providing a rich source of
H,SO, for new particle formation in an urban environment.
The nucleation-related measurements include the mixing
ratios of several gases (e.g., SO,, H,SOy4, and NH3), particle
size distributions in several size ranges (e.g., 3—40 nm, 20—
250 nm, and 0.1-2 pm), and other properties of nano-
particles (e.g., the volatility, hygroscopicity, and chemical
composition) [McMurry and Eisele, 2005, and references
therein]. Since the minimal measurable particle size was
~3 nm for the instruments used during ANARChHE, the
formation rate of 3 nm particles (J3 ,n), can be derived
based on the observed particle size distributions and
H,SO,4 number concentrations, and the formation rate of
1 nm particles (J; ,m) can then be extrapolated from J;
[Kuang et al., 2008]. Compared with J5 1, J1 nm represents
the net nucleation rate of particles with size of 1 nm by
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accounting for the changes (loss or gain) of particle number
concentrations through a combination of several processes
including nucleation, condensation, and coagulation in the
real atmosphere. It, however, does not account for the for-
mation of particles with size below 1 nm due to these pro-
cesses (note that instruments developed up to date cannot
measure particles <1 nm [see McMurry et al., 2010]). While
the observed 7, RH, and Nys04 are available every minute
during July—September 2002, the derived values of J; .,
however, are only available every 2 or 3 min during 0900—
1150 Local Daylight Time (LDT), 31 July 2002 and 1110—
1305 LDT, 5 August 2002. The two time periods are
therefore selected for evaluation of various nucleation
parameterizations. The observed 7, RH, and Ny,504 data at
a 1 min frequency during the two time periods are aggre-
gated into a 2 or 3 min frequency based on that for the
derived J; ,m and then used as the input conditions. The
ranges of 7, RH, and Ny»s04 are 28.32-34.92°C (301.47—
308.07 K), 56.83-76.41%, 4.25 x 10’-3.03 x 10* cm™,
with mean values of 31.76°C (i.e., 304.91 K), 65.53%,
and 1.62 x 10® em >, respectively, during 0900-1150 LDT,
31 July 2002, and 34.42-37.58°C (307.57-310.73 K), 34.7—
45.5%, 3.42 x 10"-2.18 x 10% cm >, with mean values of
35.95°C (ie., 309.1 K), 40.42%, and 7.68 x 10’ cm >,
respectively, during 1110-1305 LDT, 5 August 2002. 31 July
2002 represents conditions with relatively high Nyosos,
low 7, and high RH, and 5 August 2002 represents condi-
tions with relatively low Nyps04, high 7, and low RH. The
mean T values of 30491 K on 31 July and 309.1 K on
5 August are slightly above the valid upper limits of 7" for
some parameterizations (e.g., 298.15 K for KU98, 300 K for
NAO02, and 305.15 K for VE02). Because the J values from
KU98, NA02, and VE02 decrease with increasing 7' (see
Figure 2b), the J values at 7= 304.91 and 309.1 K predicted
by KU98, NA02, and VEO02 should indeed be lower than
those at their upper limits of 7 if the parameterizations
are extended at 7 higher than their upper limits following
their 7" dependence trends (although these values may be
often set to be the same at their upper limit of 7 in their actual
3-D model applications). The actual observed mean 7 values
of 304.91 and 309.1 K are therefore used in calculating J
values from KU98, NA02, and VEO2 here, which are lower
than the J values at their upper limits in 3-D applications.
The observed Cnpyz values range from 1 to 10 ppb during
ANARChOE [Nowak et al., 2006; McMurry et al., 2005],
which are well above the upper limit of 100 ppt used in the
THN parameterizations in this study. Cnpyz of 100 ppt is thus
used in calculating THN rates from NA02 and MEO7 on both
days.

[28] Figure 6 shows the simulated J values from various
nucleation parameterizations with those observed during
ANARChHE on 31 July and 5 August 2002. Five para-
meterizations (i.e., FI98, KU98, VE02, YU06, and YUOS)
give J values below 1 x 107® cm® s™!, which are not plotted.
All calculated J values from NAO2 are shown, although
some may exceed the valid ranges of J values as specified
by Napari et al. [2002]. The observed J values are in the
range of 31-2784 and 0-436 cm > s~ !, respectively, on 31
July and 5 August 2002. WE94 and MEO7 give zero J va-
lues for all 69 cases on 31 July and 47 cases on 5 August
(thus not shown in the figures). VI02 also gives zero J values
for more cases on 5 August and negligible values (<5.6 x
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Figure 6. Simulated versus observed nucleation rates on (top) 31 July and (bottom) 5 August 2002. The
observations are from Kuang et al. [2008] derived based on the Aerosol Nucleation and Real Time
Characterization Experiment (ANARChHE) study of nucleation during late July—August 2002. Five para-
meterizations (i.e., those of FI98, KU98, VE02, YU06, and YUOS8) give J values below 1 x 1078 cm?® 57!,
which are not plotted.

107 em ™ s7') for the remalmng cases on 5 August and all 1077 ecm > s~" (results not shown). FI98, KU98, YUO0S, and
cases (<8.3 x 10 s') on 31 July, all of these YUO6 give poor agreement with observatlons with J values
nonzero values are well below its low valid limit of 1 x of 1.2 x 107"°-8.8 x 107" em™> s!, 1.2 x 1072'4.3 x
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Figure 7. Simulated versus observed nucleation rates on (top) 31 July and (bottom) 5 August 2002 using
work of Sihito et al. [2006] and Kuang et al. [2008]. SI06, SI06_min, and SI06_max refer to simulation
results using the mean, minimal, and maximum prefactor A values of 1.7 x 107, 6.0 x 10°°, and 0.4 x
107°, respectively. Similarly, KU08, KU0O8 min, and KUO8 max refer to simulation results using the
minimal and maximum prefactor K values of 1.6 x 107" 1.51 x 107'3, and 1.66 x 10713, respectively.

107" em™ s7!, 1.0 x 107°°9.4 x 107" ecm™ s7!, 4.7 x 31 July 2002 (results not shown). These parameterizations
10%-1.8 x 107" ecm ™ s7', respectively, and correlation also give similar negligible J values and low correlation
coefficients of 0.08, 0.04, 0.17, and 0.16, respectively, on coefficients on 5 August. On the other hand, NA02 over-
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Table 2. Performance Statistics for Various Nucleation Parameterizations Against Observations From ANARChE®

0900-1150 LDT, 31 July 2002 Data Pair = 69,
Mean Obs = 7.2E+02

1110-1305 LDT, 5 August 2002 Data Pair =47,
Mean Obs = 5.8E+01

Mean Sim NMB, % NME, % Mean Sim NMB, % NME, %
Wexler et al. [1994] (WE94) 0.0E+00 —1.0E+02 1.0E+02 0.0E+00 —1.0E+02 1.0E+02
Pandis et al. [1994] (PA94) 1.0E+01 -9.9E+01 9.9E+01 4.2E-03 —1.0E+02 1.0E+02
Fitzgerald et al. [1998] (F198) 5.4E-12 —1.0E+02 1.0E+02 6.5E-16 —1.0E+02 1.0E+02
Harrington and Kreidenweis [1998] (HK98) 1.6E+02 —7.8E+01 8.1E+01 1.3E+01 —7.8E+01 8.8E+01
Kulmala et al. [1998b] (KU98)®
Vehkamdiki et al. [2002] (VE9S)P
Yu [2008] (YUOS8) 5.7E-17 —1.0E+02 1.0E+02 8.1E-30 —1.0E+02 1.0E+02
Napari et al. [2002] (NA02)® 3.1E+05 4.4E+04 4.4E+04 4.5E+04 7.8E+04 7.8E+04
Merikanto et al. [2007b] (ME07) 0.0E+00 —1.0E+02 1.0E+02 0.0E+00 —1.0E+02 1.0E+02
Yu [2006b] (YUO06) 1.4E-12 —1.0E+02 1.0E+02 1.0E-21 —1.0E+02 1.0E+02
Sihto et al. [2006] (SI06) 2.8E+02 —6.2E+01 7.3E+01 1.3E+02 1.3E+02 1.5E+02
Sihto et al. [2006] (SI06_min)? 6.5E+01 —9.1E+01 9.1E+01 3.1E+01 —4.7E+01 7.2E+01
Sihto et al. [2006] (SIO671‘naX)d 9.7E+02 3.5E+01 8.2E+01 4.6E+02 6.9E+02 6.9E+02
Kuang et al. [2008] (KUOS) 6.2E+02 —1.5E+01 7.2E+01 1.5E+02 1.6E+02 1.7E+02
Kuang et al. [2008] (KU08_min)* 6.4E+01 —9.1E+01 —9.1E+01 1.6E+01 —7.3E+01 —7.3E+01
Kuang et al. [2008] (KU08_max)* 5.8E+03 7.1E+02 7.1E+02 1.4E+03 2.3E+03 2.3E+03

“ANARCHE, Aecrosol Nucleation and Real Time Characterization Experiment; LDT, local daylight time; Mean Obs, mean observed value; Mean Sim,
mean simulated value; NMB, normalized mean bias; and NME, normalized mean error.
®No entry indicates that the predicted J values are below the range of valid J values and no NMB and NME are calculated, which occurs for both KU98

and VEO02.

°NAO02 gives some rates that exceed the range of valid J (i.e., >10° cm > s '), which are excluded in the statistical calculation, resulting in fewer numbers
of data pair for NAO2 (i.e., 24 on 31 July and 38 on 5 August 2002) than other parameterizations (i.e., 69 on 31 July and 47 on 5 August 2002).

43106, SI06_min, and SI06_max refer to simulation results using the mean, minimal, and maximum prefactor A values of 1.7 x 107%, 6.0 x 10°°, and
0.4 x 107, respectively. Similarly, KU08, KU0O8 min, and KUO8 max refer to simulation results using the minimal and maximum prefactor K values

of 1.6 x 107, 1.51 x 107'3, and 1.66 x 10715, respectively.

predicts significantly, with J values of 2.3 x 10°-6.1 x 107
ecm > s~ ' and a correlation coefficient of 0.2 on 31 July and
243-1.8 x 10" em > s and a correlation coefficient of
0.31 on 5 August (note that the valid range of J for NA02 is
10°-10° ¢cm 3 sfl). For comparison, PA94, HK98, SI06,
KUO8 perform better, with J rates of 4.0 x 107*~64 cm >
s, 11-354 cm™> s, 72-515 em > s, 35-1790 em s,
respectively, and correlation coefficients of 0.18, 0.35,
0.35, and 0.29, respectively, on 31 July and 8.9 x 107~
12 x 10" em™ 57!, 62 x 107'-124 cm™ 57!, 58.2-370
em ° 57!, 22.3-920 cm ™ s, respectively, and correlation
coefficients of 0.10, 0.42, 0.60, and 0.54, respectively, on 5
August.

[29] Four additional simulations using SI06 and KUOS
are conducted to examine the sensitivity of simulated
J values to the prefactors selected in SI06 and KUOS:
SI06_min and SI06 max using the minimal and maximum
prefactor A values of 0.4 x 10°° and 6.0 x 107, respec-
tively, and KUO8 min and KUO8 max using the minimal
and maximum K values of 1.66 x 10™'> and 1.51 x 1073,
respectively. Figure 7 shows the three sets of simulated J
values for SI06 and KUOS. Simulated J values vary by up
to 2 orders of magnitudes on both days for SI06, and up to
4 and 3 orders of magnitudes on 31 July and 5 August,
respectively, for KUOS8. For 31 July 2002, the J values using
the max A4 for SI06 (i.e., SI06_max) and the mean prefactor
K for KUO8 (i.e., KU08) give the best fit among the
respective three sets of results with SI06 and KUO0S8, with
KUO08 giving the overall best agreement among all six si-
mulations. For 5 August 2002, the J values using the min A
for SI06 (i.e., SI0O6_min) and the min K for KUOS (i.e.,
KUO8 min) give the best fit, with SI06 min giving the
overall best agreement among all six simulations. These
results illustrate the high sensitivity of the simulated J values

to the prefactors used in the observation-fitted empirical
power laws. Those power laws are derived from observa-
tions during certain time periods at specific locations, thus
may not be applicable to locations that have very different
atmospheric conditions.

[30] Table 2 summarizes the statistical performance of all
parameterizations. The mean observed J is 719 cm > s '
during 0900-1150 LDT on 31 July 2002. WE94 and MEQ7
give zero J values, F198, KU98, VE02, YUO08, and YU06
give negligible J values; those by KU98 and VEO02 are
smaller than their valid ranges of J values, thus no statistical
calculation was performed for KU98 and VEO02. The mean J
values simulated by PA94, HK98, NA02, SI06, and KU08
are 10, 161, 3.1 x 10°, 276, and 615 cm > s ', respec-
tively. Note that only J values <1.0 x 10° cm ™ s~ are used
in the statistical calculation for NAO2, because J values
above this threshold are considered to be invalid [Kulmala
et al., 1998b]. The exclusion of invalid J values from
NAO2 results in only 24 valid data pairs out of a total of
69 data pairs for other parameterizations on 31 July. The
mean J value based on the 24 data pairs for NA02 is lower
than the corresponding mean Jyjy,e of 1.7 X 10° cm > st
but higher than mean J; ,,, of 1.6 x 10° cm > s L. Among
the 12 parameterizations, KUOS8 gives the closest agreement
with a normalized mean bias (NMB) of —14.6%, and SI106
and HK98 give the second and third closest agreement
with NMBs of —61.7% and —77.7%, respectively. NA02
give the worst agreement with an NMB of 4.4 x 10**,
Using the min and max prefactors from SI06 and KUOS (i.e.,
SI06_min, SI06_max, KUO8 min, and KU max) will lead
to greater underpredictions and overpredictions, respec-
tively. During 1110-1305 LDT, 5 August 2002, the mean
observed J is 58.06 cm > s L. WE94, F198, KU98, VE02,
YUO06, YUOS, and MEOQ7 also give either zero or negligible
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or invalid J values, the J values simulated by PA94, HK98,
NAO02, SI06, and KUO8 are 4.2 x 107, 12.7, 4.5 x 10, 131,
and 151 em > s, respectively. The mean J value from
NAO2 is lower than mean Jyime, of 8.3 x 10° cm > s ! and
Jonm Of 7.7 X 10* cm > s7! based on valid 38 data pairs on 5
August for NA02. Among the 12 parameterizations, HK98
gives the closest agreement with an NMB of —78.2%.
Although SI06, and KUOS overpredict J values with NMBs
of 125% and 160%, respectively, they perform much better
than NAO02, which gives the worst agreement with an NMB
of 7.8 x 10, Using the min prefactors from SI06 and KU08
(i.e., SI06_min and KUO8 min) will improve their predic-
tions in terms of NMB, whereas using the max prefactors
from SI06 and KUO8 (i.e., SI06_max and KUO8 max) will
lead to a greater overprediction since their simulated
J values using the mean prefactors are already overpredicted.
While these results illustrate the sensitivity of the simulated
J values to the selected prefactors, no uniform prefactor
can yield the best performance under all conditions. The
mean prefactors are therefore used by SI06 and KUO8 in
the 3-D model evaluation in part 2 [Zhang et al., 2010].

6. Conclusions

[31] A total of 12 nucleation parameterizations that are
based on various nucleation theories are evaluated under a
variety of atmospheric conditions from surface to meso-
sphere. Significant differences are found among the
nucleation rates calculated with different binary, ternary,
and power law parameterizations under the same 7, RH,
and Nypso4 conditions (e.g., by up to 15 orders of mag-
nitude under conditions with 7 = 258.15 K, RH = 50%,
and Nipsos = 2 % 107 em ™ or up to 18 orders of mag-
nitude under conditions with 7' = 298.15 K, RH = 80%,
and Nipsos = 8 x 10° cm73). These parameterizations
generally give a strong linear or nonlinear dependence of
log(J) on log(Ni2s04) that consistently gives higher J va-
lues under higher Nyysos4 levels. All except for WE94,
PA94, S106, and KUO8 show a strong T dependence, with
J values decrease with increasing 7 for most parameter-
izations except for HK98, which gives higher J values at
higher T for 7 < 240 K under all Ny»504 levels, and KU98,
which gives higher J values when T increases for 7 <
240 K under conditions with a high Nysos of 107 cm ™.
All except for SI06 and KUO8 show an RH dependence,
with J values increase with increasing RH for most para-
meterizations except for NA02 and MEOQ7, which gives
lower J values when RHs increase, and FI98, which gives
J values decreasing with increased RHs from 0 to 30% but
J values increasing with increased RHs when RH further
increases to 100%. Among the THN parameterizations,
both NA02 and MEO7 show a strong dependence on NHj,
with J values from NAO02 higher by up to 11 orders of mag-
nitude than those from MEO7 and YUO6 under the middle
tropospheric and urban surface conditions. The differences in
Jvalues in terms of magnitude and dependence on influential
parameters such as Nypsoa, T, RH, and Cny; are attributed to
different theories/models based, other processes (e.g., con-
densation) considered, mathematical formulations used, and
in a few cases, the technical flaws and assumptions associated
with the derivation of some parameterizations (e.g., KU98
and NAO02).
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[32] Compared with J ., and J5,,,,, some J values exceed
these upper limits, including all rates by NA02 at Cyys >
0.1 ppt, nearly all rates by WE94, and some rates by PA94,
FI98, VE02, and NAO2 at Cypyz = 0.1 ppt at some Nyjpg04 i
the range of 10*-10"* cm > under the middle tropospheric
and/or urban surface conditions. Several parameterizations
give rates much higher than Jyjme, and J5 ,p, including those
of FI98 at 7' < 240 K and NAO2 at 7 > 240 K at some T
values under the conditions with RH = 50% and Nyp504 =
10* cm > and WE94 at all T values, FI98 at 7' < 290 K,
and VIO2 at 7 < 250 K under the conditions with RH =
80% and Nypsos = 10° cm>. The J rates simulated by
NAOQO2 at Cypyz = 100 ppt for all RH values under the
conditions with 7= 258.15 K and Nypso4 = 10* em ™ and
those by WE94 at RH > 0.6, PA94 at RH > 50%, and FI98
at RH > 0.95 under the conditions with 7 = 298.15 K
and Nyzsos = 10° cm > exceed Jgimer and J> . SI06 at
all RHs gives a rate that is slightly lower than Jg;,e, but
higher than J, ,,. KUO8 gives a constant rate of 1.8 x
10°% em > 57!, which is well below Jyimer and J um. NAO2
gives rates that are higher than Jgjyer Or J5 nm, respectively,
at some or all Cyyz values under the middle tropospheric
condition with RH = 50%, T = 258.15 K, and Nysos >
10* cm > and at some Cyyy3 values under the urban surface
conditions with RH = 80%, T = 298.15 K, and Nyr504 Of
10° cm 3. WE94 and PA94 also give rates above Jgimer OF
J> om for all ranges of Cyyz under the same urban surface
conditions. Among all parameterizations, only KU98,
YU06, YUO8, MEO7, and KUOS do not give rates that are
higher than either Jgjmer O J> nm under atmospheric con-
ditions considered in this study. HK98 does not exceed those
limits under most conditions and SI06 does not exceed
Jaimer but does exceed J5 ,, under some conditions. The
remaining parameterizations often exceed those limits under
many atmospheric conditions tested. These parameterizations
should therefore be used with caution under the above con-
ditions in 3-D air quality models. Their rates should be
capped at a reasonable value such as Jgj, if such a growth is
not accounted for and a minimal measureable detectable
particle size is assumed to calculate the new particle forma-
tion rates based on the nucleation rates simulated by these
parameterizations.

[33] Under the laboratory experimental conditions, cal-
culated J by various parameterizations can vary orders of
magnitude from measurements. When comparing with
measured J of Ball et al. [1999] that used the liquid samples
of H,SO,4, YUO8 and HK98 give the closest agreement with
measured BHN rates and YUO6 gives the closest agreement
with measured THN rates at 7= 295 K and RH = 4.6%, and
KU98 and YUO6 give the closest agreement with measured
BHN and THN rates, respectively, at 7= 295 K and RH =
15.3%. The enhancement in J values calculated by NA02
relative to KU98 and VEO2 based on classical nucleation
theories is up to several tenths orders of magnitude higher
than those observed in the laboratory (on the order of 1-3).
The power laws of SI06 and KUOS give J values that are
higher by up to 6-8 orders of magnitude than measured
BHN and THN rates under low-RH conditions. When
comparing with measured J with H,SO, generated from the
SO, + OH reactions [e.g., Berndt et al., 2005, 2006, 2010;
Benson et al., 2009], SI06 and KUO8 give the best overall
agreement.
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[34] Compared with observed J rates at JST from
ANARCHE during summer 2002, WE94 and MEOQ7 give
zero J values, KU98 and VE02 give invalid J values,
and FI98, YUOS8, and YUO6 give negligible J values on
both 31 July and 5 August, the J values simulated by
NAO2 are much higher than observations with an NMB
of 43-7.8 x 10**, those from PA94, HK98, SI06, and
KUO8 are more reasonable, with NMBs of —77.7% to
160%, despite large negative or positive biases. Overall,
KUO08, HK98, and SI06 give the best agreement among
the 12 parameterizations tested under the sulfate-rich urban
environment in the southeastern United States.

[35] One limitation of this study is that this work focuses
on nucleation in the ambient atmosphere and may not be
applicable to nucleation under other conditions (e.g.,
nucleation of particles in vehicle exhausts under high-7
conditions). Another limitation is that the parameterization
evaluation results are obtained in a box model that neglects
the impact of other atmospheric processes including trans-
port, emission, dry and wet removal, as well as other aerosol
processes such as condensation, coagulation, and dissolution
on J and its dependent variables. Examining the combined
effect of these processes for an accurate simulation of
atmospheric aerosol formation and evolution requires the
use of a 3-D air quality model, and is the main focus of part
2 [Zhang et al., 2010].

[36] Among all parameterizations, KUO8 does not exceed
the upper limit nucleation and new particle formation rates
and gives an overall good agreement with the observed J
rates under the sulfate-rich urban environment in Atlanta,
providing the most plausible nucleation parameterization
under such conditions. HK98 and SI06 also give reasonably
good results despite occasional exceedances of the upper
limit rates, which can be overcome through capping their
rates with those upper limits in 3-D simulations. It should be
pointed out that KUOS and SI06 do not depend on 7 and RH,
and the prefactors in these empirical activation or kinetic
formulas derived from different field measurements may
vary by up to 4 orders of magnitude [Kuang et al., 2008]. It
remains to be studied what controls the values of these
prefactors. Recent global modeling studies indicate that the
empirical activation and kinetic formulas significantly
overpredict new particle formation in the warm tropical re-
gions [Yu et al., 2010]. In addition, those empirical power
laws give much higher nucleation rates than some laboratory
measurements [e.g., Ball et al., 1999] due likely to the fact
that they were derived under very different ambient atmo-
spheric conditions (e.g., much higher RH conditions than the
laboratory conditions); the consideration of 7' and RH
dependence in such empirical expressions may be necessary
to improve their prediction skills under such conditions.

[37] Although KU98, YUO06, YUO08, and MEO7 do not
exceed the upper limit nucleation and new particle forma-
tion rates, their J values, however, are too low to represent
the observed J rates. In particular, MEO7 does not predict
nucleation under most atmospheric conditions and KU98
has technical mistakes. These parameterizations are there-
fore not recommended for applications under the urban
environment, although they may work well under other
atmospheric conditions (e.g., upper troposphere/stratosphere
or less polluted boundary layers). The remaining nucleation
parameterizations give rates that often exceed the upper
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limit rates and also do not give a good agreement with
observed J rates under the urban polluted conditions, their
applications in 3-D models should be given extra cautions
and the upper limit rates should always be used to cap
their simulated J rates. Among those highly uncertain or
problematic parameterizations, WE94 and NAO2 are not
recommended for 3-D applications for very clean to highly
polluted atmospheres. The nucleation rates from WE94
exceed the upper limits under most atmospheric condi-
tions. Those from NAO2 also exceed the upper limits under
many conditions. In addition, NAO2 has several funda-
mental problems associated with their formulation. As a
result, the ternary rates from NAO2 at Cygsz = 100 ppt are
higher by 4—15 orders of magnitude than rates by most BHN
parameterizations, two power laws, and other THN para-
meterizations (e.g., YUO6 and MEQ7). These results are
consistent with findings from several studies [e.g., Anttila
et al., 2005; Lucas and Akimoto, 2006; Yu, 2006b; Merikanto
et al., 2007b] that reported unrealistically high nucleation
rates from NAO2. Such high nucleation rates are not sup-
ported by laboratory studies and field observations in the
planetary boundary layer [e.g., Kim et al., 1998; Ball et al.,
1999]. In addition, the nucleation rates simulated by NA02
are inconsistent with observed enhancement factors for
nucleation rates with Cyys of several ppt to several ppm.
The RH dependence of nucleation rates of NAO2 is also
inconsistent with laboratory observations and other nucle-
ation parameterizations. Although some studies show that
NAO2 gives a good agreement with particle observations
under rural and urban conditions [e.g., Jung et al., 2008,
2010; Elleman and Covert, 2009b], it is questionable
whether the good agreement was obtained for right reasons.
KU98 and the updated version of VE02 give rates that are
too low to match with observed J rates in the laboratory
and during the summer 2002 ANARChHE field campaign
under surface ambient conditions, and VE02 sometimes
gives rates that are above the upper limit rates under low-
temperature conditions (e.g., under conditions with Nzpsos =
1 x 10° em >, RH = 50%, and T'< 210 K, and with Nypsos =
1 %10 cm 3, RH=80% and T'<250 K, as shown in Figure 2),
they are therefore also not recommended for applications
for polluted boundary layer.

[38] As demonstrated in this study, simulating nucleation
under ambient atmospheric conditions and in vehicle
exhaust is a difficult task with substantial uncertainties.
Major challenges include (1) the nucleation mechanism
and the participating chemical species are often unknown;
(2) small changes in free energy can affect the nucleation
rate exponentially [Jacobson, 2005]; (3) difficulties in accu-
rately calculating saturation ratio and its continuous changes,
resulting in nucleation rates several orders of magnitude off
[Brus et al., 2009]; (4) calculation of nucleation rates is
computationally demanding due to the complexity in deal-
ing with the detailed nucleation kinetics and thermody-
namics [e.g., Arstila et al., 1999; Lazaridis, 2001]; (5) the
classical theory is based on a concept of a liquid droplet on a
macroscopic scale that is not applicable to smaller molecu-
lar-scale clusters [Oxtoby, 1998; Kulmala, 2003; Seinfeld
and Pandis, 2006]; (6) various parameterizations, derived
from either empirical approaches or classical nucleation
theories, predict nucleation rates that differ by many orders
of magnitude; (7) most nucleation parameterizations are
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developed for atmospheric conditions and it is not clear
whether they are applicable to nucleation at the high tem-
peratures associated with engine exhausts; and (8) various
approaches used to represent particle size distribution (e.g.,
modal versus sectional [Zhang et al., 1999; Korhonen et al.,
2003; Pirjola et al., 2004]) as well as the growth of cluster
into minimal measurable particle sizes [e.g., Kerminen and
Kulmala, 2002; Elleman and Covert, 2009b] may also
introduce additional uncertainties. In addition to challenges
with calculating nucleation rates, atmospheric models must
also correctly calculate growth rates. Measured growth rates
are typically about 10 times higher than those that can be
explained by H,SO,4 condensation alone [Kulmala et al.,
2001a; Stolzenburg et al., 2005], which may be explained
by condensation of organic compounds [e.g., Q. Zhang
et al., 2004; McMurry et al., 2005]. Recent work has also
shown that the uptake of aminium salts by freshly nucleated
particles helps explain these high growth rates [Smith et al.,
2010], although the mechanism by which these salts are
taken up is not yet understood.
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